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Creep—fatigue constitutive model of salt rock based on a hardening parameter

FAN Jin-yang®2, TANG Lu-xuan*2, CHEN Jie*?, YANG Zhen-yu'?, JIANG De-yil?
1. State Key Laboratory for the Coal Mine Disaster Dynamics and Controls, Chongging University, Chongging 400044 China
2. School of Resources and Safety, Chongging University, Chongging 400044 China

Abstract: Salt rock has been recognized as an ideal medium for energy storage or oil and gas storage because of its good creep and
self-healing characteristics. Accurate characterization and prediction of the complex mechanical behavior of salt rock is the basis for
ensuring the safety of underground space utilization project of salt caverns. Based on proposed parameters of hardening and other
characteristic factors, in this study, a new creep—fatigue constitutive model is developed for salt rock considering complex loading
and unloading paths. Based on the dislocation mechanism of salt rock deformation, hyperbolic damping elements are introduced as
state variables to characterize the degree of rock hardening. The influence of loading and unloading history on the deformation
behavior of salt rock is considered according to the evolution of hardening parameters. Based on the stress—strain relation of the
classical Norton model, a basic mathematical relation is established for the creep—fatigue constitutive model. By assuming the initial
nucleation length and considering the material fracture toughness, the stress—strain relation is modified for the range of adjacent
failure stage (accelerated deformation stage) based on a new introduced crack growth factor. In this manner, the proposed model can
well predict the plastic deformation characteristics under complex loading and unloading paths, such as conventional creep, cyclic
loading and unloading, lower-limit interval cyclic loading and unloading, and trapezoidal wave creep cyclic loading and unloading.
The model can also better characterize the interaction between constant load creep and cyclic loading and unloading. Most of the
model parameters have clear physical meanings in the new developed creep—fatigue constitutive model. Parameter a represents the
relation factor between stress and deformation rate at the steady deformation stage of salt rock, parameter b determines the relation
factor at the decelerated deformation stage of salt rock, and parameters d, and g, represent the initial crack nucleation amount
and crack growth rate factor, respectively. The d, and g, jointly affect/modify the stress—strain relation at the critical failure stage
of the model.

Keywords: salt rock; fatigue; creep; constitutive model

rheometer. They found that the confining pressure and
impurity content affect the failure morphology and
mechanical parameters of salt rocks and the creep

1 Introduction

Salt rock stratum has been recognized as an ideal

place for oil and gas storage, compressed air energy
storage, chemical liquid battery and CO; storage, and
solid waste disposal due to its dense structure, low
permeability and porosity, and good self-recovery
property. The stress state and environment of surrounding
rocks of salt cavern are complex under different
engineering conditions. Because the natural gas storage
in the salt cavern is affected by seasonal gas injection
and extraction, the surrounding rocks are typical in a
slow cyclic loading state. The surrounding rocks also
suffer from rapid and high-frequency fatigue loading
due to rapid and high-frequency air pressure fluctuations.
Moreover, the salt rocks are subjected to high-
temperature creep action for a long term because of
radioactive heat from low-level radioactive nuclear
waste. Therefore, many scholars®! have conducted a
large number of studies on the fatigue and creep
deformation behavior of salt rocks based on the practical
engineering requirements.

For understanding the creep characteristics of salt
rocks with impurities, Wu et al.' performed triaxial creep
tests on the salt rocks with two types of impurities
under stepwise loading using a large program-controlled
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capacity of low-impurity salt rocks is even stronger.
Liang et al.'®lexplored creep characteristics of glauberite
salt rocks during in situ leaching mining, and
performed triaxial creep tests on salt rocks under
different osmotic pressures (3, 2 and 1 MPa). Liu et al.[*¥
conducted a laboratory uniaxial creep test on bedded
salt rocks and monitored the acoustic emission signals
during the test in real-time for 359 d. Xue et al.l*®
performed a direct shear test on Pakistani salt rocks
with high purity using direct shear test device
YZW100, and analyzed the shear strength, shear
deformation and damage mode of the salt rocks. They
concluded that the cohesion and internal friction angle
of Pakistani salt rocks are 7.41 MPa and 44.1°,
respectively. Based on the triaxial fatigue—unloading
tests of the marble specimens, Hou et al.*®! found that
the rock strain is strongly sensitive to the decrease of
confining pressure. Zhang et al.'") investigated fatigue
behavior and microstructural changes of salt rocks
under cyclic loading, and the test results showed that
the internal cracks of salt rocks were dominated by the
generation of intergranular cracks under cyclic loading.
They also concluded that the crack number increased
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as the upper-limit stress ratio (i.e. the ratio of upper-
limit stress to uniaxial compressive strength) increased.

It should be mentioned that the loading pattern of
surrounding rocks shows large difference between the
actual engineering project and the single cyclic loading
and unloading or creeping tests in the laboratory. In
addition to the typical cyclic loading, for instance, the
compressed air energy storage of salt rocks is in an
equilibrium state for a long time, i.e. no injection and
no mining, and the pressure remains unchanged in a
certain state. To this end, some coupled creep—fatigue
tests have been conducted to study the interaction
between the injection and production effects.

The creep—fatigue interaction is one of the typical
behaviors of surrounding rocks of salt cavern. Wang et al.1*®!
found that the salt cavern reservoir project is affected
by the combined influence of the occurrence
environment and external disturbance. They found that
the creep response of salt cavern is produced under the
deviatoric stress, and the cumulative fatigue effect is
also observed under cyclic loading and unloading
conditions. Roberts et al.l'¥! conducted trapezoidal
cyclic loading and unloading tests on salt mound-type
salt rocks in the United States and studied the
creep—fatigue deformation behavior of salt rocks under
composite loading. To study the discontinuous fatigue
evolution process of gas storage in the salt cavern
under the action of intermittent periodic injection—
production cycle, Li et al.?® conducted triaxial interval
fatigue tests by maintaining a minimum stress level for
a period of time at the lower limit of cyclic loading.
They found that the plastic deformation and damage
evolution are accelerated by the interval effect during
the fatigue process of salt rocks. Based on the
discontinuous loading characteristics of compressed
air energy storage in the salt cavern, Zhao et al.l?!
studied the process of creep—fatigue induced damage
evolution by maintaining a constant load for a certain
period of time at the maximum stress level of cyclic
loading. Ma et al.??l conducted the same upper-limit
interval cyclic loading and unloading tests, and found
that the fatigue of salt rocks can be accelerated due to
the cyclic loading and unloading.

The above-mentioned studies have shown that the
creep behavior of salt rocks can affect the process of
fatigue damage, and the cyclic loading and unloading
can also change the creep rate. Although many fruitful
studies have been conducted, most tests were
performed in the laboratory. Moreover, a theoretical
model that can describe the deformation behavior of
salt rocks has not been established yet. A constitutive
model considering the interaction between fatigue and
creep needs to be built to increase the prediction
accuracy of the mechanical characteristics under
complex mechanical behavior of salt rocks. In this
study, a new state variable is defined as the hardening
parameter to characterize the rock hardening extent.
This hardening parameter represents the modulus of
the unloading deformation of a standard rock, i.e. the
process of gradually losing the elastic recovery capacity.

https://rocksoilmech.researchcommons.org/journal/vol44/iss5/2
DOI: 10.16285/j.rsm.2022.5877

By introducing the hardening parameter and considering
the influence of unloading and loading history on the
deformation behavior of salt rocks, a new creep-
fatigue constitutive model is developed to achieve a
more accurate prediction of the deformation behavior
of salt rocks under complex stress paths.

2 Creep-fatigue constitutive model

2.1 Analysis of constitutive model

The stress is in a constantly changing state during
the fatigue process compared with the creep process.
In a conventional fatigue process, the stress—strain
relations can be described by either an elasto-plastic or
visco-plastic constitutive model considering the hardening
parameters?>-?"l. The fatigue deformation process of
salt rocks, especially for the low-cycle fatigue test, has
many similar behaviors when compared to the creep
deformation process, such as phase characteristics?®-30l,
Both the creep and fatigue processes have a clear stage
characteristics of deformation, which can be roughly
divided into three stages: the decelerated deformation
stage, the steady deformation stage, and the accelerated
deformation stage. Therefore, a visco-plastic constitutive
model is used to describe both creep and cyclic loading
and unloading processes of salt rocks.

The existing creep models, such as Norton model
and nonlinear creep model, can better predict the stage
characteristics of deformation and is described by~
é=Ac" D)
where ¢ is the deformation rate that is the first
derivative of strain to time; o is the stress; and A
and n are the material factors. However, most of the
constitutive models still have some limitations:

(1) The existing models are applicable to the 1st
and 2nd deformation stages, i.e. the decelerated
deformation stage and the steady deformation stage.
The prediction error of the whole stage is relatively
large, especially for the 3rd stage, i.e. the accelerated
deformation stage before the critical failure.

(2) The existing models mainly consider the
loading effect during the loading process, and the
unloading process is not fully considered. This
assumption leads to the same amount of visco-plastic
deformation produced by the loading and unloading
processes, which is not true in the laboratory test.

(3) The existing models do not consider the effect
of historical unloading and loading stress paths on the
visco-plastic behavior, i.e. the historical cumulative
damage or cumulative hardening/softening behaviors
is not considered.

2.2 New creep constitutive model
2.2.1 Hardening parameters (state variables)

Salt rock is a type of evaporitic sedimentary rock
and mainly consists of NaCl polycrystals. The deformability
of salt rock is associated with the internal dislocation
density. The hardening degree inside the salt rock is
related to the dislocation density, i.e. the larger the
dislocation density, the greater the concentration of
internal forces at the corresponding location. The state
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variable o is defined to characterize the hardening
degree within the salt rock associated with the
dislocation density. The state variable o has the
same magnitude and unit as the stress, and is
calculated as

*
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EZO'n(at‘f‘—mkj D
l+co"t
Equation (7) can also be re-written as
g=0"(at+0—bj (8)
co__ 1 (2) o
o l+co™*

e (3)

o =—"2

1+co™t
where ¢, m and k are the material factors; and t
is the time.

As the stress is maintained constant, the state
variable constantly approaches the value of stress o .
When the stress changes (only the loading process is
considered herein), the equation is no longer
applicable. The effect of the accumulated hardening
degree needs to be taken into consideration. Assuming
that the state variable is o, before the new stress is
applied, and after a certain period of time, the new
state variable can be expressed as

* O *
o = -+ 0,
1+cam(t+0'5 )

RN
_* G_O-O
O, = m
co'o,

*

4

where o, is the initial state variable.

In summary, the hardening parameter is a state
variable characterized by stress and time. By changing
the state variable value, the effect of creep—fatigue
interaction on the deformation of salt rocks is achieved
by continuous accumulation of deformation. Based on
the variation of state variable, the constitutive model
can then consider the effects of loading and unloading
paths and time on deformation.

2.2.2 Stress—strain relation

The plastic deformation process of crystals is
closely related to dislocation slip, proliferation and
annihilation. At the first stage, large amount of the
dislocation proliferation and slip occur. At the second
stage, a dynamic balance state is reached between the
dislocation proliferation and dislocation annihilation.
Both the 1st and 2nd stages are strongly associated
with dislocation proliferation®71, Based on the
relation between the steady creep rate and stress in the
Norton model:31  the strain rate & during the
steady deformation stage is

é=ao" (5)
where a is the material factor.

The deformation at the first stage mainly results
from the dislocations that generated quickly and in a

large quantity, i.e. influenced by the hardening
parameter. The strain at this time is written as

e=bZ o" (6)
(o2
where b is the material factor.
Combining Egs. (5) and (6), the relation between
stress and strain follows:

Published by Rock and Soil Mechanics, 2023

The first derivative of time for Eq. (8) is derived,
and then the relation between the strain rate, stress and
state variable is
k-1

a—g:g:g” . bckam(t+ag*)

a [l+00'm (t+c70*)k}2

From Eq. (9), one can see that the strain rate varies
as the stress changes. In the loading state, as the stress
loading rate is v, the state variable can be obtained by
the integral of the following equation:

(op+ vt)m+l (t + ao’*)k_l

[1+ c(oy+vt)"(t +ao’*)kJ

where o, is the initial stress.
The strain during loading can be obtained from the
following equation:

e=|(o, +vt)n :

(9

o =ck| ~dt+o, (10D

m _x\k-1
bck (o, +vt) (t+
a-— (O-O ) ( o ) dt+¢, =
m w1\ K
[1+c(ao+vt) (t+oy7) }
j(o-0+vt)"[a+00;rvt]dt+go (1D

where &, is the initial strain.
2.2.3 Stress—strain relation during unloading process
When the rock material is in the unloading state,
the external force may be less than the state variable.
At this moment, the material is in the ‘over-hardening’
state, the reverse movement of dislocation occurs, and
the local dislocation density decreases gradually. The
state variable is written as

* o

o = - (12
1—CO'm(t+c70"*)

The internal structure adjustment is completely
dependent on the internal forces during unloading
stage, and the adjustment rate is slow. A variable-
speed creep unloading factor U, (state variable
unloading factor) is introduced. The first derivative of
time is derived to obtain the new state rate, which
follows

cko™* (t +o, )H

L *

o =U,

K 2
1-co"(t+o,") }

. K
= [oy—0O
o, = —
Co o,

(13
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The deformation rate of steady creep would also
be affected. By introducing a new steady creep
unloading factor U,, the strain & is calculated as

e=[(c,+vt)"-

m _x\k-1
U+upcu%+w)@+%) (14)

) > At +&;

[1—C((70 +V'[)m (t +(70’*)k}

2.2.4 Stress—strain relation of the 3rd stage

At the 3rd stage of creep, the main reason for the
acceleration characteristics is the crack expansion, and
a crack expansion factor g, is therefore introduced.
Crack formation is mainly generated by the dislocation
accumulation. When the stress field and external stress
field produced by a large number of dislocations
superimpose, the strength factor reaches the fracture
toughness and the crack is generated (or called the
crack nucleation). The relevant evolutionary process
of the crack nucleation has not been observed directly
from rock tests and is tentatively considered as an
instantaneous process. The initial nucleation length is
assumed to be d,, which is formed instantaneously.
The formation moment is related to the stress applied
externally and the accumulated plastic deformation,
i.e.

K.=T(o,¢) (15)

where K, is the fracture toughness, which is the
essential attribute of material. Once the crack nucleation
is formed, the length change rate d is

d=ueé (16)
where g, is the crack expansion factor; and & is
the deformation development rate.

bckogy (t + O'g*)k_l

AET
[1+ COu (t+0'0"*) }

where o, is the effective stress, which can be
obtained by

d=yfoya- dt+d, (17

ogq(1-d)+dioc=0c (18)
Equation (18) can be re-written as

1-d2

= o (19
1-d

O-eff

where A is the dynamic friction coefficient of crack
surface.

At the 3rd stage, the deformation of salt rocks can
be calculated as

bekog (t+ aj)kf1

K 2
[l+ CO (t +Gg*) ]

e=[ogia— dt+ &, (20
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3 Model verification

In this section, the applicability of the developed
creep—fatigue constitutive model is verified based on
the laboratory test data of the salt rock specimens
under different loading and unloading paths. The
high-purity salt rock sampled from Pakistan is used,
with NaCl content of 98% or more, containing a small
amount of Na;SO4 and other impurities. The tempera-
ture and humidity are maintained constant during the
whole test. The loading and unloading methods have
four categories: constant load creep test, conventional
cyclic loading and unloading fatigue test, trapezoidal
wave loading and unloading creep—fatigue test, and
lower-limit interval cyclic loading and unloading
fatigue test.

3.1 Creep deformation

In the creep test on salt rocks, the stress level is set
as 48 kN and the loading rate is set as 1 kN/s. The
stress path is shown in Fig. 1. The change of the state
variable to stress ratio (¢ /o) is shown in Fig. 2.
Figure 3 shows the comparison between the model
fitting results and laboratory creep test data, and Table 1
gives the model parameters of the creep test.

50

4 r

30r

20

Axial force /kN
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0 . . 1 . . )
0 1 2 3 4 5 6

Time /(10%s)
Fig.1 Stress path of the creep test
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Fig.3 Comparisons between the model fitting results and
laboratory test data of the creep test
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Table 1 Model parameters of the creep test

Stress /kN a b c n m Kk
48 7.36 7.3 100 2.3 0.92 -0.72

For the creep tests, it is found from Figs. 2 and 3
that the changes of state variable and stress are basically
consistent with the variation trend of creep deformation.
At the loading stage, as the axial force increases, the
state variable to stress ratio increases linearly. After the
stress is stable, the change of the state variable to stress
ratio enters decelerated, steady and accelerated stages
successively. It shows that the elastic deformation
capacity of salt rocks is decreasing under a constant
loading.

It can be roughly judged from Fig. 3 that the 2nd
stage of creep starts at about 1.5x10* s, and the 3rd
stage of creep starts at about 4.2x10* s. The loading
of laboratory test starts from zero, and the condition of
constant load creep test is not met at the loading stage,
thus there is a large error in the fitting results. This
means that the influence of loading path on the creep
behavior needs to be considered in the data fitting
analysis. When the stress reaches a constant state, the
model prediction curve and the test data curve almost
coincide with each other, and the overall fitting is
good enough.

In summary, the developed model can well
represent the three stages of the creep deformation of
salt rocks. Considering the effects of time, load and
state on creep characteristics, the state variable can
better describe the deformation trend of salt rocks in
creep test. Based on the fitting results, the proposed
model can better reflect the three stages of salt rocks
under loading condition, which indicates that the
proposed model can better describe the creep
characteristics of salt rocks with a good applicability.
3.2 Fatigue deformation

Cyclic loading and unloading fatigue tests are
conducted for salt rock specimens. The upper stress
level is set as 70 kN, the lower stress level is set as
3 kN, and the loading rate is set as 2 kN/s. The stress
path is shown in Fig. 4. To show clearly, Fig. 4 only
shows the first few stress cycles, and the same stress
cycles are used for the test until the specimen is
damaged. For the cyclic loading and unloading tests,
the change of the state variable to stress ratio is shown
in Fig. 5. The comparison between the model prediction
results and the test data is shown in Fig. 6, and the
model parameters are obtained as listed in Table 2. To
show the fitting details, several comparison plots at
different stages of fatigue deformation are given in
Figs. 6(b)-6(d).

Based on Figs. 4 and 5, it is found that the state

variable to stress ratio changes as the axial force varies.

When the axial force increases, the ratio increases;
when the axial force decreases, the ratio decreases. In
the fatigue test on salt rocks, it is found from Figs. 5
and 6(a) that the change of state variable to stress ratio
is basically consistent with the variation trend of
fatigue deformation. Within a single cycle, the ratio

Published by Rock and Soil Mechanics, 2023
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and the ratio changes greatly after the initial single Fig.8 Relation between state variable to stress ratio and
cycle. As the cycle progresses, the variation of the time in the trapezoidal wave test
single cycle ratio decreases continuously.
From Figs. 6(b)-6(d), it is shown that the proposed 3.0
model can better predict the decelerated, steady and 25
accelerated stages of fatigue deformation. There is a 20
good fit between the test data and fitting results for the 2 L5 = kﬂaggerf‘}?{t}’ntgsrtegﬁﬂ"t
three stages. It should be mentioned that in Fig. 6(b), g 10
“1

the fitting of the first cycle has a large error and the The Ist stage : The 2nd stage

reason still lies in the first cycle loading stage. 05 ] :

Again, the developed model can well represent the 0.0y 1 5 3 4 5
three stages of the fatigue deformation of salt rocks. Time /(10° s)
Considering the effects of time, load and state on the (a) Laboratory test result
fatigue of salt rocks in the model, the state variable 257
can better describe the deformation trend of salt rocks 2ot
in the fatigue test. From the prediction/fitting results, it )
can be seen that the proposed model can well fit the S 157 L

. . = o Laboratory test result

three stages of salt rocks under loading conditions. It g 10} —— Model fitfing result
shows that the proposed model can well describe the o5l
fatigue deformation of salt rocks and has a good “fa
applicability. 0.0, 1 2 3 p 5 5
3.3 Trapezoidal wave fatigue—creep deformation Time /(10%s)

A trapezoidal wave loading and unloading test is (b) The It stage
performed on the salt rock with a lower stress level of 30T
2 kN, an upper stress level of 36 kN, a loading rate of
18 kN/h, and a cycle period of 7.6 h. The stress path is
shown in Fig. 7. Unlike the fatigue test, the trapezoidal § .5 |
wave load is first loaded and maintained constantly, s
then unloaded and maintained constantly in one cycle, ? o Laboratory test result
and each phase is maintained for 1.9 h. The change of Model fitting result
state variables to stress rz_a\tlo is shown in Fig. 8 and e T T TR Y
the test data are shown in Fig. 9(a) (the test is not Time /(10%s)
conducted until the specimen is damaged due to the () The 2nd stage
low stress level). The overall strain of salt rocks is Fig.9 Comparisons between model fitting results and
divided into two stages: the decelerated stage and the laboratory test data of the trapezoidal wave test

steady stage. A comparison between the model fitting
results and the test data for each stage is shown in Table 3 Model parameters of the trapezoidal wave test

Figs. 9(b) and 9(c), and the model parameters are a b c n m k

listed in Table 3. 0.01 11 180 2.3 0.9 —0.55
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In the trapezoidal wave loading and unloading test, 035
0.30 f

it is observed from Figs. 8 and 9(a) that the change of
state variable to stress ratio follows the same variation
trend of the deformation for salt rocks. It also shows
that the 1st stage changes greatly and as the time
increases, the change of the ratio or strain decreases
after a single cycle. The analysis in Fig. 8 shows that o
during loading in one cycle, the state variable to stress 0 1 2 3 4 5 6 7 8
ratio increases, but remains almost constant during the Time /(10°5)
constant loading or unloading stage. Under the combined Fig.11 Relation between state variable to stress ratio and
effect of creep and fatigue, the result indicates that the time in the interval fatigue test (5 min)
deformation recovery capacity of salt rocks is damaged
gradually during loading, while it is less affected
during the constant loading or unloading condition.
From the comparison results between Figs. 9(b)

025
0.20 1
015
0.10
0.05
0.00

Ratio of state variable to stress

and 9(c), the proposed model can better predict the &\:

interaction between fatigue and creep of salt rocks I

under trapezoidal wave loading. Similar to the creep 2 = knaggéf}?trﬁ/ntssrte;ﬁ??h
and fatigue tests, there is a certain amount of error at 28

the first cyclic loading stage. In addition, overall the o
strain has a consistent variation trend. o1 2 3 4 5 6 7 8

Time /(10% s)

The proposed model can better describe the fatigue— o e
(a) Time interval is 5 min

creep deformation of salt rocks in the trapezoidal wave
test. The variation of state variable to stress ratio can
reflect the interaction between constant loading creep
and cyclic loading and unloading fatigue during the

deformation process. From the model prediction/ <

fitting results, it is observed that the proposed model % ;

can better fit the deformation of salt rocks under the 3 4% v ot

interaction of creep and fatigue, and has a good )l

applicability. :

3.4 Lower-limit interval fatigue deformation 0 > 7 5 p 10
The fatigue deformation test under lower-limit Time /(103 s)

interval cyclic loading and unloading is conducted on (b) Time interval is 10 min

salt rocks. The upper stress level is set as 70 kN, the
lower stress level is 2 kN, and the loading rate is
2 kN/s. After two cycles of loading and unloading, the
time intervals are set as 5, 10, 15 and 20 min. Figure 10
shows the stress path for 5 min. To clearly show the
details, only the first few specimens with stress cycles
and intervals are selected. The same stress cycle and

Strain /%

o Laboratory test result
—— Model fitting result

interval combinations are used in the test until the 2
specimen is damaged. Based on the model fitting, the ol—— . . . . . .
change between state variable to stress ratio is shown ot 2 3 4 5 6 7

Time /(10% s)

in Fig. 11, the comparison between the test data and (c) Time interval is 15 min

the model fitting results is shown in Fig. 12, and the
model parameters are obtained as listed in Table 4.

801

0r O\c
< 6or s |
S 501 5 4F o Laboratory test result
%’ 40 F ! Model fitting result
530 2§

13 \ : , 0O 2 4 6 8 10 12 14

0 250 500 750 1000 1250 Time /(10°s)
Time /s (d) Time interval is 20 min
Fig.10 Stress path of the interval fatigue test Fig.12 Comparisons between model fitting results and
(5 min) laboratory test data of the interval fatigue test
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Table 4 Model parameters of the interval fatigue test

T|n_1e a b c n m k
/min

5 36 15.6 345 11 1.10 -072
10 24 14.6 300 0.9 0.92 -0.72
15 25 15.0 280 0.9 0.92 -0.72
20 44 15.0 360 0.85 0.92 -0.72

From Figs. 11 and 12, it is observed that the change
of state variable to stress ratio is consistent with the
variation of strain, and both of them increase with time.
In one cycle, there are two consecutive loading and
unloading actions. In Fig. 11, it is found that when the
salt rock is under constant loading, the state variable to
stress ratio is constants, while the ratio increases
continuously as the salt rock is under loading and
unloading conditions, but there is an inflection point
when unloading is performed within the first cycle.
Based on the analysis of trapezoidal wave test, the
state variable to stress ratio remains almost constant
during unloading. Under the interaction of creep and
fatigue, the results also indicate that the deformation
recovery of salt rocks is damaged gradually during
loading, while it is less affected during constant
loading or unloading.

From the comparison between the model fitting
results and the test data in Fig. 12, the proposed model
can better predict the deformation process of salt rocks
under the lower-limit interval cyclic loading and
unloading. By selecting a cycle for comparison, it is
found that the strain increases in the loading and
unloading tests of two consecutive cycles, but the
strain of salt rocks does not change significantly under
static stress due to the small constant load (2 kN) and
the short time, and the generated deformation of the
specimen is almost negligible.

On the whole, for the lower-limit intervals with
different stresses, the proposed model has a high
consistency in the overall prediction results of cyclic
loading and unloading. The variation of state variable
to stress ratio can describe the interaction between
creep and fatigue during the deformation process.
From the model fitting results, one can see that the
model can better fit the deformation of salt rocks
under the interaction of creep and fatigue, indicating
that the model has a good applicability.

4 Model analysis

Through the comparison of model fitting results
and test data under the above four stress paths, it is
found that the established creep—fatigue constitutive
model can better predict the plastic deformation behavior
of salt rocks under complex paths. In this section,
several sets of key parameters in the model will be
analyzed to determine the influence of relevant para-
meters on the model.

4.1 Influencing factor of deformation at the 2nd
stage (influence of parameter a)

By merely changing the value of parameter a in

the model, and keeping the stress and other parameters

https://rocksoilmech.researchcommons.org/journal/vol44/iss5/2
DOI: 10.16285/j.rsm.2022.5877

the same (b=5, d,=0.1, x,=0.000 1), different
creep deformation curves can be obtained, as shown in
Fig. 13. From Fig. 13(a), it can be seen that at the first
two stages, the curves of variable-speed creep strain
almost completely overlap, and the difference appears
at the end of the 3rd stage. The change of parameter a
has little effect on the variable-speed creep deformation
of salt rocks. From the steady creep strain curve (Fig. 13(b)),
one can see that the steady creep strain varies linearly,
which means that the value of parameter a directly
affects the slope of the straight line (i.e. the steady
creep strain rate), and the larger the value of parameter
a, the greater the rate of creep strain. From Fig. 13(c)
of the total creep strain curve, it is found that the 3rd

stage of deformation is mainly influenced by
parameter a.
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Fig. 13 Creep strain curves with different values of
parameter a

4.2 Influencing factor of deformation at the 1st
stage (influence of parameter b)

When merely changing the value of parameter b in
the model and keeping the stress and other parameters
the same (a=5, d,=0.1, x,=0.000 1), different
creep deformation curves can be obtained, as shown in
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Fig. 14. From Fig. 14, it is observed that as the value
of parameter b increases, the strain and the radius of
curvature both increase during the variable-speed
creep of salt rocks, as well as the corresponding strain
at the same time (Fig. 14(a)). However, the change of
parameter b has almost no effect on the steady creep.
The strain curve at steady creep changes in a linear
trend and the curves overlap with different b values
(Fig. 14(b)). From the 1st stage to the 2nd stage, the
radius of curvature of the final total creep strain curve
(Fig. 14(c)) increases with the increasing of parameter
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23T
g
52
s
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0

b, and the strain curve at the 2nd stage is app-
roximately a parallel straight line. Overall, the creep
deformation of salt rocks at the 1st stage is mainly
influenced by parameter b.

4.3 Influencing factors of deformation at the 3rd
stage (influence of parameters d, and g,)

When merely changing the value of parameter d,
(with 2, =0.000 1) or g, (with d,=0.1), with the
same stress and other parameters (a=5, b=05),
different creep deformation curves can be obtained, as
shown in Fig. 15.
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Fig.14 Creep strain curves with different values of parameter b
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Fig. 15 Creep strain curves with different values of parameters d, and g,

From Fig. 15, it is shown that the changes of
parameters d, (u,=0.000 1) and g, (d,=0.10)
have no effect on the 1st and 2nd stages of creep strain
of salt rocks, and the curves coincide exactly. The 3rd
stage of creep is affected by different d, and g,
values, and the variable-speed creep strain and the
steady creep strain of salt rocks increase with the
increasing of d, or g, value. It should be pointed
out that when the d, value increases, the corresponding
variable-speed creep strain increases suddenly and
linearly from one point, and the steady creep strain
increases smoothly. While as , value increases,
variable-speed creep strain and steady creep strain are
increasing in a circular curve, and the radius of
curvature decreases as the g, value increases. In
general, the 3rd stage of creep deformation for salt
rocks is mainly influenced by the d, and g, values
together.

5 Conclusions

By defining a hardening parameter and then
introducing unloading factor and crack expansion
factor, a new creep—fatigue constitutive model is
established. Based on the unloading and loading test
results of salt rocks under four stress paths, data
analysis and model prediction are conducted to
compare and analyze the model accuracy and the
related parameter characteristics. The main conclusions
are drawn as follows:

(1) The influences of different stress paths on the
fatigue—creep of salt rocks are studied. By introducing
the state variable to characterize the hardening degree
of rock, a new creep—fatigue constitutive model of salt
rocks is established considering loading and unloading
history. Based on the proposed creep—fatigue con-
stitutive model with hardening state variables, the
deformation of salt rocks is divided into elastic
deformation and creep deformation, and the creep
strain is further divided into two parts: variable-speed
creep strain and steady creep strain.

(2) Four loading paths are used to verify the
fatigue—creep constitutive model, including constant
load creep test, cyclic loading and unloading fatigue
tests, trapezoidal wave creep—fatigue test, and lower-
limit interval cyclic loading and unloading fatigue
tests. The comparisons between the fitting and test

https://rocksoilmech.researchcommons.org/journal/vol44/iss5/2
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curves of four stress paths show good agreements.
When considering the effects of time, load and state
on the creep—fatigue of salt rocks, it shows that the
developed model can well describe the fatigue—creep
plastic deformation characteristics of salt rocks under
different stress paths.

(3) By analyzing the influences of different
parameters on the model, the influences of different
parameters on the creep of salt rocks are obtained. The
parameter a mainly affects the 2nd stage of the
creep—fatigue model, and the steady creep strain rate
increases as the a value increases. The parameter b

mainly affects the 1st stage of the creep—fatigue model.

The variable-speed creep strain rate increases as the b
value increases, and the radius of curvature also
increases as b value increases from the 1st stage to the
2nd stage. The d, and g, values jointly affect the
3rd stage of creep—fatigue deformation of salt rocks.
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