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Abstract: How to accurately characterize the nonlinear characteristics of rock mass 

creep has long been a research hotspot. The traditional Kelvin model cannot 

accurately characterize the nonlinear variation process in the decay creep stage and 

the dual characteristics of power function and exponential function in the accelerated 

creep stage, so it needs to be modified. Based on nonlinear rheological theory and 

damage theory, this paper establishes a damage creep model that simultaneously 

considers instantaneous elastic strain, nonlinear viscoelastic strain, viscous strain, and 

nonlinear viscoplastic strain. The differential damage constitutive equations under 

one-dimensional and three-dimensional stress states are derived, the method for 

determining model parameters is presented, and the model is verified based on the 

triaxial compression creep test results of sandstone. Meanwhile, a sensitivity analysis 

is performed on the parameters of the modified model. The results show that the 

modified model can accurately reflect the entire creep process of sandstone under 

different confining pressures. In uniaxial compression creep tests, the peak strain is 

most sensitive to changes in the parameters η₂ and η₄. Under high confining pressure, 

the peak strain is most sensitive to changes in the parameters β, n, and η₄.  

Keywords: Nonlinearity, Viscoelastoplasticity, Damage model, Parameter 

identification, Sensitivity analysis 
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Nomenclature table 
Symbol Physical meaning Symbol Physical meaning 

E1 
The elastic modulus of the elastic 

body 
δij Kronecker tensor 

E2 
The elastic modulus of the nonlinear 

Kelvin body 
tf Time to creep failure 

η1 
Viscosity coefficient of the nonlinear 

Kelvin body ijε  Total strain under 
three-dimensional stress state 

η3 
Viscosity coefficient of the viscous 

body 
e
ijε  

Strain at each stage under 
three-dimensional stress state 

E3 
Elastic modulus of the nonlinear 

damage viscoplastic body 
ve
ijε  

η3 
Viscosity coefficient of the nonlinear 

damage viscoplastic body 
v
ijε  

η4 
Viscosity coefficient of the nonlinear 

damage viscoplastic body 
vp
ijε  

D Damage variable G1, K1 
Shear modulus and bulk 

modulus of the elastic body 

σs Yield strength of rock G2 
Shear modulus of the 
nonlinear Kelvin body 

σe, εe 
Stress and strain in the elastic 

deformation stage 
F Rock yield function 

σve, εve 
Stress and strain in the decay creep 

stage 
F0 

Initial value of rock yield 
function 

σv, εv 
Stress and strain in the steady creep 

stage 
K Specified constants 

σvp, εvp 
Stress and strain in the accelerated 

creep stage 
Q Plastic potential function 

σ, ε Total stress and total strain J2 
Second invariant of the stress 

deviator 

β 
Time-dependent constant in the 

nonlinear Kelvin body 
I1 

First invariant of the stress 
tensor 

C 
Material parameters related to 

damage variable D 

α, k Material parameters 

n c,ϕ  The internal friction angle and 
cohesion of rock 

σij, εij Stress tensor and strain tensor RMSE Root Mean Square Error 

Sij, eij 
Deviatoric stress tensor and 

deviatoric strain tensor 
R2 Coefficient of determination 

σm, εm Spherical stress and spherical strain εδ  Strain rate 

1 Introduction 

The creep characteristics of rock masses are directly related to the safety and 
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long-term stability of engineering construction. How to accurately characterize the  

nonlinear creep characteristics of rock masses is a hot and difficult issue in current  

research. Zhou et al. [1] summarized important research directions regarding the creep  

damage mechanism of rocks. Tarifard et al. [2] discussed the main characteristics of  

current rock creep models and evaluated the effectiveness of these models in  

simulating the accelerated creep stage. Yang et al. [3-4] proposed a nonlinear creep  

model considering the coupling effect of long-term creep and short-term disturbance,  

and verified the model through experiments. Fang et al. [5-7] investigated the  

compressive mechanical properties of rocks using numerical methods and established  

the corresponding constitutive equations. Liu et al. [8] investigated the interaction  

characteristics between fault creep and rock creep. Yang et al. [9] investigated the  

mechanical response of salt rock to creep under different stress conditions and  

proposed a damage model to characterize the full-stage creep behavior of salt rock.  

Chen et al. [10] studied the creep fracture characteristics of sandstone and established  

the relationship between micro-damage, macro-damage, and fracture. Liu et al. [11]  

adopted the two-phase field method to simulate the creep characteristics of rocks and  

carried out experimental verification.  

In traditional creep models, all parameters are constant. Therefore, no matter  

how complex the element structure is, it is impossible to accurately characterize the  

creep characteristics of rock masses. Especially when the stress level of a rock mass  

exceeds its long-term bearing capacity, nonlinear creep effects will occur [12-13]. In  

recent years, scholars worldwide have proposed two main solutions to address such  

problems. One is to establish variable-parameter creep models by considering the time  

dependence of model parameters, or construct nonlinear creep models by connecting  

nonlinear elements in series [14-16]. The other is to introduce damage variables into  

the creep constitutive equation according to Lemaitre's strain equivalence principle, so  

as to establish a damage creep model [17-19].  

At present, fruitful achievements have been made in the research on rock creep  

models, but some problems still remain. (1) Unscientific parameter identification  

methods. Existing studies often adopt regression analysis or the least square method  
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to process triaxial creep experimental data by fitting one-dimensional creep equations.  

However, one-dimensional creep equations do not contain confining pressure terms,  

so their direct use in determining the parameters of three-dimensional models lacks  

rationality. (2) The construction of damage creep models is not rigorous. When the  

damage variable is a function of time or strain, most studies derive creep equations  

under the assumption that model parameters are constant. Then the stress is simply  

replaced by effective stress to introduce the damage variable, which makes the  

method lack rigor. (3) Improper selection of yield criteria. In creep models containing  

plastic elements, the yield state of a point under three-dimensional stress conditions  

involves not only the selection of yield criteria, but also the determination of the  

plastic potential function and flow rule. However, existing studies often directly  

replace the three-dimensional stress state with a one-dimensional stress state. Such a  

direct substitution method lacks a necessary theoretical basis, and its rationality is  

questionable.  

To avoid the above problems, an improved nonlinear viscoelastic-plastic damage  

model for rocks is proposed in this paper. First, the prediction models for the decay  

creep and accelerated creep stages are improved. The differential-type damage  

constitutive equations and creep equations under one-dimensional and  

three-dimensional stress states are derived. Then, the parameter determination method  

for the improved model is presented, and the model is verified based on creep test  

results of sandstone. Finally, a sensitivity analysis is performed on the parameters of  

the improved model. The research results can provide a reference for the accurate  

prediction of rock creep behavior under complex conditions.  

2 Establishment of a nonlinear viscoelastoplastic damage model  

2.1 Model Establishment  

Uniaxial and triaxial compression creep tests have been carried out on different  

rocks in the literature, and the creep test curves are shown in Figure 1(a) [20-24]. The  

creep test curves can be divided into four stages: Stage � (OA section) is the elastic  

deformation stage, when the stress level applied at the beginning of the creep test is  
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lower than the yield strength of the rock, the rock produces recoverable transient  

elastic deformation. Stage � (AB section) is the attenuation of the creep stage, the  

strain rate decreases with time. Stage � (BC section) is the isotropic creep stage, the  

strain rate does not vary with time. Stage � (CD section) for the accelerated creep  

stage, rock damage before the strain rate increases rapidly with time.  

  

(a) Creep test curves for different types of rocks [20-24]  

  
(b) Stages of the rock creep curve  

Fig. 1 Rock creep curve  

It can be seen from Figure 1 that the strain rate gradually decreases with time  

during the attenuated creep stage, exhibiting a nonlinear variation. As rocks approach  
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failure, internal microcracks rapidly initiate, propagate and coalesce, forming 

macroscopic fractures. Therefore, the accelerated creep stage exhibits dual 

characteristics of both power function and exponential function. The traditional rock 

creep model is composed of an elastic element, a Kelvin element, a viscous element, 

and a damaged viscoplastic element in series, as shown in Figure 2(a). Among them, 

the dashpot of the traditional Kelvin body adopts a Newtonian fluid element, and the 

model parameters are constant. It exhibits poor prediction performance for the 

nonlinear characteristics in the attenuated creep stage. Meanwhile, the existing 

damaged viscoplastic element cannot accurately characterize the power-law variation 

characteristics of the accelerated creep stage. Therefore, it is necessary to modify the 

traditional rock creep model to enable it to better predict the characteristics of the 

attenuated creep and accelerated creep stages. In this study, a new nonlinear 

viscoelastic-plastic damage model is proposed by improving the traditional Kelvin 

body and the damaged viscoplastic element. The improved model consists of an 

elastic element, a nonlinear Kelvin element, a viscous element, and a nonlinear 

damage viscoplastic element in series, as shown in Figure 2(b). In the model 

schematic diagram, the spring represents the instantaneous and recoverable elastic 

response. The dashpot represents time-dependent and irrecoverable viscous flow. The 

slider represents the critical condition for triggering accelerated failure. 

 

(a) Traditional creep model 
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(b) Nonlinear viscoelastic-plastic damage model  

Fig. 2 Rock creep model  

In the elastic element, E1 denotes the elastic modulus. In the nonlinear Kelvin  

element, E2 and η1 represent the elastic modulus and viscosity coefficient, respectively.  

In the viscous element, η3 denotes the viscosity coefficient. In the nonlinear damage  

viscoplastic element, E3 is the elastic modulus, η3 and η4 are the viscosity coefficients,  

D is the damage variable, and σs is the yield strength of the rock. εe, εve, εv, εvp  

represent the strains in the elastic deformation stage, attenuated creep stage,  

steady-state creep stage, and accelerated creep stage, respectively. ε represents the  

total strain.  

The modification process of the traditional Kelvin element and the damaged  

viscoplastic element will be described in detail in the following sections.  

The traditional Kelvin element consists of a spring and a dashpot in parallel, and  

its constitutive equation is:  

 
•

+=+= veve εηεEσσσ 1221  (1) 

η1 is the viscosity coefficient of the Newtonian dashpot and is a constant, so it  

cannot accurately characterize the nonlinear characteristics of the attenuated creep  

stage. In the current research results, the methods for modeling nonlinear creep of  

rocks are divided into two types [25-28]. One is to establish the nonlinear relationship  

between creep parameters and time. The second is to propose a new creep model and  

form a new nonlinear creep model in series with the traditional creep model. In this  

study, the former method is adopted to modify the Kelvin element, replacing the  

Newtonian dashpot with a non-Newtonian dashpot. Considering the time dependence  
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of the viscosity coefficient, it is assumed that η1 follows a power-law relationship with 

time during creep (η1·t1-β). The constitutive equation of the improved nonlinear Kelvin 

element is: 

 
•

−+= veve tE εηεσ β1
12  (2) 

where σ is the stress and β is a constant. 

When analyzing creep problems, Equation (2) can be rewritten as a first-order 

linear ordinary differential equation. The creep equation of the nonlinear Kelvin 

model can be obtained by solving it as follows: 

 







−−= )exp(1

1

2

2

β

βη
σε tE
Eve  (3) 

After the attenuated creep stage, the rock enters the steady-state creep stage 

when the stress level approaches its long-term strength. At this point, a viscous 

element is adopted to describe its creep behavior. When the stress level exceeds the 

long-term strength of the rock, the rock enters the accelerated creep stage. The 

microcracks inside the rock rapidly propagate and coalesce, and the damage variable 

D gradually increases to 1, eventually leading to creep failure. 

After the attenuated creep stage, when the applied stress level approaches the 

long-term strength of the rock, the rock will enter the steady-state creep stage. In this 

stage, the creep behavior of the rock can be described by a viscous element. Once the 

stress level exceeds the long-term strength of the rock, the rock enters the accelerated 

creep stage. At this time, the microcracks inside the rock rapidly propagate and 

coalesce with each other, and the damage variable D gradually increases until it 

reaches 1, eventually leading to creep failure of the rock. 

Based on Lemaitre's strain equivalence principle, the constitutive equation of the 

damaged viscoplastic body with the introduction of the damage variable is obtained 

[29]: 

 )1(4 Dη
σεvp −

=
•

 (4) 
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In damage mechanics, the evolution equation of the damage variable D is given  

by [30]:  

 n

D
σC

dt
dDD )

1
(

−
⋅==

•

 (5) 

where C and n are material parameters.  

After rearranging Equation (5) by transposing terms, integrate both sides of the  

equation simultaneously. Assume that D=0 at t=0, and the damage variable is D at  

time t. The intermediate expression for damage evolution can be obtained through  

calculation.  

 tCσ
n

D n
n

=
+
−− +

1
)1(1 1

 (6) 

Let the creep failure time be t=tf, at which D=1. The expression for the creep  

failure time tf can be obtained through solution.  

 nf σnC
t

)1(
1

+
=  (7) 

where tf is the creep failure time of the rock.  

Substituting 
n

f

Cσ
tn

=
+ )1(
1

 into Equation (6), the equation for the variation of  

the damage variable D with time is obtained.  

 n

ft
tD +−−= 1

1

)1(1  (8) 

Substituting Equation (8) into Equation (4) and integrating, the creep equation of  

the damaged viscoplastic model under one-dimensional stress state can be obtained  

[31]:  

 [ ]nfs
vp D

n
nt

)1(1
)1()(

4

−−
+−

=
η

σσ
ε  (9) 

Although the above damaged viscoplastic model can characterize the damage  

behavior in the accelerated creep stage, it can only represent the exponential function  

characteristics. However, the accelerated creep stage exhibits both power-law and  

exponential characteristics. Therefore, this study further improves the damaged  
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viscoplastic model of Equation (9). The specific improvement method is as follows: a 

nonlinear Kelvin body is connected in series with the viscous body, and then 

combined in parallel with the plastic body. This method is equivalent to adding a 

creep rate regulator. The creep equation of the improved nonlinear damage 

viscoplastic model is as follows: 

 
[ ]

[ ]
















−−+−−

+
−=









−−−+−−

−+
=

)t
βη

E(
E

D)(
nη

n)(t
)σ(σ

)t
βη

E(
E

)σ(σD)(
nη

)σn)(σ(t
ε

β

3

3

3

n

4

f
s

β

3

3

3

sn

4

sf
vp

exp1111
1

exp111
1

 (10) 

No modifications are made to the elastic body and viscous body in this study, 

and their creep equations are as follows: 

 
1E
σεe =  (11) 

 t
η
σεv

2

=  (12) 

The improved model can well characterize the nonlinear viscoelastic-plastic 

behavior of rock creep. Nonlinear viscoelastic deformation is time-dependent and 

recoverable, dominating the decelerating creep stage. The microscopic mechanism 

involves grain boundary sliding and time-delayed recovery of micro-pores. Nonlinear 

viscoplastic deformation is irrecoverable permanent deformation. It develops 

significantly only when the stress level exceeds the long-term strength σs of the rock, 

and dominates the accelerated creep stage. The microscopic mechanism involves the 

irreversible propagation of microcracks and the permanent sliding of particles. In this 

study, the nonlinear viscoelasticity is characterized by the improved nonlinear Kelvin 

body (E2, η1). This model accurately reflects the nonlinear time-dependent 

characteristics of microcrack closure and intergranular viscous deformation in rocks 

under stress. After stress unloading, the viscoelastic strain εve gradually decays over 

time. Nonlinear viscoplasticity is characterized by the improved nonlinear damage 

viscoplastic body (E3, η3, η4, D). When the stress exceeds the viscoplastic yield 

threshold, the damage variable D increases continuously with time. This leads to a 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



continuous increase in the viscoplastic deformation rate, and the viscoplastic strain εvp 

exhibits no recovery after unloading. 

2.2 Constitutive equation and one-dimensional creep equation 

The series-parallel stress-strain relationship is obtained from the nonlinear 

viscoelastic-plastic damage model: 

 




+++=
====

pv

pv

vvee

vvee

εεεεε
σσσσσ

 (13) 

 













++=

=

+=

=

•
−

•

•
−

svpvvp

vv

veveve

ee

tE

tE

E

σεηεσ

εησ

εηεσ

εσ

β

β

1
3p3

2

1
12

1

 (14) 

where σ, ε are the stress and strain of the nonlinear viscoelastic-plastic damage model. 

σe, σve, σv, σvp are the stresses in the elastic deformation stage, attenuation creep stage, 

isochronous creep stage, and accelerated creep stage, respectively. 

According to Equation (13) and Equation (14), the intrinsic equation of the 

nonlinear viscoelastic-plastic damage model of rock can be calculated. 

(1)When st σσε <=∞→
•

,0)( : 

 
•

−

•

− +=++ εε
η

σσ
η ββ 1

1

2

1
1

1

21

t
E

Et
EE  (15) 

(2)When st σσε <>∞→
•

,0)( : 

 
••−•−•••

++++=+ σηησηηησεηηεη
ββ

21

1
21

21

1
212212

2

21
2 EE

t
EE

tEEE
E

 (16) 

(3)When sσσ > : 

 
•••

••
−

•
−

•••

++

++++=+

'
211

'
212

1
21

1
11221221211212 )(

σηηση

σηησηηησεηηεη ββ

AEEEA

ttEEEEEEEE
 (17) 

Among them, 
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 [ ]













−−+−−

+
=

−=

)exp(11)1(1
)1(

3

3

34

'

β

βηη

σσσ

tE
E

D
n

nt
A nf

s

 (18) 

Similarly, the creep equation for the one-dimensional nonlinear  

viscoelastic-plastic damage model of rock can be calculated according to Equation  

(13) and Equation (14).  

(1)When st σσε <=∞→
•

,0)( :  

 







−−+= )exp(1

1

2

21

β

βη
σσε tE
EE

 (19) 

(2)When st σσε <>∞→
•

,0)( :  

 ttE
EE 21

2

21

)exp(1
η
σ

βη
σσε β +








−−+=  (20) 

(3)When sσσ > :  

 

[ ]
















−−+−−

+
−

+







−−+=

)exp(11)1(1
)1(

)(

)exp(1

3

3

34

21

2

21

β

β

βηη
σσ

η
σ

βη
σσε

tE
E

D
n

nt

ttE
EE

nf
s

 (21) 

2.3 Three-dimensional creep equation  

In underground space projects such as tunnels, rocks are often subjected to  

complex three-dimensional stresses rather than being in a one-dimensional stress state.  

At the same time, the aforementioned yield strength σs of rock is generally triaxial  

strength, and the current rock creep tests are mostly triaxial creep tests. Therefore, it is  

of great significance to derive the three-dimensional creep equation of rocks.  

The following two assumptions are made when deriving the three-dimensional  

creep equation for rocks: (1) rock damage is produced only in the accelerated creep  

stage; (2) the damage in all directions of the rock remains consistent.  

The total strain of the nonlinear viscoelastic-plastic damage model under  

three-dimensional stress state can be expressed as:  
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 vp
ij

v
ij

ve
ij

e
ijij εεεεε +++=  (22) 

where ijε  represents the total strain under three-dimensional stress state. 
 

vp
ij

v
ij

ve
ij

e
ij εεεε ,,,  represent the strain at each stage under three-dimensional stress state, 

 

respectively. 
 

Under three-dimensional stress state, the stress and strain at any point inside the  

elastic rock can be decomposed into spherical tensor and deviatoric tensor [32].  

 






+=

+=

mijijij

mijijij

εδeε

σδSσ
 (23) 

where σij and εij are the stress tensor and strain tensor, respectively. Sij and eij are the  

deviatoric stress tensor and deviatoric strain tensor, respectively. σm and εm are the  

mean spherical stress and mean spherical strain, respectively. δij is the Kronecker delta  

tensor.  

According to the generalized Hooke's law:  

 










=

=

mm

ijij

K

S
G

e

σε
1

1

3
1

2
1

 (24) 

Where G1 and K1 are the shear modulus and bulk modulus of the elastic body,  

respectively.  

Substituting Equation (22) into Equation (21) and rearranging yields the  

three-dimensional creep equation of the elastic body:  

 mijij
e
ij K

S
G

σδε
11 3

1
2
1 +=  (25) 

Under three-dimensional stress state, the viscoelastic deformation of rock is  

mainly manifested as shear deformation (the deviatoric tensor part). Volumetric  

deformation is regarded as elastic, so viscoelastic analysis is only performed on  

deviatoric stress and deviatoric strain. In the generalized Hooke's law, the constitutive  

relation between deviatoric stress and deviatoric strain is:  

 ijij eGS 22=  (26) 
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where G2 is the shear modulus of the nonlinear Kelvin body, with G2=E2/2(1+μ).  

Substituting Equation (24) into Equation (3) and rearranging yields the  

three-dimensional creep equation of the nonlinear Kelvin body:  

 







−−= )exp(1

2 1

2

2

β

βη
ε tG

G
Sijve

ij  (27) 

According to Equation (26) and combined with the three-dimensional form of  

Newton's viscosity law, the relationship between the viscous deviatoric strain rate and  

deviatoric stress is as follows:  

 
22η

S
dt

d
ε ij

v
ijv

ij =
ε

=
•

 (28) 

Integrating Equation (28) and rearranging gives the three-dimensional creep  

equation of the viscous body as:  

 t
η

S
dt

η
S

ε ij
t

ijv
ij

20 2 22
== ∫  (29) 

In the nonlinear rheological model with friction plates, the three-dimensional  

creep constitutive relation is related to the rock yield function F and plastic potential  

function Q [33]. Therefore, the three-dimensional creep equation of the nonlinear  

damage viscoplastic body is:  

 
[ ]

ij

ij
n

fvp
ij

Q
F
FtG

G
S

n
Dnt

σβηη
ε β

∂
∂Φ





















−−+

−−+
= )()exp(1

22
)1(1)1(

03
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Among them,  
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where )(
0F

FΦ  is the switching function. F is the yield function of rock. F0 is the  

initial value of the rock yield function, which is generally taken as 1 [34]. K is a  

specified constant, which is generally taken as 1 [35]. Q is the plastic potential  

function. Based on the flow rule, Q=F [36].  

Therefore, the three-dimensional creep equation of the nonlinear damage  
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viscoplastic body can be simplified as:  
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For the yield function F in Equation (32), many yield criteria have been proposed  

to describe it. The Mohr-Coulomb criterion cannot reflect the influence of the  

intermediate principal stress on the yield behavior of rock. The Mises criterion  

neglects the effect of spherical stress on the creep behavior of rocks, especially soft  

rocks. The Drucker-Prager criterion can well remedy the shortcomings of the former  

two in describing the yield and creep characteristics of rocks. Therefore, the D-P  

criterion is adopted in this study to characterize the yield function F, whose  

expression is:  

 kIJF −−= 12 α  (33) 

where J2 is the second invariant of the deviatoric stress tensor. I1 is the first invariant  

of the stress tensor. α and k are material parameters.  
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where φ, c are the angle of internal friction and cohesion of the rock, respectively.  

In the conventional triaxial graded compression creep test, the following  

relationship exists:  
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Combining Equations (25), (27), (29), and (32), the creep equation of the  

three-dimensional nonlinear viscoelastic-plastic damage model can be obtained  
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according to the superposition principle:  
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(38) 

3 Model validation and parameter sensitivity analysis  

3.1 Parameter determination and model validation  

In the improved model, the parameters to be determined include σ1, σ3, σs, G1, K1,  

G2, η1, η2, tf, G3, η3, η4, n, α, β, with a total of 15 parameters. Parameters such as σ1, σ3,  

σs, E, μ, and ϕ  can be obtained through uniaxial compression and triaxial  

compression experiments. The shear modulus G1=E/2(1+μ), and the bulk modulus  

K1=E/3(1-2μ). According to the value of the rock internal friction angle ϕ , the  

parameter α can be calculated in combination with Equation (34). Based on the results  

of compressive creep tests, the slope ψ of the curve in the steady creep stage is  

calculated. From ψ=(σ1-σ3)/3η2, we can obtain η2=(σ1-σ3)/3ψ. Meanwhile, the time tf  

for creep failure of the rock can be obtained. According to Equation (8), the damage  

variableD can be obtained when tf and n are known. The remaining seven parameters  

G2, G3, η1, η3, η4, β, and n need to be identified through model parameter  

identification.  

The 1stOpt software adopts a universal global optimization algorithm, which can  
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obtain all optimal solutions from arbitrary random initial values [37]. In this study, the 

differential evolution-universal global optimization (DE-UGO) algorithm is adopted 

based on the 1stOpt software to invert the above seven parameters. This algorithm 

generates an initial population randomly, and conducts iterative optimization through 

mutation, crossover and selection operations, overcoming the sensitivity of traditional 

local optimization algorithms to initial values. 

The objective function for parameter identification is defined as the 

root-mean-square error between the calculated values of the model and the 

experimental measured values: 

 ∑ =
−= n

i
cal

i
test

i YY
n

RMSE
1

2)(1  (39) 

where RMSE denotes the root-mean-square error. The subscripts test
iY  and cal

iY  

represent the experimental measured values and the model calculated values, 

respectively. 

The convergence criteria are set as follows: (1) The maximum number of 

evolutionary generations is 1000. (2) RMSE<1×10−8. (3) The variation amplitude of 

the objective function value is less than 1×10−10 in 50 consecutive iterations. The 

calculation terminates when any of the conditions is satisfied. 

To quantitatively evaluate the accuracy of the parameter inversion results, the 

coefficient of determination is introduced: 
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where R2 is the coefficient of determination, and −
testY  is the average value of 

experimental measured data. 

During the parameter identification process, when the stress level applied in the 

creep test is lower than the yield strength of the rock, Equation (25) is used to fit the 

rock creep curve. When the stress level is higher than the yield strength, Equation (26) 

is used to fit the rock creep curve. First, Equation (25) is used to fit the transient creep 
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stage and the steady creep stage, so as to determine the values of parameters G2, η1,  

and β. Then, keeping these parameters unchanged, Equation (26) is used to fit the full  

creep curve and determine the values of parameters G3, η3, η4, and n.  

Liu Dongyan et al. [38] conducted uniaxial and triaxial compression experiments  

on sandstone using an MTS815 system. The basic mechanical parameters are listed in  

Table 1. Uniaxial and triaxial compression creep tests on sandstone were carried out  

using an RLW-2000 testing system. The confining pressures were set to 0 MPa, 5  

MPa, 10 MPa, and 15 MPa, respectively. An axial force-controlled loading scheme  

was adopted with a loading rate of 1 kN/s. The experiments were conducted at room  

temperature.  

Table 1 Experimental results of sandstone compression mechanical properties [38]  

Confining pressure/MPa (σ1-σ3)max/MPa (σ1-σ3)s/MPa E/GPa 
0 50.09 38.82 6.97 
5 65.10 51.11 12.40 

10 80.12 60.59 15.67 
15 93.92 71.75 17.53 

Combined with the experimental results of Liu Dongyan et al. [38], the model  

parameters identified using the 1stOpt software are listed in Tables 2 and 3. It can be  

seen from Tables 2 and 3 that the coefficients of determination R2 of the identification  

results all exceed 0.95, indicating favorable accuracy. After all model parameters were  

determined, the fitting curves were generated using the 1stOpt software. A  

comparison between the fitting curves and the experimental curves is shown in Figure  

3. It can be seen that the improved model can well predict the creep evolution  

characteristics of sandstone.  

Table 2 Identification results of uniaxial compression creep model parameters  

Stress /MPa E1/MPa E2/MPa E3/MPa 
η1/MPa

·h 
η2/MPa·h 

η4/MPa

·h 
n η3/MPa·h β R2 

48.92 7498 19521 2946 0.2 0.002 2.489 10.646 556 0.728 0.997 

Table 3 Identification results of triaxial compression creep model parameters  

Pressuri

zation/

MPa 

Stress

/MPa 

G1/M

Pa 

K1/M

Pa 

G2/M

Pa 

η1/MP

a·h 

η2/MP

a·h 

η4/MPa

·h 
n G3/MPa 

η3/MPa

·h 
β R2 

5 63.80 13962 1589 38527 0.045 54929 1339 4.95 98465 39959 0.7 0.999 
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10 78.52 14023 3733 8.55 10.98 14898 14632 0.009 1.71 9.79 8.47 0.999 

15 84.52 21244 4525 22843 39548 93018 46633 0.0008 335332 22676 20.59 0.994 

  

(a) Uniaxial compression (b) Confining pressure 5 MPa 

  

(c) Confining pressure 10 MPa (d) Confining pressure 15 MPa 

Fig. 3 Comparison of creep test curve with theoretical curve 

3.2 Parameter sensitivity analysis 

Since the improved model involves many parameters, sensitivity analysis of the 

model parameters is very important. In this study, the strain rate is taken as the 

sensitivity evaluation index to carry out parameter sensitivity analysis. 

 
ε
εεε −=δ

'

 (41) 

where εδ  is the strain rate, and 'ε  and ε represent the strains before and after 

parameter variation, respectively. 

Based on the model data in Tables 2 and 3, any single parameter is adjusted to 

-40%, -20%, 20%, and 40% of its baseline value. Only one parameter is adjusted each 
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time, while the others remain unchanged. The strain rate is calculated, and the  

parameter sensitivity analysis diagram is plotted, as shown in Figure 4. A parameter is  

considered to which the rock creep strain is sensitive when the absolute value of the  

strain change rate exceeds 10% [39].  

  

(a) Uniaxial compression (b) Confining pressure 5 MPa 

  

(c) Confining pressure 10 MPa (d) Confining pressure 15 MPa 

Fig. 4 Sensitivity analysis of model parameters 

It can be seen from Figure 4(a) that in the uniaxial compression creep test, the  

strain is most sensitive to changes in parameters η2 and η4. The fundamental reason is  

that these two parameters dominate the time-dependent deformation mechanism. η2  

directly determines the development rate of viscoelastic strain in the decelerating  

creep stage by controlling the relaxation time of the nonlinear Kelvin body. It governs  

how rapidly the strain approaches its asymptotic value from the instantaneous value,  

thus exerting a decisive influence on the strain magnitude during the early and middle  
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stages of creep. η4 directly determines the linear accumulation rate of viscoplastic  

strain over time. This irrecoverable deformation constitutes the primary source of the  

total strain increment during long-term creep.  

It can be seen from Figure 4(b) that in the triaxial compression creep test under  

low confining pressure, the sensitivity of strain to changes in all parameters is less  

than 5%. At a low confining pressure of 5 MPa, the rock remains in a brittle state. The  

total strain is dominated by instantaneous elastic strain, and the time-dependent creep  

deformation is not significant. Therefore, the strain exhibits extremely low sensitivity  

to both the elastic parameters governing the instantaneous response and the viscous  

parameters controlling the time-dependent effect.  

It can be seen from Figure 4(c) that at a confining pressure of 10 MPa, the strain  

is most sensitive to changes in parameters β and n. This is because when the confining  

pressure increases to 10 MPa, the rock transforms from brittle to ductile, and the  

decelerating creep stage develops fully. At this point, the exponent β, which governs  

nonlinear decelerating creep, becomes a key parameter determining the initial strain  

accumulation rate. Meanwhile, the damage variable D begins to evolve, and the  

damage index n significantly affects the creep life and strain development by  

controlling the damage accumulation rate (Equation (7)). Together, the two  

parameters dominate the strain response under this confining pressure.  

It can be seen from Figure 4(d) that at a confining pressure of 15 MPa, the strain  

is most sensitive to changes in parameters n and η4. This is because as the confining  

pressure further increases, the rock enters a highly ductile or semi-plastic state. High  

confining pressure compresses the time window of the decelerating creep stage,  

resulting in a decrease in the sensitivity of β. Deformation becomes dominated by  

accelerated creep. η4 controls the strain rate in the accelerated creep stage, while n  

determines the evolution curvature of accelerated creep by governing the damage  

accumulation rate.  

The sensitivity of strain to model parameters varies with different confining  

pressure conditions. The fundamental reason is that confining pressure alters the  

macroscopic deformation mechanism of rock, thereby activating different controlling  
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parameters.  

4 Conclusion  

(1) Based on modifications to the nonlinear Kelvin body and the nonlinear  

damage viscoplastic body, this study proposes an improved nonlinear  

viscoelastic-plastic damage model for rock. The constitutive equations of the  

improved model are derived, and the expressions for one-dimensional and  

three-dimensional creep equations are presented.  

(2) Based on the mechanical test results, the determination methods for model  

parameters including σ1, σ3, σs, G1, K1, η2, tf, and α are presented. Based on the  

universal global optimization algorithm in the 1stOpt software, an inversion method is  

proposed for the seven parameters includingG2, G3, η1, η3, η4, β, and n. The coefficient  

of determination R2 of the identification results all exceeds 0.95, indicating favorable  

accuracy. The fitting curves of the improved model are in good agreement with the  

experimental curves, which can well predict the creep evolution characteristics of  

sandstone.  

(3) Using the strain change rate as the sensitivity evaluation index, a systematic  

analysis was conducted on the sensitivity of the improved model parameters. In  

uniaxial compression creep tests, strain is most sensitive to η2 and η4. At a confining  

pressure of 5 MPa, the sensitivity of strain to all parameters is less than 5%. When the  

confining pressure is increased to 10 MPa, the strain shows the highest sensitivity to β  

and n. When the confining pressure is further increased to 15 MPa, the strain is most  

sensitive to n and η4. These results reflect the fundamental transition of rock creep  

mechanisms with increasing confining pressure.  

(4) The improved model still has certain limitations, which need to be further  

investigated in future research. For example, the present model does not yet consider  

the influences of lithology, stress path, temperature, and other factors. The general  

applicability of the damage evolution function needs to be systematically investigated.  
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