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A rock creep constitutive model is the core content of rock rheological mechanics theory and is of great significance for studying
the long-term stability of engineering. Most of the creep models constructed in previous studies have complex types and many
parameters. Based on fractional calculus theory, this paper explores the creep curve characteristics of the creep elements with the
fractional order change, constructs a nonlinear viscoelastic-plastic creep model of rock based on fractional calculus, and deduces
the creep constitutive equation. By using a user-defined function fitting tool of the Origin software and the Levenberg–Marquardt
optimization algorithm, the creep test data are fitted and compared. -e fitting curve is in good agreement with the experimental
data, which shows the rationality and applicability of the proposed nonlinear viscoelastic-plastic creep model. -rough sensitivity
analysis of the fractional order β2 and viscoelastic coefficient ξ2, the influence of these creep parameters on rock creep is clarified.
-e research results show that the nonlinear viscoelastic-plastic creep model of rock based on fractional calculus constructed in
this paper can well describe the creep characteristics of rock, and this model has certain theoretical significance and engineering
application value for long-term engineering stability research.

1. Introduction

Rock rheology is a process in which the rock mineral
structure is constantly adjusted with time, resulting in the
continuous change of stress and strain state with time [1–7].
-e rheological effect of rock is obvious in slope, tunnel,
roadway, and other projects, which is a very important
feature of rock materials [8–13]. A large number of engi-
neering practices show that the long-term stability of a
project is closely related to the rheological properties of rock
[14–17]. Rock creep is an important part of rock rheological
mechanics theory, and research on rock creep constitutive
models is the core content of the theory [18–21]. -erefore,
research on rock creep constitutive models will have very
important theoretical significance and practical engineering
value.

Many scholars have carried out research on rock creep
constitutive models and have achieved fruitful research

results. Xu et al. [22] proposed a nonlinear viscoplastic body
(NVPB) and connected it with a five-element linear model to
establish a famous river-sea model. Xia et al. [23] established
a unified rheological mechanical model including 15 rhe-
ological mechanical properties. Based on the rheological
damage degradation effect of rock masses, Zhang et al. [24]
established a creep damage constitutive model with variable
parameters. Wang et al. [25] proposed a nonlinear visco-
elastic-plastic rheological model of the damage effect of dry-
wet cycles on rock. Hu et al. [26] proposed a reversible
nonlinear viscoelastic model (RNVE) to describe the re-
coverable viscoelastic response. -e creep models estab-
lished by the above researchers have achieved good results in
describing the rheological characteristics of rock at various
stages. However, some models have complex structures and
a large number of elements, which increase the number of
parameters and are unfavorable for engineering promotion.
-erefore, seeking a creep model that can be composed of
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fewer elements has become a goal pursued by many rock
rheological constitutive model researchers. Yin et al. [27]
proposed a soft element based on fractional calculus theory,
which provides a way to build a creep model with fewer
elements. Based on fractional calculus theory and damage
variables, Chen et al. [28] proposed a creep constitutive
model to describe the time-varying damage characteristics
of marble in the Jinping II hydropower station. Liu et al.
[29] established the Burgers creep model based on frac-
tional order. Based on fractional order theory, Liao et al.
[30] established a nonlinear creep model of warm frozen
silt under three-dimensional stress conditions. Gao et al.
[31] established a variable fractional rheological model to
describe the whole-stage creep behavior of rock and further
discussed the physical significance of fractional order.
Huang et al. [32] introduced the relationship between the
fractional viscosity coefficient and stress to describe the
nonlinear relationship of creep strain increase in each
stage. By establishing the relationship between a damage
variable and the initial damage, the creep model of the
acceleration stage was improved. Xiang et al. [33] intro-
duced the Almeida fractional derivative into the elastic-
viscoplastic model of soft soil, established a new fractional
creep model, and analyzed and determined the kernel
function with the best performance of the model. Peng et al.
[34] derived the creep compliance of a fractional consti-
tutive model and established a wellbore creep model in-
cluding the drilling pressure process. Xu and Jiang [35]
used an interior point algorithm to solve the corresponding
nonlinear optimization constraint problem and studied the
fractional order constitutive relation model represented by
a fractional element network.

-e above research can well apply fractional calculus
theory to the construction of rock creep models, but the
fractional creep element is not discussed in depth. In this
paper, by discussing the influence of the change in fractional
order on the creep characteristic curve of rock, creep ele-
ments of different orders are innovatively used to construct a
nonlinear viscoelastic-plastic creep model of rock, and a
nonlinear creep model of rock with fewer parameters is
developed using fewer elements. On this basis, the creep test
results are nonlinearly fitted to verify the rationality and
applicability of the constructed model.

2. Creep Element Based on Fractional Calculus

Usually, calculus is a positive integer derivative and integral,
and fractional calculus is a mathematical method used to
study the properties and applications of differential and
integral operators of arbitrary order. Fractional calculus has
many forms, such as the Grunwald–Letnikov (GL) type,
Riemann–Liouville (RL) type, Caputo type, and Weyl type
fractional calculus, among which the RL type is widely used.
-is paper uses the Riemann–Liouville theory [27, 36] and
defines a β-order integral of the function f(t) as
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where f (p) is the Laplace transform of f(t).
-e stress-strain relationship described by the fractional

calculus is

σ(t) � ξ
dβε(t)

dt
β . (5)

Clearly, when β� 0, it is the stress-strain relationship of
an ideal solid, and when β� 1, it is the stress-strain rela-
tionship of an ideal fluid. -erefore, when 0< β< 1, the state
of matter can be described as between an ideal solid and ideal
fluid. Scott-Blair called the mechanical element satisfying
formula (5) a Scott-Blair element, as shown in Figure 1. -is
element is actually a two-parameter element containing ξ
and β, which can better reflect the nonlinear gradual process
of rheological problems.

When the stress is constant, the element will describe the
creep phenomenon, a Laplace transform is performed on
both sides of formula (5) at the same time, and the following
equation can be obtained:

ε(s) �
σ0

ξs
β+1. (6)

For formula (6), the creep equation of the Scott-Blair
element is obtained using a Laplace inverse transformation:

ε(t) �
σ
ξ

t
β

Γ(1 + β)
. (7)

According to formula (7), the creep curves of different β
values under certain stresses can be drawn, as shown in
Figure 2.

From the above diagram, when β� 0, the strain is a
certain value that reflects the strain characteristics of an ideal
solid after a certain stress. When β� 1, the strain increases
linearly with time, which reflects the strain characteristics of
an ideal fluid under a certain stress. When 0< β< 1, the
strain increases greatly at the beginning and then slightly,
while the strain rate decreases gradually to close to 0 and
tends to be stable. At this time, the curve presents the
characteristics of rock attenuation creep and steady-state
creep. When β> 1, the strain and strain rate increase rapidly,
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and the curve presents the characteristics of the accelerated
creep stage of rock.

3. Nonlinear Viscoelastic-Plastic Creep Model

When the stress in rock is lower than its long-term strength,
the rock generally experiences the two stages of decay creep
and steady creep. In general, the Burgers model can describe
the creep characteristics of rock at this time. As mentioned
in the previous section, when 0< β< 1, the creep element can
describe the material state between an ideal solid and ideal
fluid, and it can be considered that the element is a com-
posite element containing elastic elements and viscous el-
ements; the Kelvin body in the Burgers model describes the
viscoelastic characteristics of the rock, so we can consider
that a creep element at 0< β< 1 can replace the Kelvin body
in the Burgers model, which can not only describe the first
two stages of rock creep similar to the Burgers model but also
reduce the number of elements. When the stress in rock
exceeds its long-term strength, the rock will enter the
accelerated creep stage after experiencing the first two creep
stages. From the analysis in the previous section, it can be
seen that when β> 1, rock creep presents the characteristics
of the accelerated creep stage, so we can consider that the
creep element when β> 1 is used to describe the accelerated
creep stage of rock. -erefore, we can construct a nonlinear
viscoelastic-plastic creep model based on fractional calculus,
as shown in Figure 3.

It can be seen from Figure 3 that when τ < τs, I, II, and III
are all involved in creep deformation. -e state equations of
the creep model are
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Formula (12) is the creep equation of the rock nonlinear
viscoelastic-plastic creep model when τ < τs.

When τ ≥ τs, I, II, III, and IV all participate in creep
deformation. -e state equations of the creep model are

τ � τ1 � τ2 � τ3 � τs + τ4, (13)

ε � ε1 + ε2 + ε3 + ε4, (14)
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Figure 1: Diagram of the Scott-Blair element components.
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Figure 2: Variation characteristics of the strain with time under
different β values.
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Figure 3: Schematic diagram of the rock nonlinear viscoelastic-
plastic creep model.
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Formula (17) is the creep equation of the rock nonlinear
viscoelastic-plastic creep model when τ ≥ τs.

4. Verification of the Creep Model

By fitting the creep equation derived in the above section to
rock creep test data, the rationality and applicability of the
model constructed in this paper can be verified. In this
paper, the relevant data ofWang et al. [37] on the shear creep
test of granite are used. In this test, a shear creep test of
saturated granite subjected to 2.216MPa normal stress is
carried out by applying shear stress in different grades. -e
applied shear stresses are 5.084MPa, 8.132MPa,
11.180MPa, 14.228MPa, and 17.276MPa. -e shear creep
test results of granite are shown in Figure 4.

To show the creep deformation more clearly under
different shear stresses, the Boltzmann superposition prin-
ciple is used to process the test data, and the results are
shown in Figure 5.

Figure 5 shows that when the shear stress is small, the
creep process of the granite only includes the decay creep
stage and steady creep stage. When the shear stress is large,
the creep process presents the three stages of complete
rheology. Based on the test results, a user-defined function
fitting tool of the Origin software was used. When τ < τs, the
fitting function was as in formula (12). When τ ≥ τs, the
fitting function was as in formula (17). -e Lev-
enberg–Marquardt optimization algorithm was used to fit
and analyze the creep test data of the granite under different
shear stresses. -e fitting curve is shown in Figure 6, and the
creep model parameters, shown in Table 1, are obtained by
fitting.

It can be seen from Figure 6 that the creep test data of
rock under various loads are in good agreement with the
fitting curves, and the correlation coefficients in Table 1 are
basically close to 1, indicating that the nonlinear viscoelastic-
plastic creep model based on fractional calculus constructed
in this paper can well describe the instantaneous defor-
mation, decay creep stage, steady creep stage, and
accelerated creep stage of rock and further illustrate the
rationality and applicability of the model.

5. Parameter Sensitivity Analysis

Figures 7 and 8 show the parameter sensitivity analysis on
the fractional order β2 and viscoelastic coefficient ξ2, re-
spectively, and discuss their influence on the rock creep
process. Specifically, when analyzing the parameter sensi-
tivity of the fractional order β2, the other model parameters
use the values in Table 1, and the influence law is discussed
by changing the value of the fractional order β2. Figure 7
shows that with the increase in the fractional order β2, the
rock quickly enters viscoelastic-plastic deformation, and the
rock creep enters the accelerated creep stage earlier. For the
analysis of the parameter sensitivity of the viscoelastic co-
efficient ξ2, the same method is used. -e other model
parameters use the values in Table 1. -e influence law is
discussed by changing the value of the viscoelastic coefficient
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Table 1: Creep parameter identification results.

Shear stress (MPa) G (MPa) η (MPa·mm− 1·h) ξ1 (MPa·mm− 1·hβ1) β1 ξ2 (MPa·mm− 1·hβ2) β2 R2

5.084 132.366 2.869×1020 44.301 0.018 0.9958
8.132 135.856 2.108×1025 51.949 0.024 0.9954
11.180 138.087 5.454×1025 57.345 0.031 0.9967
14.228 139.375 7.411× 1027 51.804 0.034 0.9943
17.276 168.487 4.476×1018 37.525 0.043 2.101× 1016 13.605 0.9928
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Figure 7: Creep curves under different fractional orders.
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ξ2. It can be seen from Figure 8 that with the gradual increase
in viscoelastic coefficient ξ2, it takes more time for rock to
have viscoelastic-plastic deformation, and the time for
accelerated creep of rock is delayed.

6. Conclusions

Based on fractional calculus theory, this paper constructs a
nonlinear creep model of rock and verifies the model. -e
main conclusions are as follows:

(1) Based on fractional calculus theory, a nonlinear
viscoelastic-plastic creep model is constructed by
combining the fractional creep elements (β1 and β2
orders), spring elements (β� 0), and viscous ele-
ments (β�1). -e model has fewer components and
fewer parameters and can describe the characteristics
of each rock creep stage.

(2) By using the nonlinear curve fitting of the Origin
software and the Levenberg–Marquardt optimiza-
tion algorithm, the creep test data are fitted and
compared. It is concluded that the fitting curve is in
good agreement with the experimental data, which
shows the rationality and applicability of the non-
linear viscoelastic-plastic creep model based on
fractional calculus. -e model has certain theoretical
significance and engineering application value for
the long-term stability research of related projects.

(3) -rough the sensitivity analysis of the fractional
order β2 and viscoelastic coefficient ξ2, their influ-
ence law on the rock creep process is obtained.
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