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Based on the consideration of the time effect and connecting with typical instances, the modified Caputo fractional time-varying
damagemodel is proposed in this paper.,e parameters of creep constitutivemodel of slope are determined by using the powerful
mathematical software and the influence of the parameters of time varying viscus element and damage element, α and ξ, on strain
are shown. As α increases, the strain rates of the first and second stages of creep attenuation and steady-state stages gradually
decrease and the strain rate in the acceleration stage is reflected in ξ. ,e fitting curve is in good agreement with the experimental
data, which proves that the damage model proposed in this paper is reasonable and accurate. It provides useful reference and
guidance for further study of slope creep failure and practical applications.

1. Introduction

Creep is an important concept in rheological theory. Rhe-
ological mechanics stands for a key disciplinary area that
studies the law of material stress-strain state with time, and
its primary purpose is to study the mechanical properties of
the basic purpose of real object and reflects the diversity and
individuality of mechanics medium [1]. When it comes to
the field of rheological mechanics, it pays more attention to
the relationship between mechanical properties and material
structure. By establishing the constitutive equation of the
mechanical medium, the stress and deformation of the
object under the action of external stress, especially the creep
related to time factor, are studied [2].

,ere are twomajor types of rock slope: the natural slope
formed naturally and the engineering slope of artificial
excavation. Under the influence of various sudden factors,
such as rainstorm and earthquake, the progressive failure
occurs gradually and then landslides appear. ,e geological
stress can cause different degrees of creep deformation
occurred in the rock slope with the passage of time [3].

Engineering practice and research show that the failure
and instability of rock slope engineering do not occur
immediately after excavation in many cases, and the stress

and deformation of rock slope develop and constantly
adjust with time, and the adjustment process usually needs
to continue for a long period. Creep of slope refers to the
property that the deformation of rock mass of slope in-
creases continuously with time under the action of dead
weight stress and tectonic stress field dominated by hor-
izontal stress. ,e deformation of slope is caused by many
factors, such as geological action, underground water flow,
temperature change, and vegetation action. In slope sta-
bility analysis, the slice of soil mass above failure surface
plays a major role on factor of safety in which it has been
considered as a circular slide line, general slide line, and
inclined slices [4]. On the rock slope itself, the time-de-
pendent deformation of it is mainly caused by the creep of
the rock. ,erefore, the close relationship between the
creep characteristics of the rock and the creep charac-
teristics of the slope should be paid special attention when
studying the slope deformation. However, as far as the
rock mass itself is concerned, the time-related deformation
of slope is mainly caused by the creep of rock mass.
,erefore, when studying the deformation of slope, special
attention should be paid to the close relationship between
the creep characteristics of rock and the creep charac-
teristics of slope.
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Many engineering problems have been solved based on the
damage theory, for example, constitutive equations of a non-
linear unsteady creep and a damage (the development of in-
ternal defects) were introduced by Elsoufiev [5]. A numerical
model for long-termdeformation and progressive failure of rock
slope was presented by Liu et al. [6]. ,e dimensionless rela-
tionship model of the stress-strain of concrete on the basis of
randomness was proposed in [7] by Liu et al. A variable-pa-
rameter restrictive shear creep model was established by Zhang
to reflect the progressive-failure characteristics and describe the
whole process of restrictive shear creep of the rock and the two
failure mechanisms of the rock, which can provide the reference
base for the prediction of the time of shear creep failure of the
rock [8]. Riva et al. [9] proposed a damage-based, time-de-
pendent 2D model of brittle creep, and the model investigates
the mechanical role of deglaciation and damage-controlled fluid
distribution in the development of alpine rockslides. Amodel of
progressive damage through intact rock mass was developed by
Lacroix and Amitrano [10]. Xue et al. [11] deduced two
quantitative displacement criteria for slope deformation through
the combination of a one-dimensional renormalization group
model and the strain-softening constitutive model of geological
materials. Umrao et al. [12] investigated the stability of the hill
cut soil slopes and suggested possible stabilisation measures.

To solve the stability problem of rock slope, the creep
model of rock slope should be analyzed and then the creep
behavior and characteristics of rock slope are discussed.
Finally, the instability of rock slope is predicted.

Most of the existing rock rheological model theories are
the combination of linear elements or the combination of
linear and nonlinear elements, which cannot describe the
characteristics of accelerated creep stage well. With the de-
velopment of the theory of damage fracture mechanics and
the rheological theory of rock, it is a trend to establish the
rheological model of rock with damage or fracture factors.

In this paper, the Caputo fractional derivative was used
to establish a modified time-varying damage model.

Definition 1. ,eCaputo fractional derivative is defined as [13]
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where the Gamma function is defined as
Γ(z) � 􏽒

∞
0 tz− 1e− tdt.

By simulating the experimental data in [14], the non-
linear damage elements are considered in the acceleration
stage. ,rough the parameter fitting software, we get the
model parameters, which have high fitting degree and can
fully reflect the acceleration stage.

2. Viscoelastic Constitutive Model of Rock
Slope with Damage

,e constitutive model of any kind of material must be able
to fully express the internal structure, physical and me-
chanical properties of the material, and constitutive

equation derived from the model can correctly reflect the
properties of the material. ,erefore, how to establish the
creep constitutive model of rock slope becomes the key
point in the study of rock slope creep stage. Only by
establishing the correct constitutive model of rock slope
creep, the relationship between stress, strain, and time and
the creep characteristics of rock slope can be fully and
accurately described [14].

,e mechanical property of rock slope is not just elastic
or viscous. To be more exact, it is a kind of viscoelasticity.
,erefore, the study of rock slope constitutive relationship
should not only be limited to the relationship between stress
and strain but also need to consider the factor of time. If the
classical elastic-plastic viewpoint is still used to analyze the
mechanical properties of rock slope, there will be
obvious defects, which will make it difficult to explain the
phenomena of deformation with time in practice, and the
long-term safety will also be threatened.

Here, we introduce three kinds of time-dependent
mechanical elements as follows.

2.1. Time-Varying Elastic Element. In order to describe the
attenuation stage of the creep curve, a time-varying elastic
element is proposed. As shown in Figure 1, the elastic el-
ement coefficient of the model show an attenuation trend
with the time t. ,e attenuation law is as follows:

E(t) �
E

1 − e
− mt, (2)

where E is the initial value of the elastic element andm is the
dimensionless parameter determined by the simulation test.

2.2. Time-Varying Viscous Element. In order to characterize
the viscosity variation of salt rock involving the sample
degradation, an exponentially varying viscosity (see Fig-
ure 2) was proposed by Zhou et al. [15] and can be written as
[16]

η(t) � η0e
ϕt

, (3)

where η0 denotes the initial viscosity and ϕ is a constant.

2.3. Damage Analysis. Slope deformation prediction is one
of the important topics in the research of slope stability, and
it is also a worldwide scientific problem. ,e engineering
geological conditions and the mechanism of slope defor-
mation and failure are very complex, and the interaction
effect and time effect of the basic factors cannot be described
quantitatively. ,erefore, it is difficult to master the law of
slope deformation and failure and predict it. Aiming at the
problem of dynamic slope stability which is more and more
prominent in mine production, quantitative scientific
monitoring means and forecasting methods are urgently
needed to meet the orderly progress of mine safety
production.

At present, there are few research studies on the creep
of rock slope. However, there are numerous precedents of
delayed construction and even failure due to insufficient
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research on rock properties including rheological prop-
erties of rock slope, such as Vajont bank creep failure in
Italy.

,e slopes of open-pit coal mines are mostly composed
of sedimentary rocks. Some intercalations containing clayey
materials are in the plastic state with obvious rheological
characteristics due to the softening effect of groundwater,
and their stress-strain relations are time-dependent. Almost
all of the potentially unstable slopes are controlled by this
clayey intercalation. When the stress state of the slope is less
than a certain stress level, the slope will only be deformed;
and when the stress level is greater than a certain stress level,
the steady creep will occur. As time goes on, the steady creep
will develop to accelerated creep, which will lead to the
failure of the slope. If the stress level is high, the acceleration
period will come sooner.

When the slope rock mass enters the accelerated creep
stage, the internal damage of the rock mass begins to
occur, and the relationship of the nonlinear accelerated
damage with the increase of time is presented. As shown
in Figure 3, the damage element is introduced to describe
the state of accelerated creep of the rock mass, which is
defined as [17]

D � 1 − (λσ)
− ξ(t− 􏽢t)

, (4)

where D is the damage element, λ and ξ are constants, 􏽢t is
the conversion time from the steady-state creep to the
accelerated creep, and σ is the stress.

2.4. Modified Caputo Fractional Time-Varying Damage
Model. According to the actual situation of slope defor-
mation and its geological environment factors, the above
three mechanical elements are combined in series, as shown
in Figure 4. Using the genetic effects of fractional derivatives,
the modified Caputo fractional time-varying damage model
is constructed, which describes the mechanical properties of
damage.,e stress of each element is equal to the total stress
of the model, and the sum of the strains of each element
model is equal to the total strain of the model. ,ese two
points are the basic basis for the establishment of the
composite constitutive model.

Its corresponding equation of state is shown as

σ1 � E(t) · ε1,

σ2 � η(t)·
C

D
α
0+ε2,

ε3 �
σ3

E3(1 − D)
,

σ � σ1 � σ2 � σ3,

ε � ε1 + ε2 + ε3.
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(5)

Using Laplace transform, we have
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where the Wiman function Eχ,〉(t) is [18]

Eχ,(t) � 􏽘
∞

i�0

t
i

Γ(iχ+)
. (7)

3. Experimental Data Identification
and Verification

,edeformation and fracture of rocks are complex processes
with energy evolution between rocks and the external en-
vironment.,emonitoring and prediction of the impending
progressive failure is of great significance to ensure the
stability of the rock structures and the safety of the workers
[19].

,e experimental data of creep curves in [14] show
three typical deformation stages as attenuation, steady,

E(t)

Figure 1: Time-varying elastic element.

η(t)

Figure 2: Time-varying viscous element.

D

Figure 3: Damage element.

E(t) η(t) D

ε1 ε2 ε3

Figure 4: Modified Caputo fractional time-varying damage model.
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and accelerated creep. Using the numerical simulation
software, Figure 5 gives the creep experimental data and
compares with the fitting curve of the modified Caputo
fractional time varying damage model proposed in this
paper. ,e fitting curve is in good agreement with the
experimental data, which proves that the damage model
proposed in this paper is reasonable and accurate. ,e
parameters involved in the model are identified, and the
results are shown in Table 1.

4. Model Prediction Analysis

Using the fitting results in Table 1, as shown in Figure 6, we
show the influence of the parameters of time-varying viscus
element and damage element, α and ξ, on strain,
respectively.

As α increases, the strain rates of the first and second
stages of creep, attenuation and steady-state stages, gradually
decrease. When α � 1, the attenuation creep stage disappears,

Fitting curve, R2 = 0.9918
Experimental data
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Figure 5: Fitting curve.

Table 1: Identified results of parameters.

E1 (MPa) E3 (MPa) η0 ϕ λ ξ α m

11370 18705.154 0.097 0.002 5.95 × 10− 6 –0.072 0.766 2.567
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Figure 6: ,e creep curve of salt rock under the thermal effect.
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which cannot fully reflect the whole rock creep situation. It
indicates the importance of the fractional derivative. ,e
strain rate in the acceleration stage is reflected in ξ, with the
decrease of ξ, rock slope will enter the accelerated creep stage
with high strain rate in advance. By adjusting the parameters,
the failure of rock slope can be well predicted.

5. Conclusions and Discussion

In addition to the basic characteristics described by classical
elastic-plastic mechanics, the stability and stress-strain state
of slope also have a very obvious law that changes with time.
On the one hand, the stress-strain state depends on the
loading history; on the other hand, it changes with time,
which determines the long-term stability of the slope.

,e modified Caputo fractional time-varying damage
model proposed in this paper reduces the number of model
elements by using the series of time-dependent mechanical
elements. Compared with other multielement models, the
modified model has more concise constitutive equations,
and it can better reflect the viscoelastic creep characteristics
before the stress threshold and the viscoelastic plastic creep
characteristics after the stress threshold with a certain ref-
erence value. Based on the creep test results, the parameters
of the creep constitutive model of slope are determined by
using the powerful nonlinear fitting function of mathe-
matical software.,e results truly reflect the damage of slope
rock mass in the accelerated creep stage and provide a
theoretical basis for the prediction of slope failure process.
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