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(e weak interlayer has become a weak link in slope engineering due to its rheological effect. It is of great significance to study the
nonlinear creep model of weak interlayer for long-term stability of the slope. In this paper, based on the creep curve characteristics
of weak interlayer and considering the influence of aging damage, the nonlinear improvement of a classical viscoplastic body
under stress and time-double threshold conditions is carried out, so that it can more accurately reflect the accelerated creep
characteristics of the weak interlayer. By analyzing the relationship between failure load and time, the accelerated creep time
threshold of the weak interlayer is obtained. On this basis, a nonlinear damage creep constitutive model of the weak interlayer is
constructed and its creep equation is derived. By using the self-defined function fitting tool of Origin software and the Lev-
enberg–Marquardt optimization algorithm, the creep test data of weak interlayer are fitted and compared. (e fitting curve is in
good agreement with the test data, which shows the rationality and applicability of the nonlinear creep model. (e results show
that the nonlinear damage creep model constructed in this paper can well describe the creep characteristics of the weak interlayer
and the model has important theoretical reference significance for the study of long-term stability of slope with the
weak interlayer.

1. Introduction

Rock rheological effect is a common phenomenon in geo-
technical engineering. A large amount of slope engineering and
tunnel engineering damage is caused by rock rheological effect
[1–5]. As a special structural plane, the weak interlayer has low
mechanical strength and obvious rheological effect, which
often constitutes the weak link in the slope, so it poses a serious
threat to the slope stability [6–10]. (erefore, it is necessary to
study the rheological mechanical properties of the weak in-
terlayer, and the study of the creep constitutive model of the
weak interlayer is the core content [11–15].(erefore, the study
of the creep constitutive model of the weak interlayer has
important theoretical significance and practical value for en-
suring the long-term stability of slope engineering [16–18].

Generally speaking, there are two methods to establish
the rheological constitutive model: the first one is directly
fitting the rock rheological test curve with the empirical
equation through the rheological test of rock. (is method
has a good fitting effect, but the physical meaning of the
model is not clear.(e second is based on the rheological test
results, which is composed of series and parallel combina-
tions of traditional model components, and then, the un-
known rheological model component parameters are
determined by identifying the component model and pa-
rameter inversion method [6]. Xia et al. [19] established a
unified rheological mechanical model including 15 rheo-
logical mechanical properties. Nevertheless, since the tra-
ditional rheological model is composed of linear
components, no matter how many components are in the
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model, the model is more complex. (e final model can only
reflect the characteristics of linear viscoelastoplasticity and
cannot describe the accelerated rheological stage [20].
(erefore, more and more nonlinear rheological models are
proposed. Yang et al. [21] proposed a new nonlinear rhe-
ological element NRCmodel by assuming that the nonlinear
shear rheological model of rock is a Weibull distribution
function of time and combined it with the time function to
describe the accelerated rheological stage. Zhao et al. [22]
established a new viscoelastic-plastic creep damage model by
combining the Burgers model and nonlinear
Mohr–Coulomb plastic element in series. Xu et al. [23]
defined the piecewise function of the greenschist creep
damage variable changing with time by analyzing the whole
creep curve of greenschist, proposed the conjecture that
creep damage only appeared in the accelerated rheological
stage, and established the generalized Bingham model
considering the damage variable. Zhang et al. [24] improved
the NRC model proposed by Xu et al. combined with the
traditional Kelvin model to form a four-element nonlinear
viscoelastic-plastic rheological model. Zhu et al. [25] and
Huang et al. [26] assumed the creep damage variable of rock
as a negative exponential function and used the damage
Burgers model to describe the creep characteristics of the
rock.

A large number of research results have been achieved in
the nonlinear creep model of the rock. However, the re-
search on the creep model of the weak interlayer is relatively
rare, and there are few reports on the construction of a
nonlinear creep model based on the double thresholds of
stress and time. In view of this, based on the series-parallel
connection of classical components, this paper introduces
the damage variable in the accelerated rheological stage and
considers the influence of the time threshold to establish the
damage constitutive model that describes the nonlinear
rheological properties of the weak interlayer. On this basis,
the creep test results of the weak interlayer are nonlinearly
fitted to verify the rationality and applicability of the con-
structed model.

2. Establishment of the Nonlinear Creep
Model of the Weak Interlayer

2.1. Creep Curve Characteristics of the Weak Interlayer.
(e creep of the weak interlayer is a complex process in
which multiple deformations such as elasticity, viscosity,
plasticity, viscoelasticity, and viscoplasticity coexist. When
the stress of the weak interlayer is less than its long-term
strength, the creep curve of the weak interlayer is as shown in
Figure 1.(e weak interlayer generates elastic strain ε0 at the
moment of loading and then enters the attenuation creep
stage. (e creep deformation increases continuously, while
the creep rate decreases continuously. At time ta, the creep
rate attenuates to zero, and the strain is stable at εa. In this
case, the classical element combination model can be used to
describe the creep characteristics of the rock. When the
stress of the weak interlayer exceeds its long-term strength,
the creep curve of the weak interlayer is as shown in Figure 2.
At the initial stage of loading, the creep characteristics of the

weak interlayer are the same as those mentioned above.(ey
all go through the instantaneous elasticity first and then
enter the attenuation creep stage. However, starting from the
ta moment, the weak interlayer enters the constant creep
stage, the strain of the weak interlayer is still increasing at
this stage and the creep rate is a constant value. When the
time reaches ts, the weak interlayer enters the accelerated
creep stage and εs is the critical strain value of accelerated
creep initiation. Since the traditional creep components are
linear components, the classical component combination
model cannot describe the nonlinear characteristics of
accelerated creep. In this paper, the classical components are
improved to construct a creep model that can reflect the
nonlinear characteristics of the weak interlayer.

2.2. Nonlinear Viscoplastic Body Based on Double 2reshold
Conditions. (e viscoplastic body composed of classical
elements is shown in Figure 3, which is composed of a plastic
switch element and a viscous element in parallel. In the
figure, τ is the shear stress, η is the viscosity coefficient of the
viscous element, and τs is the long-term shear strength of the
rock. When the stress of the plastic element is not more than
τs, the plastic element is not opened and the viscoplastic
body does not produce strain. When the stress of the plastic
element is more than τs, the plastic element is opened and
the viscoplastic body produces strain. Since the viscous
element of the viscoplastic body is a linear element, it cannot
describe the nonlinear accelerated creep stage of rock, so it

t0

ε0

εa

ε ε·

ta

Instantaneous elasticity

Decay creep stage

Steady creep stage

Figure 1: Steady-state creep curve.
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Figure 2: Creep failure curve.
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needs to be improved. (e idea of improvement is to
conduct nonlinear treatment of viscous components. A large
number of tests show that when the stress of rock is less than
its long-term strength, the rock is in the first two stages of
creep and no accelerated creep failure occurs. When the
stress of the rock exceeds its long-term strength, it is not
immediately leading to accelerated creep failure, but at a
certain time ts, the rock enters the accelerated creep stage.
According to the current relevant research [6], the aging
damage of rock will occur when it enters accelerated creep.
(erefore, based on the double threshold conditions of stress
and time and considering the influence of aging damage, this
paper improves the classical viscoplastic body, and the
improved nonlinear viscoplastic body is shown in Figure 4.
In the figure, D is the damage variable, ts is the start time of
accelerated creep, and the meaning of other parameters is
the same as that of the corresponding parameters in Figure 3.

(e damage variable D can be expressed as follows:

D �

0 t≤ ts

1 −
1
a
exp −a t − ts( 􏼁􏼂 􏼃 t> ts.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

Here, a is the material parameter, which can be deter-
mined by fitting test data; t is the creep time, and ts is the start
time of accelerated creep. (e damage variable D value is
0∼1. If t≤ ts, then D� 0; that is, the weak interlayer is not
damaged, When t approaches infinity, D� 1, indicating that
the weak interlayer has been destroyed.

Based on the above analysis, we can construct the creep
equation of a nonlinear viscoplastic body.

When τ ≤ τs, the plastic switch of the nonlinear visco-
plastic body is closed and there is no strain in the viscoplastic
body; that is, ε� 0. When τ ＞ τs and t≤ ts, the plastic switch
of the nonlinear viscoplastic body will be opened, but it has
not entered the acceleration stage and the aging damage has
not occurred. We regard it as a classical viscoplastic body, so
its creep equation can be expressed as follows:

ε �
τ − τs

η
t. (2)

When τ＞τs and t＞ts, the plastic switch has been
opened and the aging damage has also occurred. (e
nonlinear viscoplastic body enters the accelerated creep
stage. (e constitutive equation of the nonlinear viscoplastic
body can be expressed as follows:

τ � τs + η(1 − D)_ε � τs + η
1
a
exp −a t − ts( 􏼁􏼂 􏼃_ε. (3)

From formula (3),

_ε �
τ − τs

η
a exp a t − ts( 􏼁􏼂 􏼃. (4)

(e creep equation of the nonlinear viscoplastic body is
obtained by integrating both sides of (4):

ε �
τ − τs

η
exp a t − ts( 􏼁􏼂 􏼃. (5)

2.3. Determination of Accelerated Creep Time 2reshold.
From the previous section, we can see that the
accelerated creep time threshold ts reflects the opening
time of the accelerated creep of the weak interlayer. It is
an important parameter of the creep characteristics of
the weak interlayer, which can be determined by the
following method.

According to the research of some scholars [27],
the failure load of the weak interlayer decreases with the
increase in failure time, as shown in Figure 5. τ0 is the
instantaneous strength of the weak interlayer, τ∞ is
the long-term strength of the weak interlayer, and the
stress corresponding to the accelerated creep start time
ts is τ. When the stress of the weak interlayer is higher
than its long-term strength, the relationship between
accelerated creep time threshold and stress can be
established from Figure 5, as shown in the following
equation:

τ � exp −αts + β( 􏼁. (6)

From formula (6),

ts �
β − ln τ

α
. (7)

Here, α and β are undetermined parameters, which can
be determined by fitting test data.(e accelerated creep time
threshold of the weak interlayer can be determined by
formula (7).

2.4. Establishment of the Nonlinear Creep Model.
According to the creep characteristics of the weak interlayer,
when the stress is less than the stress threshold of accelerated
creep, the weak interlayer generates instantaneous elastic
strain, decay creep, and steady creep. At this time, the Bergs
model can be used to describe the creep characteristics of the
weak interlayer. When the stress exceeds the stress threshold
of accelerated creep, the rock will eventually enter the
nonlinear accelerated creep stage at a certain time point after
experiencing the creep deformation of the first two stages. A
nonlinear viscoelastic-plastic damage creep model which
can describe the whole creep process of the weak interlayer
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Figure 3: Classical viscoplastic body.
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Figure 4: Nonlinear viscoplastic body.
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can be constructed by using the improved nonlinear vis-
coplastic body and Bergs body in series. (e model is shown
in Figure 6. In the figure, I describes the instantaneous elastic
strain of the weak interlayer, II reflects the viscoelasticity of
the weak interlayer, III reflects the viscosity of the weak
interlayer, II and III describe the attenuation creep stage and
steady creep stage of the weak interlayer, and IV reflects the
nonlinear viscoplasticity of the weak interlayer, which de-
scribes the nonlinear accelerated creep stage of the weak
interlayer.

It can be seen from Figure 6 that when τ ≤ τs, I, II, and III
are all involved in creep deformation. (e state equations of
the creep model are as follows:

τ � τ1 � τ2 � τ3
ε � ε1 + ε2 + ε3
τ1 � G1ε1
τ2 � τ21 + τ22 � G2ε2 + η1 _ε2
τ3 � η2 _ε3.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

From formula (8),

ε �
τ

G1
+

τ
G2

1 − exp −
G2

η1
t􏼠 􏼡􏼢 􏼣 +

τ
η2

t. (9)

When τ＞τs, and t≤ ts, I, II, III, and IV all participate in
creep deformation; however, the viscoplastic body has not
entered the accelerated creep stage, and it has not been
damaged. At this time, the state equation of the creep model
is as follows:

τ � τ1 � τ2 � τ3 � τ4
ε � ε1 + ε2 + ε3 + ε4
τ1 � G1ε1
τ2 � τ21 + τ22 � G2ε2 + η1 _ε2
τ3 � η2 _ε3
τ4 � τs + η3 _ε4.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

From formula (10),

ε �
τ

G1
+

τ
G2

1 − exp −
G2

η1
t􏼠 􏼡􏼢 􏼣 +

τ
η2

t +
τ − τs

η3
t. (11)

When τ＞τs, and τ＞τs, I, II, III, and IV all participate in
creep deformation, the viscoplastic body has been damaged,
and it has entered the accelerated creep stage. At this time,
the state equation of the creep model is as follows:

τ � τ1 � τ2 � τ3 � τ4

ε � ε1 + ε2 + ε3 + ε4

τ1 � G1ε1

τ2 � τ21 + τ22 � G2ε2 + η1 _ε2

τ3 � η2 _ε3

τ4 � τs + η3(1 − D)_ε4 � τs + η3
1
a
exp −a t − ts( 􏼁􏼂 􏼃_ε4.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

From formula (12),

ε �
τ

G1
+

τ
G2

1 − exp −
G2

η1
t􏼠 􏼡􏼢 􏼣 +

τ
η2

t +
τ − τs

η3
exp a t − ts( 􏼁􏼂 􏼃.

(13)

(erefore, the nonlinear damage creep equation of the
weak interlayer is as follows:

ε �
τ

G1
+

τ
G2

1 − exp −
G2

η1
t􏼠 􏼡􏼢 􏼣 +

τ
η2

t τ ≤ τs( 􏼁,

ε �
τ

G1
+

τ
G2

1 − exp −
G2

η1
t􏼠 􏼡􏼢 􏼣 +

τ
η2

t +
τ − τs

η3
t τ < τs, t≤ ts( 􏼁

ε �
τ

G1
+

τ
G2

1 − exp −
G2

η1
t􏼠 􏼡􏼢 􏼣 +

τ
η2

t +
τ − τs

η3
exp a t − ts( 􏼁􏼂 􏼃 τ < τs, t≤ ts( 􏼁.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

, (14)
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Figure 5: Relationship between failure load and time.
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3. Verification of the Creep Model

By fitting the creep equation derived in the above section to
the creep test data of the weak interlayer, the rationality and
applicability of the model constructed in this paper can be

verified. In this paper, data of Zhu et al. [28] were used to
conduct shear creep test of the weak interlayer. In the first
group of tests, creep tests were carried out on the rock
samples with weak interlayers under the normal stress of
0.5MPa by applying the shear stress step by step. (e shear
stresses applied at all levels were 0.10MPa, 0.19MPa,
0.29MPa, 0.39MPa, and 0.59MPa, respectively. According
to the test results, the long-term shear strength of the weak
interlayer under this state was 0.423MPa. In the second
group, the creep test was carried out on the rock samples of
weak interlayers under a normal stress of 0.7MPa by ap-
plying shear stress in different grades. (e applied shear
stresses at different levels were 0.216MPa, 0.432MPa,
0.648MPa, 0.864MPa, 1.080MPa, and 1.296MPa, respec-
tively. According to the test results, the long-term shear
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I IVIIIII
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η3, D , tS

ε1 τ2 ε2 τ3 ε3 τ4 ε4

Figure 6: Nonlinear damage creep model.
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Figure 7: Fitting of the integral method.
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Figure 8: Fitting of the first two creep stages.
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Figure 9: Fitting of the accelerated creep stage.
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Figure 10: Fitting of the improved integral method.
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strength of the weak interlayer under this condition was
1.080MPa. Based on the test results, using the custom
function fitting tool of Origin software and Lev-
enberg–Marquardt optimization algorithm, the creep test
data of weak interlayers under different shear stresses are
fitted and analyzed.

It should be pointed out that for the three stages of
complete creep, because the creep equation is more complex,
the creep parameters are more and the initial value of the
parameters to be optimized is difficult to determine; if the
whole method is used for fitting, the results will be as shown
in Figure 7, indicating that the fitting has failed. (erefore,
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Figure 11: Experimental data and the fitting curves (σ � 0.5MPa; τ � 0.10∼0.59MPa).
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the fitting method needs to be improved. Firstly, the
complete creep curve is divided into two parts, which are the
first two stages of the creep curve and the accelerated creep
curve. (ey are fitted, respectively, and the initial values of
each creep parameter are obtained, as shown in Figure 8 and
Figure 9. Secondly, by using these initial creep parameters
and using the integral method to fit the complete creep
curve, the ideal fitting effect can be obtained, as shown in
Figure 10.

(is method is used to fit the creep test data of these two
groups of weak interlayers. (e fitting curves are shown in
Figures 11 and 12. (e creep model parameters are obtained
by fitting, as shown in Tables 1 and 2.

From Figures 11 and 12, it can be seen that the creep test
data of weak interlayers under various loads are in good
agreement with their fitting curves and the correlation co-
efficients in Tables 1 and 2 are basically above 0.95, which
indicates that the nonlinear damage creep model con-
structed in this paper can well describe the instantaneous
deformation, attenuation creep stage, steady creep stage, and
accelerated creep stage of the weak interlayer, which further
illustrates the rationality and applicability of the model.

4. Conclusions

(1) Based on the double threshold conditions of stress
and time and considering the influence of aging
damage, the classical viscoplastic body is improved
in this paper. (e improved nonlinear viscoplastic
body can more accurately reflect the characteristics
of the accelerated creep stage.

(2) In the fitting analysis of creep curves containing
complete three stages, the effect of the complete
method is usually poor. In this paper, a piecewise
fitting method with a good fitting effect is innova-
tively proposed.

(3) (e creep test data of weak interlayers are fitted and
analyzed by the creep model constructed in this
paper. (e results show that the fitting curve is in
good agreement with the experimental data,

indicating that the nonlinear damage creep model
constructed in this paper can well describe the creep
characteristics of the weak interlayer. (is model can
provide important theoretical support for the study
of long-term stability of slopes with weak interlayers.
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