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Abstract: Clarifying the time-dependent strength deterioration characteristics of carbonaceous mud-
stone under dry and wet cycles is of great significance to the design of expressway cut slopes. In
this work, we conducted triaxial compression creep tests on carbonaceous mudstone specimens
that had undergone different numbers of dry and wet cycles to investigate their creep properties. A
function was established between the steady-state viscoplastic creep rate and axial compression. The
threshold stress of the steady-state viscoplastic creep rate was assumed as the long-term strength,
and the long-term strength deterioration law of carbonaceous mudstone under dry and wet cycles
was studied. The results showed that the transient strain, viscoelastic creep, and viscoplastic creep
of carbonaceous mudstone increased with the number of dry and wet cycles, and the creep failure
stress and transient elasticity modulus decreased. Based on the steady-state viscoplastic creep rate
method, the long-term strength of carbonaceous mudstone after n (n = 0, 3, 6, 9) dry and wet cycles
was found to be 74.25%, 64.88%, 57.56%, and 53.16% of its uniaxial compression strength, respectively.
Compared with the isochronous curve method and the transition creep method, the steady-state
viscoplastic creep rate method can more accurately determine the long-term rock strength. The
long-term strength of carbonaceous mudstone under dry and wet cycles decays exponentially, and
the long-term strength decay rate during the first three dry and wet cycles is about 215 times the
average decay rate.

Keywords: geotechnical engineering; carbonaceous mudstone; dry and wet cycles; creep; long-
term strength

1. Introduction

At present, many slopes suffer from creep failure during operation, which is mostly
caused by inaccurate calculation of the long-term strength of soft rocks under dry and wet
cycles [1,2]. Correctly understanding the creep characteristics of soft rocks under dry and
wet cycles and accurately evaluating their long-term strength is a challenging issue and a
research focus [3–5].

The mineral composition and mesostructure of soft rocks have obvious time-dependent
deterioration characteristics, and their mineral dissolution and micro-structure deterio-
ration under dry and wet cycles also intensify the rock deformation development [6–8].
Due to the time-dependent deterioration of the rocks in the cut slopes and their long-term
strength declining below the peak strength under continuous loading, some originally sta-
ble slopes undergo creeping failure during operation [9–11]. Accurately calculating the long-
term strength of rocks has been a concern of scholars in geotechnical engineering [12–14].
Schmidtke et al. [15] proposed to set the minimum load for fatigue failure of rocks as their
long-term strength. Szczepanik et al. [16] discriminated the long-term strength of rocks
based on whether the volume of the specimen was expanded. In essence, the most direct de-
termination of the long-term strength of rocks is to obtain the minimum creep failure stress
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via creep tests, which requires a large number of creep tests and is difficult to implement
in practical engineering [17,18]. Subsequently, the transition creep method was adopted
to simplify the loading of the direct method and significantly reduce the experimental
work, though only the range of long-term strength was determined (China GB/T50266-
2013) [19]. To address this limitation, scholars proposed the isochronous curve method, i.e.,
drawing an isochronous curve with the creep of different stresses at a certain moment and
taking the inflection point of the curve as the long-term strength of the rock, thus solving
the problem that the transition creep method cannot accurately determine the long-term
strength [20,21]. However, it is worth noting that some rocks lack obvious inflection points
on the isochronous curve [22–24], and the applicability of the isochronous curve method
still requires further investigation. Nara et al. [25] proposed to estimate the long-term
strength of rocks with the subcritical crack growth information. Ding et al. [26] suggested
that the inflection point at which the volumetric strain of the rock shifts from compression
to expansion can be taken as the long-term strength. Wu et al. [27] consider that it is more
accurate to use the inflection point of steady-state creep rate as the long-term strength of
rock. In summary, despite the many methods to determine the long-term strength of rocks,
their results vary, and the accurate determination of the long-term strength of soft rocks still
needs in-depth studies. In addition, the mechanical properties of carbonaceous mudstone
under dry and wet cycles are more complex than those of ordinary rocks [28–31]. Although
scholars have conducted a lot of research on the mechanical properties, creep properties,
and constitutive relations of soft rocks under dry and wet cycles [32–36], there are few
studies on the evolution of the long-term strength of carbonaceous mudstone under dry
and wet cycles.

Therefore, we conducted triaxial compression creep tests on carbonaceous mudstone
specimens that had undergone different numbers of dry and wet cycles. On the basis of an
in-depth study of the creep properties of carbonaceous mudstone, the function between the
steady-state viscoplastic creep rate and stress was established. Thus, an accurate method
to determine the long-term strength of carbonaceous mudstone is proposed to clarify the
long-term strength evolution of carbonaceous mudstone under dry and wet cycles. The
research results could provide insightful references for the design of soft rock cut slope
supports.

2. Test Method
2.1. Specimen Characteristics

The carbonaceous mudstone specimens were collected from the high and steep car-
bonaceous mudstone slopes in Liuzhai, Guangxi, which had excavation heights between
70.0 and 80.0 m. Complete rock blocks at the foot of the slopes were collected and sealed
for transportation to the indoor test site. The rock specimens were dark gray, moderately
weathered, and uniformly granular with microfractures. The physical and mechanical
parameters of the carbonaceous mudstone specimens are shown in Table 1.

Table 1. Physical and mechanical parameters of carbonaceous mudstone samples.

Density
(g·cm−3)

Water Content
(%)

Uniaxial
Compressive

Strength (MPa)

Elasticity
Modulus

(GPa)

Longitudinal
Wave Velocity

(m·s−1)

Water
Absorption

Capacity (%)

Disintegration
Resistance

Index Id2 (%)

2.36~2.43 1.24 35.65 5.32 3084~3256 9.41~14.68 85.2~90.4

2.2. Dry and Wet Cycle Test

The specimens were divided into four groups, which were subjected to n (n = 0, 3,
6, 9) dry and wet cycles. In order to simulate the extreme climatic conditions in Guangxi,
the specimens were firstly dried at 50 ◦C in an oven for 24 h and then cooled to room
temperature in a humidor before undergoing natural water absorption for 24 h in a water
container. Each dry and wet cycle lasted 48 h.
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2.3. Triaxial Compression Creep Test

An RLW-2000 triaxial creep tester was used to perform triaxial compression creep
tests on the specimens that underwent different dry and wet cycles by using the graded
incremental loading method. The maximum load of RLW-2000 triaxial creep tester is
2000 kN; the force measurement range is 2~100%, the displacement measurement range
is 0~20 mm, the measurement accuracy is within ±0.5% of the indicated value, and the
confining pressure measurement range is 0~50 MPa. The loaded confining pressure was
2 MPa before applying the axial pressure. The first stage of the creep test was loaded at
40% of the uniaxial compression strength, i.e., 14.26 MPa. The graded loading increments
were 3 MPa, and each grade of loading stress lasted 48 h before the next grade of loading
was applied, unless the specimen failed.

3. Test Results

The results of the triaxial compression creep test on carbonaceous mudstone are shown
in Figure 1. The carbonaceous mudstone specimens with zero and three dry and wet cycles
were in the decay creep stage at the first four loading grades (23.26 MPa). The same
specimens entered the steady-state creep stage at the fifth loading grade (26.26 MPa) and
the accelerated creep failure stage at the eighth loading grade, reaching a creep failure
stress of 35.26 MPa. In contrast, the carbonaceous mudstone specimens with six and nine
dry and wet cycles were in the decay creep stage only at the first three loading stages
(14.26 MPa, 17.26 MPa, and 20.26 MPa). The same specimens entered the steady-state creep
stage from the fourth loading grade (23.26 MPa) and the accelerated creep failure stage
at the axial compression of 32.26 MPa. The reason is that some of the clay minerals in
the carbonaceous mudstone are dissolved due to the dry and wet cycles, and the pores
gradually sprout, expand, and connect, resulting in the decreased capacity of the mechanics
of rock. Under the same axial compression stress, the axial strain of carbonaceous mudstone
increased with the number of dry and wet cycles. This means that the stresses required for
the carbonaceous mudstone to enter the steady-state creep and accelerated creep stages
decrease with the number of dry and wet cycles. The reason may be that the dry and wet
cycles damaged the micro-structure of the carbonaceous mudstone. With the increase in
dry and wet cycles, the internal damage of the rock intensifies, resulting in increased creep
and decreased creep failure stress under load.
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Figure 1. Triaxial compression creep curve of carbonaceous mudstone.
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4. Creep Analysis

A typical graded loading creep curve of the rock is shown in Figure 2. When the axial
compression stress is small, the rock undergoes transient elastic strain under stress, and
the creep rate gradually decreases. After a period of creeping, the creep rate of the rock
decreases to zero, and only viscoelastic deformation occurs at this stage. The rock creeping
can be expressed as:

ε = ε0 + εce (1)

When the axial compression is large, the rock first undergoes elastic strain, and then
the creep rate gradually decreases to a stable non-zero value, at which stage the rock
undergoes viscoelastic–plastic creep. The rock creeping can be expressed as:

ε = ε0 + εce + εcp (2)

where ε0, εce, and εcp are the transient strain, viscoelastic creep, and viscoplastic creep,
respectively.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 15 
 

4. Creep Analysis 
A typical graded loading creep curve of the rock is shown in Figure 2. When the axial 

compression stress is small, the rock undergoes transient elastic strain under stress, and 
the creep rate gradually decreases. After a period of creeping, the creep rate of the rock 
decreases to zero, and only viscoelastic deformation occurs at this stage. The rock creeping 
can be expressed as: 

ceεεε += 0  (1)

When the axial compression is large, the rock first undergoes elastic strain, and then 
the creep rate gradually decreases to a stable non-zero value, at which stage the rock un-
dergoes viscoelastic–plastic creep. The rock creeping can be expressed as: 

cpce εεεε ++= 0  (2)

where 0ε , ceε , and cpε  are the transient strain, viscoelastic creep, and viscoplastic 
creep, respectively. 

 
Figure 2. Typical graded load creep curve of rocks. 

Zhao et al. [37] suggested that the creep properties of rocks can be studied by sepa-
rating the viscoelastic and viscoplastic creep. According to the element theory, the visco-
elastic creep of rocks is a stress-dependent function. By establishing a function of viscoe-
lastic creep of the rock and stress under low axial compression and substituting it into 
Equation (2), the viscoplastic creep of the rock at high axial compression can be separated. 

4.1. Transient Strain 
The transient strains of carbonaceous mudstone under different dry and wet cycles 

are shown in Figure 3. The transient strains of carbonaceous mudstone under the same 
dry and wet cycles increased with axial compression stress cσ . For example, with six dry 
and wet cycles, the transient strain under the axial compression stress of 20.26 MPa and 
29.26 MPa was 93.3% and 185.9% larger than that under the axial compression stress of 
14.26 MPa, respectively. Under the same axial compression stress, the transient strain of 
carbonaceous mudstone increased with the number of dry and wet cycles. For instance, 
under the axial compression of 20.26 MPa, the transient strain of carbonaceous mudstone 
with three, six, and nine dry and wet cycles was 8.26%, 22.31%, and 35.54% larger than 
that with zero cycles, respectively. The reason may be the dissolution of hydrophilic 

Figure 2. Typical graded load creep curve of rocks.

Zhao et al. [37] suggested that the creep properties of rocks can be studied by separat-
ing the viscoelastic and viscoplastic creep. According to the element theory, the viscoelastic
creep of rocks is a stress-dependent function. By establishing a function of viscoelastic creep
of the rock and stress under low axial compression and substituting it into Equation (2),
the viscoplastic creep of the rock at high axial compression can be separated.

4.1. Transient Strain

The transient strains of carbonaceous mudstone under different dry and wet cycles
are shown in Figure 3. The transient strains of carbonaceous mudstone under the same
dry and wet cycles increased with axial compression stress σc. For example, with six dry
and wet cycles, the transient strain under the axial compression stress of 20.26 MPa and
29.26 MPa was 93.3% and 185.9% larger than that under the axial compression stress of
14.26 MPa, respectively. Under the same axial compression stress, the transient strain of
carbonaceous mudstone increased with the number of dry and wet cycles. For instance,
under the axial compression of 20.26 MPa, the transient strain of carbonaceous mudstone
with three, six, and nine dry and wet cycles was 8.26%, 22.31%, and 35.54% larger than that
with zero cycles, respectively. The reason may be the dissolution of hydrophilic minerals of
carbonaceous mudstone under dry and wet cycles, which promoted the development and
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expansion of its microfractures and microporosity [38,39]. As a result, the effective bearing
area of the rock decreases, and a large transient strain is generated under the load.
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Figure 3. The transient strain of carbonaceous mudstone.

4.2. Viscoelastic Creep Analysis

The viscoelastic creep of carbonaceous mudstone calculated from Equation (1) is
shown in Figure 4. The viscoelastic creep of the rock increased with time, but the creep
rate gradually decreased and stabilized. With the number of dry and wet cycles, the vis-
coelastic creep of carbonaceous mudstone increased. The viscoelastic creep of carbonaceous
mudstone with zero, three, six, and nine dry and wet cycles was 2.2 × 10−4, 2.6 × 10−4,
3.1 × 10−4, and 3.5 × 10−4, respectively. Compared to the carbonaceous mudstone with
no dry and wet cycles, the viscoelastic creep of that with three, six, and nine dry and wet
cycles was 18.18%, 40.91%, and 59.09% larger, respectively. The viscoelastic creep of rocks
can be described by the well-established element theory and empirical models [1]. In this
paper, the Kelvin model is used to fit the viscoelastic creep, which is expressed as Equation
(3). The fitted parameters are shown in Table 2.

εce = ε∞
ce[1 − exp(−Ece

ηce
t)] (3)

As shown in Table 2, ε∞
ce and Ece

ηce
in the viscoelastic creep model of carbonaceous mud-

stone with different numbers of dry and wet cycles are stress-related parameters. Fitting
via the least square method yields the function of viscoelastic creep model parameters as:

ε∞
ce = aσc + b· exp(cσc) (4)

Ece

ηce
= dσc + e (5)

where a, b, c, d, and e are the parameters related to the number of dry and wet cycles, and
their values are shown in Table 3.

The viscoelastic creep of the rock at high axial compression can be obtained by substi-
tuting the grade 5 to grade 8 axial compression into Equation (3), as shown in Figure 5. It
can be seen that the viscoelastic creep changes at the high and low axial compression are
similar. The viscoelastic creep increases with the axial compression and the number of dry
and wet cycles, while the creep rate gradually decreases and finally stabilizes.
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Figure 4. Viscoelastic creep of carbonaceous mudstone under low axial compression. (a) No dry and
wet cycle, (b) 3 dry and wet cycles, (c) 6 dry and wet cycles, (d) 9 dry and wet cycles.

Table 2. Viscoelastic creep fitting parameters of carbonaceous mudstone.

Axial Compression/MPa

0 Dry and Wet Cycle 3 Dry and Wet Cycles 6 Dry and Wet Cycles 9 Dry and Wet Cycles

ε∞
ce

(10−4)
Ece
ηce

ε∞
ce

(10−4)
Ece
ηce

ε∞
ce

(10−4)
Ece
ηce

ε∞
ce

(10−4)
Ece
ηce

14.26 1.700 0.2991 2.164 0.3145 2.577 0.2341 2.936 0.1718
17.26 1.941 0.3728 2.467 0.2992 2.796 0.2749 3.247 0.1967
20.26 2.226 0.3518 2.648 0.3306 3.085 0.2554 3.502 0.2346
23.26 2.473 0.4105 2.900 0.3499 3.256 0.3444 3.711 0.3501

Table 3. Dry and wet cycles parameters of carbonaceous mudstone.

Dry and Wet Cycles a (10−4) b (10−4) c d e

0 7.210 50.128 2.013 × 10−9 0.0104 0.1626
3 7.963 105.083 1.051 × 10−9 0.0046 0.2375
6 7.753 147.397 2.796 × 10−10 0.0103 0.0825
9 8.560 173.563 2.680 × 10−10 0.0191 −0.1198
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Figure 5. Viscoelastic creep of carbonaceous mudstone under high axial compression. (a) No dry and
wet cycle, (b) 3 dry and wet cycles, (c) 6 dry and wet cycles, (d) 9 dry and wet cycles.

4.3. Viscoplastic Creep Analysis

The viscoplastic creep can be separated from the total strain by substituting the
calculated viscoelastic creep into Equation (2). The viscoplastic creep of carbonaceous
mudstone under different dry and wet cycles is shown in Figure 6. The viscoplastic creep
of carbonaceous mudstone increased with the number of dry and wet cycles. For example,
under an axial compression of 29.26 MPa for 20 h, the viscoplastic creep of carbonaceous
mudstone with n (n = 0, 3, 6, 9) dry and wet cycles was 3.0 × 10−4, 1.0 × 10−4, 1.1 × 10−4,
and 2.0 × 10−4, respectively, averaging a 1.89 × 10−5 increase for each cycle. When the
stress was below the failure stress, the viscoplastic creep was at the decay creep stage first
before maintaining a steady rate of growth. However, when the stress exceeded the creep
failure threshold stress, the viscoplastic creep of carbonaceous mudstone accelerated. It is
worth noting that the stress required for the carbonaceous mudstone to enter the accelerated
viscoplastic creep stage decreased with the number of dry and wet cycles. With zero and
three dry and wet cycles, the carbonaceous mudstone entered the accelerated viscoplastic
creep stage at the axial compression stress of 35.26 MPa. However, the carbonaceous
mudstone with six and nine dry and wet cycles entered the accelerated viscoplastic creep
stage at the axial compression stress of 32.26 MPa.
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Figure 6. Viscoplastic creep of carbonaceous mudstone. (a) No dry and wet cycle, (b) 3 dry and wet
cycles, (c) 6 dry and wet cycles, (d) 9 dry and wet cycles.

5. Long-Term Strength Analysis
5.1. The Steady-State Viscoplastic Creep Method

Viscoelastic and viscoplastic creep analyses of carbonaceous mudstone reveal that
at lower axial compression, only viscoelastic creep occurs or the creep rate decreases to
zero after a short period of viscoplastic deformation, and the rock could remain stable. As
the stress exceeds the threshold stress of steady-state viscoplastic creep, the steady-state
viscoplastic creep or accelerated creep shows growth, and the rock eventually undergoes
deformation failure with the accumulation of viscoplastic creep. It can be seen that the
threshold stress of steady-state viscoplastic creep of the rock is its long-term strength.
Thus, the function of steady-state viscoplastic creep rate and stress can be established to
determine the long-term strength of the rock. The steady-state viscoplastic creep rates of
carbonaceous mudstone were obtained by linearly fitting the steady-state viscoplastic creep
stages in Figure 6, as shown in Table 4.
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Table 4. Steady-state viscoplastic creep rate (10−8/h).

Axial Compression (MPa)
Dry and Wet Cycles

0 3 6 9

23.26 0 0 0.36 0.62
26.26 0.03 1.10 1.62 1.72
29.26 0.74 1.26 2.42 4.10
32.26 3.55 5.85 4.70 11.72
35.26 3.93 12.74 / /

The relationship between the steady-state viscoplastic creep rate and axial compression
is shown in Figure 7. It can be seen that the steady-state viscoplastic creep increases
exponentially with axial compression, and its functional relationship is as follows:

•
εcp = A· exp(B·σc) + C (6)

where
•

εcp is the steady-state viscoplastic creep rate, and A, B, and C are the fitting parameters.
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Figure 7. The relationship between steady-state viscoplastic creep rate and axial compression of
carbonaceous mudstone. (a) No dry and wet cycle, (b) 3 dry and wet cycles, (c) 6 dry and wet cycles,
(d) 9 dry and wet cycles.

Based on Equation (6), the threshold stress at which the steady-state viscoplastic creep
rate is zero is the long-term strength of the rock. The long-term strength of carbonaceous
mudstone after zero, three, six, and nine dry and wet cycles was 26.47 MPa, 23.13 MPa,
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20.52 MPa, and 18.95 MPa, which was 74.25%, 64.88%, 57.56%, and 53.16% of its uni-axial
compression strength, respectively.

5.2. The Isochronous Curve Method

With the isochronous curve method, the strain under different loading stresses at the
same time is plotted as an isochronous line, and the inflection point of the isochronous
curve cluster is assumed as the long-term strength of the rock. The creep isochronous
curve clusters of carbonaceous mudstone under different numbers of dry and wet cycles
are shown in Figure 8. The isochronous curve clusters of carbonaceous mudstone become
progressively sparse with the number of dry and wet cycles. Under the same number of
dry and wet cycles, the density of isochronous curve clusters of carbonaceous mudstone
decreases with axial compression, and the curves gradually deviate to the strain axis.
However, according to the experimental results in Figure 8, it is difficult to accurately find
the inflection point of the isochronous curve. The long-term strengths of carbonaceous
mudstone with zero, three, six, and nine dry and wet cycles were subjectively determined
as 32.26 MPa, 29.26 MPa, 26.26 MPa, and 26.26 MPa, respectively, based on the pattern of
the isochronous curve.
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Figure 8. Isochronous curve clusters of carbonaceous mudstone. (a) No dry and wet cycle, (b) 3 dry
and wet cycles, (c) 6 dry and wet cycles, (d) 9 dry and wet cycles.
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5.3. The Transition Creep Method

The transition creep method considers the maximum load stress at which the steady-
state creep rate is zero to be the long-term strength of the rock. The viscoelastic and
viscoplastic creep of carbonaceous mudstone were fitted using εce = A[B − exp(Ct)] and
εcp = Dt, respectively, according to the results in [11]. The creep curves of carbonaceous
mudstone with different dry and wet cycles at the various load grades are shown in Figure 9,
and the corresponding fitting functions are shown in Table 5. According to Table 5, the
transition creep method can only determine the long-term strength range of the rocks, and
the long-term strength ranges of carbonaceous mudstone with zero, three, six, and nine dry
and wet cycles are 26.26 to 29.26 MPa, 23.26 to 26.26 MPa, 20.26 to 23.26 MPa, and 17.26 to
20.26 MPa, respectively.

Sustainability 2022, 14, x FOR PEER REVIEW 11 of 15 
 

5.3. The Transition Creep Method 
The transition creep method considers the maximum load stress at which the steady-

state creep rate is zero to be the long-term strength of the rock. The viscoelastic and visco-
plastic creep of carbonaceous mudstone were fitted using )]exp([ CtBAce −=ε  and 

Dtcp =ε , respectively, according to the results in [11]. The creep curves of carbonaceous 
mudstone with different dry and wet cycles at the various load grades are shown in Figure 
9, and the corresponding fitting functions are shown in Table 5. According to Table 5, the 
transition creep method can only determine the long-term strength range of the rocks, and 
the long-term strength ranges of carbonaceous mudstone with zero, three, six, and nine 
dry and wet cycles are 26.26 to 29.26 MPa, 23.26 to 26.26 MPa, 20.26 to 23.26 MPa, and 
17.26 to 20.26 MPa, respectively. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9. The creep curve of carbonaceous mudstone under various loadings. (a) No dry and wet 
cycle, (b) 3 dry and wet cycles, (c) 6 dry and wet cycles, (d) 9 dry and wet cycles. 

Table 5. The fitting function of creep curve of carbonaceous mudstone under various loadings. 

0 Dry and Wet Cycles 3 Dry and Wet Cycles 
Axial Compression (MPa) Fitting Function Axial Compression (MPa) Fitting Function 

14.26 )]30.0exp(828.3[017.0 t−−=ε  14.26 )]289.0exp(756.4[020.0 t−−=ε  
17.26 )]385.0exp(250.5[020.0 t−−=ε  17.26 )]292.0exp(326.5[024.0 t−−=ε  
20.26 )]364.0exp(218.6[023.0 t−−=ε  20.26 )]321.0exp(196.6[026.0 t−−=ε  
23.26 )]397.0exp(317.7[024.0 t−−=ε  23.26 )]333.0exp(884.6[028.0 t−−=ε  

0 10 20 30 40 50
0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

St
ra

in
(%

)

Time(h)

 σc=14.26MPa   σc=17.26MPa   σc=20.26MPa

 σc=23.26MPa   σc=26.26MPa   σc=29.26MPa

 σc=32.26MPa

0 10 20 30 40 50
0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40  σc=14.26MPa   σc=17.26MPa   σc=20.26MPa

 σc=23.26MPa   σc=26.26MPa   σc=29.26MPa

 σc=32.26MPa

St
ra

in
(%

)

Time(h)

0 10 20 30 40 50

0.10

0.15

0.20

0.25

0.30

0.35

St
ra

in
(%

)

Time(h)

 σc=14.26MPa   σc=17.26MPa   σc=20.26MPa

 σc=23.26MPa   σc=26.26MPa   σc=29.26MPa

0 10 20 30 40 50

0.10

0.15

0.20

0.25

0.30

0.35

0.40
 σc=14.26MPa   σc=17.26MPa   σc=20.26MPa

 σc=23.26MPa   σc=26.26MPa   σc=29.26MPa

St
ra

in
(%

)

Time(h)

Figure 9. The creep curve of carbonaceous mudstone under various loadings. (a) No dry and wet
cycle, (b) 3 dry and wet cycles, (c) 6 dry and wet cycles, (d) 9 dry and wet cycles.
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Table 5. The fitting function of creep curve of carbonaceous mudstone under various loadings.

0 Dry and Wet Cycles 3 Dry and Wet Cycles

Axial Compression (MPa) Fitting Function Axial Compression (MPa) Fitting Function

14.26 ε = 0.017[3.828 − exp(−0.30t)] 14.26 ε = 0.020[4.756 − exp(−0.289t)]
17.26 ε = 0.020[5.250 − exp(−0.385t)] 17.26 ε = 0.024[5.326 − exp(−0.292t)]
20.26 ε = 0.023[6.218 − exp(−0.364t)] 20.26 ε = 0.026[6.196 − exp(−0.321t)]
23.26 ε = 0.024[7.317 − exp(−0.397t)] 23.26 ε = 0.028[6.884 − exp(−0.333t)]
26.26 ε = 0.027[8.120 − exp(−0.236t)] 26.26 ε = 0.031[7.553 − exp(−0.350t)] + 1.02 × 10−4t
29.26 ε = 0.044[6.415 − exp(−0.248t)] + 3.37 × 10−5t 29.26 ε = 0.040[7.071 − exp(−0.404t)] + 1.26 × 10−4t
32.26 ε = 0.040[7.990 − exp(−0.214t)] + 2.847 × 10−4t 32.26 ε = 0.032[10.168 − exp(−0.233t)] + 1.96 × 10−4t

6 Dry and Wet Cycles 9 Dry and Wet Cycles

Axial Compression (MPa) Fitting Function Axial Compression (MPa) Fitting Function

14.26 ε = 0.025[4.741 − exp(−0.224t)] 14.26 ε = 0.029[4.685 − exp(−0.167t)]
17.26 ε = 0.026[5.666 − exp(−0.253t)] 17.26 ε = 0.032[5.170 − exp(−0.193t)]
20.26 ε = 0.031[5.717 − exp(−0.259t)] 20.26 ε = 0.034[5.844 − exp(−0.234t)] + 1.383 × 10−5t
23.26 ε = 0.028[7.056 − exp(−0.381t)] + 7.434 × 10−5t 23.26 ε = 0.030[7.770 − exp(−0.410t)] + 8.399 × 10−5t
26.26 ε = 0.036[6.893 − exp(−0.331t)] + 1.452 × 10−4t 26.26 ε = 0.034[8.219 − exp(−0.322t)] + 1.123 × 10−4t
29.26 ε = 0.038[7.662 − exp(−0.299t)] + 2.118 × 10−4t 29.26 ε = 0.028[11.474 − exp(−0.261t)] + 3.85 × 10−4t

5.4. Analysis and Discussion

A summary of the long-term strength of carbonaceous mudstone under different dry
and wet cycles obtained by the above three methods is shown in Table 6. The comparison
of the three methods for solving the long-term strength of rocks showed that the inflection
point of the isochronous curve method is not clear, and determining the long-term strength
of rocks by subjective estimation inevitably leads to errors. The transition creep method
only determines the long-term strength range of rocks and does not accurately determine
the specific value of the long-term strength. The steady-state viscoplastic creep rate method
proposed in this paper can accurately determine the long-term strength of rocks by estab-
lishing a function between the steady-state viscoplastic creep rate and stress. In addition,
the calculated long-term strength is within the range determined by the transition creep
method, indicating the feasibility of the proposed method. Therefore, the steady-state
viscoplastic creep rate method can serve as a method to determine the long-term strength
of rocks.

Table 6. A summary of long-term rock strength determination by different methods.

Dry and Wet Cycles
Long-Term Strength (MPa)

Steady-State Viscoplastic Creep Rate Method Isochronous Curve Method Transition Creep Method

0 26.47 32.26 26.26~29.26
3 23.13 29.26 23.26~26.26
6 20.52 26.26 20.26~23.26
9 18.95 26.26 17.26~20.26

Under continuous load, the strain of rock increases with time, and the increased strain
is essentially the viscoplastic strain. Once the viscoplastic strain starts to increase rapidly,
the rock will undergo creep failure after a period of strain accumulation. Therefore, it is
correct and feasible to use the steady-state viscoplastic creep method to determine the
long-term strength of rock. The isochronous curve method takes the stress when the strain
changes abruptly as the long-term strength of the rock. In fact, this method also indirectly
determines the stress point when the viscoplastic strain changes abruptly, but for some
brittle rocks, the viscoplastic strain is much smaller than the elastic strain during the creep
process, and the growth of the viscoplastic strain has no obvious influence on creep, so it
is difficult to accurately find the inflection point of the isochronous curve. The transition
creep method uses the function to fit the creep curve, and also indirectly determines the
stress of the accelerated development of rock viscoplastic strain. This method is limited
by the graded loading of the creep test, and can only determine the approximate range of
long-term strength.
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6. The Effects of Dry and Wet Cycles on Long-Term Strength

The long-term strength of carbonaceous mudstone under dry and wet cycles deter-
mined using the steady-state viscoplastic creep rate method is shown in Figure 10. The
long-term strength of carbonaceous mudstone decays exponentially with the number of
dry and wet cycles, which can be fitted as:

σ∞ = −3.021 ln(1 + n) + 26.78 (7)

where σ∞ is the long-term strength, and n is the number of dry and wet cycles.
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Figure 10. The long-term strength of carbonaceous mudstone under dry and wet cycles.

The long-term strength of carbonaceous mudstone decays to zero after 5113 dry and
wet cycles. The average long-term strength average decay rate of carbonaceous mudstone
under dry and wet cycles is about 0.005 MPa/cycle. The long-term strength decay rate
during the first three dry and wet cycles is 1.113 MPa/cycle. Thus, the long-term strength
decay rate of the first three dry and wet cycles is about 215 times the average decay rate.
The reason may be the rock structure damage and deterioration caused by the mineral
dissolution and crack expansion of carbonaceous mudstone under dry and wet cycles. As
the dry and wet cycle continues, the soluble minerals on the rock surface are gradually
dissolved, and the chance of water contacting them decreases. In the meantime, with the
crack expansion, the crack expansion energy is gradually released at the crack end, and the
kinetic energy of the crack expansion decreases. These are the reasons leading to a decrease
in the deterioration rate of the long-term strength of carbonaceous mudstone.

7. Conclusions

We studied the time-dependent deformation and long-term strength of carbonaceous
mudstone under dry and wet cycles, and the following conclusions can be drawn.

(1) The transient strain, viscoelastic creep, and viscoplastic creep of carbonaceous mud-
stone increased with the number of dry and wet cycles, and the creep failure stress
decreased. Therefore, the dry and wet cycles intensified the development of creep in
carbonaceous mudstone and accelerated the creep failure of the rock.

(2) Determining the long-term strength of carbonaceous mudstone with the threshold
stress of steady-state viscoplastic creep rate was more advantageous than using the
isochronous curve method and the transition creep method, thus providing a new
method for studying the long-term strength of soft rocks.

(3) The long-term strength of carbonaceous mudstone decays exponentially with the
number of dry and wet cycles, and the long-term strength decay rate during the first
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three dry and wet cycles is about 215 times the average decay rate. Therefore, the cut
slopes with carbonaceous mudstone should be waterproofed in time after excavation.
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ε0 Transient strain
εce Viscoelastic creep
εcp Viscoplastic creep
ε Axial strain
•

εcp Steady-state viscoplastic creep rate
A Fitting parameter
B Fitting parameter
C Fitting parameter
σ∞ Long-term strength
n Number of dry and wet cycles
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