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Water is one of the most important factors that affect the long-term stability of geotechnical engineering structures. Rainfall often
results in periodic changes in the water content in underground rock, which is subjected to alternating dry-wet cycles. In this
paper, in order to study the short-term and long-term mechanical properties of red sandstone under these dry-wet cycles, a series
of uniaxial compressive strength (UCS) tests and multistage creep tests have been carried out on specimens of red sandstone after
being treated to different numbers of dry-wet cycles. A scanning electron microscope (SEM) was used to image the different
groups of specimens. *e test results have shown that the peak strength and the elastic modulus of the red sandstone decreased as
the number of dry-wet cycles increased. It is worth noting that the first immersion of the specimens decreased their strength the
most, and the negative logarithmic function was able to better reflect the peak strength of the red sandstone and the variation of its
elastic modulus in relation to the number of dry-wet cycles. *e results of the creep tests have shown that the instantaneous strain
and creep strain of the sandstone increased significantly with the increase of the number of dry-wet cycles. A linear function and a
negative logarithmic function can be used to describe the instantaneous strain and the creep strain, respectively. *e creep
duration of the red sandstone in its failure stage decreased with the increase of the number of dry-wet cycles, and the creep rate
increased with the increase of the number of dry-wet cycles. Lastly, the failure modes of the red sandstone were observed; the
results showed that the angle between the main crack and the axis of creep failure gradually increased with the increase of the
number of dry-wet cycles and the angle of the internal friction and the cohesion decreased. In addition, the failure mode of the
specimens changed from tensile failure to shear failure. *e microstructure of the sandstone showed that the surface of the
specimen changed from being compact to being loose, and the mineral particles in the specimen changed from being spherical to
being flat and curly; this led to a decrease in the macroscopic mechanical parameters of the sandstone.

1. Introduction

Water is one of the important factors that affect the stability
and safety of underground rock engineering [1–3]. Re-
gardless of whether a project is characterized by shallow
geotechnical engineering, such as subway engineering [4],
slope foundation pit [5], or deep underground engineering,
for example, a coal mine roadway [6, 7], radioactive waste
storage [8], or hydropower stations or dams [9, 10], the
presence of water is often deleterious to these projects and
can weaken their durability, stability, and service life. For
underground projects that require long-term maintenance,

the creep characteristics of the surrounding rock are of great
significance in evaluating the long-term stability of geo-
technical engineering. In recent years, a large number of
scholars have carried out research into the creep charac-
teristics of different types of rock.*e results of this research
have shown that, for granite [11, 12], limestone [13],
sandstone [14], mudstone [15], and many other types of
rock, water has a significant impact on their creep behavior.
Yang et al. [16] carried out short-term and creep tests of red
sandstone under different pore water pressures. For the
sandstone’s short-term mechanical behavior, an increase in
the confining pressure can improve the mechanical
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parameters of the specimen; however, with an increase in the
pore water pressure, the peak stress and elastic model of the
specimen gradually decreased. *e results for the creep
mechanical behavior showed that an increase in the pore
water pressure will lead to an increase in the deformation of
the rock. Grgic and Amitrano [17] studied the effect of the
water content on the creep behavior of iron ore through the
use of acoustic emission (AE) equipment.*ey found that an
increase in the water content reduced the mechanical pa-
rameters of the specimens; the presence of water leads to the
development of micro cracks and accelerates the static fa-
tigue of iron ore. Grgic also found that, for iron ore, the
strain of the creep can be recovered after the stress disap-
pears, which indicates that the creep mechanism is following
a viscoplastic mechanism. Yu et al. [18] and Tang et al. [19]
used their own design of water environment tanks to
conduct uniaxial compression tests and multistage creep
tests on red sandstone specimens in a real-time water en-
vironment. *e results showed that the creep strain, the
creep strain rate, the failure specimens, and the creep
threshold stress of saturated specimens were significantly
reduced. From the study, it was found that water seeped into
new crack tips and accelerated the failure of the rock during
the creep process.

In addition, rainfall and a change in the level of the
groundwater often result in the surrounding rock of un-
derground engineering to be in a state of dry-wet cycles. *e
study of the mechanical properties of the rock under dry-wet
cycles mostly focuses on its short-term mechanical prop-
erties. For example, Yao et al. [20] studied the uniaxial and
tensile mechanical properties of sandstone. *e results
showed that the presence of water can significantly reduce
both the compressive strength and the tensile strength of
sandstone. As the number of dry-wet cycles increased, the
range of the mechanical parameters of the sandstone
gradually decreased. In addition, micro images showed that
the dry-wet cycles led to an increase in both porosity and
cracks in the specimen. Liu et al. [21, 22] subjected both
sandstone and argillaceous sandstone to dry-wet cycling and
analyzed the deterioration law of the specimens in terms of
their mechanical parameters and their macro-damage and
micro-damage mechanism. However, there have been few
studies on the long-term mechanical properties of different
types of rock under dry-wet cycling, for example, Deng et al.
[23].*ey found that the creep characteristics of red-bed soft
rocks in the area of the *ree Gorges Reservoir changed
significantly after being subjected to dry-wet cycles; their
long-term strength decreased, their lateral expansion de-
formation gradually increased, and the proportion of the
stable creep stage gradually decreased. During the water-
rock interaction, the shear failure zone of the specimens
gradually increased, and the particles became loose and
porous. Due to this lack of research, the long-term me-
chanical properties of different types of rock under dry-wet
cycles need to be studied further.

In this paper, red sandstone was taken as the research
object; firstly, rock samples were treated with 0 (dry), 1 (wet),
and then 3, 6, and 9 dry-wet cycles. Following this, a series of
uniaxial compression tests andmultistage loading creep tests

were carried out on the samples. *e variation law of the
uniaxial mechanical strength of the red sandstone under the
various dry-wet cycles was ascertained. *en, based on the
test results, the instantaneous strain, the creep strain, and the
creep duration of the specimens of rock during the creep
process were studied. Finally, the failure modes of the red
sandstone under the different dry-wet cycles were analyzed
and summarized; the results can be used to provide a ref-
erence to control the safety of underground engineering.

2. Materials and Methods

2.1. Sample Preparation. *e red sandstone samples were
collected from a project in Huainan City, Anhui Province,
China. *e rock samples were reddish brown with a few
nodules and a few white spots. In this experiment, X-ray
diffraction (XRD) was performed using a SmartLab High
Resolution X-ray Diffraction machine (Figure 1(a)).
According to the results of the XRD spectrum (Figure 1(b)),
the main components of the red sandstone were quartz,
limestone, and iron oxide.

*e samples were selected based on the similar P-wave
velocity principle and they were machined into cylindrical
samples with a diameter of 50mm and height of 100mm,
according to the ISRM (International Society for Rock
Mechanics) standard [24]. *e surface smoothness was
controlled within a tolerance of ±0.05mm, and the vertical
deviation between the upper and lower surfaces was con-
trolled within a tolerance of ±0.25° (Figure 2).

*e basic physical parameters of the prepared samples
were measured and the results are shown in Table 1.

2.2. Specimen Treatment and TestingMethod. *emethod of
grouping the sandstone samples was as follows: the samples
were divided into five groups; group I consisted of the dry
specimens (0 dry-wet cycles) and group II consisted of the
saturated specimens (1 dry-wet cycle). Groups III, IV, and V
were treated with 3, 6, and 9 dry-wet cycles, respectively.
*ree samples from each group were selected for the uniaxial
compressive strength (UCS) test and the remaining two
samples were used for the creep test under uniaxial step
loading.

*e dry-wet cycle treatment process was as follows:

(1) *e processed specimens were put into the vacuum
water retaining instrument and the air in the con-
tainer was then extracted under a pressure of 0.6 kPa.
*e samples were kept in this state for 3 hours to
ensure that the air in the red sandstone had been fully
removed.*e samples were then submerged in water
and kept in that state for 12 hours, so that the water
could saturate the red sandstone.

(2) *e saturated specimens were then removed from
the machine; the surface moisture was wiped off and
the samples were then put in the electric drying box.
*e temperature was set at 105°C; this was done to
ensure that the water in the specimen had fully
evaporated, because the boiling point of water is

2 Advances in Civil Engineering



100°C. *e samples were kept in the drying box at
this temperature for 12 hours.

(3) Steps (1) and (2) were then repeated in order to
complete the required dry-wet cycles of the speci-
mens. *roughout this process, the time taken for
the dry-wet process of the specimens was the same,
and the specimen was returned to a dry state after the
dry-wet cycles. *e specimens were sealed in a
sample bag to prevent them from absorbingmoisture
from the air and affecting their moisture content.

*e diagram of the process of the dry-wet cycles is shown
in Figure 3.

2.3. Test Instruments and Loading Scheme. *e uniaxial
compressive strength tests and creep tests were carried out
using an RDL-200 electronic creep relaxation test machine
(Figure 4). During the testing process, an extensometer was
set in the direction of the height of the specimen to measure
its axial deformation.

In order to reduce the influence of the surface
smoothness of the specimens on the test and ensure the
stability of the test instrument, all of the specimens were
preloaded at the beginning of the test with a force of 500N.
Vaseline was applied to the end of the specimens in order to

reduce the friction between the test piece and the rigid
pressing plate.

*e uniaxial compression test adopted the displacement
loadingmode with a loading rate of 0.02mm/s, and the creep
test adopted the force loading mode with a loading rate of
1 kN/min. In order to provide sufficient creep deformation
time for the specimens, five stages of the step loading were
set; each stage of stability lasted for 12 hours. *e creep
loading path is shown in Figure 5.

3. Results and Discussion

3.1. Uniaxial Mechanical Properties

3.1.1. Variation of the Uniaxial Mechanical Parameters of the
Specimens. From the test results, the uniaxial stress-strain
curves of the red sandstone samples that were subjected to
different dry-wet cycles were drawn (Figure 6).

From the variations in the curves in the graph, it can
be seen that the slope of the curves of the specimens
became flatter as the number of dry-wet cycles increased.
It could also be seen that, after the peak of each curve, the
strain gradually increased, indicating significant duc-
tility. In addition, in order to avoid the influence of
both pore compaction and plastic deformation on the
slope of the stress-strain curve, the slope of the stress-
strain curve within the range of the strain value of
0.2 ×10−2–0.7 ×10−2 was selected as the elastic modulus
of the specimen. *e elastic modulus of the samples,
which was calculated according to formula (1), is shown
in Table 2:

E �
σ2 − σ1

0.7 × 10−2 − 0.2 × 10−2, (1)

where σ1 denotes the stress when the strain was 0.2×10−2

(MPa) and σ2 denotes the stress when the strain was
0.7×10−2 (MPa).

It can be seen from Table 2 that the stress-strain curve of
the samples increased as the number of dry and wet cycles, n,
increased. *e force and the modulus of elasticity of the
samples gradually decreased. *e peak stress (σ) and elastic
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Figure 1: (a) SmartLab 18 kW machine; (b) XRD diffraction pattern of the red sandstone samples.

Figure 2: Standardized specimens of the red sandstone.
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modulus (E) of the saturated specimens had been reduced by
35.4% and 36.3%, respectively, compared with the values of
the dry specimens. *ese results indicate that the water
content has a great impact on the properties of the red
sandstone, and the dissolution of some of the cement led to a
decrease in the mechanical properties of the samples.

According to the data in Table 2, the curves of the
mechanical parameters of the samples with regard to the
number of dry-wet cycles (n) were drawn, as shown in
Figure 7.

*e experimental results have shown that the variation
trends of both σ and Ewere consistent. It can be seen that the
decrease in the mechanical parameters of the samples was

the largest after the first dry-wet cycle, and then the rate of
decrease of the samples’ mechanical parameters gradually
slowed down. It was assumed that the change in the uniaxial
mechanical parameters of the red sandstone samples was
continuous with the increase of n. *e function
y� y0[1− a ln (xb+ 1)] [25] was used to fit the test results, and
the results of the fitting have been shown in formula (2):

σ � 20.67 1 − 0.28 ln n
0.83

+ 1  , R
2

� 0.809,

E � 2.02 1 − 0.27 ln n
0.47

+ 1  , R
2

� 0.897,
(2)

where σ denotes the peak stress, E denotes the elastic
modulus, and n is the number of dry-wet cycles.

Schematic diagram of
dry-wet cycle process

Red sandstone
(wet)

Red sandstone
(dry)

Electrothermal drying oven

Vacuum water retention instrument

Vacuum at 0.6kPa
for 3 hours and
then add water

for 12 hours

Drying temperature
set to 105°C;

keep this state for 12 hours

Figure 3: *e dry-wet cycle process of the specimens.
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Figure 4: *e RDL-200 electronic creep relaxation test machine.
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Figure 5: Creep loading path of the specimens.

Table 1: *e average value of the basic physical parameters of the red sandstone.

Physical parameters Natural mass (g) Saturated mass (g) Dry P-wave velocity (km/s) Saturation P-wave velocity (km/s)
Value 471.79 483.12 4.485 5.333
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R2 of the fitting curve was greater than 0.8, which in-
dicates that there was a strong correlation between the test
curve and the fitting curve; the relative error [26] can be used
to further evaluate the test results:

W �
x − xp





x
, (3)

where W is the relative error, x is the test value, and xp is the
predicted value. *e results of the calculation are shown in
Table 3.

*e first row in the table denotes the relative error in the
peak stress, and the second row in the table denotes the
relative error in the elastic modulus. Considering that the
rock test has a certain discrete type which led to the error, the
overall relative error between the predicted value and the test
value was guaranteed to be between 0.004 and 0.256;
therefore the prediction was relatively accurate.

*e peak strain gradually decreased as the number of
dry-wet cycles, n, increased. *e strain values of the spec-
imens that were subjected to 3, 6, and 9 dry-wet cycles
decreased by 4.4%, 8.8%, and 29.2%, respectively, compared
with the initial saturated state. It should be noted that as the
number of dry-wet cycles, n, increased, a larger number of
postpeak mechanical responses appeared in the specimens;
this caused the specimens to show ductility characteristics.

*e change in the uniaxial parameters of the specimens
has shown that the damage caused by the dry-wet cycles
occurred gradually. In the drying stage, the high temperature
caused the pore passages of the sandstone particles to ex-
pand. In the soaking stage, the excess water washed away a
large number of sandstone particles and dissolves the ce-
ment; this reduced the degree of intergranular cementation
and increased the number of cycles. *e more that the pore
paths were damaged, the more cracks developed, and the
strength of the cracks significantly decreased.

3.1.2. Degradation of the Uniaxial Mechanical Parameters of
the Sandstone. According to the variation of both b and E in
Table 2, formula (4) for the degree of deterioration proposed
by Deng et al. in [27] was used to calculate the relationship
between the degree of deterioration of the above three
mechanical parameters and the number of dry-wet cycles, n:

Si �
T0 − Ti( 

T0
× 100%, (4)

where Si denotes the total degradation of the sample after n
dry-wet cycles, T0 represents the values of σ and E before
immersion in water, and Ti represents the values of σ and E
for the different number of cycles.

*e n-Si curve of the total degree of deterioration for
each group of parameters after the different number of cycles
is shown in Figure 8.

From Figure 8, it can be seen that the number of dry-wet
cycles had a great influence on b and E; both of them were
sensitive to the change in n and demonstrated a linear in-
creasing trend. *e total degree of deterioration for b and E
reached 64.48% and 59.18%, respectively, and their degree of
deterioration was large.

3.2. Analysis of theUniaxial CreepAxial Strain of the Samples.
According to the creep loading path (Figure 5), creep tests of
the red sandstone specimens that were subjected to a dif-
ferent number of dry-wet cycles were carried out under
uniaxial step loading. According to the test results, the time-

Table 2: Changes in the uniaxial mechanical parameters of the red
sandstone.

Number of dry-wet cycles (n) Σ (MPa) E (GPa)
0 20.746 2.717
1 15.322 1.994
3 14.867 1.719
6 12.197 1.466
9 7.368 1.109
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Figure 7: Curve of mechanical parameters of the samples with n.
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Figure 6: Uniaxial stress-strain curve of the red sandstone samples.
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strain curves of the specimens under the different treatment
conditions were drawn, as shown in Figure 9.

3.2.1. Creep Curve Analysis of the Red Sandstone Specimens
under Uniaxial Step Loading. *e creep curves of the red
sandstone specimens increased stepwise with the change in
the step loading. *e instantaneous axial strain occurred at
the moment of the stress loading, and then the creep began
at the stage of stress stability. After the first stage of stress
loading, the axial strain of each group of specimens obvi-
ously increased; then the slope of the creep curve gradually
decreased and then tended to be stable; after this point, it
began to enter the deceleration creep stage and then the
stable creep stage. When each group of specimens was
loaded at the last stage, the slope of the creep curve gradually
increased, and the range of the axial strain also increased.
*e specimens then entered the accelerated creep stage and
eventually broke down. *e creep curves of the sandstone
specimens fully reflect the three stages of rock creep, and,
with the increase of the dry-wet cycles, the stress loading
stage required for the creep failure of the red sandstone
samples gradually decreased, and the instantaneous axial
strain and its increment gradually increased. As a result of
this, the creep curves changed from gentle to steep.

3.2.2. Effect of the Dry-Wet Cycles on the Axial Creep Strain of
the Red Sandstone. *e variation of the axial strain of the red
sandstone specimens that were subjected to different dry-
wet cycles is shown in Table 4.

According to the data in Table 4, the trend diagram of
the axial creep strain of the red sandstone was drawn

(Figure 10), in which the creep strain of each stage was
calculated according to the following formula:

Δε � εb − εa, (5)

where Δε denotes the creep strain at the different stages, εa
denotes the initial strain values at each stage, and εb denotes
the end strain values at each stage.

It can be seen from the trend of the variation of the curve
in Figure 10 that the creep strain of the red sandstone
specimens subjected to a different number of dry-wet cycles
was basically the same under the different stress levels. *e
creep strain of the red sandstone specimens gradually in-
creased with the increase of the loading stage and obviously
increased at the failure stage. In addition, with the increase of
the dry-wet cycles, the creep of each group of specimens also
increased. As the groups of specimens where n� 6 and 9
were damaged in the third stage of loading, the creep of each
group of specimens was analyzed for the first and second
stages of loading (Figure 11).

It was assumed that the change of the axial creep with the
number of dry-wet cycles, n, was continuous; therefore the
function y� y0[1− a ln (xb+ 1)] [25] was used to fit the creep
curves. *e results of the fitting have been shown in

Δε1 � 0.014 1 + 1.10 ln n
1.35

+ 1  , R
2

� 0.954,

Δε1 � 0.013 1 + 3.19 ln n
0.81

+ 1  , R
2

� 0.810,
(6)

where Δε1 are the axial creep values of the specimens under
the first stage of loading, Δε2 are the axial creep values of the
specimens under the second stage of loading, and n rep-
resents the number of dry-wet cycles.

With the increase of n (Figure 11), the creep values of the
specimens continuously increased under the same level of
stress loading, but the range gradually decreased. Under the
first stress loading condition, the creep value increased by
221.4% from n� 0 to n� 3 and by 31.1% from n� 3 to n� 9;
the former is 7.12 times higher than the latter. Similarly,
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Table 3: *e value of W for the different situations.

n 0 1 3 6 9
Wσ 0.004 0.086 0.096 0.108 0.255
WE 0.256 0.178 0.139 0.072 0.163
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under the second stage of stress loading, where n� 0∼3, the
increase was 492.3%, and, for n� 3∼9, the increase was 6.5%;
the former is 75.74 times that of the latter. In addition, when

n was small, the creep values of the specimens with different
loading levels were similar. With the increase of the loading
levels, the creep values of the specimens with different
loading levels increased with the increase of n. *is indicates
that the dry-wet cycles increased the internal voids, as well as
the strain and degree of damage, of the specimens.

3.2.3. Effect of the Dry-Wet Cycles on the Instantaneous
Strain of the Red Sandstone. Instantaneous strain refers to
the instantaneous strain produced during loading; its value
reflects the deformation characteristics of the specimen
when it is under instantaneous stress. According to the data
in Table 3, the trend diagram of the axial instantaneous
strain of the red sandstone was drawn, where the strain of
each stage was calculated according to

Δεi � εa(s) − εb(s−1), (7)

whereΔεi denotes the instantaneous strain at each stage, εa(s)

denotes the next stage’s initial strain value, and εb(s−1) de-
notes the strain values at the end of the current phase; s� 1,
2, 3, 4, 5.

With the progression of the loading stage (Figure 12), the
curves of each group displayed a sudden drop at first, and
then a significant inflection point appeared at the second
stage; after this, the rate of decline slowed down and then
slowly rose after reaching its lowest point.*e instantaneous
strain of each group of specimens increased after reaching a
minimum at the third stage until failure occurred. At the
same time, the number of dry-wet cycles had a significant
effect on the initial instantaneous strain of the specimens,
and its value increased with the increase of n. In addition,
because the groups of specimens where n� 6 and 9 were
damaged in the third stage of loading, the first and second
stages of loading were selected to be used to analyze the
variation of the instantaneous variables with n for each
group of specimens (Figure 13).

It was assumed that the change of the axial instantaneous
strain with the number of dry-wet cycles n was continuous;
therefore the function y� ax + b was used to fit the strain
curves. *e results of the fitting have been shown in

Δεi1 � 0.06969n + 0.45499, R
2

� 0.919,

Δεi1 � 0.01703n + 0.08649, R
2

� 0.872,
(8)

where Δεi1 is the axial instantaneous strain value of the
specimen under the first-order stress loading condition, Δεi2
is the axial instantaneous strain value of the specimen under

Table 4: Axial strain changes of the red sandstone’s creep (unit: 10−2).

Red sandstone’s state
s� 1 s� 2 s� 3 s� 4 s� 5

εa εb εa εb εa εb εa εb εa εb
Dry state 0.389 0.403 0.504 0.517 0.562 0.574 0.625 0.644 0.703 0.737
Wet state 0.599 0.621 0.692 0.722 0.789 0.816 0.888 0.931 0.993 1.086
3 dry-wet cycles 0.700 0.745 0.901 0.978 1.016 1.236 1.517 1.811 Destruction
6 dry-wet cycles 0.801 0.853 1.048 1.127 1.248 1.490 Destruction
9 dry-wet cycles 1.110 1.169 1.402 1.484 1.615 1.928 Destruction
εa denotes the initial strain value of each stage; εb denotes the end strain value of each stage; s is the loading stage; s� 1, 2, 3, 4, 5.

0 1 2 3 4 5 6
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

A
xi

al
 cr

ee
p 

str
ai

n 
(1

0–2
)

Loading stage

Dry state

Dry-wet cycle 3 times
Wet state

Dry-wet cycle 6 times
Dry-wet cycle 9 times

Figure 10: Creep strain changes of the specimens at each loading
stage.

0 2 4 6 8 10
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Creep value under first-stage loading
Creep value under second-stage loading
Fitting curve of the first-stage loading
Fitting curve of the second-stage loading

Number of dry-wet cycles (n)

A
xi

al
 cr

ee
p 

str
ai

n 
(1

0–2
)
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the second-stage stress loading condition, and n is the
number of dry-wet cycles.

From the curves, it can be seen that as n increased, the
instantaneous strain increased linearly under the same stress
level, and the rate of the instantaneous strain growth under
the first stress level was 4.10 times higher than that under the
second stress level. *is was due to the compaction of the
voids and primary cracks in the specimens at the initial stage
of loading, which resulted in large deformation of the
samples. In addition, the instantaneous strain under the first
stress loading was much larger than that under the second
stress loading, and the larger the value of n was, the greater
the difference between the two values was. *e difference
between the two values was only 0.288×10−2 for n� 0, and

the difference between the two was 0.877×10−2 when n� 9;
this was an increase of 204.5%. *is indicates that the
number of dry-wet cycles had a significant effect on the
instantaneous deformation of the specimens. *e larger the
number of dry-wet cycles, the greater the increase of the
strain value of the samples. *is indicates that the pores and
cracks in the specimens developed gradually and the degree
of damage increased further.

3.3. Effect of Dry-Wet Cycles on the Failure Stress Stage.
In the failure stress stage of the specimens of the red
sandstone, the phenomena of a sudden increase in the strain
and a rapid increase in the strain rate often occurred; this is
called the accelerated creep stage. *e analysis of the load,
the creep duration, the strain, and the strain rate of rock in
this stage are of immense significance in judging the failure
situation of the rock. *e creep behavior of each group of
specimens under the last stress loading stage is shown in
Table 5.

According to the data in Table 4, as the number of dry-
wet cycles increased, the failure load of the specimens
gradually decreased, and the dry and saturated specimens
still showed no obvious signs of failure under a load of
35 kN. When n� 3, accelerated creep failure occurred at a
load of 30 kN, and when n� 6 and 9, failure occurred at a
load of 25 kN. At the same load level, as n increased, the
duration of the failure stage gradually decreased and the
instantaneous strain rate and the average creep rate grad-
ually increased. *e ranges of increase for n� 6 and 9 were
8.26% and 49.68%, respectively.

3.4. Effect of the Dry-Wet Cycles on the Creep Failure Mor-
phology of the Red Sandstone. *e creep failure modes of the
red sandstone specimens after the different number of dry-
wet cycles showed certain characteristics. As the dry red
sandstone specimens did not suffer obvious damage during
the creep stage, the specimens were subjected to an addi-
tional loading stage (load 40 kN) during the test process,
which caused the specimens to fail (see Figure 14).

*e failure modes of the dry red sandstone specimens
were two parallel cracks that ran through the body of the
samples, which showed obvious tensile failure charac-
teristics. *e failure modes of the saturated specimens
were similar to those of the dry specimens. *ere were
two parallel cracks running parallel to the longitudinal
axis, but they did not penetrate all the way through the
samples. With the increase of the number of dry-wet
cycles, surface shells peeled off the surface of the speci-
men, and the angle between the main crack and the
longitudinal axis increased, thus showing the charac-
teristics of shear failure.

*e fracture surfaces of the samples were analyzed
according to the Mohr-Coulomb criterion. *e angle
between the fracture surfaces was α, as shown in
Figure 15.

It can be seen from Figure 15 that the specimen was
not damaged for n � 0 and n � 1. *erefore, when n � 3,
α� 13°, when n � 6, α� 18°, and when n � 9, α� 26°. *e
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Figure 13: *e instantaneous strain curves at the different loading
levels of the specimens.
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internal friction angle φ of the specimen was calculated
according to formula (9), and the cohesion c of the
specimen was calculated according to formula (10); the
results of the calculation are shown in Table 5:

α � 45° −
ϕ
2

, (9)

σ1 �
1 + sinϕ
1 − sinϕ

σ3 +
2c cos ϕ
1 − sinϕ

, (10)

where α denotes the angle between the main stress direction
and the fracture surface, φ is the internal friction angle of the
specimen, c is the cohesion value of the specimen, σ1 is the
maximum main stress, and σ3 is the minimum main stress,
where σ3 � 0.

It can be seen from Table 6 that the internal friction
angle and cohesion of the specimens were significantly
reduced as the dry-wet cycles increased, which shows that
the particles in the specimen became dislocated and were
lost during the dry-wet cycles, leading to a decline in the
macro mechanical properties of the specimens. During
the drying process of the rock, the particles expanded,

resulting in compressive stress at the contact points
between the particles. During the water saturation
treatment, the rock particles encountered the contraction
of the water during cooling which transformed the
compressive stress to tensile stress. In this process of
repeated expansion and contraction, cracks were pro-
duced at the contact points between the rock’s particles;
as a result, water could penetrate deeper areas of the
rock’s interior [28]. After repeatedly alternating within
“dry-saturated”, a type of free reciprocating movement of
the water from the inside to the outside and then from the
outside to the inside occurred in the rock [29]. Under the
long-term action of this stress, the deformation of the
rock became larger and larger, and the degree of dete-
rioration also increased.

3.5. Effect of the Dry-Wet Cycles on the Microstructure of the
Red Sandstone. *rough the use of the Hitachi S-3400N
scanning electron microscope (SEM), the micro images were
produced. An SEM is an electronic optical device (as shown
in Figure 16), which can be used to observe and image the
micromorphology of a sample, as well as its structure and
composition.

As the SEM samples needed to be dried, it was im-
possible to image the micro structure of the specimens in a
saturated state; therefore images of 500 times and 1000 times
magnification of the samples subjected to 0, 3, 6, and 9 dry-
wet cycles were taken, as shown in Figure 17.

Table 5: Statistics of the creep parameters of the red sandstone under the failure load level.

Red sandstone’s
state Failure load (kN) Duration of the

damage phase (h)
Instantaneous
strain rate (h−1)

Average creep
strain rate (10−2∗ h−1)

Dry state 35 11.8 0.936 0.308
Wet state 35 11.2 0.744 0.882
3 dry-wet cycles 30 9.8 3.372 3.249
6 dry-wet cycles 25 9.1 1.452 2.788
9 dry-wet cycles 25 7.9 1.572 4.173

(a) (b) (c) (d) (e)

Figure 14: Failure modes of the red sandstone samples under various dry-wet cycles: (a) n� 0, (b) n� 1, (c) n� 3, (d) n� 6, and (e) n� 9.

Fracture planeFracture plane

45° + φ/2

45° – φ/2

σ1 σ1

σ3

σ3

α

Figure 15: Diagram of fracture angle of the red sandstone samples.

Table 6: Variation of φ and c with the number of dry-wet cycles of
the red sandstone.

n 3 6 9
σ1 (MPa) 15.3 12.7 12.7
φ (°) 64 54 38
c (MPa) 8.66 6.16 4.10
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Figure 16: *e Hitachi S-3400N scanning electron microscope.

�e surface is dense without
obvious pores and cracks

Microprimary fracture

Mineral particles

(a)
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More microcracksPore

Mineral particles
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Deformation of rock particles
The rock particles become
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Figure 17: Continued.
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From the micro images, it can be seen that the surface
structure of the red sandstone under the action of the dry-
wet cycles displayed four stages: a flat and compact stage, a
pore development stage, a particle deformation stage, and a
pore connection stage.

As shown in Figure 17(a), the surface of the specimen
was dense, showing only a small number of micro primary
fractures and mineral particles; the integrity of the specimen
was high. After 3 dry-wet cycles (Figure 17(b)), the surface of
the specimen began to show potholes. It can be seen from the
image that it was enlarged 1000 times, that there were also a
large number of mineral particles in the potholes, and that
the surface cracks had gradually increased, indicating that
pores had begun to develop. After 6 dry-wet cycles
(Figure 17(c)), except for the continuous development of
pores, it was found that the particles on the surface of the
specimen were deformed and were flaky and curly. *is was
because the repeated dry-wet cycles produced the mineral
particles under the alternating action of tensile and com-
pressive stress, resulting in double compression making
them flaky and curly under the action of the tensile force,
thus further decreasing the mechanical properties. After 9
dry-wet cycles (Figure 17(d)), the pores on the surface of the
specimen had enlarged and had connected with each other,
and the structure became loose, similar to that of Swiss
cheese. On amacro level, the peak stress was reduced, but the
postpeak mechanical response increased, and the specimen
began to display ductile failure.

4. Conclusions

In this paper, samples of red sandstone were subjected to
dry-wet cycles, and uniaxial compression tests and creep
tests were carried out. *e variation of the uniaxial me-
chanical parameters (peak stress and elastic modulus) and
the uniaxial creep parameters (creep curve, axial creep
strain, and instantaneous creep rate) with regard to the
number of dry-wet cycles was analyzed. *e creep param-
eters and the failure morphology of the specimens in the
failure stage were investigated. *e evolution of the mi-
crostructure of the red sandstone samples under different
dry-wet cycles was observed and analyzed through the use of
SEM; from this, the following conclusions were obtained:

(1) As the number of dry-wet cycles increased, the
mechanical parameters continuously decreased;
the reduction law of the samples was the same. A
uniform function was used to fit the test values,
and good fitting was achieved. In particular, the
first immersion had the biggest influence on the
peak stress and elastic modulus of the samples: the
reduction ranges were 35.4% and 36.3%, respec-
tively. *e results of the degradation analysis
showed that the peak stress and elastic modulus
were sensitive to the response of n, and the degree
of degradation of the samples was 64.48% and
59.18%, respectively.

(2) As the loading grade increased with the increase of
the number of dry-wet cycles, the creep curves of the
samples showed a step-by-step increase and the
instantaneous creep increased and the creep stage
decreased. Under the same number of dry-wet cy-
cles, the creep decreased gradually with the increase
of the loading grade. At the same loading level, the
creep increased with the increase of the dry-wet
cycles, but the increase gradually lessened. *e creep
curves approximately matched the logarithmic
function curve. *e instantaneous strain of the
samples increased linearly with the number of dry-
wet cycles.

(3) With the increase of the number of dry-wet cycles,
the duration of the accelerated creep stage decreased
in the samples and the instantaneous strain rate and
the average creep rate gradually increased. *e
failure mode of the samples after creep has shown
that, with the increase of the number of dry-wet
cycles, the internal friction angle and the cohesion
obviously decreased, and the failure mode changed
from tensile failure to shear failure.

(4) With the increase of the number of dry-wet cycles,
the microstructure of the red sandstone experienced
four stages in turn: a flat and compact stage, a pore
development stage, a particle deformation stage, and
a pore connection stage. *e surface morphology of
the specimens changed from compact to porous as
the cycles increased, and the mineral particle

Obvious porosity cavity

More pores

�e interior of the pores
was interconnected

(d)

Figure 17: Evolution of the micro structure of the red sandstone with n: (a) n� 0, (b) n� 3, (c) n� 6, and (d) n� 9.
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morphology changed from spherical to flaky. *is is
the main reason for the short-term and long-term
strength reduction of red sandstone.
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