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This study investigates the mechanical properties of red sandstone in the Three Gorges Reservoir
area under cyclic loading after dry-wet cycles. Results show that the first five cycles significantly
affect the dry mass, with a 1.16 % decrease. Under the same cyclic loads, peak stress decreases
with increasing dry-wet cycles, and stress-strain curves exhibit hysteresis loops. Elastic modulus
increases in stages with the stress amplitude, with the first five cycles having the most significant
impact. These findings offer crucial theoretical guidance for safeguarding hazardous slopes within
the drawdown zone of the Three Gorges Reservoir.
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1. Introduction

The bank’s rock slopes have undergone varying intensities of dry-wet cycles resulting from
periodic fluctuations in reservoir water levels (Liu et al., 2022; Zhao et al., 2017; Akcanca &
Aytekin, 2014). The rock engineering of reservoir banks, such as bank slope roads and bridge
foundations, is often affected by cyclic loads caused by vehicle vibrations. The rock slope en-
gineering on the reservoir bank may be affected by dynamic loads, such as earthquakes and
blasting, following the dry-wet cycle. Therefore, investigating the mechanical properties of rocks
under cyclic loading after undergoing dry-wet cycles is of preeminent importance.

Repeated dry-wet cycles degrade the mechanical properties of rocks, resulting in deformation
and eventual failure of the rock mass (Huang et al., 2022). In the past few decades, extensive
experimental studies have focused on examining how dry-wet cycles affect the weakening of
different rock types (Huan et al., 2024; Cao et al., 2022; Wang et al., 2023). Ma et al. (2022)
found that the uniaxial compressive strength (UCS) of sandstone decreases by 4.58 % in a sin-
gle dry-wet cycle and by 18.35% after 20 cycles. Hu et al. (2022) observed a reduction in the
quality, hardness, and surface gloss of coal samples, alongside an increase in surface roughness
after 50 dry-wet cycles. Zheng et al. (2023) noted that the elastic modulus, cohesion, and friction
of argillaceous sandstone significantly deteriorated during the initial dry-wet cycles, followed by
a gradual decline after 10 cycles. Furthermore, utilizing the energy dissipation theory, Chen
et al. (2019) discovered that rock energy dissipation progressively increased with the number of
dry-wet cycles. The energy evolution of rock samples is categorized into the initial dissipation
energy stage, stable dissipation energy growth stage, dissipation energy acceleration stage, and
dissipation energy surge stage. Liu et al. (2019) based their research on thermodynamics and en-
ergy dissipation principles to formulate damage evolution equations for red sandstone subjected
to various dry-wet cycles.
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Since 2005, numerous researchers have conducted studies investigating the impact of cyclic
loadings on the fatigue properties of rocks. A series of fatigue tests have been performed to
examine fatigue and energy dissipation in materials such as sandstone (Zhao et al., 2023; 2024),
marble (Wang et al., 2021), granite (Zhou et al., 2021), and other materials (Zhou et al., 2023).
In the field of rock fatigue characteristics, factors such as loading frequency, temperature, stress
amplitude, and cycle number have been identified as significantly impacting the strength of rock
masses during cyclic loading and unloading tests. In the domain of energy dissipation, researchers
utilize the internal elastic energy principle of rocks to analyze energy evolution trends under fa-
tigue loading. Li et al. (2023) demonstrated that the total energy involved in the energy transfor-
mation process encompasses both elastic energy, representing elastic deformation, and dissipated
energy, which accounts for anchor deformation, fracture propagation, and plastic damage. Gao
et al. (2022) discovered that the elastic strain and elastic energy density increase linearly with
deviatoric stress and are proportional to confining pressure and loading rate. Conversely, the
irreversible strain and dissipated energy density increase exponentially with the deviatoric stress.

In summary, extensive research has been conducted on the effects of dry-wet cycles on the
mechanical properties of rocks, as well as on the cyclic loading mechanical properties of rocks,
yielding significant and valuable findings. This paper focuses on the rock slopes within the fluc-
tuating zone of the Three Gorges Reservoir as the primary research subject. Considering the
actual environmental conditions of the slope, this study explores the mechanical characteristics
of red sandstone under cyclic loading following various numbers of dry-wet cycles. Cyclic load-
ing tests were performed on representative red sandstone samples from the selected site, and
a detailed analysis of energy dissipation in the sandstone samples was conducted.

2. Sample preparation and dry-wet cycle test

2.1. Red sandstone sample preparation

The samples were collected from the slope area with fluctuating water levels of the Three
Gorges Reservoir in Chongqing, China (Chen et al., 2023), which consisted of typical red sand-
stone. The test samples exhibited a dense structure with coarser mineral particles, a flesh-red
color, and a density of approximately 2380 kg/m?. Following the methodology proposed by the
International Society for Rock Mechanics (ISRM) (Fairhurst & Hudson, 1999), all tested sand-
stone samples were cylindrical, with a diameter of approximately 50 mm and a length of 100 mm
(see Fig. 1).

Fig. 1. Red sandstone samples.

2.2. Dry-wet cycle test
2.2.1. Testing procedure

To thoroughly investigate the effects of dry-wet cycles on the physical properties of red sand-
stone, five groups with varying numbers of dry-wet cycles were established (Zhao et al., 2021),
specifically 0, 10, 20, 30, and 40 cycles. The processed samples were initially dried in a dry-
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ing oven at temperatures ranging from 105°C to 110°C for 12 hours. After a slight cooling to
room temperature, the samples were subsequently placed in a vacuum saturation instrument
for 12 hours to achieve saturation. This drying and saturation process was alternately repeated
until the desired number of cycles was attained (see Fig. 2 for an illustration of the testing
apparatus). Additionally, the samples were weighed after each drying and saturation cycle.

. (P

Fig. 2. Dry and wet cycle test apparatus: (a) drying box; (b) vacuum saturating instrument.

2.2.2. Change in law of dried and saturated mass

Figure 3 illustrates the mass of red sandstone after different dry and wet cycles. It can be
observed that the curve of the dried mass no longer exhibits discernible changes after 5 cycles
of the wet and dry decrease. It is important to note that the mass of the dried sample without
a dry-wet cycle was 453.70g. After 5 cycles, it decreased to 448.40 g, representing a decrease
of 1.16 % compared to the initial mass. Subsequently, the mass of the dried sample showed no
significant change. Conversely, the curve of the saturated mass increased rapidly after 5 dry
and wet cycles and then reached a relatively steady state. Figure 3 illustrates that the initial
5 dry-wet cycles had a significant impact on the mass of sandstone.
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Fig. 3. Mass change of red sandstone under dry-wet cycle.

3. Cyclic loading and unloading tests on red sandstone after dry-wet cycles

3.1. Method of cyclic loading and unloading test

Building upon previous findings regarding the behavior of dried and saturated mass, this
study employed red sandstone samples subjected to 0, 5, and 10 dry-wet cycles to perform uni-
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axial cyclic loading and unloading tests. The lower limit of cyclic load stress was set at 5 MPa,
while the upper limits were 10 MPa, 15 MPa, 20 MPa, 25 MPa, 30 MPa, 40 MPa, and 45 MPa, re-
spectively. In other words, the stress amplitudes were 5 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa,
30 MPa, 35 MPa, and 40 MPa, respectively. The loading frequency was 0.02 Hz and there were 10
loading and unloading cycles under the same stress amplitude. Upon completion of the loading
and unloading cycles, a loading rate of 0.05 mm/min was applied continuously until the sample
failure occurred. The detailed loading and unloading procedure is illustrated in Fig. 4.
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Fig. 4. Diagram of cyclic loading and unloading modes.

3.2. Testing equipment

The TFD-2000 microcomputer servo-controlled rock triaxial testing machine is utilized in
the test, as shown in Fig. 5 (Li et al, 2024). This equipment serves as the primary testing
apparatus for evaluating the mechanical properties of materials such as rock and cement. It can
be employed in various tests, including rock uniaxial compression test, triaxial compression test,
and corresponding creep tests. The testing machine has a maximum axial compressive force of
2000 kN, with a force measurement error range of £0.5 %. During testing, data on stress, strain,
force, and displacement were automatically collected by microcomputers, recorded, and analyzed

in real time.

Fig. 5. TFD-2000 microcomputer servo-controlled rock triaxial testing machine.

3.3. Stress-strain curve of red sandstone

Figure 6 illustrates the cyclic loading and unloading stress-strain curve of the red sandstone
after undergoing dry-wet cycles. Under identical stress amplitudes, the hysteresis loops of the
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Fig. 6. Uniaxial stress-strain curves of red sandstone under different loading cycles after dry-wet cycles.

stress-strain curves for red sandstone samples exhibit a “sparse-to-dense” development pattern,
with the area of the hysteresis loops gradually decreasing until reaching a stable state. Addi-
tionally, Fig. 6 shows that the slope of the stress-strain curve for red sandstone decreases as the
number of dry-wet cycles increases, while the axial strain concurrently increases.

Figure 7 presents a comparison between the cyclic stress—strain curves of red sandstone
and the uniaxial stress—strain curves of samples subjected to different dry-wet cycles. Figure 7
clearly demonstrates that the strength of red sandstone samples subjected to dry-wet cycles is
significantly lower than that of samples without such cycles. The increases in lateral and axial
strains due to dry-wet cycles can be attributed to the weakening of the rock strength caused by
the accumulation of fatigue damage. As the stress amplitude increases, both lateral and axial
strains of red sandstone also increase. Under identical stress conditions, axial strain is greater
than lateral strain. The increase in axial strain is more pronounced at low stress amplitudes,
whereas the opposite occurs at high stress amplitudes as the stress amplitude continues to rise.
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Fig. 7. Stress-strain curves of red sandstone under uniaxial cyclic loading after different dry-wet cycles:
(a) 0 dry-wet cycle; (b) 5 dry-wet cycles; (c) 10 dry-wet cycles.

Figure 8 illustrates the comparison of the peak stress during the loading cycle of specimens
after various dry-wet cycles with their uniaxial compressive strength (UCS). It is evident that the
peak strength of both samples types decreases with the number of dry-wet cycles, mirroring
the decrease in UCS. The decreasing trend of the peak stress during cyclic loading and unloading
is more pronounced compared to UCS. This phenomenon suggests that cyclic loading intensified
the internal damage within the rock, leading to its deteriorated state. Figure 8 shows that the
initial strength of red sandstone samples is 84.48 MPa without cyclic loading. After undergoing
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Fig. 8. Comparison of peak strength between conventional uniaxial results
and uniaxial cyclic loading results.

5 dry-wet cycles, the strength decreases to 78.95 MPa, and further decreases to 76.88 MPa after
10 dry-wet cycles. Compared to the initial state, peak stress reductions were 6.55 % and 9.63 %,
respectively. The peak stress of samples was significantly reduced under loading cycles of varying
amplitudes, from 80.59 MPa after zero dry-wet cycles to 73.89 MPa after five cycles and further
to 70.21 MPa after ten cycles. Compared to uniaxial strength under static loading conditions,
the peak stress of red sandstone samples decreased by 4.60 %, 6.41 %, and 8.68 % after cyclic
loading and unloading. According to statistical results, peak stress decreases with an increasing
number of dry-wet cycles, with the most significant reduction occurring within the first 5 cycles.

3.4. Law of elastic modulus change

The elastic modulus is a critical parameter for evaluating the mechanical properties of rock.
According to the “Regulation for Testing the Physical and Mechanical Properties of Rock —
Part 19: Test for Determining the Deformability of Rock in Uniaxial Compression” (DZ/T
0276.19-2015), the elastic modulus for each load cycle is calculated using Eq. (3.1):

E— M, (3.1)

€max — €min

where E is the elastic modulus (in MPa); opax is the maximum axial stress in each cycle
(in MPa); opyin is the minimum axial stress in each cycle; ey is the maximum axial strain, and
€min 1S the minimum axial strain, respectively.

Using Eq. (3.1), the elastic modulus of the sample under different stress amplitudes after
various dry-wet cycles was calculated, as presented in Table 1.

Figure 9 shows the variation of the elastic modulus of the red sandstone during different
loading and unloading cycles after different dry-wet cycles. It is evident that there is a gradual
increase in the overall elastic modulus. At relatively small stress amplitudes, the elastic modulus
of the samples fluctuates with an increasing number of loading cycles. When the stress ampli-
tude increases to 5 MPa—20 MPa, the change in elastic modulus becomes less significant with
an increasing number of cyclic loading cycles. Additionally, Fig. 9 shows that the modulus of
elasticity of rock samples decreases after being subjected to varying degrees of dry-wet cycles.
The elastic modulus decreased significantly after the first 5 cycles, with a smaller decrease from
cycles 5 to 10 compared to the initial five cycles.

Figure 10 illustrates the variation of the average modulus of elasticity at different stress
amplitude values with the number of dry-wet cycles. It is evident that during the dry-wet
cycles, the average modulus of the samples gradually decreases with an increasing number of
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Table 1. Elastic modulus of red sandstone with different stress amplitudes after undergone different
dry-wet cycles.

Mechanical parameters Stress amplitude Dry and wet cycles [N]
[MPa] 0 5 10
5-10 9.50 5.34 4.83
5-15 10.26 | 6.75 5.76
520 10.89 7.69 6.90
Modulus of elasticity [GPa] 5-25 11.35 | 8.17 7.76
5-30 11.60 | 8.57 8.19
5-35 11.98 | 9.31 8.64
5-40 12.12 9.93 9.01
545 12.23 | 10.72 9.42
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Fig. 9. Elastic modulus of red sandstone after different dry-wet cycle.
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Fig. 10. Curve of elastic modulus vs dry-wet cycle under different cyclic loading.

cycles, a trend that can be expressed using a secondary function. Samples subjected to 5 dry-
wet cycles experienced an average decrease in modulus from 42.37% to 27.56 % compared to
samples not subjected to dry-wet cycles. In summary, the initial five dry-wet cycles had the most
significant effect on the average elastic modulus of red sandstone samples, closely mirroring the
degradation of sample mass during various dry-wet cycles.
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Figure 11 shows that the average elastic modulus of red sandstone samples increases with
stress amplitude values. However, the growth rate exhibits a gradual slowing trend. The increase
in average elastic modulus is most significant at lower stress amplitudes due to the gradual clo-
sure of internal cracks under relatively lower stress amplitudes, resulting in a greater increase in
stiffness and elastic modulus. As the cyclic stress amplitude value increases, cyclic loading grad-
ually initiates fatigue damage to the samples, leading to the formation of numerous new cracks.
Consequently, the stiffness of the rock decreases gradually, and the growth rate of the elastic
modulus slows down progressively. The elastic modulus of red sandstone exhibited a significant
increase (25.72% to 76.31 %) when the stress amplitude was elevated from 5MPa to 40 MPa.
This increase was more pronounced at relatively low stress amplitudes (0 MPa to 5 MPa), and
the rate of increase slowed as the stress amplitude reached 5 MPa to 30 MPa.
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Fig. 11. Curve of elastic modulus vs stress amplitude.

3.5. Failure mode analysis of red sandstone

Figure 12 illustrates the failure modes of sandstone samples subjected to cyclic loading and
unloading after a series of dry and wet cycles.

(a) (b) = (c)

Fig. 12. Uniaxial cyclic load failure mode of red sandstone after different dry-wet cycles:
(a) 0 dry-wet cycle; (b) 5 dry-wet cycles; (c¢) 10 dry-wet cycles.

Figure 12 shows that the failure mode under uniaxial cyclic loading and unloading was
primarily splitting failure accompanied by shear failure, differing from the failure modes observed
in uniaxial compression tests. The failure mode of red sandstone was predominantly splitting
failure throughout the entire specimen. It was also observed that the degree of splitting was
greater under cyclic loading due to a significant increase in micro-fractures, volume expansion,
and local fractures. This phenomenon becomes increasingly apparent as the number of dry-wet
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cycles increases. Additionally, Fig. 12 shows that as the number of dry-wet cycles increases, rock
samples become more fragmented, and the number of macro-fractures also rises. Furthermore,
as the number of dry-wet cycles increases, the number of through-cracks rapidly escalates.

4. Energy dissipation characteristics

External work is the primary factor contributing to rock failure during rock mechanics ex-
periments (Zhao et al., 2023). Throughout the loading and unloading phases, it is assumed that
no heat exchange occurs between the rock sample and its surrounding environment. According
to the first law of thermodynamics, the work done by external forces constitutes the total input
energy, and the individual energy components can be expressed as

Ui =Ug + Uy, (4.1)

where Uj; is the input energy of the i-th cycle, U,; is the elastic energy of the i-th cycle, Uy; is
the dissipated energy of the i-th cycle.

Figure 13 illustrates the schematic diagram of energy calculation under cyclic loading and
unloading conditions. The input energy, elastic energy, and dissipated energy of the i-th cycle
can be obtained by integrating the loading and unloading sections of the stress-axial strain curve,
respectively, as depicted in Eqs. (4.2)—(4.4) (Zhao et al., 2023):

l

€max Omax
Ui = / de / f(Ul) dO, (4.2)
gl Omin
min(2)
Efmax Omax
Uei = / de / f(O’Q) dO’, (4.3)
Einin(l) Tmin
Udi = Ui = Ui, (4.4)

where opax and oy are the maximum and minimum loading stress, f(ol) is the equation
of loading curve of the i-th cycle, f(02) is the equation of unloading curve of the i-th cycle,
z-:fnax, 5in in(1)? and efnin@) are the axial strains at different loading and unloading points of the
i-th cycle, respectively.
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Fig. 13. Schematic diagram of sandstone energy calculation under cyclic loading and unloading condition.
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The dissipated energy of sandstone under different loading and unloading after various dry-
wet cycles is shown in Fig. 14. It can be observed that dissipated energy increases in stages with
rising stress amplitudes. Figure 15 illustrates the variation in dissipated energy between dry-wet
cycles under different loading cycles, while Fig. 16 depicts the correlation between dissipated
energy and stress amplitudes. It is evident from Fig. 15 that dissipated energy increases logarith-
mically with the increasing number of dry-wet cycles. From the Oth cycle to the 10th cycle, the
dissipated energy under stress amplitudes of 5 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa, 30 MPa,
35MPa, and 40 MPa increased by 138.21 %, 101.48 %, 91.74 %, 83.86 %, 78.90 %, and 65.78 %,
respectively. This indicates that the dissipated energy release by the samples accelerates most
significantly after five dry-wet cycles. As the number of dry-wet cycles continues to increase, the
growth of dissipated energy gradually stabilizes. Throughout the entire process of cyclic loading
and unloading of red sandstone, the force applied by the testing machine induces strain, com-
prising both elastic and plastic strains. The plastic strain escalates with an increasing number
of cycles, leading to irreversible permanent deformation of the sample. During cyclic loading,
the testing machine causes irreversible damage to the sample, with damage accumulating in-
ternally until the rock is ultimately destroyed. From energy Eqs. (4.1)—(4.4), it is evident that
the dissipated energy in red sandstone is directly proportional to stress amplitude. As the stress
amplitude increases, the dissipated energy also increases. In other words, the energy required
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Fig. 14. Curve of the dissipated energy vs loading cycles.
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to connect the pores and cracks in the rock increases, leading to faster damage and failure,
ultimately resulting in a shorter fatigue life of the rock.

Figure 16 illustrates the variation in the dissipated energy law with stress amplitudes at
different stress amplitude levels. It can be clearly observed that the dissipated energy of the red
sandstone increased with the rise in stress amplitudes. It was found that the dissipated energy
increased slowly with stress amplitudes, and a higher number of dry-wet cycles leads to relatively
higher dissipated energy under the same stress amplitudes.

5. Conclusion

This research paper assesses the cyclic loading mechanical features and failure patterns of red
sandstone after exposure to wet dry-wet cycles. The study aimed to evaluate the degradation of
strength parameters, such as peak strength and elastic modulus. Additionally, the energy dissi-
pation characteristics of the samples under cyclic loading were examined, yielding the following
primary findings:

The initial 5 dry-wet cycles had a remarkable impact on the sandstone’s physical and me-
chanical properties. The sandstone’s mass decreased by 1.16 % after five cycles, and the average
elastic modulus of samples under cyclic loads with different stress amplitudes dropped from
42.37 % to 27.56 %, showing that these initial cycles significantly affected the mass and elastic
modulus, paralleling the degradation trend during dry-wet cycling.

As the number of dry-wet cycles increased, the stress-strain curve of red sandstone changed
notably. The peak stress of samples was substantially reduced under different loading amplitudes,
decreasing by 8.31 % after five cycles and 12.88 % after ten cycles. Meanwhile, the primary failure
mode of specimens was splitting damage accompanied by partial shear damage.

The dissipated energy demonstrated a clear growth pattern. It increased in stages with the
rise of stress amplitudes and logarithmically with the number of dry-wet cycles. From the Oth
to the 10th cycle, under stress amplitudes ranging from 5 MPa to 40 MPa, the dissipated energy
registered increases between 65.78 % and 138.21 %.

These findings are of paramount importance in comprehending the alterations in the mechan-
ical properties and failure patterns of red sandstone as it undergoes cyclic loading and unloading
processes after being subjected to various dry-wet cycles. This understanding provides theoret-
ical guidance for the protection of hazardous slopes in the drawdown zone of the Three Gorges
Reservoir.
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