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Abstract: In this study, the water absorption, mechanical properties, and energy evolution characteris-
tics of sandstone were examined through experimental and theoretical analysis. The P-wave velocity
was found to initially decrease, then increased with immersion time and water content. The water
absorption rates of three sandstone specimens decreased with immersion time and water content.
The post-peak deformation of the sandstone changed from brittle failure to strain softening. With
the increase in water content, the peak strength and loading Young’s modulus per cycle decreased.
The loading Young’s modulus showed that the unloading stress and increment of unloading stress
nonlinearly increased with the number of cycles and decreased before peak strength. With the in-
crease in the number of cycles, residual strains of the sandstone specimens decreased slightly initially
and then increased, while the elastic strains increased before peak strength and then decreased at the
post-peak stage. With the increase in unloading stress, the energy densities nonlinearly increased. At
the same unloading stress, an increase in water content led to an increase in the input energy density
and energy ratios of the sandstone specimens.

Keywords: water content; P-wave velocity; strength; young’s modulus; residual strain; energy density

1. Introduction

Due to the effects of blasting and excavation, rock masses are often subjected to cyclic
loading and unloading compression. In mining engineering, rocks often experience extreme
and complex conditions including high ground stress and high karst water pressure, which
can lead to rock burst, coal bump, roof fall, and water inrush due to the coalescence of
fractures and energy release [1-4]. In China, water inrush is one of the most serious hazards
which affect the safety of the workers and the production of coal in mining engineering [5].
Due to the effects of water and mining-induced stress, the rocks may suffer failure which
results in water inrush and threaten the safety of workers. Therefore, it is necessary to
understand the deformation failure characteristics and energy evolution law of rocks
containing water under cyclic loading and unloading compression.

Sandstone, as a sedimentary rock, is widely encountered in rock engineering, such
as tunnel engineering, dam-based engineering, slope engineering, and mining engineer-
ing [6-9]. Most previous laboratory studies have focused on the mechanical behaviors of
sandstone under cyclic and monotonic loading [10-13]. Ray et al. [14] examined the effect
of cyclic loading on the mechanical behavior of sandstone and found that the percentage
decrease in uniaxial compressive strength (UCS) increased with the number of cycles.
Gatelier et al. [10] investigated the mechanical properties of porous sandstone and two
inelastic mechanisms (compaction and microcracking) were discussed. Fuenkajorn and
Phueakphum [15] presented the experimental results of the compressive strength of rock
salt. Their results showed that compressive strength decreased with increasing the number
of loading cycles. In the aspect of the effects of water on the mechanical properties of rocks,
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Baud et al. [16] investigated the weakening effects of water on sandstone and found that
the reductions of brittle strength in the presence of water ranged from 5% to 17%. Using the
published data, Vasarhelyi and Van [17] presented a method to estimate the effects of water
content on sandstone rock. Erguler and Ulusay [18] conducted laboratory tests to quantify
the effects of water content on the mechanical properties of the rocks. Their results showed
that with increasing water content, the uniaxial compressive strength and elastic modulus
were reduced up to 90% and 93%, respectively. Li et al. [19] investigated the effects of water
content on the strength of sedimentary rocks by triaxial compressive tests and showed that
the reduction of strength by water content was related to a reduction in friction angle.

These researchers investigated the effects of water content on the mechanical properties
of rocks by uniaxial and triaxial monotonic compression. However, the effects of water
on the ultrasonic properties, such as deformation and energy evolution characteristics, of
rocks under cyclic loading and unloading compression state should be paid more attention
to. The sandstone used in this study was collected from the roof of a mining roadway in the
Beizao coal mine, Shandong Province, China. The Beizao coal mine is adjacent to the Bohai
Sea, and the main mining region is underneath the sea. The amount of water in the mining
area is large and the sandstone significantly swells and softens when encountering the
water; these conditions make it difficult to support and maintain the roadway. Therefore,
it is necessary to study the mechanical properties of the Beizao sandstone with different
water content in the Beizao coal mine.

In this paper, we report the results of a series of uniaxial monotonic and cyclic com-
pression tests on sandstone with different water content. Based on the water absorption
property of the sandstone, the relationship between P-wave velocity and water content is
first presented. Using the experimental results of the sandstone under cyclic loading, the
influence of the number of cycles and water content on the strength and deformation were
analyzed. Finally, the energy evolution characteristics of the sandstone with various water
content were evaluated.

2. Laboratory Testing
2.1. Sample Preparation

The sandstone examined was sedimentary rock and had an average unit weight
of approximately 2.31 g/cm~3. The X—ray diffraction (XRD) tests results are shown in
Figure 1. In this test, all the samples were cored from sandstone blocks to an actual diameter
of 50 mm and approximate 100 mm in length which per the standards of the International
Society for Rock Mechanics and Engineering (ISRM) suggested specification [20]. All the
tests were performed at a room temperature of approximately 25 °C. Table 1 lists the
physical properties of Beizao sandstone samples and the loading scheme for each specimen
in this study.

Table 1. Physical parameters of tested sandstone specimens and loading scheme in this study. D and
L represent diameter and length, respectively; m is rock mass and p is density.

Sample D (mm) L (mm) m (g) P (g/cm—3) ,Il,rinnlie:;:ior:; Loading Scheme
UC-5-1 49.36 99.34 440.88 2.319 0 Uniaxial monotonic loading
uc-C-1 49.35 99.80 440.10 2.305 0 Uniaxial cyclic loading
UC-W-2 49.45 99.70 443.15 2.314 260 Uniaxial cyclic loading
UC-W-3 49.59 100.64 449.51 2.312 1300 Uniaxial cyclic loading
UC-W-4 49.55 100.89 447.63 2.301 1800 Uniaxial cyclic loading

2.2. Water Content and P Wave Velocity Measurement

Before immersion into the water, the sandstone specimens were dried until the mass
did not change and then the dry mass was measured. After measuring the dry mass, the
test samples were immersed in water in a vacuum device shown in Figure 2a. The wet mass
of each sample was then measured by electronic scale after the immersion before the test.
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After measuring the wet mass, the P—wave velocity was measured by a circumferential
velocity anisotropy apparatus. Figure 2b shows the Geotechnical Consulting & Testing
Systems. The end surfaces of the samples were painted with grease as a coupling agent to
make the transit time more accurate.
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Figure 1. The mineral composition and content of Beizao sandstone.
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Figure 2. Experimental measurement: (a) vacuum device and (b) circumferential velocity anisotropy
apparatus.

2.3. Experimental Setup

As shown in Figure 3, the mechanical behaviors of the sandstone were tested on a
stiff servo-controlled testing machine (GCTS RTR—1000). The GCTS RTR—1000 has an
axial load capacity of 1500 kN and a frame stiffness of 10 GN/m. The testing machine is
equipped with a triaxial confining pressure cell of 140 MPa and linear variable differential
transformers (LVDTs) for axial and circumferential strain measurements. A transparent
thermoplastic membrane was wrapped around the specimen in both uniaxial and triaxial
compression tests. The two axial extensometers on the sides of the specimen, fixed on the
black rings, are the axial strain LVDTs, and the central rim is the radial strain LVDT.
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Control and software system

Bottom loading actuator

Figure 3. Illustration of the GCTS RTR-1000 testing system. The (right) photograph is the enlarged
drawing of the red frame in (left) photograph [21,22].

To investigate the deformation failure characteristics of Beizao sandstone containing
different water content, we performed two types of uniaxial tests: a monotonic compressive
test, and a cyclic loading and unloading test. The uniaxial monotonic test was carried
out under axial strain control at a loading strain rate of 0.02% per min until the failure
of the sample. In the uniaxial cyclic tests, because the loading rates have different effects
on the mechanical properties of rocks [23-25], loading and unloading rates were kept at a
controlled axial strain rate of 0.02% per min, the same as in uniaxial monotonic tests. Each
sample was continuously loaded and unloaded with the interval strain of 0.03%, which
can be expressed as the following: 0 — 0.03% — 0 — 0.06% — 0 — 0.09%... 0.45% — 0
— 0.48% — 0 — 0.51%...... Then the samples were subsequently compressed until failure
occurred at a loading rate of 0.02% per min.

3. Experimental Results of Beizao Sandstone under Cyclic Loading
3.1. Water Absorption Property
The water content of each sample was calculated by the mass difference between wet
and dry mass divided by its dry mass, which can be expressed as:
Am M (wet) — M(dry)

w = = 1)
M(try) M (dry)

where w is water content; 11,,;) is the wet mass; 11, is the dry mass, and Am is the mass
difference between wet mass and dry mass.

Two parameters, increasing rate of mass of the sample (k) and increasing rate of
the water content of the sample (v,,) were proposed to show the kinetics of the water
adsorption in the sandstones. They can be calculated by the following equations below:

M — m;

kw = il 7 )
tip1 —
Wi — W

,Uw — l+1 1 (3)
tip1 —t

where i is the measuring number which isequal to 0,1, 2 ... ; m;;1 and m; are the masses of
the sample at the measuring number of i + 1 and i, respectively; w; 1 and w; are the water
contents at the measuring number of i + 1 and 7, respectively; t;;1 and ¢; are the measuring
time at the measuring number of i + 1 and i, respectively.

The final water contents of each sample were 2.992% (UC—W—2), 3.493% (UC—-W-3),
and 3.936% (UC—W—4). Figure 4 shows the relationship between mass difference, water
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content, and immersion time. It can be observed from Figure 4 that both mass difference and
water content exhibit similar trends with increasing immersion time. The rate of increase,
including k; and vy, are shown in Figure 4c,d. One can observe from Figure 4c,d that
both k;, and v,, decreased with immersion time, which indicates that the water absorption
ability of Beizao sandstone decreases with an increase in immersion time.
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Figure 4. Variations of mass difference and water content (k;, and vy, respectively) with immersion
time: (a) the relationship between Am and immersion time, (b) the relationship between w and
immersion time, (c) the relationship between ky, and immersion time, (d) the relationship between vy,
and immersion time.

3.2. P-Wave Velocity Evolution with Water Content

The variation of P-wave velocity with immersion time and water content was inves-
tigated on the Beizao sandstone. The plots of P-wave velocity with immersion time and
water content are shown in Figure 5. It can be observed from Figure 5a that the P-wave
velocity of all samples (UC—W—2, UC—W -3, UC—W —4) initially decreased sharply, and
then gradually increased with the increase of immersion time. The turning points in im-
mersion time between the decrease and increase of the P-wave velocity of Beizao sandstone
specimens were approximately 200 (UC—W—2), 300 (UC—W —3), and 240 min (UC—-W—4).
Also, the evolution of the P—wave velocity with the water content in Figure 5b showed
a similar trend to Figure 5a. At the water content of approximately 2.667% (UC—W-2),
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P-wave velocity(m/s)

2.986% (UC—W-3), and 2.975% (UC—W—4), the P-wave velocity started increasing with
the increase in water content.
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Figure 5. Variations of mean P-wave velocity with immersion time and water content: (a) relationship
between P-wave velocity and immersion time and (b) relationship between P-wave velocity and
water content.

Earlier studies [26-29] have investigated the effect of water content and saturation time
on the P-wave velocity of rocks and found the P-wave velocity to increase with the water
content and saturation time. Karakul and Ulusay [30] investigated the P—wave velocity
of various rocks and observed both increase and decrease tendencies in P—wave velocity
depending on the degree of saturation. In our experiments, there are two influencing factors
explaining the reason why the P—wave velocity initially decreased and then increased.
The first factor is that the water changed the microstructure of the sandstone specimens
after immersion into the water, i.e., the inclusions or clay minerals dissolve and the matrix
becomes loose. This factor results in the decrease in P—wave velocity. The other factor is
mainly related to water itself, which is positive to the P—wave velocity. As we all know, the
P—wave velocity in water is faster than it is in the air. After immersion into the water, with
the increase in water content, the P—wave velocity increases. The two factors influence the
P—wave velocity together. With the increase in water content, the effects of the first factor
will gradually decrease, and the effects of water will strengthen. The illustration can be
seen in Figure 6.

3.3. Stress-Strain Curves

Figure 7 shows the stress-strain curves for the Beizao sandstone under uniaxial cyclic
loading and unloading compression. Results showed similar characteristics to the earlier
studies [31-35]. In phase I, the crack closure phase, the stress-strain curve displayed an
initial nonlinear phase due to the closure of the micro cracks. In phase II, the elastic
phase, the rock matrix underwent elastic deformation. Phase III is the crack stable growth
phase; this is where the micro-cracks started initiating and propagating due to the stress
concentration at the tip of micro cracks with the increasing axial load. Phase IV represents
the unstable crack growth stage until the stress reached the peak value. Phase V is the
post-peak stage where the stress dropped until residual strength is reached.
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Figure 6. In the illustration of the two factors on P-wave velocity, factor 1 is negative and factor 2
is positive.

Axial stress(MPa)

00 041 02 03 04 05
Axial strain(%)
(a)
25—

20+

Axial stress(MPa)

Axial strain(%)

(©

25

N
o
1

Axial stress(MPa)
S o
1 1

25

01 02 03 04 05

Axial strain(%)
(b)

204

154

10+

Axial stress(MPa)

0.1 0.2 0.3 0.4 0.5 0.6
Axial strain(%)

(d)

Figure 7. Stress-strain curves of the Beizao sandstone with different water content: (a) w = 0,
(b) w = 2.992%, (c) w = 3.493%, and (d) w = 3.936%.

As a complex geological material, rocks contain microcracks, pores, or other flaws,
which lead to the formation of a hysteresis loop per cycle when rocks are subjected to cyclic
loading (see Figure 7). It should be noted that even after the peak stress, the stress-strain
curves changed from class II behavior (UC—-5—1, UC—-C—1, UC—W-2) to class I behavior
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(UC—W-=3 and UC—W—4), which has been discussed in the earlier studies [36,37]. It
indicates that with increasing the water content, the failure of sandstone specimens’ changes
from unstable to stable.

Figure 8 shows that decrease in uniaxial compressive strength correlated with increas-
ing the water content. In our study, compared with UC—C—1, whose water content was
zero, the UCS of UC-W -2, UC—-W -3, and UC—W -3 decreased by 6.51%, 23.4%, and
30.1%, respectively.
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UCS(MPa)
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o
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Figure 8. Variation of UCS in Beizao sandstone specimens with various water content.

4. Discussion

Figure 9 shows the diagram of one cycle of UC—C—1. In Figure 9, €. is the residual
strain which cannot recover during the unloading process and is mainly caused by the
cracks of rocks. €., represents elastic strain, the recoverable deformation when the stress
is unloaded. The loading Young’s modulus (E! ) and unloading Young’s modulus (E{J) is
defined as the slope of the section from the 30% to 80% peak stress in the stress-strain curve
at each loading and unloading cycle. ¢/, is the unloading stress per cycle.

12 T T T T T T T T T 4I

—— Loading Oprg B
—— Unloading

10+

Axial stress(MPa)
(o))

2 . 1
& ]

0- . D
A 4‘T/ &

000 004 008 012 016 020 024
Axial strain(%)

Figure 9. Diagram of elastic deformation, residual deformation, elastic modulus elastic energy, and
dissipated energy under cyclic loading-unloading condition.
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The failure process of rocks has four stages: crack closure, crack initiation, crack
growth and crack coalescence. All the stages require energy. For example, the formation of
new fractures and the friction among the fractures will dissipate energy. Cyclic loading
tests are an effective way to identify the energy evolution characteristics (elastic energy
and dissipated energy) of rocks [25,38]. In Figure 9, the elastic energy density (Uy) and
dissipated energy (Uid ) density are presented. The area (ABD) under the loading stress-
strain curve is the input energy density (UJ), which is the total energy exerted by the test
machine on the sandstone specimen. The area (BCD) under the unloading stress-strain
curve is Uj, which is the energy stored in the specimen. The area (ABC) between the
loading and unloading stress-strain curve is llf which is the energy that dissipated by crack
evolution. From Figure 9, we can see the relationship between U, LIZ‘.’Z, and U;.

Uf = f:,,, 0’1d€1

"
ue =[5 opdey 4
u? = us - us

where ¢, ¢”, and ¢ are the corresponding strain of points A, C, and B in Figure 9.

4.1. Young’s Modulus

Figure 10 shows the evolution of Young’s modulus of the samples with the increase
in number of cycles. One can observe in Figure 10a that with the increase of the number
of cycles, Ei increased until 10 (UC—W—-2, UC—W -3, and UC—W—4) and 11 (UC—-C-1)
cycles. Then, E! started decreasing with the number of cycles. The increase of E! is because
of the closure of pre-existing cracks in the samples. With continuous loading and unloading,
the sandstone specimens sustained damage that led to the decrease of Ei . At the post-
peak stage, E! gradually decreased with the number of cycles, indicating that more cracks
were generated.

E (GPa)

12 T T T T T T T T
——UC-C-1
. 10 —o— UC-W-2| -
] —~— UC-W-3
i 8 ——UC-W-4| |

E (GPa)

0 8 12 16 20 o 4 8 12 16 20
Cyclic number Cyclic number
(@) (b)

Figure 10. Variations of the loading Young’s modulus and unloading Young’s modulus with number
of cycles: (a) relationship between loading Young’s modulus and cyclic number and (b) relationship
between unloading Young’s modulus and number of cycles.

Figure 10b shows the evolution of El; with the number of cycles. It can be observed
from Figure 10b that E{; initially decreased, then increased, and finally decreased again
with increasing the number of cycles, which seems similar to an “S” shape.

Furthermore, Figure 10a illustrates the effects of water on the sandstone specimens.
At the same number of cycles, the loading Young’s modulus of the sandstone specimens
with less water content is lower than that with more water content. With continuous
cyclic loading-unloading compression, damage to the sandstone specimens can occur, i.e.,
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Young’s modulus decreases. At 12 cycles, three sandstone specimens (UC—-C—1, UC-W-2,
and UC—W —3) reached their peak strength, and UC—W —4 reached its peak strength at 11
cycles. It should be noted that Ei started decreasing at 11 (UC—C—1) and 10 (UC-W-2,
UC—W-=3, and UC—W—4) cycles after reaching its peak, which indicated that the presence
of water can weaken the elasticity of rocks.

4.2. Unloading Stress

Figure 11 provides the variations of unloading stress and its increments at each cycle
of the sandstone specimens under cyclic loading compression with different water content.
From Figure 11a, it can be seen that with the increase in the number of cycles, the unloading
stress of the sandstone also gradually increased before peak strength. Furthermore, at each
cycle, the unloading stress of the sandstone with less water content was larger than it with
more water content. After peak strength, the unloading stress decreased with the number
of cycles.

Figure 11b illustrates the relationship between the increment of unloading stress and
the number of cycles. The increment of unloading stress (Ac’,) can be calculated by the
following equation:

Aoy =0, =0y (5)
where i is the number of cycles.

In our cyclic loading tests, the interval strain between each unloading stress was
0.03% (Section 2.3). The evolution of Ac’, is an indication of the change in characteristics of
damage during the cyclic loading process. One can observe from Figure 11b that, initially,
Ac} increased slightly and then decreased with the number of cycles. The turning points
were 9 (UC—-C—-1), 10 (UC-W-2), 9 (UC—-W—=3), and 8 (UC—W —4) cycles, which shows
that with increasing the water content, the turning point concerning the number of cycles
had a decreasing trend. After the peak strength, Ac’, became negative and had a slight
increasing trend at the last three cycles. The sharp decrease of Ac?, in UC—W—4 was due
to the brittle failure of the sandstone specimen, which can be seen in Figure 7d.

T T T T T 4 T T T T T T T T
1 [——UC-C-1 ]
Pre peak
1 0 t]
. © Post peak
o =
S -4 ]
=
7] <
-84 —/—UucC-C1 -
E —o— UC-W-2
—— UC-W-3
—— UC-W-4
T T T '12 T T T T T T T T T
4 8 12 16 20 0 4 8 12 16 20
Cyclic number Cyclic number
(a) (b)

Figure 11. Variations of the unloading stress and increment of unloading stress with number of
cycles: (a) relationship between unloading stress and number of cycles and (b) relationship between
the increment of unloading stress and number of cycles.

4.3. Residual Strain and Elastic Strain

Figure 12 shows the relationship between the number of cycles and the strains for the
sandstone specimens under cyclic loading compression with different water content. From
Figure 12a, we can see that with the increase in the number of cycles, the residual strain for
all sandstone specimens, at first, slightly decreased, and then increased at 10 (UC—-C—1),
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11 (UC-W-2), 10 (UC—W—-3) and 7 (UC—W —4) cycles. The decrease in residual strain
was due to the closure of pre-existing cracks of the sandstone specimens under the effects
of cyclic compression. Under the effects of the continuous cyclic loading, damage to the
sandstone specimens occurred and some cracks were generated, and hence the residual
strain increased with the number of cycles. The residual strain of UC—W—4 at 11 cycles
was nearly negative and had a sharp increase at 12 cycles, which indicated the brittle failure
of UC—W—4 at 11 cycles.

012 T T T T T T T T T 030 T T T T T T T T
1 ——UucC-C-1
0.25 i
< 0.08- - —_ ]
< < 0.201 ]
2 % 0.15 i
S 0.04 i Q
? 2
(7] . _
3 So.10
0.00 i 0.05 _
— ooO&—
0 4 8 12 16 20 0 4 8 12 16 20
Cyclic number Cyclic number
(a) (b)

Figure 12. Variations of the residual strain and elastic strain with number of cycles: (a) relationship
between residual strain and cycle number and (b) relationship between elastic strain and number of cycles.

Figure 12b shows the relationship between the number of cycles and elastic strain for
the sandstone with differing water content that is unlike those of the residual strain of the
sandstone shown in Figure 12a. It can be seen from Figure 12b that with the increase in
number of cycles, the elastic strain for the sandstone specimens at first increased and then
decreased, and the elastic strain at each cycle differs for the various water contents.

Figure 13 illustrates the relationship between the strains and unloading stress of the
sandstone specimens under cyclic loading compression with different water contents. It can
be seen from Figure 13a that with the increase in unloading stress, the residual deformation
of the sandstone had a slightly decreasing trend and then increased with the unloading
stress before peak strength. Furthermore, after peak strength, the residual strain increased
with decreasing unloading stress. Figure 13b shows the effect of unloading stress on the
elastic deformation of the sandstone. One can observe from Figure 13b that, with the
increase in unloading stress, the elastic strain gradually increased before peak strength, and
after peak strength, the elastic strain decreased with unloading stress.

4.4. Energy Evolution Characteristics

According to Figure 9, the input, elastic, and dissipated energy densities can be
calculated. Figure 14 shows relationships between the input, elastic, and dissipated energy
densities and unloading stress of the sandstone specimens with different water content.
The curves for all three energy densities showed a similar trend with unloading stress
before peak strength. With the increase in unloading stress, the energy densities for the
sandstone specimens nonlinearly increased. Furthermore, the curves for the relationship
between energy densities and unloading stress almost overlapped with the lower unloading
stress, i.e., the curves of input energy density with unloading stress shown in Figure 14a
overlapped with other curves approximately at 6 MPa and then separated from other
curves due to the effects of water.
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Figure 13. (a) Relationship between unloading stress and residual strain, and the (b) relationship
between unloading stress and elastic strain.
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(b) elastic energy density, (c) dissipated energy density, and (d) relationship between peak energy

density and water content.
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At the same unloading stress, i.e., 15 MPa, both input energy densities and elastic
energy densities increased with the increase in water content. However, the dissipated
energy densities did not show an obvious relationship with water content. After the peak
strength, at the same unloading stress, the input energy densities and dissipated energy
densities of UC—~W -3 and UC—~W—4 (Figure 14a,c) were larger than those before peak
strength. This is because, after peak strength, the main fractures were generated and the
friction among the fractures consumed more energy than during the pre-peak stage in
the same stress condition. However, the elastic energy densities after the peak strength
were less than those before the peak strength. Figure 14d shows that the peak input energy
density (U™?), peak elastic energy density (UF™%), and peak dissipated energy density
(Uldmax) decrease with the increase in water content.

Figure 15 shows the plot of the elastic energy ratio and dissipated energy ratio of the
sandstone specimens against number of cycles. It can be observed from Figure 15a that the
elastic energy ratio increased with the number of cycles, and the increase rate gradually
decreased. Before peak strength, the elastic energy ratio decreased with the number of
cycles, e.g., the elastic energy ratio of UC—C—1 decreased at 10 cycles. Compared with the
elastic energy ratio, the evolution of the dissipated energy ratio showed the opposite trend.
After peak strength, the dissipated energy ratio increased with the increase in number
of cycles.
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Figure 15. (a) Variation of elastic energy ratio with number of cycles, and (b) variation of dissipated
energy ratio with number of cycles.

Figure 16 shows the relationship between unloading stress and energy ratio of the
sandstone specimens under cyclic loading compression with various water content. From
Figure 16a, it can be seen that with the increase in unloading stress, the elastic energy
ratio of sandstone gradually increased, and then decreased. In contrast, one can observe
from Figure 16b that the dissipated energy ratio decreased and then increased before peak
strength due to the crack evolution of the sandstone specimens. After peak strength, the
dissipated energy ratio sharply increased. The closure of the large amount of the original
cracks in the rock consumes energy. Under cyclic loading, the original cracks were gradually
consolidated, and the dissipated energy ratio gradually decreased, as does the decreasing
rate. It should be noted that the dissipated energy ratio is larger than the elastic energy
ratio after peak strength because of the crack growth.
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Figure 16. (a) Relationship between elastic energy ratio and unloading stress, and (b) the relationship
between dissipated energy ratio and unloading stress.

Previous studies have shown that during the process from the elastic stage, plastic
stage to the failure stage in the stress-strain curve, there is always energy exchange with the
outside world, and energy is constantly released to the outside world to maintain dynamic
balance [39]. Through the experimental results of sandstone with different water content
under cyclic loading, the water can weaken the sandstone underneath the Bohai Sea. In
addition, with the increase in water content, smaller energy input can cause the failure of
sandstone. Therefore, the water content of the sandstone in case of roof fall, water inrush,
or other hazards must be carefully monitored.

5. Conclusions

This study explored the effect of water on mechanical properties and energy evolution
characteristics of Beizao sandstone using a series of uniaxial cyclic loading experiments.
Based on the experimental results, the main conclusions drawn from the investigation are
given below.

(1) With the increase in immersion time, mass difference, Am, and water content, w, the
increase and increase rates decreased with immersion time. The trend of P-wave
velocity at first decreased and then increased.

(2) The presence of water can weaken the loading Young’s modulus, peak strength, un-
loading stress, and post-peak stage of stress-strain curves of the sandstone specimens.
The residual strain firstly decreased with the number of cycles because of the clo-
sure of pre-existing cracks, and then it increased with the number of cycles. Elastic
strain showed an increasing trend with the increase in the number of cycles before
peak strength.

(3) The input energy density of the sandstone specimens with more water content was
larger than those with less water content at the same unloading stress. The peak
energy densities showed a decreasing trend with the increase in water content. At the
same number of cycles and unloading stress, the elastic energy ratio with less water
content was lower than that with more water content. In addition, the dissipated
energy ratio showed the opposite trend.
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