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Impact ground pressure is one of the most common dynamic disasters induced by mining activities, and water content is an
important factor affecting such dynamic disasters. In this paper, uniaxial compression test, cyclic loading and unloading test,
and acoustic emission test were conducted on white sandstone using RMT-150B rock mechanics test system and DS5 acoustic
emission test system. The influence law of water content was analyzed on the strength characteristics, energy change
characteristics, and impact propensity of white sandstone. The results showed that (1) the internal structure of the sandstone
gets softened with the increase of the water content. The cohesive effect within the rock also begins to weaken, which in turn
reduces the stiffness of the material and enhances its plasticity. The ability of the rock to resist elastic deformation becomes
weaker, resulting in lower compressive strength and elastic modulus when the rock is subjected to external forces, making it
more prone to deform and fail. The decrease in compressive strength of the water-saturated rock is 33.3%, and the decrease in
its elastic modulus is 28.1% compared to the dry rock. (2) As the water content increases, the cohesion of the rock decreases
and the internal structure of the rock fails more easily, which ultimately makes the energy needed for rock destruction lower.
As a result, the total energy, elastic energy, and dissipative energy of the rock are reduced. The accumulated AE energy also
decreases with the increase of the water content, indicating that rocks with higher water content gather less elastic energy
before damage and accumulate less energy when deformation damage occurs. (3) The impact energy index and elastic energy
index are negatively correlated with the water content. The impact energy index is reduced by 28.6%, and the elastic energy
index is reduced by 20.9% for the saturated rock compared to the dry rock. The elastic energy index and impact energy index
both decrease with the increase of rock water content, indicating that the less elastic energy is stored before the destruction of
the rock and no excess energy is transformed into energy in rock crushing when the rock breaks, and therefore, the impact
propensity of the rock is smaller. The results of the study can provide a theoretical basis for underground construction as well
as rock fracture destabilization.

1. Introduction

Due to the increasing intensity of mining activity and the
deeper depth of coal mines in China, dynamic disasters such
as impact ground pressure occur more frequently; therefore,
the safety of coal production will be seriously threatened.

Rock impact propensity is an important indicator of the like-
lihood of impact ground pressure, which is influenced by the
surrounding stress environment as well as the state of the
rock itself. The water content of the rock is one of the most
critical factors affecting the mechanical properties of the
rock and the impact propensity of the rock, and water
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injection can be adapted to soften the roof rock, which has
become a common prevention and control technical mea-
sure. Therefore, it is of great engineering importance to
study the effect of water content on the rock impact
propensity.

Many scholars have conducted studies on the effects of
water content on the deformation characteristics, strength
characteristics, and energy evolution patterns of rocks.
Zheng et al. [1] conducted uniaxial compression tests on
rocks with different water contents and analyzed the rela-
tionship between water content and the softening and brit-
tleness coefficients of hard rock materials. Mao et al. [2]
conducted uniaxial compression tests on coal rocks with dif-
ferent water contents and obtained the laws of impact pro-
pensity of rocks with different water contents. Tao [3]
summarized rock burst phenomena around the world and
found that rock impact propensity is affected by the degree
of rock hardness and reported that acoustic emission phe-
nomena always accompany the process of rock burst occur-
rence. Su et al. [4] conducted uniaxial tests on coal rocks in
different saturated states and concluded that the impact of
coal rocks would be reduced after water soaking. Fu [5] con-
ducted uniaxial compression tests and acoustic emission
tests on rocks and obtained the correspondence between
the sabotage rates of rocks and the number of acoustic emis-
sion events. Yang et al. [6] analyzed the characteristics of
energy release and dissipation and proposed that the unit
time release rate can be used as a basis for judging the
impact propensity of rock. Pu et al. [7] conducted triaxial
compression tests on rocks under different confining pres-
sures and analyzed the effects of confining pressure on the
deformation law of rocks and the energy evolution charac-
teristics. Roy et al. [8] investigated the effect of different
water saturation times on the mechanical parameters of
sandstone, and the results showed that the saturation of
the rock has a negative impact on the tensile strength,
Young’s modulus, and fracture stiffness. Jansen et al. [9]
used acoustic emission technique to study the three-
dimensional microcrack distribution during rock damage,
which illustrated the damage characteristics and the process
of crack extension in rocks.

Previous studies have greatly improved our understand-
ing of the strength change during the destabilization process
of water-bearing rocks, but an in-depth investigation is
required on the effect of water content on rock strength
characteristics, energy characteristics, and rock impact pro-
pensity from the perspective of underground coal mining.
Uniaxial compression tests and cyclic loading and unloading
tests are used to study the mechanical properties of rocks
since these tests can be used to simulate cyclic load in real
engineering geological environments, thus exploring issues
such as the strength characteristics of rocks and the energy
evolution mechanism.

Therefore, in this paper, relevant tests were conducted
on sandstones with different water contents and also on
the influence law of water content on the strength character-
istics, energy distribution characteristics, and rock impact
propensity. This study can not only provide theoretical basis
and reference for the safe construction of coal mine under-

ground and the prevention and control of dynamic disasters
but also has important practical significance for analyzing
the damage of engineering rock body (such as rock explo-
sion) and the stability of underground engineering sur-
rounding rock.

2. Experimental Work

2.1. Experimental Equipment and Specimen Preparation. The
types of experimental equipment we used in this study are
RMT-150B rock mechanics test system and DS5 series
acoustic emission test system. RMT-150B rock mechanics
experimental system can be carried out under computer con-
trol, is easy to operate, and has fully functional conditions,
while manual intervention can be made during the test to
modify the control mode and test steps. DS5 series acoustic
emission system adopts USB3.0 interface for data transmis-
sion, which can reach up to 48 channels of synchronous data
acquisition, and more precise positioning effect can be
achieved through more channels of data acquisition.

The rocks were processed into standard specimens with
dimensions of 50 × 100mm by a coringmachine and trimmed
by a cutting machine [10]. The two ends of each specimen will
be polished smoothly and parallel to each other to reduce the
experimental error. Figure 1 shows the test equipment as well
as the well-prepared sandstone specimens.

2.2. Experimental Protocol and Procedure. After the rock
specimens were prepared, they were divided into 3 groups:
dry state, natural state, and saturated state. The average
water content of white sandstone in its natural state is
0.18%. In order to minimize the errors induced by the differ-
ence of the sandstone specimens in the dry state and satu-
rated state, the weight of the samples was measured
regularly until the weighed mass of the sandstone specimens
remained constant.

In the experimental process, the sandstone rock samples
of the natural group were not treated; then, the remaining
six rock samples were put into the oven at 100°C for con-
stant temperature drying for 48 h, taken out, and put into
the drying oven to cool down to room temperature. When
the weight change did not exceed 0.05%, the rock samples
were considered to be completely dried, and three rock sam-
ples were selected as the drying group [11]. The specimen
preparation of the saturated group selected three dried rock
samples using the natural water immersion method for its
water absorption treatment. The specimens were removed
at regular intervals, and the surface water was wiped off with
a towel and weighed until the moisture content of the rock
samples stabilized.

As shown in Table 1, the average moisture content was
finally obtained from the test: 0.18% for the natural group,
2.19% for the saturated group, and 0% for the dry group.

As shown in Figure 1(a), a standard rock specimen was
placed on the RMT loading table, acoustic emission probes
were pasted on both sides of the rock specimen, and the data
were monitored in real time by the acoustic emission system.
DS5 series acoustic emission test system is equipped with a
probe to collect signals, the preamplification gain is 40 dB,
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Figure 1: Experimental system and white sandstone specimen diagram.

Table 1: Water content of rocks in different states.

Rock sample state Rock sample number Dry weights (g) Wet weight (g) Water content (%) Average moisture content (%)

Dry state

1-1 461.34

01-2 458.95

1-3 460.77

Natural state

2-1 469.99 470.73 0.15

0.182-2 471.85 472.77 0.19

2-3 469.65 470.57 0.20

Saturation state

3-1 474.36 484.98 2.24

2.193-2 472.63 483.54 2.31

3-3 473.98 483.89 2.01
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the threshold is set to 50 dB, and the sampling rate is set
to 2.5MHz. The loading process of the testing machine
is controlled by the RMT operating system until the rock
specimen is completely destroyed and the test is com-
pleted. Additionally, Figure 2 shows a flowchart which
specifies the experimental data that need to be recorded
during the tests.

2.2.1. Uniaxial Compression Test. After the rock specimens
were prepared, they were divided into 3 groups for uniaxial
compression test; each group included 3 pieces of dry state
rock specimens, 3 pieces of natural state rock specimens,
and 3 pieces of saturated state rock specimens. Uniaxial
compression tests were conducted to determine the changes
in the strength and elastic modulus of sandstone specimens
with different water contents and then to analyze the rela-
tionship between the energy evolution pattern of the rock
and the water content throughout the process.

2.2.2. Cyclic Loading and Unloading Test. In addition, three
groups of rock samples have been selected for cyclic load-
ing and unloading tests. The parameters of cyclic energy
aggregation, release, and dissipation at all levels are
obtained by cyclic loading and unloading tests, and the
rock strength characteristics are analyzed. The RMT-150B
rock mechanics system uses ramp wave control force for
graded loading and unloading, and the test loading and
unloading rate is 0.5KN/s. To facilitate later data analysis,
the force interval is 0→5→0→10..., each interval is cycled
once, and this cycle continues until the rock sample fails.

The acoustic emission probe was tightly attached to the
side surface of the rock using coupling agent before the test
for ensuring the effectiveness and accuracy of the acoustic
emission signal.

During the whole experiment, the rock mechanics test
system and the acoustic emission test system need to be
operated simultaneously. The rock mechanics test system
automatically collects stress and strain against time and
draws stress-strain curve and displacement-load curve; and
the acoustic emission system automatically collects ringing
count, energy, amplitude, and other parameters.

3. Effect of Water Content on Rock
Mechanical Properties

The compressive strength of rocks with different water-
bearing states was calculated from the results of the three
groups of rocks, and the relationship curves of compressive
strength of rocks with different water-bearing states were
plotted based on the average values of compressive strength
and elastic modulus.

When a rock specimen contains water, the internal skel-
eton of the rock deforms under external loads, causing the
pore space to compress or stretch. Due to the incompressi-
bility of water, when the pore space is smaller than the vol-
ume of water (mainly free water) within the pore space, it
results in water starting to flow under external loads. The
squeezing of water inside the rock leads not only to higher
pore water pressure but also to outward tensile stresses
inside the rock. As a result, tensile stress concentration
occurs at the pore ends, which in turn exacerbates crack
extension [12]. The attenuation of the compressive strength
of rocks after water absorption responds to the softening
effect of water on their structure. Therefore, the concept of
“softening factor” was introduced [13]. The softening coeffi-
cient reflects the change in mechanical strength of the rock
before and after water absorption, reflecting the engineering
geological properties of the rock. The formula is as follows:

K C/T =
σs
σd

, 1

where KC and KT are the compressive and tensile softening
coefficients of the rock, respectively; σd is the compressive/
tensile strength of the dry specimen (MPa); and σs is the
compressive/tensile strength of the specimen in different
water content states (MPa).

Based on the resultant parameters in Table 2, the com-
pressive softening coefficients KC of the rocks in different
water-bearing states can be calculated separately. As can be
seen in Figure 3, under uniaxial compression and cyclic
loading and unloading conditions, a higher water content
leads to a smaller rock compressive softening coefficient.

The testing results in Figures 3 and 4 show that the water
content of the rock negatively impacts its internal structure.
The cohesive effect within the rock begins to weaken with
the increase of the water content, which thus reduces the
stiffness of the material and increases the plasticity. The abil-
ity of the rock to resist elastic deformation is weaker, result-
ing in lower compressive strength and elastic modulus when
the rock is subjected to external forces; hence, the rock is
more prone to deform and fail.

Due to the different test conditions, the compressive
strength and elastic modulus parameters obtained by cyclic
loading and unloading tests for rocks with the same water-
bearing state are reduced compared to those obtained under
uniaxial compression conditions, and the decreases in com-
pressive strength and elastic modulus for rocks with cyclic
loading and unloading tests compared to uniaxial compres-
sion tests for the three water-bearing states are 31.8%,
44.2%, and 28.2%, respectively; the decreases in elastic mod-
ulus are 6.4%, 15.9%, and 17.8%, respectively. The reason for

Exporting acoustic
emission data

DS5 acoustic emission
monitoring in real time

RMT testing machine
loading

Rock specimen
preparation

Destruction of rock
specimens

Exporting stress-strain
data

Analyzing data

Figure 2: A flowchart showing the experimental procedures and data that need to be recorded.
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this can be attributed to energy loss during loading and
unloading before the peak rock strength is reached in the
cyclic loading and unloading test.

4. Effect of Water Content on the Energy
Characteristics of Rocks

4.1. Uniaxial Compression Test Energy Analysis. It is consid-
ered that a unit volume of rock unit is deformed under the
action of external forces, assuming that there is no heat
exchange between the physical process and the outside
world, and the total input energy generated by external work
is U . According to the first law of thermodynamics, the fol-
lowing equation can be obtained:

U =Ud +Ue, 2

where Ud is the unit dissipation energy and Ue is the unit
releasable elastic strain energy.

Figure 5 shows the stress-strain curve of the rock unit.
The area Ud

i indicates the energy consumed when the unit
undergoes damage and plastic deformation, and the shaded
area Ue

i indicates the releasable strain energy stored in the
unit, which is the elastic strain energy released after the
unloading of the rock unit.

Assuming that there is no heat exchange between the
system and the outside world during the test, the energy U
generated by the external work is the actual energy U0
absorbed by the rock sample. Under uniaxial compression
conditions,

U0 = σ1dε1 = 〠
n

i=0

1
2

ε1i+1 − ε1i σ1i + σ1i+1 , 3

Ue =
1
2
σ1ε

e
1 =

σ21
2Eu

≈
σ21
2E0

, 4

where σ1i and ε1i are the stress and strain values at each
point on the stress-strain curve, respectively, and Eu is the
modulus of elasticity of unloading, and the initial modulus
of elasticity E0 is taken instead of Eu in the calculation
[14]. The value of E0 is taken as 50-60% of the peak strength
of the elastic phase of the rock.

Based on the results obtained from uniaxial compression
tests of rocks with different water contents, the stress-strain
energy variation curves of rocks with different water-
bearing states are plotted in Figure 6.

The uniaxial compression curve of the rock includes
compaction phase, elastic phase, plastic phase, and damage
phase. It can be inferred from the figure that the fractures
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Figure 3: Relationship between the coefficient of compressive softening of rocks and the state of water content.

Table 2: Parameters of test results.

Experimental conditions Rock water content status Average modulus of elasticity (GPa) Average compressive strength (MPa)

Uniaxial compression

Dry state 8.109 56.448

Natural state 8.084 53.554

Saturated state 5.832 35.781

Cyclic loading and unloading

Dry state 7.589 38.486

Natural state 6.251 29.885

Saturated state 4.792 25.658
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inside the rock will gradually close under the action of exter-
nal forces during the compaction phase and the elastic
phase, when the total energy absorbed by the rock is all
stored inside the rock in the form of elastic energy, and
almost no dissipative energy is generated during these two
phases. In the plastic stage, the internal cracks in the rock
are gradually expanding by external forces, and the internal
structural changes become complicated. The rate of increase
of elastic energy becomes slower at this stage, the dissipation
energy gradually starts to increase, and the internal damage
of the rock further intensifies. When the peak rock strength
is reached, the elastic energy is released rapidly and the dis-
sipation energy increases sharply. The bearing capacity of
the rock is rapidly reduced after damage, and a certain resid-
ual strength is maintained. In this period, the energy
absorbed by the rock is basically converted into dissipated
energy, which is used for further development of rock frac-
ture and shear deformation of the sliding plane. The inter-
section of the elastic energy curve and the dissipative
energy curve is called “energy dividing point,” before which

the energy accumulation is mainly manifested and after
which the energy dissipation is mainly manifested.

The acoustic emission energy collected by the DS5
acoustic emission test system is the remaining elastic energy
measured from the material surface after propagation atten-
uation, that is, the elastic energy released by the acoustic
emission source. According to the experimental results, it
can be seen that the cumulative AE energy increases gradu-
ally with the increase of strain, and there is a positive corre-
lation between strain and damage in the deformation
process of rock mass. Therefore, cumulative AE energy must
also have some connection to damage. Liu and Wang [15]
obtained the relationship between strain and cumulative
AE energy by conducting various tests and derived the theo-
retical relationship between cumulative AE energy and stress
strain, as expressed by

WS =
1
b

ln
1
a

1
nγ

1
2
E0ε

2 +
1
3
Aε3

n/n−1
, 5

σ = E0ε + Aε2 1 − a exp bWS
1/n , 6

where ws is the cumulative AE energy; a and b are constants;
n, A, and E0 are material constants; γ is the damage energy
dissipation rate of the rock material; and ε is strain.

As can be seen from the figure, basically no acoustic
emission energy is generated during the rock compaction
phase, as no significant structural changes occur within
the rock. After entering the elastic phase, the cumulative
acoustic emission energy gradually increases. The accu-
mulated AE energy reaches a maximum when the peak
rock intensity is reached, the energy after the peak inten-
sity is dominated by dissipative energy, and the elastic
energy is rapidly reduced to a minimum, so that the
acoustic emission energy is also reduced to a minimum
or even disappears.
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Figure 4: Relationship between water content and compressive strength and modulus of elasticity of rocks.
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Figure 6: Continued.
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According to the stress-strain energy variation curves for
rocks with different water content states in Figure 6, the spe-
cific changes of total energy, elastic energy, and dissipation
energy of rocks in three water-bearing states are compared
and analyzed in Figure 7.

From the resulting parameters, the average value of the
total energy of the rock can be calculated: 25.46 kJ/m3 in
the dry state, 22.88 kJ/m3 in the natural state, and 16.31 kJ/

m3 in the saturated state. In Figure 7(a), with the increase
of the water content, the total energy absorbed decreases
subsequently, which is consistent with the trend of the com-
pressive strength of the rock versus water content. As shown
in Figure 7(c), since the total energy decreases with the
increase of water content, the elastic energy and dissipation
energy also show a decreasing trend. After the dramatic
energy change, the percentage of elastic energy in the total
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Figure 6: Stress-strain energy variation curves for rocks with different water content states.
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energy gradually decreases, while the percentage of dissipa-
tive energy in the total energy gradually increases. The accu-
mulated AE energy decreases from 3 98 × 106 mV∗mS to
0 34 × 106 mV∗mS, which laterally reflects that the elastic
energy inside the rock shows a decreasing trend with the
increase of water content.

4.2. Energy Analysis of Cyclic Loading and Unloading Tests.
The cyclic loading and unloading stress-strain curves are
shown in Figure 8, where the area enclosed by the loading
curve OA and the strain ε (OAB) is the total energy absorbed
by the rock U0 [16]; the area enclosed by the unloading
curve AC and the strain ε (ABC) is the elastic energy Ue

accumulated inside the rock; and the area enclosed by the
loading curve, the unloading curve, and the strain ε (OAC)
is the dissipation energy Ud of the rock.

The loading and unloading curves intersect during the
graded loading and unloading process to form a closed hys-
teresis loop area. The hysteresis loop area (CDC) represents

the hysteresis effect energy Ued during uniaxial compression.
Since the hysteresis effect energy exists during the loading
and unloading of the rock, a part of the unloading hysteresis
effect energy can be stored inside the rock before the rock is
unloaded, but this part of the hysteresis effect energy is not
reversible, so the hysteresis effect energy belongs to the special
dissipation energy, which can be stored inside the rock and is
not reversible [17]. Based on the above analysis, the dissipation
energy of the rock (area enclosed by OAC) can be divided into
hysteresis effect energy (area enclosed by CDC) Ued and plas-
tic dissipation energy (area enclosed by OADC) Udd.

Equations of elastic energy and dissipation energy are
mathematically expressed as follows:

Ue =
ε1

0
σidεi, 7

Ud =
ε1

0
σidεi −

ε1

ε2

σidεi, 8
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Figure 7: Relationship between water content and each energy change.
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where ε1 is the corresponding strain value at σ1, σ1 is the
stress value at any point on the stress-strain curve, ε2 is the
strain value at the unloading stage where the stress is 0,
and ε1 is the stress value and strain value of σ1 for the ith

cycle, respectively.
Based on the results obtained from cyclic loading and

unloading tests of rocks with different water contents, the
stress-strain energy variation curves of rocks with different
water-bearing states are plotted in Figure 9.

The total energy in the cyclic loading and unloading pro-
cess is also composed of elastic and dissipative energy. Start-
ing from the first stage of the cycle, the elastic energy and
dissipation energy gradually increase, and both increase with
the number of cycle stages. The elastic energy reaches its
maximum when a critical state of dramatic energy change
is reached, after which it shows a sharp downward trend.
The dissipative energy increases sharply after a dramatic
change in energy until it reaches a maximum value when
the rock is completely deformed and destroyed, while the
elastic energy decreases to a minimum or even disappears.

In the process of chemical erosion damage of rocks,
water will reduce the cohesive energy and cohesion of rocks
and destroy the internal mechanical structure of rocks. From
the energy point of view, the strength and modulus of elas-
ticity of rocks in the water-bearing state declined and plastic
deformation increased, leading to an increase in the dissi-
pated energy and a decrease in the energy storage of rocks
during the loading process [16].

With the increase of water content, the time of elastic
deformation stage and yield stage of rock during compression
will be shortened. This is because the internal friction force of
the rock decreases after it is hydrated, the resistance to defor-
mation gradually decreases, and the fracture area inside the
rock becomes larger, which can reach the strain required for
yield and damage faster [18]. Thus, rocks with high water con-
tent absorb less elastic energy during the elastic deformation
phase. In Figure 9, it can be seen that the total energy (OAB)
and the area of the hysteresis loop (CDC) of the saturated state
rock are the largest at the same number of cyclic stages, which
indicates that the presence of water increases the percentage of
dissipated energy during cyclic loading and unloading of the
rock. The dissipation of energy is mainly used for the germina-
tion and expansion of cracks within the rock. Therefore, rocks
with high water content are more likely to reach a state of
destruction and require lower energy.

Based on the resulting parameters, the average total energy
of the rock can be obtained: 22.32kJ/m3 in the dry state,
16.32kJ/m3 in the natural state, and 15.08kJ/m3 in the saturated
state. In Figure 10(a), the higher water content of the rock leads
to the less total energy being absorbed. In Figure 10(c), the total
energy, elastic energy, and dissipation energy of the rock
decrease with the increase of water content. After the dramatic
energy change, the percentage of elastic energy in the total
energy gradually decreases, while the percentage of dissipative
energy in the total energy gradually increases.

The accumulated AE energy increases slowly during the
first cyclic loading and unloading interval, and with the
increase of axial stress, the accumulated AE energy curve
rises in the form of a step, and the obvious stage of the rise

indicates that the acoustic emission activity is more active,
mainly concentrated in the process of loading and unload-
ing. Relatively stabilise acoustic emission activity when in
the interval between two cycles. At the last stage of loading,
the slope of the accumulated AE energy curve of the three
states is the largest and the increase is also the largest, indi-
cating that the acoustic emission activity is pretty active at
this time, and the crack expansion and complete penetration
mainly occur at this stage.

As shown in Figure 9, the dry state rock has a peak accu-
mulated AE energy of 31 × 105mV ∗mS during the 8th
stage of the cycle, at which time the rock is damaged at
38.340MPa. The natural state rock has a peak cumulative
AE energy of 0 5 × 105mV ∗mS during the 6th stage of
the cycle, at which time the rock is damaged at
30.507MPa. The peak accumulated AE energy of the satu-
rated state rock is 0 13 × 105mV ∗mS during the 5th stage
of the cycle, at which time the rock is damaged at
25.455MPa. The accumulated AE energy decreased from
31 × 105mV ∗mS to 0 13 × 105mV ∗mS with increasing
water content of the rock, with a decrease of 99.6%, which
is consistent with the trend of uniaxial compression test.
Therefore, the higher the water content of the rock, the
smaller the accumulated AE energy, indicating that the
higher the water content of the rock, the less elastic energy
is gathered, and the lower energy is reached when deforma-
tion damage occurs.

Figure 11 shows that the energy parameters of the uniax-
ial compression test rocks are generally higher than those of
the cyclic loading and unloading test rocks for the same
water-bearing state. The decrease of elastic energy of the
rock in the cyclic loading and unloading test compared with
the uniaxial compression test in the three water-bearing
states is 3.21%, 35.70%, and 34.06%; the decrease of dissipa-
tion energy of the rock is 13.12%, 28.14%, and 5.23%; and
the decrease of total energy of the rock is 12.84%, 28.68%,
and 7.55%, respectively.

In summary, through the uniaxial compression test and
cyclic loading and unloading test, the process of deformation
and damage of rock by external forces is the process of energy
gathering, energy dissipation, and energy release from the
energy perspective. As the water content increases, the cohe-
sion of the rock decreases and the internal structure of the rock
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Figure 8: Cyclic loading and unloading energy diagram.
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is more easily destroyed, which eventually makes the energy
reached by the rock decrease. As a result, the total energy
absorbed by the rock, the elastic energy, and the dissipated
energy are reduced. The accumulated AE energy also
decreases with the increase of the water content of the rock,
indicating that the higher the water content of the rock, the
less elastic energy is gathered before the damage, and the
lower energy is reached when the deformation damage
occurs.

The same aspects for both are as follows: the less energy
absorbed as the water content of the rock increases. The
change law of elastic energy and dissipative energy is roughly
the same; before the dramatic change in energy, elastic energy
accounts for a larger proportion of the total energy, and energy
is dominated by elastic energy. After a dramatic change in
energy, dissipated energy then accounts for a larger proportion
of the total energy, and energy is dominated by dissipated
energy. The different aspects are as follows: uniaxial compres-
sion tests have a shorter test time and no energy loss before
plastic deformation of the rock occurs compared to the cyclic

loading and unloading test, so there is no increase in dissipa-
tion energy upfront. The dissipative energy only starts to
increase gradually after the plastic phase.

4.3. Rock Damage Pattern Analysis. As shown in Figure 12,
the damage state of a rock is presented, which is selected
from each of the three water-bearing states. The dry state
rock is destroyed after 8 levels of cyclic loading and unload-
ing, and its destruction is in the form of oblique shear
destruction, and the number of broken rock pieces after
the destruction of the specimen is 3-5 pieces. The natural
state rock was destroyed after 6 levels of cyclic loading and
unloading, and its damage mode was a combination of obli-
que shear damage and tensile damage, with the number of
crushed rock pieces increasing significantly compared with
that of the dry state rock. The water-saturated state rock is
destroyed after 5 levels of cyclic loading and unloading,
whose damage mode is mainly tensile and accompanied by
shear damage, with more rock fragments and more fragmen-
tation after the damage of the specimen.

0.0 0.5 1.0 1.5
0

5

10

15

20

25

30

35

40

45

0

5

10

15

20

25

30

0

5

10

15

20

25

30

35

St
re

ss
 (M

Pa
)

En
er

gy
 (K

J/m
3 )

Elastic energy

Dissipative energy

A
cc

um
ul

at
ed

 A
E 

en
er

gy
 (1

05  m
V
⁎

m
S)

Stress
Total energy

Accumulated AE
energy

Strain (%)

(a) Dry state

0.0 0.5 1.0 1.5
0

5

10

15

20

25

30

35

40

45

0

5

10

15

20

25

30

0

1

2

3

4

5

6

St
re

ss
 (M

Pa
)

Strain (%)

En
er

gy
 (K

J/m
3 )

Dissipative energy

Elastic energy

A
cc

um
ul

at
ed

 A
E 

en
er

gy
 (1

05  m
V
⁎

m
S)

Stress
Total energy

Accumulated AE
energy

(b) Natural state

0.0 0.5 1.0 1.5
0

5

10

15

20

25

30

35

40

45

0

5

10

15

20

25

30

0

5

10

15
St

re
ss

 (M
Pa

)

Strain (%)

En
er

gy
 (K

J/m
3 )

Elastic energy

Dissipative energy

A
cc

um
ul

at
ed

 A
E 

en
er

gy
 (1

03 m
V
⁎

m
S)

Stress
Total energy

Accumulated AE 
energy

(c) Saturated state

Figure 9: Stress-strain energy variation curves for rocks with different water-bearing states.
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Based on the damage patterns of rocks with different
water contents, it can be seen that moisture exacerbates frac-
ture extension and complicates the damage patterns, thus
affecting the destructive behavior of rocks under impact.

5. Effect of Water Content on Rock
Impact Propensity

Rock impact propensity is the natural property of whether coal
and rock body can occur impact ground pressure. Coal rock
impact propensity is an important basis for evaluating the risk
of occurrence of impact ground pressure in coal mines.

The full stress-strain curve of rocks can reflect the
mechanical properties of rocks, and it can also visually and

comprehensively reflect the whole process of rocks from
storing energy to dissipating energy, which contains rich
information about impact propensity and is of great signifi-
cance for revealing the physical nature of impact propensity
and analyzing other impact propensity indicators [19].

The impact energy indexWCF and the elastic energy index
WET are both indicators for evaluating the impact propensity
of rocks. The uniaxial compression test has no energy loss
until peak strength is reached, while the impact energy index
WCF is the ratio of the elastic strain energy stored in the rock
specimen before peak strength to the energy to be consumed
in the process after peak strength until complete destruction,
which also does not take into account the energy consumed
by plastic deformation of coal rock before destruction. The
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Figure 10: Relationship between water content and each energy change.
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elastic energy indexWET is the ratio of the elastic energy accu-
mulated before the destruction of the rock to the energy con-
sumed to produce plastic deformation, which reflects the
ability of the coal rock sample to accumulate elastic energy
before the peak strength. During the whole process of deforma-
tion damage of the rock, the less the elastic strain energy stored
in the rock, the more the permanent deformation dissipation
energy of the rock and the less the impact tendency of the rock.

WCF =
E1
E2

, 9

where E1 is the elastic strain energy stored before the peak
strength and E2 is the energy to be dissipated in the process
after the peak strength until complete destruction.

WET =
EE
EP

, 10

where EE is the elastic energy accumulated before the destruc-
tion of the rock and EP is the energy consumed by the rock to
produce plastic deformation.

Based on the test results and the related equations, the
specific values of the components E1, E2, EE, and EP can be
calculated as shown in Table 3.

From the test result parameters, it can be calculated that the
impact energy indexWCF of the dry state rock is 5.59, and the

elastic energy index WET is 1.985. The impact energy index
WCF of the natural state rock is 4.66, and the elastic energy
index WET is 1.972; the impact energy index WCF is 3.99,
and the elastic energy indexWET is 1.571 for the saturated state
rock. The impact energy index WCF decreased by 28.6%, and
the elastic energy index WET decreased by 20.9% compared
with the dry state rock in the saturated state condition. There-
fore, with higher water content of the rock, the impact energy
index WCF and elastic energy index WET are smaller.

The impact energy index WCF shows the relationship
between the magnitude of the elastic energy stored in the
rock before damage and the energy dissipated during dam-
age, and the elastic energy index WET shows the ability of
the rock to accumulate elastic energy before damage. As
shown in Figure 13, in the case of higher water content of
the rock, the impact energy index WCF and elastic energy
index WET are smaller, indicating that the less elastic energy
is stored in the rock preliminarily and no excess energy is

Table 3: Schematic values for E1, E2, EE, and EP.

Rock sample state Experimental conditions E1 E2 Experimental conditions EE EP

Dry state

Uniaxial compression

20.75 3.71

Cyclic loading and unloading

11.62 5.88

Natural state 17.009 3.65 7.53 3.82

Saturation state 12.75 3.19 5.84 3.72
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Figure 13: Relationship between water content and WCF and WET

Table 4: Rock blast tendency indicator values [20].

Impact energy index Elastic energy index Rock explosion level

WCF ≤ 2 WET ≤ 2 No rock burst

2 ≤WCF ≤ 3 2 ≤WET ≤ 3 Weak rock burst

3 ≤WCF ≤ 5 3 ≤WET ≤ 5 Moderate rock burst

WCF ≥ 5 WET ≥ 5 Strong rock burst
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transformed into energy in rock crushing when the rock
breaks. Combined with Table 4, it can be concluded that
with smaller impact energy indexWCFand elastic energy
indexWET, the rock burst grade of the rock is weaker; that
is, the rock impact propensity is smaller.

6. Conclusions

In this paper, uniaxial compression tests, cyclic loading and
unloading tests, and acoustic emission tests were conducted
on white sandstone specimens with different water-bearing
states and analyzed the laws of water content on rock
strength characteristics, energy characteristics, and rock
impact propensity, and the following conclusions were
obtained:

(1) Water has a certain softening effect on rock. The
higher the water content of the rock, the more easily
the internal structure is softened. The cohesive effect
within the rock begins to weaken, which in turn
reduces the stiffness of the material, and the plastic
becomes stronger. The ability of the rock to resist
elastic deformation is poorer, resulting in lower
compressive strength and elastic modulus when the
rock is subjected to external forces, making it more
prone to deformation and damage. The decrease in
compressive strength of the saturated state rock is
33.3%, and the decrease in elastic modulus is 28.1%
compared to the dry state rock. Compared with the
uniaxial compression test, in the loading and
unloading cyclic test, the decreases of compressive
strength of rocks in the three water content states
were 31.8%, 44.2%, and 28.2%, and the decreases of
elastic modulus were 6.4%, 15.9%, and 17.8%,
respectively

(2) Water content has a significant effect on the energy
characteristics of the rock. As the water content
increases, the cohesion of the rock decreases and
the internal structure of the rock is more easily
destroyed, which ultimately makes the energy
reached during needed for rock destruction lower.
As a result, the total energy, elastic energy, and dissi-
pative energy of the rock are reduced. The accumu-
lated AE energy also decreases with increasing
water content of the rock, indicating that rocks with
higher water content gather less elastic energy before
damage and reach less energy when deformation
damage occurs. Before the dramatic change in
energy, elastic energy accounts for a larger propor-
tion of the total energy, and energy is dominated
by elastic energy, which is expressed as energy aggre-
gation. After the dramatic change in energy, dissipa-
tive energy accounts for a larger proportion of the
total energy, and energy is dominated by dissipative
energy, which is expressed as energy dissipation.
Due to the energy loss in the process of loading
and unloading of the rock in the loading and unload-
ing cycle test, compared with the uniaxial compres-

sion test, the decreases of elastic energy of the rock
in the three water content states were 3.21%,
35.70%, and 34.06%; the decreases of dissipated
energy were 13.12%, 28.14%, and 5.23%; and the
decreases of total energy were 12.84%, 28.68%, and
7.55%, respectively

(3) The impact energy index WCF and elastic energy
index WET are negatively correlated with the water
content. Both the elastic energy index WET and
impact energy index WCF decrease with increasing
water content of the rock. The impact energy index
WCF is reduced by 28.6%, and the elastic energy
index WET is reduced by 20.9% for the saturated
rock compared to the dry rock. The smaller the
impact energy index WCF and the elastic energy
index WET, the less elastic energy is stored in the
rock beforehand, and there is no excess energy trans-
formed into the energy of rock crushing when the
rock is destroyed, so the rock impact tendency is
smaller.
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