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Abstract: Water can deteriorate the compositional properties of rock through softening and disso-
lution. The water content rate of rock has a certain effect and can cause changes in rock properties
caused by the water action. In this research, to study the effects of the water content rate on the
strength and brittle plasticity of limestone, uniaxial compression tests with different water content
rate states were conducted, and the form of limestone damage under different water content rate
conditions was analyzed. The effects of the different water content rates on the modulus of elasticity,
uniaxial compressive strength, brittleness index B value, and brittleness correction index BIM value
(BIM: the ratio of dissipated strain energy to releasable elastic strain energy at the peak point of
the specimen) of limestone were investigated. It was found that as the rate of water content in the
limestone increased from 0% to 0.27%, the penetration shear surface on the limestone’s damaged
surface decreased. The modulus of elasticity decreased from 8.85 to 6.76 GPa, the uniaxial compres-
sive strength decreased from 74.11 to 57.60 MPa, the brittleness index B value decreased from 1.17 to
1.04, and the brittleness correction index BIM value increased from 0.09 to 0.26. As the rate of water
content on the limestone increased, the rock’s modulus of elasticity and uniaxial compressive strength
decreased. Additionally, the rock’s brittleness decreased, and the percentage of plastic deformation
in the total deformation increased.

Keywords: softening of limestone; uniaxial compression test; forms of destruction; intensity value;
brittle value; brittleness correction value; different water content rates

1. Introduction

Rocks are a collection of various minerals in nature and contain various fractures and
pores [1–4]. When rocks are soaked in water, the water penetrates into the rock through
these fractures and chemically and physically interacts with the minerals inside the rock
to deteriorate the properties of the rock [5–7]. The mechanical properties of the rock mass
under the interaction of water and rock must be different from the properties of the rock
mass in a natural air-drying state [8–10]. During an actual tunnel excavation, the abundant
joints, layers, and fractures in the surrounding rock can cause groundwater to leak in or
infiltrate, which will affect the overall strength and failure characteristics of the surrounding
rock [11–14]. In slope engineering, foundation pit excavation, chamber excavation, and
other practical engineering projects, it was demonstrated that if the chamber is subjected to
a long-term immersion in water, the chamber and slope can collapse and become damaged,
threatening construction safety. The interaction between water and rock has attracted
the attention of many experts and scholars. Many scholars have studied the mechanical
properties of rocks with different moisture contents.

For example, CAI Xin [15] conducted dynamic Brazilian disk experiments on Yunnan
sandstone samples with different water contents. The test results showed that for each
water content level, the dynamic tensile strength of sandstone is positively sensitive to
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the loading rate. Lin Hanxiang [16] conducted Triaxial compression rheological tests on
argillaceous siltstone with different water contents and studied the effects of both the
water content and stress levels on creep strain, creep rate, long-term strength, and creep
failure mode. The test results show that the time-dependent characteristics of rock are
gradually activated as the water content and stress levels increase. The water content and
stress levels greatly increase the instantaneous strain, creep strain, and the steady creep
strain rate. Zhao Kui [17] carried out uniaxial compression tests on red sandstone with
different water contents; the results indicate that the peak strength of red sandstone in
both natural and saturated states is 26.13% and 41.75% lower than that of red sandstone
in a dry state. By increasing the water content, the dominant failure pattern of the rock
specimens changes from tension failure to shear failure. Huang Xin [18] conducted uniaxial
compression tests and Engineering Discrete Element Method (EDEM) numerical simulation
tests on sandstone with different water contents to study the influence of different water
contents on the mechanical properties of sandstone. The findings demonstrated that as
the water content in the sample’s grew, the peak strain increased but the peak strength,
elastic modulus, maximum energy rate of the individual acoustic emission events, and
cumulative acoustic emission energy rates all reduced. Zhen Wei [19] used the split
Hopkinson pressure bar test system to test disc coal samples with different water contents.
The results demonstrated that the dynamic stress–strain curve of the coal samples consisted
of four stages. As the water content increased, the brittleness of the coal samples decreased
and ductility was enhanced. Qin Xinzhan [20] conducted a uniaxial compression test on
sandstone samples with different water contents and an acoustic emission (AE) analysis.
The test results show that by increasing the water content rate, the uniaxial compressive
strength of sandstone decreases following a negative exponential relationship. There was
some similarity between the AE signals of the sandstone samples with the different water
content rates. Li Chuanming [21] carried out a uniaxial compression test and a Brazilian
splitting test on white sandstone samples with different water contents. The experimental
results showed that uniaxial compressive strength, tensile strength, and elastic modulus
all decline as the moisture content increases. Zhu Jun [22] conducted a series of direct
tensile tests on marble rocks with different water contents. The test results show that the
tensile strength of the marble rock significantly decreases as the water content increases,
characterizing variable fracture surfaces. Zhang Yaoyao [23] conducted triaxial tests on
granite with free maximum moisture content and studied the deformation and failure
characteristics and mechanisms of granite. Yu Yongjiang [24] carried out creep disturbance
tests on mudstone specimens with different water content levels under fractional loading.
The results show that an increase in the moisture content leads to a significant increase in
the creep failure strain of mudstone and that the accelerated creep rate is greatly accelerated.
Moreover, as the moisture content increases, the type of mudstone creep disturbance failure
gradually changes from accelerated creep failure to disturbance failure. However, it should
be noted that the above research is more aimed at the influence of the different moisture
contents on the rock strength indicators. There remains a lack of research on the brittleness
and plasticity of rocks under an aqueous environment. Therefore, it is necessary to study
the strength and brittleness of rocks under different moisture content conditions.

Guizhou Province is a region with a wide distribution of karst landforms. Here,
carbonate, sulfate, and halide saltstones are commonplace, and the nature of the rock
masses is easily affected by groundwater and surface water. The area containing a tunnel
under construction features a variety of lithological properties; complex combinations
of weathered mudstone, argillaceous limestone, and limestone are widely distributed
and jointed fractures in the rock mass are commonly found. Additionally, unfavorable
geological conditions, such as folds and faults are very common, and the region is rich
in atmospheric precipitation. Here, surface water directly infiltrates into the ground, and
the main source of groundwater recharge is sufficient. In addition, during the tunnel
excavation process, the original rock mass will inevitably become disturbed, thereby
increasing the seepage path of the groundwater into the rock mass, resulting in a change in
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moisture content in the surrounding rock of the tunnel. Therefore, it is of great practical
and theoretical significance to clarify whether the interaction between the water and
rock will lead to changes in the strength and failure characteristics of a rock mass under
different moisture content conditions and whether these changes will threaten the safety of
tunnel engineering.

Based on the previous studies, we select the widely distributed limestone in the
surrounding rock of Tongzi Tunnel as the representative sample and use the uniaxial
compression test method to study the mechanical properties, brittleness indexes, and
plastic deformation of limestone with different moisture contents.

2. Specimen Preparation and Test Methods
2.1. Specimen Preparation

The limestone of the face of Tongzi Tunnel (YK42+395) was sampled according to the
Highway Engineering Rock Test Regulations (JTG E41-2005) and cut and polished to form
a cylindrical specimen with a diameter of 50 mm and a height of 100 mm. The specimen is
shown in Figure 1.
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Figure 1. Limestone specimens.

There are many factors affecting the uniaxial compression test results of limestone,
but the main focus of this paper is studying the effects of the different water content rates
on the uniaxial compression test results of limestone. Therefore, in the process of test
sample selection, 10 cylindrical specimens were subjected to acoustic wave detection with
an NM-4A non-metallic ultrasonic detection analyzer, and the specimens with similar wave
speeds were selected for the subsequent experiments. The acoustic detection results are
shown in Table 1. This process was performed to reduce the influence of the variability of
the limestone samples themselves on the test results.

Table 1. Specimen acoustic test data.

Test Piece Number E1 E2 E3 E4 E5 E6 E7 E8 E9 E10

Sonics peed Km/s 5.81 5.88 5.85 5.56 5.95 5.56 5.43 5.81 5.81 5.81

Based on the results of the wave velocity testing, four limestone specimens, E1, E8, E9,
and E10 were selected for the uniaxial compression tests with different water content rates.
The four specimens, E1, E8, E9, and E10 were inserted into a 202-2AB electric thermostatic
oven for drying at 105 degrees for 24 h according to the Rock Test Procedure for Highway
Engineering (JTG E41-2005). We then placed the dried specimens in the drying oven for
natural cooling. After cooling, we weighed the specimens with an electronic scale with
an accuracy of 0.01 g. The above dried specimens were soaked using the free immersion
method, which means that the dried specimens were directly placed into the water to
control the water content by controlling the immersion time to obtain specimens with
different moisture contents, and the specimens were also weighed using the same quality
measurement tool after the immersion was completed. The mass after drying, length of
immersion, mass after immersion, and the final calculated results of the water content rates
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of limestone obtained for each specimen are shown in Table 2. The formula for calculating
the water content rate is as follows:

λ =
M1 − M2

M2
× % (1)

where λ is the rate of water content in the limestone (%), M1 is the weight of the lime-
stone specimen after immersion (g), and M2 is the weight of the limestone specimen after
drying (g).

Table 2. The dried mass, soaking duration, soaking mass, and moisture content of each sample.

Test Piece Number E1 E8 E9 E10

M2 477.76 478.88 479.29 478.65
Soaking time (d) 0 1 1.5 2

M1 477.76 479.22 479.79 479.94
λ 0.00 0.07 0.10 0.27

2.2. Test Methods

For testing, we used an RMT-301 rock and concrete mechanical test system, which is
a computer-controlled multi-functional electro-hydraulic servo-testing machine specially
designed to analyze the mechanical properties of rock and concrete materials in line with the
corresponding national standards. The system has the advantages of convenient operation,
good control performance, a high degree of automation, high measurement and control
accuracy, high rigidity, and good long-term stability. In this study, a uniaxial compression
test was used to control the loading, and the change rate of the loading displacement was
set to 0.005 mm/s in the test. The machine was loaded along the axial direction until the
specimen was destroyed as shown in Figure 2.
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3. Uniaxial Compression Test Results Analysis

According to the data from the uniaxial compression test, the stress–strain curves
of the limestone specimens with different water content rates were drawn as shown in
Figure 3, where the X axis represents the axial strain amplified 100 times in the process of
the uniaxial compression of the limestone specimen, and the Y axis represents the axial
stress in the process of the uniaxial compression of the limestone specimen. As shown in
Figure 3, the development trend of the stress–strain curves is similar between the limestone
specimens with the different water content rates, which can be divided into five stages.
First, the characteristics of each stage are analyzed as follows.
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3.1. First Stage: The Fracture Compaction Stage (1)

Here, the stress–strain curve is concave. In this stage, when the axial strain of the
limestone samples with the different water content rates reaches 0.3%, the stress of E1 is
13.45 MPa, that of E8 is 13.38 Mpa, that of E9 is 11.79 Mpa, and that of E10 is 10.82 Mpa. With
an increase in the rate of water in the limestone samples, the limestone samples achieve the
same axial strain, and the corresponding axial stress is smaller. This phenomenon may be
caused by an increase in the water content, causing the micro-cracks and micro-cavities in
the limestone to fill with water. Therefore, when the limestone is compacted by an external
force, the lower the water content, the greater the external force, and the greater the water
content, the smaller the external force.
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3.2. Second Stage: Stable Development of Elastic Deformation to Microelastic Fractures (2)

At this stage, the stress–strain curve is approximately linear, and the stress and strain
are proportional. Here, the ratio of the stress and strain is the elastic modulus of the rock.
Therefore, the elastic moduli of the limestone specimens with the different water content
rates can be obtained using the linear fitting function in Origin as shown in Table 3.

Table 3. Elastic modulus of limestone samples with different water content rates.

Test Piece Number E1 E8 E9 E10

Elastic modulus (GPa) 8.85 8.65 7.82 6.76

The data in Table 3 were then plotted as shown in Figure 4. According to Table 3 and
Figure 4, when the rate of the limestone water content is 0%, 0.07%, 0.10%, and 0.27%, the
corresponding elastic moduli are 8.846, 8.651, 7.824, and 6.762 GPa, respectively. It can be
seen that the elastic modulus of the limestone decreases with an increase in the rate of the
water content in the limestone.
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3.3. Third Stage: The Progressive Rupture Stage (3)

At this stage, the microfractures in the rock continue to develop until they fail. The
corresponding stress at the time of failure is the peak point of the stress–strain curve, and
the uniaxial compressive strength of the test piece. The uniaxial compressive strength of
the rock is shown in Table 4. We then plotted the data presented in Table 4 as shown in
Figure 5.

Table 4. Uniaxial compressive strength of limestone specimens with different water content rates.

Test Piece Number E1 E8 E9 E10

Uniaxial compression Strength MPa 74.11 64.73 63.70 57.60
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According to Table 4 and Figure 5, when the rate of the limestone water content is
0%, 0.07%, 0.10%, and 0.27% the corresponding uniaxial compressive strength is 74.109,
764.727, 63.699, and 57.6 MPa. It can be seen that the uniaxial compressive strength of the
limestone decreases gradually with an increase in the percentage of the water content in
the limestone samples.

3.4. Fourth Stage: The Post-Rupture Stage (4)

At this stage, the stress–strain curve is bimodal in shape. After the stress reaches its
peak, the stress first decreases and then increases as the strain increases. As the water
content rate increases, the top of the second peak gradually decreases. The main reason
for this phenomenon is that the increase in water content causes the rock to change from
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brittle to plastic. The uniaxial compressive strength of the test piece can also be obtained.
At this stage, the stress decreases sharply as the strain increases.

3.5. Fifth Stage: The Residual Stress Stage (5)

At this stage, the test pieces with a moisture content of 0 present the lowest residual
stress. Rocks that do not contain water are brittle, and when the rock is broken, the
internal structure of the rock is basically destroyed. Thus, the residual stress is very low.
The residual stress of the different moisture content specimens is higher than that of the
non-water specimens because water will make the rock change from brittle to plastic.

4. Prototype Analysis of Specimen Failure

The form of uniaxial compression failure in the limestone specimens with the different
water content rates is shown in Figure 6. It can be seen from Figure 6 that when the water
content rate of the limestone samples is 0%, 0.07%, 0.1%, and 0.27% there are more splitting
surfaces along the axial direction of the failure surface of the sample with one or more shear
failure surfaces running through the entire rock sample. Here, the shear failure surface
caused by the low tensile strength of the rock is the main cause of the specimen failure.
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The failure forms of the limestone samples with the different water content rates were
then analyzed. We found that when the water content rate of the limestone sample is 0%
and 0.07%, the sample presents an obvious caving phenomenon in the failure process,
that is, one side of the specimen peels off directly along the failure surface due to its high
brittleness. When the water content rate of the limestone sample is 0.1%, a phenomenon
similar to “pressure rod instability” is observable in the test piece (i.e., the shear slip surface
appears inside the rock sample, and the axial tension split surface caused by the slip surface
causes the material of the rock sample to detach from the main body and become a pressure
rod, which is broken due to instability [25]). When the water content rate of the limestone
sample is 0.27%, the failure cracks appear primarily in the upper part of the test piece,
except for one crack that runs through the entire test piece.
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Based on the above analysis, conclusions can be drawn as follows: With an increase
in the water content rate, the decrease in the penetration failure surface of the limestone
sample may be caused by an increase in the water content rate; with an increase in the
water content rate, the specimen develops from brittle failure to plastic failure.

To verify this conjecture, we next calculate the brittleness index of the above limestone
samples quantitatively and represent the brittleness degree of each sample in the form of
data. Many scholars at home and abroad have studied the brittleness of rock and have
given the corresponding formulae for calculating the brittleness index.

B. Tarasov and Y. Potvin [26] proposed a method to calculate the brittleness index
based on the fracture angle during rock failure. R. Rickman [27] proposed a brittleness
index calculation method based on the normalized elastic modulus and Poisson’s ratio of
rocks. R. Altindag [28] proposed a brittleness index calculation method based on calculating
the peak value and residual strength of rocks. Liao Dongliang [29] proposed a calculation
method for the brittleness index based on the mineral composition and fracture toughness
of rock.

This paper is based on the stress–strain curve obtained from a uniaxial compression
test. Based on the method of Cao Yangbing and Zhou Hui [30,31], et al., the brittleness
index of the above limestone samples was quantitatively calculated, and the brittleness
degree of the failure of each limestone sample was represented as data using the following
calculation formula:

B = Bd1+Bd2 (2)

Bd1 =
lg( 1

εp
)

K
(3)

Bd2 =

(
σp − σr

)
σpt

+
(εr − εP)

εpt
(4)

where B is the rock brittleness indicator, Bd1 is the indicator of brittleness before rock peaks,
Bd2 represents the indicators of brittleness after rock peaks, σp is the uniaxial compressive
strength of the rock, σr is the residual strength of the rock, εp is the corresponding strain
when the stress reaches its peak, εr is the strain corresponding to the residual strength of
the rock, t is the time interval between the peak strength point on the stress–strain curve
and the starting point of the residual strength, and K is a constant (K = 5).

The parameters of the limestone samples with different water content rates are shown
in Table 5.

Table 5. Parameters required for calculating the brittleness index of limestone samples with different
water content rates.

Test Piece Number σp (MPa) εp (%) σr (MPa) εr (%) t (s)

E1 74.11 1.04 7.86 1.38 1.5
E8 64.73 0.94 21.02 1.42 1.7
E9 63.70 1.08 17.23 1.36 1.4

E10 57.60 1.09 15.39 1.23 1.3

The brittleness index B values of the calculated limestone are shown in Table 6.

Table 6. Graystone brittleness index values.

Test Piece Number E1 E8 E9 E10

Bd1 0.40 0.50 0.39 0.39
Bd2 0.77 0.64 0.67 0.65
B 1.17 1.14 1.06 1.04
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The calculation results of the brittleness index B value were plotted as shown in
Figure 7.
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Figure 7. Brittleness index B values of limestone samples with different water content rates.

According to the results presented in Table 6 and Figure 7, when the water content
rate of the limestone is 0%, 0.07%, 0.10%, and 0.27%, the brittleness index B values are 1.165,
1.142, 1.060, and 1.044, respectively.

The above analysis shows that with an increase in the limestone water content rate,
the brittleness index of the limestone shows a downward trend. This result also verifies the
conjecture that the brittleness of the limestone decreases gradually with an increase in the
limestone water content rate.

Whether or not the plastic deformation of the limestone increases with an increase in
the limestone water content rate will be discussed in the energy analysis section.

5. Analysis of Energy and Brittleness of Plasticity under Uniaxial Compression

M. Aubertin defines the ratio (Ud/Ue) of the dissipated strain energy to the releasable
elastic strain energy at the peak point of the specimen as the brittleness index correction
value (BIM). The larger the BIM value is, the smaller the ratio of the pre-peak elastic
deformation to the total pre-peak deformation becomes, indicating a greater plastic de-
formation [32,33]. Therefore, to determine whether the proportion of plastic deformation
among the total deformation in the limestone samples increases with an increase in the
moisture content, it is necessary to analyze the energy evolution characteristics of the
limestone samples with different water content rates in a uniaxial process.

Assuming that the specimen does not engage in heat exchange with the outside world
during the uniaxial compression test, the specimen is considered a closed system.

The total input strain energy generated by the work performed by the external force is
U, which uses the following formula according to the first law of thermodynamics [34]:

U = Ud + Ue (5)

where U is the total strain energy of the external force work input (KJ/m3), Ud is the
dissipative energy (KJ/m3), and Ue is the elastic strain energy that can be released (KJ/m3).

The relationship between the dissipative energy Ud and the releasable elastic strain
energy Ue is shown in Figure 8.
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In Figure 8, the stress–strain curve and the unloading elastic modulus Ei are enclosed
by Ud, and the shaded part Ue represents the release of elastic strain energy.

The expression of each instance of strain energy during the uniaxial compression test
is as follows:

U =
∫ ε1

0
σ1dε1 (6)

Ue =
σ2

1
2E0

(7)

Ud =
∫ ε1

0
σ1dε1 −

σ2
1

2E0
(8)

where σ1 is the main stress, E0 is the initial elastic modulus of the specimen, and ε1 is the
strain in the direction of the main stress.

Using Equations (6)–(8), the total strain energy U, dissipative energy Ud, and releasable
elastic strain energy Ue corresponding to the peak points of the different water content
rates can be obtained as shown in Table 7. The ratio of the releasable elastic strain energy
and the dissipated energy to the total input strain energy of each test piece is then plotted
as shown in Figure 9.

As shown in Table 7, most of the total input strain energy of the different water content
rate specimens in the uniaxial compression process is stored as releasable strain energy,
and the rest is dissipated by rock damage and plastic deformation. As can be seen from
Figure 9, the ratio of the releasable elastic strain energy to the total input strain energy
gradually decreases with an increase in water content rate, while the ratio of dissipative
energy gradually increases. The energy dissipation will induce the deterioration of the
specimen and reduce its strength. Therefore, as the water content rate of the test piece
increases, the strength of the test piece decreases.

Most of the total strain energy input in the uniaxial compression process of limestone
is stored as elastic strain energy that can be released. When the input energy is greater than
the elastic energy storage limit of the rock itself, the rock begins to fracture and become
unstable and releases energy to the outside world. From the calculation results of Table 7, it
can be seen that with an increase in the moisture content, the elastic storage energy limit of
the limestone gradually decreases. The elastic strain energy storage of a rock depends on
the voids and microfractures inside the rock. The storage principle of rock strain energy is
that the energy input from the outside is stored through the closure of voids and micro-
fractures. When the moisture content increases, the voids and micro-fractures inside the
rock are filled by moisture, decreasing the upper limit of energy that the rock can store.
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Table 7. The strain energy corresponding to the peak point of each specimen.

Specimen Number Total Input Strain
Energy U

Releases Elasticity
Strain Energy Ue

Dissipative
Energy Ud

E1 338.15 310.43 27.72
E8 263.49 242.15 21.24
E9 303.16 259.30 43.86

E10 313.45 245.32 68.13
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Figure 9. Ue and Ud account for U.

The ratio (Ud/Ue) of the dissipated strain energy to the releasable elastic strain energy
at the peak point of the specimen is defined as the brittleness index correction value (BIM).
The BIM values of each specimen were calculated as shown in Table 8.

Table 8. The BIM value of each test piece.

Specimen Number E1 E8 E9 E10

BIM value 0.09 0.09 0.17 0.28

The BIM values in Table 8 are plotted in Figure 10.
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It can be seen from Table 8 and Figure 10 that when the water content rate of limestone
is 0%, 0.07%, 0.10%, and 0.27%, the brittle index correction values (BIMs) are 0.089, 0.088,
0.179, and 0.263, respectively.

From the above analysis, it can be seen that with an increase in the water content rate,
the overall development trend for the BIM of the limestone samples increases, i.e., the
proportion of plastic deformation in the total deformation increases. This result also
validates the conjecture proposed earlier that with an increase in the water content rate
of the limestone sample, the brittleness of the rock sample gradually decreases, and the
plasticity gradually increases.

6. Conclusions

Based on the indoor test and the theoretical analysis of the tunnel limestone, the
following conclusions can be drawn:

1. With an increase in the limestone water content rate, the pores and micro-cracks
inside the limestone are filled with water, which increases the stress required in the
compaction stage of the limestone. At the same time, with an increase in the water
content rate of the limestone, the elastic modulus and uniaxial compressive strength
of the limestone gradually decrease.

2. With an increase in the water content rate of the limestone, the failure form is still
mainly tensile failure. However, after an increase in the water content rate, the
through-surface of the specimen failure gradually decreases. Then, based on the
quantitative calculations, the brittleness index of the limestone will decrease with an
increase in the water content rate.

3. With an increase in the limestone water content rate, the upper limit of the elastic
strain energy storage will decrease because the pores and micro-cracks inside the
limestone become filled with water. In addition, the dissipation energy of limestone
will increase with an increase in the water content rate, thereby reducing the strength
of the limestone. The proportion of pre-peak deformation among the total deformation
increases with an increase in the water content rate of the limestone, i.e., the molding
of the limestone increases.

4. This paper mainly studied the effects of the water content rate on the mechanical
properties of limestone, which has certain limitations. The test results were also
affected by the sample size. However, the final test results showed good regularity
with a high reliability. Thus, this study could provide a reference for research on other
kinds of rock hydrologic properties. In addition, since this research considered Tongzi
Tunnel as its research background (based on the actual project), this work has very
important practical significance. The results could provide theoretical support and
guidance for the excavation of Tongzi tunnel, including the stability of the surrounding
rock and maintenance during subsequent periods.
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