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+e presence of water is one of themost important factors in coal mining, and it has a dual influence on themechanical behavior of
rock. To study the influence of water content on the mechanical properties of coal under complicated stress conditions, dry coal
specimens and wet coal specimens with water contents of 1.8% and 3.6% were conducted by uniaxial and conventional triaxial
compression tests. +e relations between the uniaxial compressive strength, deformation, and water content were observed. +e
reductions in the strength and elastic modulus under different confining pressures were obtained. +e mechanical properties of
coal specimens with different water contents under triaxial compression were studied. +e influences of water content on the
microstructure, clay minerals, internal friction angle, and cohesive force of coal were discussed.+e results show that the strengths
and elastic moduli of wet specimens are clearly lower than those of dry specimens under different confining pressures. +e water
content has a significant influence on the postfailure mechanical behavior of coal. +e loss rates of strength and elastic modulus
decrease with increasing confining pressure. +e water content has almost no effect on the internal friction angle, while the
cohesive force of the saturated specimens is 36.5% lower than that of the dry specimens. +e results can provide a reference for
inhibiting the occurrence of disasters during coal mining and exploiting coal efficiently.

1. Introduction

Water is one of the most important factors in rock engi-
neering. On one hand, water injection is an effective method
for mitigating and preventing rockburst [1–3], coal bumps
[4], and coal and gas outburst disasters [5]. On the other
hand, water can change the microstructure of rock [6–8],
induce stress redistribution around a tunnel, and lead to
damage or failure of the rock due to a change in its me-
chanical properties [9]. For example, heavy rains in the
summermonthsmay result in landslides [10], water bursting
inmines [11], roof fall, and pillar instability [12].+e seepage
of water around a reservoir can induce the sliding of surface
faults [13], resulting in the occurrence of earthquakes.
+erefore, it is necessary to study the influence of water

content on the mechanical properties of rock materials to
prevent disasters and evaluate the stability of rock
engineering.

Many scholars have revealed that water content has a
significant influence on rock strength [14], elastic modulus
[15], ultrasonic wave velocity [7], and creep behavior [16].
For example, Vásárhelyi [17] found that the uniaxial
compressive strength and elastic modulus of saturated
limestone are 34% lower than those of the corresponding dry
specimens. Dyke and Dobereiner [18] considered that the
presence of a small amount of water can lead to large
changes in the strength and deformation of rock. Hawkins
and Mcconnell [19] found that the presence of water has a
significant effect on the mechanical properties of quartz and
clay minerals. Hashiba and Fukui [20] determined that the
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ratio of the reduction rate under uniaxial tension to that
under uniaxial compression was approximately 1.61. Zhou
et al. [21] found that the average static compressive strength
and tensile strength of saturated sandstones were reduced by
29.9% and 66.5%, respectively, compared to the results for
the corresponding dry specimens. Fan et al. [22] considered
that water can mitigate the burst tendency of igneous rock,
although the current support system needs to be recon-
sidered. +e above studies provide a better understanding of
the mechanical properties of saturated rocks.

Coal is a special rock in for energy development, and its
need has reached a new level. Currently, mining can extend
deeper [23–25], but the coal mining-induced stress state is
complex [26–28], which results in the frequent occurrence of
dynamic disasters. To this end, many hydraulic measures,
such as water injection and hydraulic flushing, were used to
mitigate the burst tendency of coal. +erefore, the influence
of water content on the mechanical properties of coal under
complex stress conditions cannot be ignored. Wang et al.
[29] found that the strengths of coal specimens saturated for
seven days are 52% lower than those of natural coal spec-
imens. Gu et al. [30] proposed a constitutive model con-
sidering the damage by water to describe the deformation of
coal. Yao et al. [31] investigated the effect of different soaking
times and incident energy magnitudes on the dynamic
behavior of coal, considering that it has an optimum water
content to resist dynamic loading. Liu et al. [32] studied the
directional permeability evolution of intact and fractured
coal subjected to true triaxial stress under dry and water-
saturated conditions, and it was found that the water content
is important for reducing the permeability by up to one
order of magnitude. However, there are few experimental
studies on the influence of different water contents on the
mechanical properties of coal under triaxial compression.
Due to complicated geological conditions [33, 34], the study
of the mechanical behaviors of coal masses with different
water contents has become very practical and meaningful.

+e aim of this work is to study the influence of water
content on the mechanical properties of coal under com-
plicated stress conditions. To this end, dry coal specimens
and wet coal specimens with water contents of 1.8% and
3.6% are subjected to uniaxial and conventional triaxial
compression tests. +e effect of water content on the
strength, deformation, and failure pattern of three groups of
specimens was investigated. +e results can provide a ref-
erence for inhibiting the occurrence of disasters during coal
mining and exploiting coal efficiently.

2. Experimental Methods and Preparation

2.1. Coal Sample Preparation. +e coal samples were taken
from the Hanjiawa No. 22 coal mine in Shanxi Province,
China. +e inclination angle of the coal seam is approxi-
mately 2–6°; it is a subhorizontal coal seam. +e thickness of
the coal seam is 7.14–11.61m, and it is a stable, thick coal
seam. +is coal is long-flame coal. +e conventional in-
dustrial analysis parameters of the coal samples are listed in
Table 1. +e chemical components of the coal are mainly
made up of SiO2 (46.05%), AI2O3 (39.15%), Fe2O3 (6.09%),

CaO (3.29%), SO3 (2.01%), and TiO (2.34%). +e tensile
strength is 1.91MPa, and the P-wave velocity ranges from
2076m/s to 2265m/s. Cylindrical specimens with a diameter
of 50mm and a height of 100mmwere drilled from an intact
coal block, as shown in Figure 1. According to the sug-
gestions by the International Society of Rock Mechanics
(ISRM) [35], the specimens were processed with a surface
roughness of less than 0.02mm, and the perpendicularity of
the end surface was less than 0.001 rad.

All the specimens remained naturally dry indoors for 7
days, after which time the specimens were considered to
have reached a dry state. After that, three dry specimens were
put into a water container for different soaking times to
reach different water contents at ambient temperature. To
obtain the different water contents, the soaking times were
set to 4, 8, 14, 24, 48, 72, 96, and 120 h. After every water
immersion, the weight of the specimen was recorded by
using an electronic balance with an accuracy of 0.1 g, and
then the specimen was put back into the water container
immediately to conduct the next tested soaking time.
According to the weight increase at different soaking times,
the water content can be determined:

w �
mt − md( 

md
× 100%, (1)

where w (%) is the water content of the specimen and mt and
md are the weights of the wet and dry specimen for a certain
soaking time, respectively.

+e variation in the water content with increasing
soaking time is shown in Figure 2. It can be seen that the
water content presents a rapid increase before the soaking
time of 24 h. +en, the increase rate of the water content
becomes slow. After the soaking time of 48 h, the water
content exhibits no significant change, indicating that the
coal specimen is in a saturation condition.+is phenomenon
is in good agreement with the results of previous studies on
rock and coal specimens [6, 21, 31]. As shown in Figure 2, the
water content of this coal under saturation conditions is
approximately 3.6%.

In this paper, three representative water contents were
selected to study the effect of water on the mechanical
properties of coal specimens: 0%, 1.8%, and 3.6%. +e
corresponding soaking times are 0, 4, and 120 h, respectively.
All the specimens were divided into three groups labeled
DC, WC1, and WC2 to represent the dry specimens, wet
specimens with a water content of 1.8%, and wet specimens
with a water content of 3.6%.

2.2. Testing Methods. +e servo-controlled RMT-150C
system was used to conduct the uniaxial and triaxial com-
pression experiments, as shown in Figure 3. A linear variable
differential transformer (LVDT) was also used to measure
the axial loading direction displacement for all compression
tests, and its range and accuracy are 5mm and 0.001mm,
respectively. +e axial displacement loading rate was set to
0.002mm/s. Four different confining pressure levels were
selected, with values of 2, 4, 6, and 10MPa.
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3. Uniaxial Compression Experimental Results

3.1. Stress-Strain Curves. +e stress-strain curves and me-
chanical parameters of the coal specimens under uniaxial
compression are presented in Figure 4 and Table 2, re-
spectively. +e slope of the straight line during the elastic
stage was defined as the elastic modulus. Figure 4 shows that
the stress-strain curves of coal specimens have four distinct
stages: compaction, elasticity, yielding, and failure. In the
compaction stage, a large deformation occurs, indicating
that there are many initial fissures in the coal. +e stress
drops abruptly after it reaches the peak loading, showing a
distinct brittle behavior.

+e specimens exhibit several stress rises and drops
during the yielding and failure stages; in particular, the
deformation characteristics of wet specimens are very dis-
tinct. +is phenomenon is in good agreement with the re-
sults of previous studies [29, 31]. +is phenomenon
contributes to the porous structure of the coal and the effect
of water content.

3.2. Influence of Water Content on Uniaxial Compressive
Strength. Figure 5 shows the relation between uniaxial
compressive strength and water content. As seen from the
figure, the uniaxial compressive strength decreases with
increasing water content. When the coal samples have water
contents of 1.8% and 3.6%, the uniaxial compressive
strengths are reduced by 30.0% and 48.3%, respectively.

According to the suggestion by Hawkins and McConnell
[19], the relation between uniaxial compressive strength and
water content can be determined by the following equation:

σc(w) � a0e
− bw

+ a1, (2)

where σc is the uniaxial compressive strength, w is the water
content, and a0, a1, and b are constants. Equation (2) shows
that the uniaxial compressive strength can be determined at
a water content of 0; the result is a0 + a1. Parameter b
represents the reduction rate of strength with increasing
water content. Based on the above analysis, the best-fit curve
and the fitting equation are shown in Figure 5.

3.3. Influence of Water Content on Elastic Modulus. +e
relation between the elastic modulus and water content is
presented in Figure 6. With increasing water content, the
elastic modulus of coal specimens presented a significant
reduction. +e elastic moduli of the WC1 specimen
(2.6GPa) and the WC2 specimen (2.0GPa) are 21.5% and
37.6% lower than that of the DC specimen (3.3GPa).
Compared with the uniaxial compressive strength reduction
rate of 48.3%, the water content has less of a weakening
influence on the elastic modulus. +e relation between
elastic modulus and water content is similar to the change
law of the uniaxial compressive strength with water content.

Table 1: Industrial analysis parameters of the coal samples.

Calorific value cal. (g) Coal moisture (%) Ash (%) Volatile (%) Sulfur (%)
5800 2.26 24.94 39.13 1.43

Figure 1: Typical coal samples before water immersion.
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Figure 2:+e relation between the water content and soaking time.
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Figure 4: Stress-strain curves of the coal specimens under uniaxial compression: (a) DC group, (b) WC1 group, and (c) WC2 group.

Table 2: Mechanical parameters of specimens under uniaxial compression.

Specimen
no.

Water content
% Uniaxial strength

(MPa)
Elastic modulus

(GPa) Average strength loss rate % Average elastic modulus loss
rate %

Designed Real
DC-1

0

0 28.9 3.4

0 0DC-2 0 32.9 3.0
DC-3 0 29.5 3.3
Average 0 30.4 3.3
WC1-1

1.80

1.78 19.5 2.6

30 21.5WC1-2 1.69 22.3 2.5
WC1-3 1.71 22.2 2.6
Average 1.73 21.3 2.6
WC2-1

3.60
3.51 14.8 1.9

48.3 37.6WC2-2 3.62 16.6 2.2
Average 3.57 15.7 2.0
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+e best-fit curve and the fitting equation are presented in
Figure 6.

4. Triaxial Compression Experimental Results

4.1. Stress-Strain Curves. +e stress-strain curves and me-
chanical parameters of coal specimens under triaxial com-
pression are presented in Figure 7 and Table 3, respectively.
A large deformation also occurs during the compaction
stage, expanding the natural microfissure network in the
specimen. With increasing confining pressure, the plastic
deformation and bearing capacity of all the specimens in-
crease, indicating that the confining pressure has an en-
hancement effect.

+e deformation behavior of the dry specimens before
peak loading is similar to that of the wet specimens, resulting
in compaction, elasticity, and yielding stages, irrespective of
water content. However, the water content has a great in-
fluence on the postfailure mechanical behavior. In the dry
state, there was a clear stress-drop phenomenon after reaching

the peak loading, showing a distinct brittle behavior, as shown
in Figure 7(a). However, the stress of the wet specimen drops
slowly during the postpeak stage, and it does not decrease to
zero directly. +e specimens still have a certain bearing ca-
pacity, as shown in Figures 7(b) and 7(c). +is shows that the
coal becomes “softer” with increasing water content. In this
case, the bearing capacity of wet specimens mainly relied on
the internal fissure friction of coal.

4.2. Strength Properties. Figure 8 shows the relations be-
tween the confining pressure and strength of the different
groups of specimens under triaxial compression. It is found
that the strengths of specimens at a confining pressure of
2MPa are much greater than those of specimens under
uniaxial compression. For example, the strengths of the DC
specimen (61.8MPa) and theWC1 specimen (48.7MPa) at a
confining pressure of 2MPa are 203.3% and 219.4% greater
than those of the DC specimen (30.4MPa) and the WC1
specimen (22.2MPa) under uniaxial compression. +is is
because of the difference in failure patterns [36, 37]. Under
uniaxial compression, tensile and shear failures usually
occur; however, the rock tested at a high confining pressure
only presented a single shear failure.

As shown in Figure 8, the strengths of the three groups of
specimens increased with increasing confining pressure,
indicating that the confining pressure has a significant en-
hancement influence on the strength of coal. +e confining
pressure can contribute to the closure of cracks and fissures
in the rock and prevent shear deformation between the
fissures. Under the different confining pressures, the
strengths of the dry specimens are obviously larger than
those of the WC1 specimens and WC2 specimens, while the
strengths of the WC2 specimens are the lowest compared to
the strengths of the other two groups. +is phenomenon
indicates that the mechanical properties of coal can be af-
fected by the water content.

+e triaxial strengths of the WC2 specimens are lower
than those of the WC1 specimens, indicating that the water
content has a negative influence on the carrying capacity of
coal. Compared with the uniaxial compressive strength
reduction rate (48.3%), the confining pressure can inhibit
the damage of water on the strength. As shown in Table 3,
the strength loss rates under different confining pressures
are lower than the values under uniaxial compression. For
example, the strengths of the WC2 specimen and the WC1
specimen at the confining pressure of 10MPa are 21.5% and
11.9% lower than those of the dry specimen.

4.3.DeformationProperties. Figure 9 shows the deformation
properties of the different groups of specimens under triaxial
compression. +e elastic moduli of the specimens under
uniaxial compression are lower than those of the specimens
under triaxial compression. For example, the elastic mod-
ulus of the DC specimen (3.3GPa) under uniaxial com-
pression is 19.5% lower than that of the DC specimen
(4.1GPa) at a confining pressure of 2MPa, as shown in
Figure 9. +is is also because microcrack propagation was
inhibited by the confining pressure. +e difference among
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the elastic modulus results of the DC specimens tested under
different confining pressures is small. +is may be due to the
heterogeneity of coal. In general, the elastic moduli of the
WC1 and WC2 specimens increase with increasing con-
fining pressure. +e confining pressure has a positive effect
on the elastic moduli of the wet specimens. It is noted that
the elastic moduli of the WC1 and WC2 specimens are
obviously lower than those of the DC groups. For example,
the elastic modulus of the WC1 specimen (3.5GPa) at a
confining pressure of 6MPa is 14.6%, which is higher than
that of the DC specimen (4.1GPa), as shown in Table 3.
However, the elastic modulus of the WC2 specimen is lower
than that of the WC1 specimen. In addition, the elastic
modulus loss rates under different confining pressures are
also lower than the values under uniaxial compression, as
shown in Table 3.

4.4. Failure Patterns. Under uniaxial compression, the three
groups of specimens exhibit mainly shear and tensile fail-
ures, as shown in Figure 10(a). For example, specimen DC-3
and specimen WC1-1 show distinct shear-tensile cracks.
+ere are no obvious differences between the DC specimens
and WC1 specimens. +e WC2 specimens present serious
fractures, and the coal was broken into small pieces.

Figure 10(b) shows the failure modes of the specimens
under triaxial compression. Only one dry specimen formed a
single main shear fracture face at a confining pressure of
10MPa. Both shear and tensile fractures were observed on
the faces of most specimens at different confining pressures;
the failure patterns are similar to those under uniaxial
compression. +is phenomenon is in good agreement with
the results of the studies by Diederichs et al. [36].+is means
that there is a transition zone related to the tensile limit, and
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Figure 7: Stress-strain curves of the coal specimens under triaxial compression: (a) DC group, (b) WC1 group, and (c) WC2 group.
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the rock specimens still form tensile cracks under conditions
of low confining pressure. As shown in Figure 10(b), the
sizes of the wet specimen fragments are obviously smaller
than those of the dry specimen fragments, indicating that the
failure modes can be affected by water content.

5. Discussion

5.1. Effect ofWaterContent onMicrostructure. To intensively
study the mechanism of water content on the weakening
effect of coal, scanning electron microscopy was used to
investigate the microscopic structure of coal with different
water contents before the uniaxial and triaxial compression
tests. +e magnification used for the scanning electron
microscopy work is 300 times.

As shown in Figure 11, the structure is clear and the
surface is smooth when the coal in a dry state. When the
water content is 1.8%, the surface of coal becomes rough and
granular, indicating that the integrity of the coal sample
worsens. With increasing water content, microcracks can
clearly be found in the coal at a water content of 2.5%, and

the length and width of the microcracks increase. +e coal
has poor integrity when the water content is 3.6%, and many
microcracks are generated. +e size of the microcracks in-
creases with water content. In a local area, many acicular and
laminated structures can be observed. As a whole, with
increasing water content, the number and size of the
microcracks in a coal sample will increase, and the structural
integrity of the coal sample will deteriorate.

5.2. Effect of Water Content on Clay Minerals. According to
the chemical components of coal, the percentage (39.15%) of
AI2O3 is very high. +is indicated that there are many clay
minerals in the coal. Owing to their high superficial area and
energy, clay minerals have a strong adsorption capacity. To
interpret the effect of water on the clay minerals, Figure 12
shows the water absorption process of clay minerals. In the
dry state, there are many cracks and clay minerals in the coal,

Table 3: Mechanical parameters of specimens under triaxial compression.

Specimen no.
Water content

(%) Confining pressure (MPa) Triaxial strength (MPa) Elastic modulus (GPa)
Loss rate (%)

Designed Real Strength Elastic modulus
DC -4

0

0 2 61.8 4.1 0 0
DC -5 0 4 66.7 3.8 0 0
DC -6 0 6 75.7 4.1 0 0
DC -7 0 10 85.6 4.0 0 0
WC1-4

1.80

1.69 2 48.7 3.4 21.2 17.1
WC1-5 1.78 4 63.8 3.2 4.3 15.8
WC1-6 1.77 6 70.3 3.5 7.1 14.6
WC1-7 1.82 10 75.4 3.6 11.9 10.0
WC2-4

3.60

3.57 2 40.6 2.8 34.3 31.7
WC2-5 3.56 4 50.8 2.8 23.8 26.3
WC2-6 3.52 6 58.3 3.1 23.0 24.4
WC2-7 3.62 10 67.2 3.3 21.5 17.5
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as shown in Figure 12(a). When the coal is immersed into
the water environment, water flows inside and through the
crack. Because clay minerals have strong hydrophilia, they
will react with the water. +e clay minerals will swell,
resulting in the generation of a nonuniform swell stress in
the coal, as shown in Figure 12(b). +e swell stress will
disintegrate mineral grains and smooth the irregular and
serrated shapes around the grain contact periphery, resulting
in the degradation of the mechanical performance of the
coal, as shown in Figure 12(c).

5.3. Effect of Water Content on the Internal Friction Angle
and Cohesive Force. To further study the weakening
mechanism of water, the effects of water content on the
internal friction angle and cohesive force were investigated.
As shown in Figure 13, the strengths of the three groups
increase linearly with increasing confining pressure. +e
relation between strength and confining pressure agrees with
the Mohr–Coulomb strength criterion. In rock engineering,
the Mohr–Coulomb strength criterion is widely used to
study the mechanical parameters of rock [38]. +e specific
equation is as follows [38]:

σs � Q + Kσ3, (3)

where Q and K are the strength parameters of the materials.
+e relations between these strength parameters and the

internal friction angle (φ) and cohesive force (c) are as
follows:

φ � arcsin
K − 1
K + 1

, (4)

c �
Q(1 − sinφ)

2 cosφ
. (5)

A linear regression was conducted, and the functional
relationship is presented in Figure 13. According to (4) and
(5), the internal friction angle and cohesive force of the three
groups of specimens can be obtained. +e internal friction
angles of the DC, WC1, andWC2 specimens are 30.4°, 30.9°,
and 31.9°, respectively. +e cohesive forces of the DC, WC1,
and WC2 specimens are 15.9, 13.5, and 10.1MPa, respec-
tively. It is found that the water content has almost no
influence on the internal friction angle, while the water
content has a significant effect on the cohesive force. +e
cohesive force of theWC2 specimen is 36.5% lower than that

DC-1 DC-2 DC-3

WC1-1 WC1-2 WC1-3

WC2-1 WC2-2

(a)

DC-4 DC-5 DC-6 DC-7

WC1-4 WC1-5 WC1-6 WC1-7

WC2-4 WC2-5 WC2-6 WC2-7

(b)

Figure 10: Failure modes of specimens: (a) the patterns under uniaxial compression and (b) the patterns under triaxial compression.
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of the WC1 specimen. +is phenomenon also indicated that
the internal friction angle is a material parameter, while the
cohesive force is a structural parameter. Based on the above

analysis, owing to the effect of water content on the mi-
crostructure and clay mineral properties, the structure be-
comes loose, and the cohesion between coal grains is

(a) (b)

(c) (d)

Figure 11: +e microscopic structure of coal with different water contents. (a) Dry state. (b) Water content� 1.8%. (c) Water con-
tent� 2.5%. (d) Water content� 3.6%.

Clay minerals 

Crack

(a)

Water

Swelling clay minerals

(b)

Water flows

Swelling clay minerals

(c)

Figure 12: +e water absorption process of clay minerals: (a) dry state, (b) water absorption state, and (c) saturation state.
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damaged. +e microdamage in the coal contributes to the
weakening of the cohesive force.

6. Conclusions

Coal bumps are common dynamic disasters in deep mines
and are due to a sudden release of elastic energy in coal. +is
disaster involves the elastic energy in coal being greater than
the dissipated energy, resulting in the ejection of coal.
According to the test results in this study, the strengths and
elastic moduli of wet specimens are clearly lower than those of
dry specimens under different confining pressures. +e water
content has a significant influence on the postfailure me-
chanical behavior. As shown in Figure 7, the brittle charac-
teristics weaken gradually with increasing water content,
while the plastic characteristics of the coal are enhanced. +is
phenomenon shows that the elastic strain energy in coal
decreases while the plastic deformation energy increases
during the loading process. In other words, the risk of coal
bumps decreases. In coal bump-pronemines, the aim of water
injection is to increase the water content in the coal seam,
reduce the strength, and enhance the plastic behavior of the
coal, and thus the risk of coal bumps. +is indicates that the
results in this study can provide a good reference for pre-
venting the occurrence of coal bumps during coal mining.

Based on this study, the main results are as follows:

(1) +e uniaxial compressive strength and elastic
modulus decrease with increasing water content, and
both have an exponential relation with the water
content. When the coal specimens reached the sat-
uration state, the uniaxial compressive strength and
elastic modulus decreased by 48.3% and 37.6%
compared to those of the initial dry state,
respectively.

(2) +e water content has a great influence on the
postfailure mechanical behavior. In the dry state,

there is a clear stress-drop phenomenon after it
reaches the peak loading, showing distinct brittle
behavior. +e stress in the wet specimen decreases
slowly during the postpeak stage, exhibiting plastic
deformation characteristics.

(3) +e triaxial compressive strengths of the three
groups of specimens increased with increasing
confining pressure. +e strengths and elastic moduli
of the wet specimens are obviously lower than those
of the dry specimens under different confining
pressures. +e confining pressure can inhibit the
damaging effect of water on the mechanical prop-
erties of coal.+e loss rates of the strength and elastic
modulus decreased with increasing confining
pressure.

(4) +e scanning electron microscopy results show that
the number and size of microcracks in the coal will
increase with increasing water content, and the
structural integrity of the coal will deteriorate. +e
hydration of clay minerals can lead to the reduction
in the local cohesion of coal. +e water content has
almost no influence on the internal friction angle,
while the cohesive force of the saturated specimens
was 36.5% lower than that of dry specimens.
+erefore, the internal friction angle is a material
parameter, while the cohesive force is a structural
parameter.
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