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Rock burst occurs frequently as coal mining depth goes deeper, which seriously impacts the safety production of underground coal
mines. Coal seam water injection is a technique commonly used to prevent and control such accidents. Moisture content is a critical
factor tightly related to rock burst; however, an in-depth insight is required to discover their relationship. In this study, the influence
of moisture content on the mechanical properties of coal and rock burst tendency is explored via multiple measurement techniques:
uniaxial compression test, cyclic loading/unloading test, and acoustic emission (AE) test. These tests were performed on coal
samples using the MTS-816 rock mechanics servo testing machine and AE system. The testing results showed that with the
increase in moisture content, the peak strength and elastic modulus of each coal sample are reduced while the peak strain
increases. The duration of the elastic deformation phase in the complete stress-strain curves of coal samples is shortened. As the
moisture content increases, the area of hysteretic loop and elastic energy index Wy of each coal sample are reduced, and the
impact energy index K is negatively correlated with the moisture content, whereas dynamic failure time is positively correlated
with the moisture content, but this variation trend is gradually mitigated with the continuous increase of moisture content. The
failure of the coal sample is accompanied by the sharp increase in the AE ring-down count, whose peak value lags behind the
peak stress, and the ring-down count is still generated after the coal sample reached the peak stress. With the increase in
moisture content, the failure mode of the coal sample is gradually inclined to tensile failure. The above test results manifested
that the strength of the coal sample is weakened to some extent after holding moisture, the accumulative elastic energy is
reduced in case of coal failure, and thus, coal and rock burst tendency can be alleviated. The study results can provide a
theoretical reference for studying the fracture instability of moisture-bearing coal and prevention of coal and rock burst by the
water injection technique.

1. Introduction

As underground coal mining gradually goes deeper, rock
burst has become a dynamic disaster seriously threatening
the coal mine safety production [1-3]. As an important index
used to measure the possibility of rock burst occurrence, the
burst tendency of coal is affected by various factors, among
which moisture content is a highly significant influencing
factor [4]. Coal seam water injection is a common technique
for preventing and controlling rock burst [5]. Therefore,
studying the influence laws of moisture content on the

mechanical properties of coal and its burst tendency will be
of great theoretical and practical significance.

Many researchers have studied the influence of moisture
content on the mechanical properties of coal body, mainly
concentrating on the compressive strength [6-10], the tensile
strength [10-14], and the physical properties under triaxial
tests [15-18]. Based on a widely accepted viewpoint, a piece
of coal, if containing water, will go through creep damage,
which also damages coal strength [19, 20]. Auxiliary moni-
toring means are generally adopted by many scholars to indi-
rectly reflect the strength loss relation of coal [21, 22].
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Acoustic emission (AE), a mature technique to moni-
tor sample failure process, can reflect the precursor infor-
mation of compression-induced fracture instability of coal
on the basis of the AE signal [23], and the peak value of
AE ring-down count appears nearby the peak stress, mak-
ing it applicable to geotechnical engineering, such as coal
mining, slope, tunnel, and bridge [24, 25]. AE signal has
a favorable corresponding relationship with the complete
stress-strain curve of coal [26-29]. The increase in the
moisture content of coal will repress the occurrence of
AE events [30-32], and meanwhile, the load-carrying
induced failure of moisture-containing coal-rock mass is
usually accompanied by the changes in its internal struc-
ture and physicochemical properties, as well as the energy
released in forms of AE, recovery of elastic energy, and so
on [33, 34].

Most of the abovementioned studies have been focused
on the influence laws of moisture content in coal on its
mechanical properties, which has, to a great extent, deepened
the understanding of fracture instability characteristics of
moisture-containing coal samples, but the influence of high
moisture content on the mechanical properties and burst
tendency of coal has been rarely involved. Therefore, study-
ing the influence of high moisture content on the mechanical
properties and burst tendency of coal under waterlogging
effect will be of great pertinence and significant research
value.

2. Introduction of Test

2.1. Testing Equipment and Sample Preparation. The testing
system used in this study was mainly composed of two
setups. The MTS-816 rock mechanics servo testing
machine was used for the uniaxial compression and cyclic
loading/unloading, and the DS5 AE system was employed
to monitor the AE data in the load-carrying process of
coal samples. The AE system was equipped with a probe
to acquire signals, which was bonded onto the surface of
the coal pillar using a coupling agent and mighty adhesive
tape. Based on the past testing experience, the sampling
frequency of the amplifier was set to 40 dB, with a thresh-
old value of 50dB. The MTS-816 rock mechanics servo
testing machine consisted of a loading/unloading subsys-
tem and automatic data acquisition subsystem, which can
be conveniently operated via the computer. Meanwhile,
the testing process can be manually intervened, and the
control mode, test parameters, and test procedures can
also be altered. Figure 1 pictorially shows the ready condi-
tion of the coal sample.

To reduce the measurement errors induced by sample
preparation, a few coal samples were collected from the same
place and taken to the laboratory, followed by the coring,
cutting, and grinding procedures. Ultimately, they were
processed into cylindrical samples with a diameter of
50mm and a height of 100mm. The coal samples were
numbered as al-a9 and bl-b9, where al-a9 were used to
perform the mechanical property test and AE test under
uniaxial compression, and bl-b9 were used to test the
energy evolution characteristics under cyclic loading. The
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FIGURE 1: Ready condition of the coal sample.

FIGURE 2: Some coal samples after processing.

pictures of the well-prepared coal samples are shown in
Figure 2.

2.2. Testing Program and Process. Before the test was started,
all coal samples were soaked in water to study their water
absorption laws. Firstly, the mass of each sample was weighed
and calculated, it was then soaked in water until reaching the
prescribed mass, and meanwhile, the time needed by the
sample to reach the prescribed moisture content was
recorded. Lastly, it was maintained in a closed container for
24 h, and the test was finally commenced. The moisture con-
tent w is calculated by Formula (1), and the results are listed
in Table 1.

M, -M
w="—"1""2%100%. (1)
M

The uniaxial compression test and cyclic loading/un-
loading tests were carried out in accordance with the stan-
dard of the China National Coal Association (GB/T
25217.2-2010). In the uniaxial compression test, the stress
loading was applied using MTS-816 on each coal sample
at a rate of 0.5MPa/s. In the cyclic loading/unloading test,
the load was applied to each sample at a rate of 0.5 MPa/s
until reaching 75%-85% of average uniaxial strength, and
then, it was unloaded to 5% of uniaxial strength at the
same rate, and thereafter, the coal sample was cyclically
loaded and unloaded in this way. The maximum strength
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TaBLE 1: Mechanical parameters of some coal samples.

Preloading condition No. Moisture content Preloading condition No. Moisture content
al 16% bl 16%
a2 17% b2 17%
a3 17% b3 18%
a4 18% b4 18%

Uniaxial compression test a5 19% Loading/unloading test b5 19%
a6 20% b6 21%
a7 21% b7 22%
a8 22% b8 23%
a9 25% b9 25%

value of cyclic loading each time was 5% greater than the 359

maximum strength value at the previous loading stage 30 4

until the coal failure. During the testing process, the

MTS-816 was synchronously operated with the AE system, g 23

where the MTS-816 system automatically acquired data, \2; 2.0 4 \

recorded the stress, strain, and time, and drew the stress- 8 ]

strain curves, and the AE system realized the automatic Tf 151

acquisition of the event number. % 10 t

3. Analysis of Test Results ] TS —

A T S S S

3.1. Effects on Mechanical Properties of Coal Samples. The
complete stress-strain curves of several coal samples are
shown in Figure 3. Each curve can be divided into five phases:
fracture compaction, elastic, yield, failure, and postpeak
phases. Once the loading got started, the complete stress-
strain curve was obviously bent, and as the moisture content
increased, the slope of the curve was obviously reduced,
namely, the duration of the elastic deformation phase was
shortened and that of the plastic zone in the postpeak phase
was lengthened, and the overall curve was inclined to right-
ward offset, that is, the possibility of plastic failure was
increased. The moisture state significantly led to the mechan-
ical damage of coal samples.

The influences of different moisture contents on the
peak strength and peak strain of coal samples are shown
in Figure 4. Peak strain, referring to the strain of the coal
sample in case of peak stress, denotes the deformation
degree of the coal sample when experiencing a failure.
As shown in the figure, the peak strength of the coal sam-
ple has a negative linear correlation with the moisture
content, and the peak strain shows a positive linear corre-
lation with the moisture content. As the moisture content
increases from 16% to 25%, the compressive strength
declines from 4.28 MPa to 1.71 MPa, with the decreasing
amplitude approaching 60%. When the peak strain increases
from 0.01168 to 0.01736, the increasing amplitude is approx-
imately 32%. Therefore, the coal samples with high moisture
content showed more obvious plastic failure characteristics.
A possible reason is that after containing water molecules,
the enhanced plastic ability of coal particles lengthens the
fracture compaction phase and weakens the friction coeffi-
cient and cohesion between internal coal particles [35],

Axial strain (%)

—— 22% Axial stress
25% Axial stress

—— 17% Axial stress
18% Axial stress

FIGUre 3: Complete stress-strain curves of coal samples with
different moisture contents.

further indicating that the higher moisture content leads to
the lower peak strength, the higher peak strain, and the more
obvious coal “softening.”

Elastic modulus reflects the coal-rock deformation resis-
tance in the elastic deformation phase. Based on the linear
relationship between stress and strain in the elastic deforma-
tion phase, the elastic modulus of coal and rock [36] can be
calculated by

0, =0,

E= R
Hy =ty

(2)

where o is the stress at one point on the complete stress-
strain curve, MPa; y is the corresponding strain of the com-
plete stress-strain curve.

Figure 5 and Table 2 show that the elastic modulus of coal
presents a declining trend with the increase in moisture con-
tent, showing an overall negative correlation. The elastic
moduli of most samples are roughly 0.35GPa, possibly
because the high moisture content in the coal sample leads
to an internal crack closure and tremendous friction
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0.40 -
[ ]

035 4
=
A~
o
z  0.30-
5
=
]
g 025
g v y = 45.81%-171x
2 R2=0.96
[2a}

0.20 4

[ ]
0.15 T T T T 1
16 18 20 2 24 26

Moisture content (%)

e Elastic modulus
—— Fit curve

FiGure 5: Influence curve of moisture content on elastic modulus of
the coal sample.

coeflicient, which makes it difficult for the fracture surface to
slide during failure [37].

Under hydraulic pressure, the elastic modulus of the coal
sample will also be reduced, and the relation is as follows
[38]:

E=c—dp, (3)

where ¢ and d are coefficients and p is the hydrostatic
pressure.

From Formula (3) and Figure 5, it can be known that
elastic modulus will decline more obviously under high

hydraulic pressure. Therefore, coal is prone to deformation
and even failure under high moisture content and high
hydraulic pressure.

3.2. Energy Evolution Characteristics of Coal Samples. The
primary cause for a dynamic disaster is energy release [39].
Rock loading/unloading is a process of energy accumulation,
dissipation, and release, and the annular region enclosed by
the loading curve segment of the coal sample and the unload-
ing curve segment formed in the previous cycle is a hysteretic
loop [40, 41].

Based on the energy conservation law and thermody-
namics, the mechanical energy of the MTS-816 rock
mechanics servo testing machine can be largely divided into
two parts: internal elastic strain energy temporarily stored
and plastic strain energy. The relationship between those
two can be expressed by Formula (4) as follows:

1
U=U,+U,= ZE (i1 +07) X (8111 — &), (4)
i=1
b
U, = J ode,
; (5)
U, = J ods,
b

where U is the total energy generated by the work done
by the external load to the rock sample, being the area
under the ith loading curve; U, is the plastic strain
energy, being the area of the hysteretic loop in the ith
cycle; and U, is the elastic strain energy, being the area
under the ith unloading curve. o; and ¢; are the corre-
sponding stress and strain values at each point on the
stress-strain curve.
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TaBLE 2: Mechanical parameters of some coal samples.

Loading condition No. Moisture content Loading rate Elasticity modulus (GPa) Peak strength (MPa)
a2 17% 0.3722 3.94
o o ad 18% 0.3274 3.05
Uniaxial compression failure 0.5MPa/s
a8 22% 0.2361 2.63
a9 25% 0.1744 1.71

Axial stress (MPa)

Axial stress (MPa)

Axial stress (MPa)

150

e (Sec ) 200 0.0 KN*\

(0

FiGure 6: Cyclic loading/unloading curves of coal samples with different moisture contents ((a) 18%; (b) 21%; (c) 25%).

TaBLE 3: Calculation results of cyclic loading energy of coal samples.

Loading mode

Moisture content

. Total strain ~ Area of hysteretic = Recoverable strain
Number of cyclic stages

before failure energy U loop U, energy U,
/J-m™
b3 18% 12 2.95441 0.39274 2.56167
Cyclic loading/unloading b6 21% 8 2.42494 0.44268 1.98226
b9

25% 5 2.00783 0.54268 1.46515
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TaBLE 4: Classification of burst tendency of coal.
Type Type I Type I Type III
Burst tendency No Weak Strong
Dynamic failure time/ms Dy > 500 50 < D <500 Dy <50
Ind Elastic energy index Wer <2 2< Wgr<5 Wgr 25
naex
Impact energy index Kg<1.5 1.5<Kp<5 Kg>5
Uniaxial compressive strength (MPa) Ro<7 7<Rc<14 Ro>14
The cyclic loading/unloading images of the coal sam- -7
ples with moisture contents of 18%, 21%, and 25% were 3.5 -
selected as an example demonstration. As shown in v Ls
Figure 6 and Table 3, the unloading curve of the coal sam- 3.0 1 v
ple was slightly lower than the loading curve, and the total = 3.1219+(-2.3875%107)e 0957 | &
strain energy presents a declining trend. For each coal e 25 R2=0.95 .
sample in this test, the area of the hysteretic loop was e A
. ) . . g 20 y = 2.3442+(7.2371%1013) e 1795
gradually enlarged with the increase in moisture content, R2=0095
indicating that the dissipated energy gradually increases. |
10 1.5 - 3
The peak stresses failing three coal samples are .
3.112MPa, 2.663 MPa, and 2.315MPa, after the 13-stage, Lo ] e |,
9-stage, and 6-stage cyclic loading, respectively. The peak ’
stress leading to the failure of the coal sample under the 16 18 20 29 24 26

cyclic loading/unloading is not much different from the
peak stress of the coal sample with the same moisture
content under the uniaxial compression. A possible reason
is that the overall strength of coal samples with high mois-
ture contents is partially low, and thus, the change laws of
peak strength under different loading modes can be hardly
distinguished.

According to the PRC National Standard (GB/T
25217.2-2010), the dynamic failure time D; means the
duration from peak strength to complete specimen failure
in the uniaxial compression test. The impact energy index
Ky refers to the accumulative deformation energy before
the peak value leading to the sample failure, and the
deformation energy consumed after the peak value is
reached in the uniaxial compression test. The elastic
energy, an index used to measure the burst tendency of
coal-rock mass, is the ratio of the elastic energy to the
plastic strain energy in the cyclic loading/unloading test:
the greater the Wy value, the smaller the energy dissi-
pated in the specimen loading process, namely, the stron-
ger the release of kinetic energy will be.

U,

Wer = —, 6
=g ©)

where U, is the plastic strain energy, being the area of the
hysteretic loop in the ith cycle; and U, is the elastic strain
energy, being the area under the ith unloading curve.
According to the PRC National Standard (GB/T
25217.2-2010), the coal samples in this test showed a weak
burst tendency. The burst tendency of coal was divided
into three types on the basis of the related indexes, as
listed in Table 4. When four indexes were contradictory,
the classification could be implemented using the fuzzy

Moisture content (%)

v Dy experimental value
—— Drfitcurve
o Kj experimental value

—— Kgfitcurve

F1GURE 7: Fitted curves of dynamic failure time and impact energy
index of coal samples with different moisture contents.

comprehensive evaluation method. With the increase in
moisture content, the elastic energy index Wy is reduced
from 6.52256 (strong impact) to 2.69984 (weak impact),
impact energy index Ky from 6.36 (strong impact) to
2.06 (weak impact), uniaxial compressive strength ¢ from
3.94 (weak impact) to 1.71 (no impact), and dynamic fail-
ure time D; from 64.3ms (weak impact) to 193.34ms
(weak impact). Fundamentally, the burst tendency of the
coal sample is reduced after containing moisture. Higher
moisture content contributed to more obvious reduction
amplitude, further indicating that the coal sample with a
high moisture content experiences a failure by absorbing
less energy, thus mitigating its burst tendency. Given this,
the feasibility and theoretical reasonability of coal seam
water injection in the prevention and control of rock burst
are verified through the test.

Figure 7 and Table 5 reveal that as the moisture content
increases, the dynamic failure time is gradually lengthened,
and they have a positive correlation, whereas the impact
energy index is negatively correlated with the moisture
content, possibly because the water molecules change the
structure and connection type of particles inside the coal
sample. Unloading cannot be timely realized in case of
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TaBLE 5: Test values of burst tendency of some coal samples.

Impact energy index  Elastic energy index

Loading condition No. Moisture content  Dynamic failure time D (ms)
Ky Wer
a2 17% 64.3 6.36 —
o o ad 18% 141.6 3.01 —
Uniaxial compression failure
a8 22% 179.1 2.63 —
a9 25% 193.34 2.06 —
b3 18% — — 6.52256
Cyclic loading/unloading b6 21% — — 4.47789
b9 25% — — 2.69984

failure of the coal sample with high moisture content, the
potential energy accumulated inside it fails to be timely
dissipated, and thus, long unloading time is needed. The
peak stress inducing the sample failure and elasticity
energy Wy were gradually reduced with the increase in
moisture content, indicating that the existence of water
can reduce the elastic limit of the coal sample, soften the
rock, and easily lead to deformation and failure of the coal
sample. However, as the moisture content continuously
increases, the weakening effect of water on coal strength
is gradually alleviated, while the coal with a high moisture
content would maintain a certain strength.

Based on the data acquired by the DS5 AE system, the AE
energy count and ring-down count of some coal samples
were selected in this study. Accumulative energy—energy of
mathematical meaning—reflects the intensity of the relative
energy of the AE signal, and it is calculated as the area under
the detection envelop line of the AE signal; ring-down count
reflects the number of AE events, and it has a certain corre-
sponding relation with the internal damage degree of rock
material [42, 43].

From the ring-down count and stress-strain curves as
shown in Figure 8, the peak value of AE ring-down count
appears nearby the peak stress. In the initial compaction
phase, the early stage AE signal of the coal sample was
obviously weak due to the softening and lubricating effects
of water, and almost no AE signal is generated; in the
elastic and yield phases, the AE signal of each sample is
obviously enhanced; in case of coal failure, microcracks
can be intuitively observed, accompanied by the sharp
increase in AE ring-down count. The peak value of AE
ring-down count lags behind the peak stress, and the
ring-down count is still generated after the coal sample
reaches the peak stress. However, under an excessively
high moisture content, the lag time is shortened, indicating,
again, that under an extremely high moisture content in the
coal sample, the generation of AE events in the sample is
weakened, namely, the ability of water molecules to change
the internal structure of the coal sample is limited.

By analyzing the accumulative energy and stress-strain
curves in Figure 8, each coal sample experiences a slow
increase in energy in the initial phase, and the sharp increase
in energy can be obviously observed before the coal failure.
As natural soaking is adopted to treat the coal samples, the

bonding ability between coal particles is degraded due to
the action of moisture, and the energy needed by the coal
sample to reach the peak stress is reduced. The accumulative
energy in case of coal failure presents a gradual declining
trend, demonstrating that the coal sample with a higher
moisture content absorbs less energy when going through a
failure. As shown in Figure 8(b), the accumulative energy is
still increasing after the peak stress, because after the coal
sample reaches the peak stress, the AE probe fails to be fixed
around the sample. As the test proceeds, a slight collision
takes place between the probe and the wall surface of the coal
pillar. The curves in Figure 8(c) are not continuously chan-
ged with the implementation of this test, because the coal
sample is already completely damaged during the loading
process, the AE probe falls off, and thus the complete data
cannot be acquired.

The moisture content has a bearing on the form of
coal failure in addition to its strength. As shown in
Figure 9, the failure modes of coal samples are analyzed.
The coal samples mainly experience tensile fracture failure,
and meanwhile, a small number of shear cracks are gener-
ated. By comparing the crack development in Figure 10,
the red line represents macrocrack. With the increase in
moisture content, the coal failure form gradually tends to
be a tensile failure, and as for their morphological character-
istics, they are run through by tensile cracks. These cracks are
fully developed, and the fragment shedding phenomenon
occurs to some coal samples in case of failure. The tensile
cracks are not obvious in the coal sample with the moisture
content of 16%, possibly because the coal sample experiences
a failure under the insufficient development of the tensile
fracture failure.

4. Conclusions

The mechanical properties, energy storage characteristics,
and failure modes of moisture-containing coal samples are
analyzed through the uniaxial compression test, loading/un-
loading test, and AE test. Ultimately, the following conclu-
sions were drawn:

(1) As the moisture content increases, the duration of the
elastic phase in the loading-induced coal failure is
shortened, while the duration of the plastic zone in
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(© (d)

FIGURE 9: Broken states of coal samples with different moisture contents ((a) 16%; (b) 17%; (c) 20%; (d) 21%; (e) 25%).
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(e)

F1GURE 10: Local images of the broken states of coal samples with different moisture contents ((a) 16%; (b) 17%; (c) 20%; (d) 21%; (e) 25%).

the postpeak phase is lengthened. The higher mois-
ture content leads to the lower peak strength and
elastic modulus of coal, and the more obvious coal
“softening”

(2) The peak stress leading to coal failure, area of the hys-

teretic loop, and elastic energy index Wy, decline
with the increase in moisture content. The impact
energy index Ky is negatively correlated with the
moisture content, and the dynamic failure time Dy
positively correlates with the moisture content, but
as the moisture content continues to increase, this

variation trend is gradually mitigated, indicating that
when the coal sample goes through a failure after
containing moisture, the accumulative elastic energy
is reduced, so is the burst tendency. However, when
the moisture content approaches the saturated state,
the weakening effect of water on coal strength is grad-
ually mitigated, and the coal sample with a high
moisture content retains a certain strength

(3) The number of AE events shows an excellent corre-

sponding relation with the complete stress-strain
laws of coal samples. The coal failure is accompanied
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by the sharp increase in AE ring-down count, which
lags behind the peak stress, and is still generated after
the coal sample reaches the peak stress. The tensile
failure is a dominant failure mode of the coal sample,
along with a small quantity of shear failure. With the
increase in moisture content, the failure mode is
gradually inclined to tensile failure, and the fragment
shedding phenomenon occurs to some coal samples
in case of failure
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