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ABSTRACT 
 

 

The acoustic emission (AE) test of step-loaded samples of coal with different moisture contents 
was conducted using an AG-X250KN rock servo test system and an AE21C AE-monitoring 
system to study the influence of moisture content on the creep characteristics of coal. The results
show that the moisture content influences the creep characteristics of coal samples, in that the 
greater the moisture content, the greater the creep deformation of the coal and the lower the
creep threshold, creep strength, and creep coefficient values. The improved Burgers model can
better describe the mechanical properties of creep in coal. In the transient creep stage, the coal 
micropores and fractures are gradually expanded, and AE activity gradually increased. In the
stable creep stage, the creep deformation rate of coal tended to be stable, while new fractures and
AE events and energy were all decreased. In the accelerated creep stage, a large number of
fractures were generated in the coal, which gradually developed into unstable macrofractures.
The stored energy was released rapidly in a relatively short time span, and the number and 
energy of AE events reached their maximum value. Therefore, the AE characteristics of coal
reflect the evolutionary process of damage during creep. 
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because the cumulative limit depends on the creep 
deformation and instability. For example, the 
American Mining Bureau (ARMRS) database 
contains data recorded in the past 50 years of mined 
strata movement and surface subsidence that is twice 
the real column creep instability. Particularly in many 
deep mines, the water-rich nature of coal seams is 
generally pervasive. With time, under the physical, 
chemical, and mechanical effects of water, the 
composition and structure of coal changes slightly 
(Gao et al., 2013; Liu et al., 2013). This influences its 
macro mechanical properties, and as these processes 
are strongly affected over time, the gradual 
accumulation of coal damage will eventually affect 
the creep deformation characteristics of the coal mass 
(Hu et al., 2018; Liu et al., 2017; Yang et al., 2015).
Local and international scholars have successfully 
studied the deformation, AE, and creep characteristics 
of water-rich rocks under uniaxial and triaxial 
compression conditions (Dai et al., 2005; Fonseka et 
al., 1985; Ganne et al., 2007; Holcomb et al., 1993; Li 
et al., 2004; Lockner et al., 1992; Qin et al., 2012). 
However, the AE characteristics of coal under creep 
conditions are still poorly understood, especially the 
creep characteristics of water-rich coal. 

In this study, AE tests were conducted under 
different loading rates on coal using the SHIMADZU 

1. INTRODUCTION 

The rheological properties of rocks are important 
mechanical properties of rock as a material, and many 
rock engineering studies, including those pertaining to 
underground cavern, rock slope, and rock foundation 
engineering have demonstrated that the material’s 
strength shows a decreasing trend under long-term 
static load (Yang et al., 2018; Deng et al., 2016). 
Owing to its different composition and structure, coal 
shows different rheological characteristics compared 
with those of other rocks, while the rheological 
characteristics of coal in a mine are mainly related to 
creep. The creep properties are obvious: with the 
exhaustion of shallow coal resources, and the 
increasing reliance on deep mining, the plastic rock 
zone increases of some rock mass, and then lead to 
instability and failure of roadway, chamber, etc. Local 
instability often leading to a “domino effect,” whereby 
failure would  also  occur  in  other  parts,  triggering 
failure of roadway support and other related accidents 
(Wu et al., 2018; Zhang et al., 2016; Yu et al., 2015). 

In many cases, instability failure of coal mass 
does not occur at the moment of excavation, but lags 
for a period, with most of the failure occurring not 
because of a lack of coal strength but because the 
internal damage accumulate gradually affected by 
creep (Bui et al., 2017; Liu et al., 2015). This is 
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Table 1 Measured parameters and uniaxial compressive results for coal specimens with different moisture 
contents. 

Specimen 
name 

Moisture 
content/% 

Diameter/mm Height/mm Modulus of 
elasticity/GPa 

Uniaxial compressive 
strength/MPa 

WT1 0.78 48.94 87.78 14.76 17.10 
WT2 1.07 48.14 88.78 12.74 15.63 
WT3 1.36 48.52 88.12 9.21 12.13 

a short timeframe. Therefore, in the design of the 
loading time of 20 h for each stress-level in the short-
term creep test, the test data were automatically 
collected with a time interval set to 5 s. Thus, subtle 
changes could be observed in the creep process.  

 
3. ANALYSIS OF CREEP TEST RESULTS OF 

DIFFERENT WATER-CONTENT COAL 
SAMPLES 

3.1. CREEP TEST RESULTS 

A uniaxial compression tests were conducted on 
the three groups with different moisture contents 
before conducting the creep test to study the effect of
moisture content on the mechanical properties of coal 
samples, as shown in Table 1. The uniaxial 
compressive strength and elastic modulus of the coal 
samples decrease gradually with the increase in 
moisture contents. 

Figures 1 and 2 show the results of the creep 
tests on the different water-bearing coal samples. The 
specimens have an instantaneous elastic deformation 
at each stage of loading, and the creep deformation 
rate decreases with time, and then tends to stabilize. 
At this stress level, the stable creep phase is reached. 
The greater the moisture content, the greater is the 
creep deformation of the coal sample during the same 
load stress level. 

A reduction in strain with increasing time is 
observed in coal samples under the same stress level, 
because the coal sample produces a larger 
instantaneous elastic deformation during the loading 
period, which is restored when the load is stable. As 
the moisture content of the coal sample increases, the 
elastic deformation characteristics of coal samples are 
weakened, while the plastic deformation 
characteristics are enhanced correspondingly, 
especially in the coal sample with a moisture content 
of 1.36 %. As shown in Figure 2, the amount of elastic 
deformation recovery at the first stress level of the 
coal samples is obviously reduced. 

The creep threshold values of the coal samples 
with different moisture contents is given in Table 2, 
while the threshold coefficient is the ratio of the creep 
threshold stress value to the creep strength. The creep 
threshold values the minimum stress level of creep 
deformation. The water content creep coefficient is 
the ratio of the creep strength of the coal to the 
instantaneous strength in its natural state. The creep 
threshold value, creep strength, and water content 

AG-X250KN rock servo test machine and AE21C AE 
instrument to explore the effects of different moisture 
contents and the characteristics of coal creep damage 
by AE. 

 
2. TEST EQUIPMENT AND METHOD  
2.1.  SAMPLE PREPARATION 

The coal samples used in the test were collected 
from 2304 working face with a depth of 910–1010 m 
of the No. 3 coal seam. In the laboratory, large block
of coal were immediately processed into standard coal 
samples. To determine the creep characteristics of the 
coal samples with different moisture contents, the coal
samples were divided into three groups, and there are 
three samples in each group, from among which, one 
group was selected as the natural coal samples 
(determination of moisture content was 0.78 %), while 
the other two groups were subjected to high 
temperature drying. Next, the two groups of dried coal 
samples were treated by water absorption, where the 
soaking time was set at 24 and 48 h. The moisture 
content of these coal samples after soaking was
1.07 % and 1.36 %, respectively. Table 1 shows the 
measured parameters of coal samples and the 
corresponding moisture content, and one typical 
samples of each experimental scheme were selected 
for analysis. 

 
2.2. TEST METHOD 

The creep test was conducted on the AG-
X250KN rock servo test machine using the 
hierarchical loading method. In this creep test, a load 
of 6 kN was used as the initial loading level for the 
coals with different moisture contents, and thereafter, 
each stress level was increased by a 2 kN load for 20 h 
until the coal sample was destroyed at a certain 
loading level. To minimize the impact of the 2 kN 
step loading on the coal samples, the rate of increase 
in loading for each load was set at 0.1 kN/s. 

The experimental parameters of AE21C acoustic 
emission instrument are as follows: sampling 
frequency is 10 MHz, gain is 30 dB, threshold value is 
35 dB, impact definition time is 50 μs, impact interval 
time is 300 μs, adjusting threshold voltage is 1.0 V. 

Due to the dynamic stability of a given load, the 
energy consumption of the equipment is large, while 
the strength of the coal is low, such that the creep 
characteristics were expected to be displayed in 
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Fig. 1 Creep test results of the step loading of coal specimens with 
different moisture contents.

creep coefficient all decrease as the moisture content 
increases, indicating that the greater the moisture 
content, the more obvious are the characteristics of 
coal creep and the lower its carrying capacity. 

 
3.2. PARAMETERS OF COAL SAMPLE CREEP 

MODEL OF DIFFERENT MOISTURE CONTENT 

The total strain of the creep process on a general 
rock material is the sum of the following four stages: 
the elastic deformation ( 0ε ), instantaneous creep 

stage ( 1( )tε ), stable creep stage ( 2 ( )tε ), and 

accelerated creep stage ( 3 ( )tε ). This can be expressed 

as 0 1 2 3( ) ( ) ( ) ( )t t t tε ε ε ε ε= + + + . As shown in 

Figure 3, the experimental data were fitted with cubic 
polynomials as follows: 
 

13 3 8 22 10  4 10  0.0023  44.886y x x x− −= × − × + −    (1)
 

Taking the specimen WT1 as an example, the 
correlation coefficient is 0.979 and the fitting effect is 
superior. 

Figure 3 shows that the creep process includes 
instantaneous deformation, constant velocity creep, 
and accelerated creep. Burgers model can better 
describe the creep characteristics of the first and 
second stages but cannot accurately describe those of 
the accelerated stage. By using the Mohr–Coulomb 
criterion, a new kind of plastic element and Burgers 
model were combined in series to improve the typical 
Burgers model, abbreviated as the modified Burgers 
model, which better describes the creep test (Yuan et 
al., 2006). This model was used to describe the 
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Fig. 2 Elastic deformation recovery curves at the 
first stress level of the coal specimens with 
different moisture contents. 

Table 2 Creep test results of coal specimens. 

Specimen name WT1 WT2 WT3 
Creep threshold/MPa 8.566 6.316 4.305 
Threshold coefficient 0.779 0.597 0.752 
Creep strength/MPa 10.989 10.573 5.724 
Water content creep coefficient 0.643 0.618 0.335 
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Fig. 3 Fitting creep curve of coal specimen with the moisture content of 0.78 %. 

Table 3 Fitted creep model parameters. 

Model parameters Moisture 
content/% K bulk viscosity 

coefficient/GPa·s 
K bulk shear 
modulus/GPa 

M bulk viscosity 
coefficient/ GPa·s

M bulk shear 
modulus/GPa 

Bulk 
modulus/GPa

0.78 7.01×106 1.59 1.71×106 1.57 1.81 

1.7 6.20×106 1.26 1.33×106 1.41 1.29 

1.36 3.35×106 0.62 0.84×106 1.5 1.63 

 

Tensile yield function:  
 

'
3f σ σ= −                                                                (5)

 

In the formula: C is the cohesive force of the 
material; φ is the internal friction angle; σ' is the 
tensile strength; σ1, σ3 is the maximum and minimum 
principal stress. 

The creep test results for the WT1, WT3, and 
WT3 coal samples were analyzed, and the creep 
model parameters obtained (Table 3) were analyzed 
using the parameter regression formula of the 
improved Burgers creep model. According to Table 3, 
the obtained creep-model parameters were lower, 
except for the volume modulus, with higher moisture 
contents. This further shows that the greater the 
moisture content of coal samples, the more obvious 
are the creep characteristics. 

 
3.3. CREEP CHARACTERISTICS OF ROCK AE OF 

COAL 

The AE of a rock material is an expression of 
the stress in the exterior environment, where the 
internal accumulation  of  elastic–plastic  energy 
reaches a certain critical value after the production of 
microfractures and their extension, and is 
accompanied by the formation of the release of an 
elastic wave or a stress wave. The destruction of rock 
by compressive deformation is accompanied by AE, 
the information from which contains precursor 
information about the abundant rock damage caused 

properties of the creep mechanics of coal. The strain 
of plastic element was zero before the stress reached 
the yield stress of Mohr-Coulomb criterion and 
obeyed Mohr–Coulomb plastic flow rule when the 
stress was greater than or equal to the yield stress. 

When  σ＜σs, the   Modified  Burgers  model  is 
a typical Burges creep model. Its constitutive equation 
is as follows: 

 

( ) 1

2 1 1 1 2

2
exp

9 3 3 3 3

G
t t t

K G G G

σ σ σ σ σε
η η

 
= + + − − + 

 
   (2)

 

In the formula, η1 is viscosity coefficient of 
Kelvin bulk, GPa. s; η2 is viscosity coefficient of 
Maxwell bulk, GPa. s; K is bulk modulus, GPa; G1 is 
elastic modulus of Kelvin bulk, GPa; G2 is elastic 
modulus of Maxwell bulk, GPa. 

When σ≥σs, the viscoelastic and viscoplastic 
strain rates are compatible. The model viscoelastic 
body is composed of Kelvin body and Maxwell body 
in series, and the plastic properties are realized by 
Mohr-Coulomb criterion. 

Mohr-Coulomb yield criterion includes shear 
and tension criteria. 

Shear yield function:  
 

1 3 2f N C Nϕ ϕσ σ= − +                                           (3)
 

1 sin

1 sin
Nϕ

ϕ
ϕ

+=
−

                                                           (4)
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the AE information for the first three stress levels of 
coal with different moisture content was analyzed, as 
shown in Figure 4. 

At the beginning of the experiment, the primary 
fractures in the coal samples with different moisture 
contents were subjected to the process of compaction 
forming new fractures. Under the action of the initial 
stress level, the step loading process of each stage of 
the load had enhanced AE activity, but this gradually 
weakened to a steady state when the load became 
stable. With the increase in stress level, the AE 
ringing count and energy were correspondingly 
increased but it was lower relative to the AE activity 
during the creep phase. This was probably because 
under the action of low stress levels, although the 
microfractures are formed under compaction inside 
the coal specimen, the stability of the whole structure 
of the coal is less. 

The three stages of the creep process, namely, 
the transient, stable, and accelerated creep stages,
were obtained for the coals with different moisture 
contents, when the loading level was greater than the 
creep- stress  threshold  of  the rock, as shown in 
Figure 5. 
1. In the transient creep stage, micropores and 

fractures of the coal gradually expanded, and both 
the AE ringing and energy were higher than those 
in the first few steps. The strain rate decreased 
with the loading time, and the AE ringing count 
and energy decreased accordingly, while the axial 
strain gradually stabilized. 

2. When the creep entered the stable stage, the creep 
rate of the coal tended to be stable and the surface 
showed a slight fracture. Due to the complexity of 
the internal structure of the coal specimen, the 
linear relationship between strain and time of the 
stable creep stage was not very obvious. The AE 
ringing was weaker than at the transient creep 
stage and tended to be stable however, compared 
with the previous stress levels, the AE activity is 
more obvious, and the fluctuation of the AE 
ringing indicates that slight rupture and 
penetration of the structure still occurs in this 
stage. 

3. This was followed by a brief period of attenuation 
before the test piece entered the accelerated creep 
stage, and then the AE ringing count increased 
significantly with the strain intensity. The AE 
ringing count reached its maximum during the 
brittle fracture of the coal. As the loading system 
adopted the load control mode, the axial strain 
rate increased dramatically, and immediately after 
a very short time, the specimen failure occurred. 
The coal specimen showed plastic failure, and the 
AE activity disappeared after the specimen 
damage. 
This shows that the microstructure of coal 

changed under the action of water, resulting in the 
weakening of the degree of rupture and AE activities. 

Fig. 4 Ringing count rate of coal samples with 
moisture contents of (a) 0.78 %, (b) 1.07 %, 
(c) 1.36 %. 

by its gradual destruction. AE information obtained 
during the rock compression failure process is used to 
predict the progressive damage process of the rock. It 
is particularly important in monitoring the 
deformation in coal mines and coal pillar stability. 

AE comprises many parameters. In this study, 
we selected the AE ringing count rate to analyze the 
AE characteristics of the creep process of coal. The 
ringing count rate of AE is the number of rings 
observed during a sampling interval, which reflects 
the frequency of AE emission to a certain extent, as 
well as the amplitude of the AE signal. Because of the 
different stress levels of the coals with different 
moisture contents used in the coal sample creep tests, 
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The relationship between the elastic modulus E
and the moisture content (Fig. 6) was fitted and the 
following expression was obtained: 

 
213.94 12.97 13.13y x x= − + +                                 (6)

 

The damage factor expression is: ( ) 1D v ω= −         (7)

The elastic modulus was normalized and the 
continuity factor was obtained as, where vE  is the 

elastic modulus of the coal sample with different 
moisture contents (Table 1), and oE  is the elastic 

modulus of the natural coal sample. 

A damage curve ( )( )D v with different moisture 

contents was drawn as shown in Figure 6. The fitting 
of the ( )D v v−  curve was obtained as follows: 
 

20.9446 0.879 0.1105y x x= − +                               (8)
 

With the increase in the moisture content, the 
damage value of the coal samples increased. When the 
moisture content was 0.78–1.07 %, the damage value 
increased slowly, but when the moisture content 
increased from 1.07 % to 1.36 %, the damage value 
increased rapidly. 
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Fig. 5 Ringing count rate of AE of the final stress 
level of the coal sample with moisture 
contents   of  (a)   0.78 %,      (b)   1.07 %, 
(c) 1.36 %. 

4. EVOLUTION ANALYSIS OF COAL DAMAGE 

4.1. DAMAGE ANALYSIS OF WATER-BEARING 
COAL SAMPLE 

To illustrate the damage effect of moisture 
content on the coal samples, the latter were simplified 
as fully elastic materials, and the damage status of 
coal samples with different moisture contents was 
roughly understood through the change of the elastic 
modulus of the coal samples (Zhang et al., 2016). The 
experimental setting assumed zero damage for the 
coal sample with natural moisture content. With the 
increase in moisture content, the damage increased 
gradually, and the damage value was positive. 
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Fig. 6 Damage of the coal specimens with different 
moisture contents. 

4.2. ANALYSIS OF MICROSCOPIC 
CHARACTERISTICS OF COAL SAMPLES WITH 
DIFFERENT MOISTURE CONTENTS 

Typical coal samples were selected for SEM test 
(magnify 500 times), and the microfissures observed 
under scanning electron microscopy were photo-
graphed, as shown in Figure 1. WT1 coal sample has 
small moisture content and small internal damage, 
showing obvious brittle failure along the axis; WT3 
coal sample has the largest moisture content, its 
micro-pore, micro-fissure and damage are larger, and 
the damage is obvious plastic failure; the moisture 
content of WT2 is between the two, and its failure 
mode is also between the two. 
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 (a)    (b)     (c) 

Fig. 7 Sem photographs of typical coal samples. (a)WT1; (b)WT2; (c)WT3 

increasing moisture content, while plastic 
degeneration is clearly increased. 

• The creep deformation is not obvious at all stress 
levels before the stress threshold is reached, but 
obvious creep failure occurs when the loading 
level is greater than the threshold. The modified
Burgers model is better than the conventional 
Burgers creep model in describing the mechanical 
characteristics of creep in coal. 

• Under the action of a low stress level, although 
microfractures are observed to form under 
compaction within the coal, the AE ringing count 
and energy are relatively small, and indicate only 
a slight effect of the low stress level on the 
stability of the whole structure of the coal. 

• In the transient creep stage, the strain rate 
decreases gradually with the loading time, the 
micropores and fissures gradually expand, and the 
AE activity gradually increases. In the stable 
creep stage, the creep deformation rate tends to be 
stable, but the creep curve is approximately 
linear, while new fractures are weaker and the AE 
signal is more stable. In the accelerated creep 
stage, fractures are produced that gradually 
develop into macroscopic failure and show 
a rapid release of stored energy in a relatively 
short period of time. The AE signal is 
significantly enhanced, but after the specimen 
suffers damage, the AE activities gradually 
disappear. The AE characteristics of coal reflect 
the damage evolution during the creep process. 

• For coals with different moisture contents, the 
creep process in terms of the three stages of AE, 
as measured by the ringing count rate, is basically 
the same. However, the high moisture content of 
coal delivers a ringing count rate that is lower 
than for coal samples with low moisture content, 
indicating that under the action of water, the 
internal microstructure of coal changes, leading to 
weakening of its degree of rupture and AE 
activities. 

4.3. ANALYSIS OF CREEP DAMAGE EVOLUTION OF 
COAL 

From the microscopic point of view, the damage 
includes a large number of microfractures distributed 
throughout the coal, with new fractures continuing to 
be produced and converge into macroscopic fractures. 
When the material was subjected to load, the localized 
microfractures affected the strength of the material 
before the occurrence of the macroscopic fractures. At 
a low stress level, although the coal inside the primary 
fracture undergoes the process of compaction and 
develops new fractures, this does not severely impact 
its internal structure, resulting in minor ringing. This 
phase involves only minor damage. When the stress 
level is greater than the creep stress threshold, 
microfractures are initiated in the coal and expand 
steadily, whereby the AE, ringing counts, and energy 
are greatly enhanced. After the specimen enters the 
accelerated creep stage, a large number of fractures 
are generated in the coal, and these gradually develop 
into unstable macrofractures. The stored energy is 
released rapidly in a relatively short time, and the 
number of AE ringing counts increases dramatically. 

The process of damage evolution in coal during 
the creep process is well reflected by the AE 
characteristics of the coal. Therefore, it is important to 
predict the creep deformation characteristics of coal 
using AE information in order to monitor the 
deformation of coal and determine the significance of 
the long-term stability of coal pillars. 

 
5. CONCLUSIONS 

• The creep test using coal samples with different 
moisture content showed that the moisture 
content of a coal sample significantly affects its 
creep properties. With the increase of moisture 
content, the creep deformation of a coal sample 
quantitatively increases, while the threshold 
value, strength, and coefficient of the creep 
decrease. In addition, the creep test showed that 
for coal samples under the same stress level, an 
elastic deformation recovery phenomenon is 
observed, which is clearly reduced with 
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