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Cyclic loading widely exists in coal mining activities, and it can significantly change the
mechanical and seepage characteristics of coal. In this study, raw gas-bearing coal with
different coal rank was mechanically tested under three stress paths: cyclic loading with
stepwise increased peak stress (path 1), with step-by-step increased peak stress (path 2) and
with crossed peak stress (path 3) using a tri-axial seepage testing machine. The acoustic
emission (AE) signals under different loading and unloading paths indicate different
mechanical properties of the coal sample. The Kaiser point is not a good indicator of the
stress history of coal. The ratios of the quiet effect of the three coal samples under the three
stress paths show that loading path 1 can increase defects such as micro-cracks in the coal
samples (the AE quiet period decreases), while the other two paths decrease the number of
defects (the AE quiet period increases). The cumulative dissipated energy of the coal shows
an exponential growth with axial effective stress. The damping coefficient of coal first de-
creases then increases under cyclic loading. The damage variables can be used to predict the
failure of coal samples, regardless of the stress path. Our results provide theoretical support
and insight into the permeability increase mechanism and strengthened permeability in-
crease mechanism of coal seams based on cyclic-loading-induced fracturing (repetitive hy-
draulic fracturing) under multiple protections and gas drainage engineering.
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INTRODUCTION

During coal mining activities, coal and rock
mass are generally subjected to cyclic loads (Wang
et al. 2018a, b). For example, in multiple protection
projects where groups of coal seams are mined, coal
in a protected seam is subjected to cyclic loading

(Fig. 1). This significantly changes the mechanical
and seepage characteristics of the coal (Zou et al.
2015; Chang and Tian 2018; Li et al. 2018; Zou and
Lin 2018; Wu et al. 2018; Peng et al. 2019) and has a
strong influence on the instability and failure as well
as damage characteristics of gas-bearing coal under
complex stresses. Therefore, it is necessary to study
the mechanical and energy dissipation characteris-
tics of gas-bearing coal under different loading and
unloading paths (Feng et al. 2018; Wang et al. 2018a,
b).

Many researchers have conducted highly effec-
tive studies on the mechanical and permeability
properties of coal under cyclic loading using various
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methods of analysis such as acoustic emission (AE),
ultrasonic waves (Jia et al. 2019) and computed
tomography (CT) (Cai et al. 2014). Additionally,
energy dissipation theory (Liu et al. 2016) was ap-
plied to construct a constitutive model describing
the damage in coal subjected to cyclic loading. AE is
generated when materials or structures release strain
energy rapidly in the form of transient elastic waves
when they are deformed and damaged due to
external or internal forces. Gas-bearing coal can
produce multiple signals during the deformation and
failure process. The signal produced during an AE
event is most closely related to the mechanisms of
micro-fracturing activities and is the most important
physical method of determining a precursor of coal
failure. Therefore, in this study, we investigated the
AE characteristics of coal under cyclic loading. AE
events in coal under cyclic loading can reflect the
memory characteristics of the loading. When AE
events are generated when the stress rises to a level
previously exerted on the material, the phenomenon
is known as the Kaiser effect, and the stress where
the AE events are generated is the Kaiser point.
When AE events appear when the loading stress is
lower than the highest stress applied previously, it is
known as the Felicity effect. AE can effectively re-
cord energy changes during micro-crack propagation
in coal samples under cyclic loading. Yang et al.
(2019) divided the processes of AE activity and en-
ergy dissipation in uniaxial cyclic loading of coal
samples into three stages, but only the AE counts
were analyzed. For processing of AE data, Zhang
et al. (2018c) analyzed AE information of coal
samples under cyclic loading by using the single-link
clustering method and derived the relationship be-

tween coal loading and the resulting degradation.
Shkuratnik et al. (2006) performed uniaxial cyclic
loading tests on coal samples and analyzed the
relationship between the AE data and stress mem-
ory, but they only studied the characteristics of a
loop, the results of multiple loops are missing. Liang
et al. (2017) monitored post-peak crack propagation
and mechanical characteristics of rocks under cyclic
loading using AE data. Furthermore, Yang et al.
(2018a, b) measured AE data of coal samples under
different stresses in real time and classified the data
according to the failure types of coal. They showed
that external stress influences the transition effects
on the energy distribution of AE events and AE
activity patterns. The theory of energy dissipation
can well explain the failure process of coal under
cyclic loading. AE information can reflect the type
of coal rock damage, Zhang et al. (2018a, b, c) di-
vided, according to the AE energy curve by using
energy evolution in the failure of coal as an index,
brittleness of coal into three types, i.e., fast fractur-
ing, stable fracturing and plastic fracturing. Xue
et al. (2018) studied the mechanical properties, AE
characteristics and energy evolution characteristics
of coal samples under mining stress. Ning et al.
(2018) identified crack initiation and propagation
thresholds in cyclic loading tests of coal by using a
new energy dissipation method. Yin et al. (2015)
obtained concentration coefficients of abutment
stress in a working face at which a coupling experi-
ment on mining-induced mechanical behavior and
permeability evolution of coal was conducted in a
complete deformation process. This research pro-
vides good reference for the analysis of coal and
rock damage by AE, but the lack of analysis of AE
Felicity effect under cyclic loading requires further
research.

The occurrence of raw coal mass is usually
associated with gas that affects its mechanical and
permeability properties. Xie et al. (2017) conducted
a uniaxial compression test on coal samples under
different gas pressures and pointed out that coal
strength decreases with increasing gas pressure,
causing more severe crack damage. Yang et al.
(2018a, b) studied the anisotropy of coal sample
permeability through cyclic loading tests under dif-
ferent hydrostatic pressures. The results show that
cyclic loading causes irreversible weakening of per-
meability. Zhang et al. (2018a) carried out cyclic
loading tests on coal samples with a single crack and
investigated the relationship between stress and
permeability. The results showed that crushing,

Fig. 1. Schematic diagram of multiple protection projects.
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redistribution and compressive deformation of
fracture surfaces in the coal mass resulted in a dra-
matic decrease in permeability. Zhang and Zhang
(2018) conducted different cyclic loading tests on
gas-bearing coal samples with different combina-
tions of coal particle sizes and studied the sensitivity
of permeability to stress. Zou et al. (2016) investi-
gated the influences of the effective stress on ani-
sotropic permeability of coal under cyclic loads. The
above studies on gas-bearing coal were conducted
under a single cyclic path (Zhang and Zou 2018);
however, the stress on coal in mining activities is
very complex, especially in protected seams under
multiple protections. Therefore, it is necessary to
study the mechanical and energy dissipation prop-
erties of different gas-bearing coal samples under
different cyclic loading paths.

In this study, we analyzed stress on coal in
protected coal seams under multiple protections. We
applied three simplified cyclic stress loading paths to
gas-bearing coal collected from three sites, and tri-
axial tests were conducted on the test samples.
Based on the AE characteristics, we analyzed the
fracturing characteristics of micro-cracks in the coal
and then obtained and analyzed the energy dissipa-
tion characteristics of the coal samples under cyclic
loads. Based on this, we derived a model for calcu-
lating coal degradation. The results provide theo-
retical support for modeling of the permeability
increase mechanism and the strengthened perme-
ability increase mechanism of coal seams based on
cyclic-loading-induced fracturing (repetitive hy-
draulic fracturing) under multiple protections.

CYCLIC LOADING TEST

Test Equipment

The test was conducted by using a self-devel-
oped tri-axial seepage testing device that measures
the thermo–hydro–mechanical coupling of gas-
bearing coal. The device can be used for gas seepage
testing of coal under different in situ stress fields
(confining and axial pressures), gas pressures and
temperature fields (Fig. 2).

Coal Samples

Three coal samples were taken from each of
three sites: the Yuanzhuang coal mine in Anhui

province; the Gaohe coal mine in Shanxi province;
the No. 10 coal mine of the Pingdingshan Coal
Industry Group in Henan province, China. All
samples were taken from the same piece of raw coal
and were drilled in the same direction. The coal
blocks drilled from the coal mines were cut and
grinded into standard cylindrical coal samples with
diameter of 50 mm and length of 100 mm. The
properties of the three coal samples are listed in
Table 1.

The heterogeneity of properties is mainly from
defects in the coal. In order to reduce its impact on
the test results,we tested the wave speed of every
specimen by ultrasonic tester before the experiment.
According to the wave speed test result (Fig. 3),
three specimens with similar wave speed from the
same piece of coal sample for every kind of coal
were selected. Because wave velocity can well reflect
the development of defects in coal and rock samples,
similar wave speeds indicate that fracture develop-
ment in samples is basically the same. Thus, the
specimens selected for the study have similar
mechanical and permeability properties in the initial
state. These impart universal applicability of the
study results (Shkuratnik et al. 2006; Peng et al.
2014a, b; Yin et al. 2015; Jiang et al. 2017; Khan-
delwal and Ranjith 2017; Xue et al. 2017; Zhang
et al. 2018b, c; Yang et al. 2019).

Test Scheme

In order to get a reasonable load and unload
path, we carried out a similarity simulation experi-
ment on real-time monitoring of stress state of a
protected seam on the mining conditions of a coal
seam group. The simulation experiment model is
shown in Figure 4. During the experiment, on the
conditions when successively mining 5# and 6# coal
seams, the stress state of the 4# coal seam was
monitored in real time (Fig. 5). Before the 5# coal
seam was mined for 80 m, the coal masses at the
monitored point of the 4# coal seam were subjected
to significant stress concentration. Furthermore,
during the mining of the 6# coal seam, the coal
masses at the monitored point of the 4# coal seam
underwent multiple stress concentration and stress
relief.

To study the damage and energy dissipation
laws of gas-bearing coal under complex stresses, we
designed three simplified stress paths (Li et al. 2018).
The specific loading process was displayed as fol-
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lows. The axial stress and confining pressure were
increased to 2 MPa at a rate of 0.05 MPa/s under
hydrostatic pressures, and then the testing chamber
was filled with gas at a pressure of 1 MPa. The
concentration of methane was 99.99%. The coal
samples were kept for 24 h in this state to reach
adsorption saturation. While the confining pressure
remained unchanged, axial stress was applied or
eased according to the loading pattern at a constant
rate of 0.05 MPa/s until the coal samples failed. The
three loading paths used in the test are shown in
Figure 6. The effects of repeated loading and
unloading paths on the raw coal samples were
studied by analyzing the samples� permeability, en-
ergy dissipation and AE characteristics. The AE

count and AE energy parameters were studied in
detail. The AE count refers to the number of pulses
exceeding a set threshold and reflects the frequency
of the AE events. The AE energy indicates the en-
ergy released during the AE event and shows the
intensity of the event.

TEST RESULTS

Nine specimens were used for the tests; the coal
samples from each of the three sites were tested
under the three cyclic loading paths. The coal sam-
ples taken from the same coal block were assumed
to have similar density, wave velocity and strength.

(a) (b)
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Fig. 2. Tri-axial seepage experimental device for the measurement of the heat–fluid–solid coupling property of gas-containing coal: (a)

the whole experimental device; (b) the experimental chamber.

Table 1. Properties of coal samples

Sample Water con-

tent (%)

Volatiles

(%)

Ash con-

tent (%)

Fixed car-

bon (%)

Coal rank Consistent

coefficient

Initial perme-

ability (mD)

Gaohe coal mine 1.11 27.71 5.32 65.9 Medium

bitumi-

nous

0.65 3.5

No. 10 coal mine in Pingdingshan

Coal Industry Group

1.30 29.55 10.88 56.61 Low-rank

bitumi-

nous

0.49 5.5

Yuanzhuang coal mine 1.88 32.21 6.11 59.8 High bitumi-

nous

0.61 4
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In the test on the Yuanzhuang coal samples under
path 3, heat-shrinking tubes were pierced by the coal
blocks, causing hydraulic oil to seep into the coal
samples and damaging the sample. Therefore, only
eight specimens were used for the analysis in this
study.

As demonstrated in Figures 7, 8 and 9, as the
number of cycles increased, the AE energy and AE
count of the three types of coal samples under the
three paths showed periodic growth. In addition, in
the first cyclic loading stage of each sample, the
defects, such as cracks and pores in the coal samples,
are compacted and closed, generating AE signals.
These signals disappear in the unloading stage. This
phenomenon appears most clearly in the Gaohe coal

samples but does not appear in the Pingdingshan
coal samples, indicating fewer initial defects and
cracks in the latter samples. The AE signals in
subsequent cycles appear mainly when the current
stress exceeds the previous loading stress. There is a
period with no AE activity before the failure of the
coal. During the fracturing period of the coal, a
sudden increase in the AE signals can be seen.
Analysis of the AE data of per coal sample under
cyclic loading is presented below.

Under stress path 1(Fig. 6a), the axial stress
shows a general stepwise increase during the cyclic
loading test (Fig. 7). It increases in the loading and
decreases to the peak of the previous cycle during
the unloading; thus, some of the stress is retained
after the loading and unloading, with the peak stress
increasing stepwise. As shown in Figure 7, AE sig-
nals are still found in the stress-retaining sections of
the Gaohe and Yuanzhuang coal samples. The
slopes of the curves of the AE cumulative ring-down
count and AE cumulative energy are larger than 0;
however, the curve of the stress-retaining section of
the Pingdingshan coal samples is almost horizontal.
The AE count and AE energy of the three types of
coal samples gradually rise as the stress levels in-
crease and are the highest in the fracturing stage.
The AE count and AE energy under path 1 reflect
the gradually cumulative process of coal damage.
The stress unloading restores some of the micro-
crack deformation in the samples, while stress
loading is still the main factor of crack propagation.

Under stress path 2 (Fig. 6b), the peak stresses
in each cycle increase step-by-step and decrease to a
hydrostatic pressure of 2 MPa between the peaks
(Fig. 8). AE signals are produced in each loading
and unloading cycle, and the AE count and energy
gradually rise with the increased peak stress. The
slopes of the curves of the accumulative AE count
and cumulative AE energy increase suddenly before
the final peak of each cycle. Similar to path 1, the
AE activity of the Pingdingshan coal samples occurs
during the unloading stage and the subsequent
stress-retaining stage, while the other two types of
coal samples still show AE clusters at this stage. This
indicates that the mechanical properties of the
Pingdingshan coal samples are different from those
of the other samples; the micro-cracks in the
Pingdingshan samples demonstrate stronger plastic
characteristics. The test results of stress path 2
indicate that the unloading process is accompanied
by deformation of the material defects such as mi-
cro-cracks, thus adding to the material degradation.
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Fig. 4. Similarity model for real-time monitoring of stress

state of protected seam under mining of multiple protective

seams.
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Based on stress path 2 (Fig. 6b), the peak
stresses in each cycle were crossed under path 3
(Fig. 6c) in order to investigate the AE character-
istics of coal under different degrees of loading and
unloading (Fig. 9). The Pingdingshan coal samples
show almost no AE events throughout the loading
and unloading process when the peak stress of the
cycle is equal to the previous peaks, and the curves
of the cumulative AE count and cumulative AE
energy are almost horizontal. This indicates that the
deformation of the micro-cracks in the Pingdingshan
coal samples has very strong plasticity characteristics
and rarely recovers under unloading. Moreover,
apart from during the highest stress peak, the cracks
do not propagate even under loading; therefore, no
AE is generated. For the Gaohe coal samples, AE
events appear during loading and unloading, indi-

cating that the micro-cracks in the coal samples have
stronger randomness and recover from the elastic
deformation during the unloading process. The re-
sults under path 3 demonstrate that the coal samples
from the different sites have different Kaiser effects.

DISCUSSION

Characteristics of Felicity Effects of AE Events
for Different Gas-Bearing Coal Samples Under
Cyclic Loading

The Felicity ratio FR can be used to determine
whether these two effects are significant or not. FR

can be expressed as follows:
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FR ¼ rk
rp

ð1Þ

where rp and rk represent the maximum stress (in
MPa) applied previously and the subsequent stress
corresponding to the appearance of the AE event,
respectively. The closer FR is to 1, the more accurate
is the memory of the material. When FR= 1, the coal
stress memory lags behind; otherwise, the stress

memory is advanced. As shown in Figure 10, the FR

curves of the three types of coal samples under dif-
ferent loading and unloading paths show different
trends, with the curves for path 1 being significantly
different from those under loading paths 2 and 3.

Under stress path 1 (Fig. 6a), the FR of the
Gaohe coal samples under cyclic loading first in-
creases and then stabilizes at FR � 1. This indicates
that defects such as pores, cracks and joints in the

Fig. 7. AE count (black line) and AE energy (red line) for the three types of coal samples with stress (dashed line) under path 1 (Fig. 6a).
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coal samples are compacted and closed in the second
and third cycles before reaching the stress applied in
the previous cycle, thus generating irreversible
deformation and releasing AE signals. In subsequent
cyclic loading, the coal shows good stress memory
characteristics. In the Yuanzhuang coal samples, FR

is always around 1, implying that the coal suffers less
damage, develops fewer defects and has good stress
memory characteristics. For the Pingdingshan coal

samples, FR> 1, indicating that the coal demon-
strates lagged stress memory and more obvious
plasticity and heterogeneity.

Under stress path 2 (Fig. 6b), the FR of the
Gaohe coal sample first rises to around 1 and then
decreases to about 0.9 as the cyclic loads are applied.
This demonstrates that the pores, cracks and joints
in the coal samples are constantly compacted and
closed in the second and third cycles, thus generating

Fig. 8. AE count (black line) and AE energy (red line) of different coal samples with stress (dashed line) under stress path 2 (Fig. 6b).
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irreversible deformation and releasing AE signals.
Under subsequent cyclic loading, new cracks and
defects are continuously created in the coal and
excellent characteristics of stress memory are shown.
The FR curves of the Yuanzhuang and Gaohe coal

samples have similar trends and the FR in the sixth
cycle is 0.76, implying that the damage in the coal
samples generated during the cyclic loading is con-
stantly accumulated and the stress memory is con-
tinuously enhanced. The FR of the Pingdingshan

Fig. 9. AE count (black line) and AE energy (red line) for different coal samples with stress (dashed line) under stress path 3 (Fig. 6c).
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coal samples has a trend similar to those of the
samples from the other two sites, and the final ratio
of the cycles is approximately 1, indicating that the
cyclic loading has weakened the enhanced charac-
teristics of the stress memory of the coal rocks.

Under stress path 3 (Fig. 6c), the FR curve of
the Gaohe coal samples fluctuates below 1 under
cyclic loading. When the cycle stress peak is lower
than in the previous cycle, the FR in this cycle is
smaller than that in the previous cycle. In the final
damage stage under cyclic loading, FR reaches its
minimum. This demonstrates that the stress memory
performance of the coal is affected by the loading
and unloading history and that the stress history of
the coal cannot be well determined through the
Kaiser point. The Pingdingshan coal samples present
FR trends similar to those of the coal samples from
the other two sites.

In summary, the stress paths influence the stress
memory characteristics of coal and different types of
coal samples under the same stress path show dif-
ferent stress memory characteristics. Therefore, one
should be cautious when predicting the stability of
coal mass based on the Kaiser effect.

The ratio of the subsequent stress when the AE
signals appear in the loading stage to that when the
AE signals disappear at the unloading stage (i.e.,)
the �quiet period effect� ratio, is

AR ¼ rk
rn

ð2Þ

where rn indicates the stress when the AE signals
disappear in the previous unloading. The basis for
determining whether the AE signals disappear in the
unloading and strengthen in the loading is the AE
signal amplitude threshold of 60 dB (Zhang et al.
2006). AR< 1 indicates that the coal material did
not produce AE signals soon after unloading, but
generated AE signals soon after reloading. This
implies that the material has strong plasticity and the
micro-cracks that opened due to the loading did not
fully recover in the unloading process. These cracks
constantly open and slip when subjected to small
loads again, thus generating fracturing signals.
AR ‡ 1 indicates that AE signals are still being
generated in the coal during the unloading stage and
continuing at a slower rate during reloading. This
demonstrates that the materials are highly elastic
and that micro-cracks opening during the loading
quickly recover during unloading. Larger loads are
then required during reloading to reopen the micro-

cracks. Thus, AR reflects the loading-induced
deformation and fracturing characteristics of the
micro-cracks in the material to some extent.

AR for the three types of coal samples under the
three stress paths show a regular pattern (Fig. 11).
Under cyclic loading path 1 (Fig. 6a), the AR curve
of the Gaohe coal samples first rises and then falls to
around 1, demonstrating that the plasticity of the
coal samples strengthens in the second and third
cycles. When the cyclic load is applied, the elasticity
of the materials gradually strengthens; thus, the
cyclic loads first strengthen and then weaken the
coal. The AR values of the Yuanzhuang and
Pingdingshan coal samples are always larger than 1
and gradually decrease with cyclic loading, indicat-
ing that the strengths of the two coal samples grad-
ually decrease under cyclic loading.

Under stress path 2 (Fig. 6b), the AR curves of
the three types of coal samples increased with the
number of cycles. This indicates that as the cyclic
loads increased step-by-step they weakened the mi-
cro-crack propagation and deformation of the coal
samples. Thus, the elasticity of the coal samples was
enhanced and the quiet period of AE becomes
gradually longer.

Under cyclic loading path 3 (Fig. 6c), the AR

curves of the two types of coal samples show an
increasing trend with a few peaks and AR is always
greater than 1. This is because the cyclic loading
with alternating peak stress changes the quiet period
of the AE signals and enhances the elasticity of the
coal samples.

The above results demonstrate that cyclic
loading path 3 with stepwise increasing peak stress
enhances defects, such as micro-cracks, in the coal
samples (the quiet period of AE shortens), while the
other two stress paths play a weakening role (the
quiet period of AE becomes longer).

Energy Dissipation Characteristics of Coal Under
Cyclic Loading

Because coal dissipates energy under cyclic
loading, the damage process of coal can be analyzed
by quantifying the energy dissipation (Peng et al.
2014a, b). During loading, energy accumulation and
dissipation occur in the material, finally resulting in
failure of the material. In the loading process, due to
the influences of external forces, coal deformation
occurs. The total work done by the external force on
the coal samples is the total energy U, which is
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stored in the coal in the form of elastic potential
energy Ee. Some of this energy, Ed, is lost through
various forms of damage and dissipation. During
unloading, elastic potential energy is released. This
part of the energy is almost equal to the negative
work Er done by the external force during unload-
ing. Thus:

U ¼ Ee þ Ed ¼ Er þ Ed ð3Þ
In the loading and unloading test on gas-bearing

coal mass, the influences of gas pressure on the axial
stress and confining pressure should be considered
when studying the energy of coal and rock mass. The
forces that actually act on the coal mass are the axial
effective stress and confining pressure. The axial
effective stress (Terzaghi and Peck 1996) can be
defined as

r01 ¼ r1 � dijp1 ð4Þ

where r01, r1, dij and p1 represent axial effective

stress (in MPa), axial stress (in MPa), Kronecker
delta and gas pressure (in MPa), respectively. In the
loading and unloading test, the confining pressure is
kept constant. During the loading and unloading
process, the work done by the effective confining
pressure on coal mass is far smaller than that of the
axial effective stress. Therefore, we can ignore the
work of the effective confining stress and analyze
only the work done by the axial effective stress on
the coal mass.

Taking the second loading and unloading cycle
of the Pingdingshan coal samples under stress path 2
as an example, the dissipated energy was calculated
(Fig. 12). The area under the curve A¢ABB¢ repre-

sents the total work U done by the axial effective
stress in the loading process, while the area under
the curve C¢CBB¢ indicates the elastic potential en-
ergy Ee that can be released in the unloading process
of the axial effective stress. In the energy dissipation
process, the area bound by the hysteresis is a loop.
The area enclosed by the axial effective stress–strain
curve can be calculated by integrating the stresses
inside the area. Therefore, the total energy in the
loading process can be calculated based on Eq. (5)
(Jiang et al. 2017):

U ¼
Z

r01de1

¼
Xn
i¼1

1

2
rþ1i þ rþ1i�1 � 2dijp1
� �

eþ1i � eþ1i�1

� �
ð5Þ
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Similarly, the elastic energy Ee released in the
unloading process can be calculated as

Ee ¼
Xn
i¼1

1

2
r�1i þ r�1i�1 � 2dijp1
� �

e�1i � e�1i�1

� �
ð6Þ

where, rþ1i and eþ1i represent the stress and strain at

each point on the stress–strain curve in the loading
stage, respectively, while r�1i and e�1i indicate the

stress and strain at each point on the stress–strain
curve in the unloading stage. Moreover, p1 denotes
the inlet pressure (in MPa) applied on the coal
samples, with p1 = 1 MPa in this test.

The cumulative dissipated energy can be ob-
tained by summing all the areas of the hysteresis
loop in each period. Because the elastic energy is not
released completely under stress path 1, the actual
dissipated energy cannot be obtained according to
the above calculation method. Therefore, in this
work, we only studied the behavior of the dissipated
energy of the three types of coal samples under
stress paths 2 and 3. Figure 13 presents the cumu-
lative dissipated energy curves of the three types of
coal samples under stress path 2 with increasing
effective stress. The cumulative dissipated energy of
the coal samples shows an exponential growth with
axial effective stress because the increase in axial
stress accelerates the failure of the coal under cyclic
loading. Friction, secondary crack propagation and
plastic deformation of coal and rock mass can raise
energy dissipation. As displayed in Figure 13, the
cumulative dissipated energy under stress path 3 ri-

ses as the alternating peak cyclic load is applied. The
dissipated energy under the same peak load in the
second cycle is smaller than that in the first cycle.
However, the overall trend of the cumulative dissi-
pated energy with increasing effective stress is still
an exponential curve and the three types of coal
show similar behavior.

The best-fit curve that describes the relationship
between the cumulative dissipated energy and axial
effective stress (Figs. 13 and 14) is an exponential
function (Eq. 7):

Ed ¼ a exp b r1 � dijp1
� �� �

ð7Þ

where Ed represents the cumulative dissipated en-
ergy (in MPa) and a and b are the fitting parameters.
The damping coefficient refers to the ratio of the
dissipated energy to the maximum strain energy in a
loading and unloading cycle (Jiang et al. 2017):

k ¼ DEi
d

Ui
max

ð8Þ

where k, DEi
d and Ui

max represent the damping

coefficient, the dissipated energy in the ith cycle and
the maximum strain energy in the ith cycle, respec-
tively. The damping coefficient k can be used to
characterize the inelastic response and dissipation of
a coal sample. The larger the damping coefficient,
the more obvious the inelastic deformation of the
coal. For an ideal elastomer, k = 0. Figures 15 and
16 demonstrate similar k curves for the three coal
types under two cyclic loading stress paths (paths 2
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and 3). The k of the coal samples first decreased and
then increased slightly, indicating an initial weak-
ening of the coal inelasticity followed by some
strengthening. When k reaches its minimum value,
the inelasticity of the coal is most obvious. As the
cyclic load continues, the degree of closure of pores
and cracks in the coal samples, and the compaction
and rigidity of the coal samples increase, while the
area of the stress–strain hysteresis loop gradually
decreases, that is, the energy consumed in a cycle
decreases, thus reducing the damping ratio.

Damage Evolution Law

The AE characteristics and energy dissipation
of gas-bearing coal under cyclic loading are the basic
outcomes of the damage to coal, indicating coal
degradation. To characterize the damage evolution
in coal under cyclic loading, Peng et al. (2014a, b)
proposed the variable D, which expresses the dam-
age:

D ¼ 2

p
arctan

DEd

Dr1
ð9Þ

where DEd and Dr1 represent the increments of
dissipated energy and axial stress, respectively.
When the dissipated energy is zero ( DEd = 0), the
coal samples are not damaged (D = 0). When the
dissipated energy is infinite ( DEd ! 1), the coal
samples have completely failed (D = 1), although in
practice, the dissipated energy is not infinite. When
the dissipated energy reaches a critical value, the
coal samples are damaged; the damage variable
under this condition is denoted Dc. When D ‡ Dc,
the coal samples are completely damaged. Gener-
ally, Dc< 1.

Ed ¼ a exp b r1 � dijp1
� �� �

ð10Þ

By combining Eqs. 9 and 10, the damage vari-
able can be expressed:

D ¼ 2

p
arctan ab exp b r1 � p1ð Þ½ �f g ð11Þ
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Equation 11 presents the damage variable of
coal samples under any axial effective stress, as
demonstrated in Figures 17 and 18. Under cyclic
loading, the peak axial effective stress increases and
D of the coal samples rises. In addition, the coal
samples are damaged more significantly. The three
types of coal samples have different damage points
(Fig. 17). The Yuanzhuang coal samples have higher
strength than those of the other two coal samples,
and the damage curves of the Pingdingshan and
Gaohe coal samples are similar. Under path 3, the
curves of the two coal types are similar, indicating
that D can be used to predict the failure of the coal
samples without being affected by the stress path.

CONCLUSIONS

To study the failure and energy evolution of
different types of gas-bearing coal under complex
stress conditions, we conducted cyclic loading tests
on three types of gas-bearing coal samples under
three different stress paths. By monitoring the fail-
ure process of the coal in real time through AE, this
study analyzed the Felicity effects and energy dissi-
pation laws and obtained the curve of the damage
variable. The main conclusions are as follows.

1. As the number of loading cycles increased,
the AE energy and count of the three types
of coal samples with different coal rank all
showed a periodic increase under the three

paths. The AE signals under different load-
ing and unloading paths indicate different
mechanical properties of the coal sample.

2. Under the three cyclic stress paths, the
Felicity ratios of the different coal types had
distinct trends with increased number of cy-
cles. The Kaiser point is not a good indicator
of the stress history of coal. The ratios of the
quiet effects of the three coal samples under
the three paths indicate that cyclic loading
with stepwise increased peak stress can en-
hance defects such as micro-cracks in the
coal samples (the AE quiet period de-
creases). Under the other two stress paths,
the amount of defects such as micro-cracks
decreases (the AE quiet period rises).

3. The cumulative dissipated energy curves of
the three types of coal samples with effective
stress under stress paths 2 and 3 show an
exponential increase with axial effective
stress. Under cyclic loading, the damping
coefficient of the coal first decreases and
then rises.

4. Coal degradation and failure under cyclic
loading are expressed by the AE character-
istics and energy dissipation of the gas-
bearing coal. The critical damage points of
the three coal samples are different. The
damage variable can be used to predict the
failure of the coal samples without being
influenced by the stress path.
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