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The cyclic loading causes the strength change of porous rocks, which can be frequently encountered in underground coal mining. In
order to quantify the cumulative damage of porous coal, multilevel uniaxial cyclic compressive tests were carried out considering
different loading frequencies. The results show that under cyclic loading, Young’s modulus of coal shows a first drastic increase and
then decrease trend in terms of the number of loading-unloading cycles, while the Poisson’s ratio gradually increased at lower peak
stress amplitudes and then increased sharply with peak cyclic stress amplitude until losing load bearing capacity, following a
stepwise rising trend. At a higher loading frequency, volumetric compressibility-dilatancy transition is shifted to an earlier time.
The loading/unloading response ratio (LURR) was used to evaluate the damage of coal under cyclic loading. It is found that
LURR is an effective parameter to evaluate the damage of coaly rock under cyclic loading and is also useful in distinguishing
different deformation mechanism at different loading stages. The results also show that the damage of coal can initiate at the
early stage of cyclic loading at a low loading frequency; however, the increase in frequency of cyclic loading can delay the
damage time, requiring a relatively higher level of peak cyclic stress amplitude.

1. Introduction

Ground control has been deemed as one of most important
issues in many rock engineering applications, and its prereq-
uisite is to evaluate and characterize the geotechnical
property evolution of porous rocks, such as coal and shale
[1, 2]. Different from monotonic load, cyclic loading is time
dependent in a repeated manner and usually expressed by
superposition of a mean stress σmean and a periodically
time-dependent cyclic amplitude Δσ in mathematics [3].
The cyclic loading at different loading rates and frequencies
can degrade the strength properties of rocks [4–7]. Thus, it
is unfavorable to the stability of rock structures in under-
ground coal mining. In underground mining, the cyclic load-
ing can be induced by the back-and-forth coal cutting,
periodic overlying roof strata weighting, drilling, and blast-
ing. Furthermore, the coal contains a wide pore-size distribu-
tion, cleat, and butt systems, making its mechanical behavior
more complex than that of salt rock, granite, sandstone, and
limestone [8–11]. Therefore, quantification of coal damage

under cyclic loading, especially in the early stages of micro-
crack initiation and propagation, is important for a proper
understanding of its cyclic behavior [12].

Cyclic loading often causes rock to fail at a lower stress
amplitude than its uniaxial compressive strength. A slight
degradation in mechanical properties of rocks is mainly
induced by fatigue damage under cyclic loading. To date,
many studies have been made to the mechanical properties
and deformable behaviors of rocks under uniaxial cyclic
loading [13–15]. Different from the uniaxial cyclic loading
tests, the confining pressure can improve fatigue strength of
rock. The mechanical properties and deformable behaviors
of rocks under triaxial cyclic loading had also investigated
[16–18]. Overall, the triaxial compressive strength and total
strain of rocks increased with the enhancement of confining
pressure under cyclic loading. The triaxial strength of sand-
stone under cyclic loading can sometimes be higher than that
of monotonic loading at lower confining pressure [19]. But
the triaxial strength of sandstone is approximately equal to
that of monotonic loading at a higher confining pressure.
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In addition, the fatigue life of rocks has been investigated,
which shows that the fatigue life of rocks increased with the
increase of loading frequency and decreased with the increase
of stress amplitude [20, 21]. Although the mechanical prop-
erties and deformation behavior of rocks have been investi-
gated under multilevel cyclic loading tests, the complete
understanding has not been achieved. Also, the loading rate
kept constant during the whole cyclic loading tests in most
existing studies. Furthermore, due to the pore structure com-
plexity and heterogeneity caused by the coalification process,
the fatigue characteristics of coal with an increasing loading
rate need to be further studied, especially the influence of
peak cyclic stress amplitude and loading frequency on dam-
age evolution of coal.

To quantify the damage evolution of rocks, the fatigue
damage model of rocks defined by different variables had
been extensively studied, including the irreversible strain
[22–24], an isothermal creep model [25], dissipated energy
theory [26], linear accumulation method [27], and an empir-
ical model [28]. Generally, these damage models are compe-
tent to describe the whole fatigue damage of rocks under
cyclic loading. But the previous literature mainly focuses on
nonorganic rocks, rather than coal. Also, the organic coal is
complex in pore structure by containing a wider distribution
in pore size, cleat, and butt system, which may make it differ-
ent from laboratory-scale intact granite, siltstone, sandstone,
and rock salt on the micro scale when subjected to repetitive
loading and unloading.

In this study, multilevel uniaxial cyclic compressive tests
were carried out on coal under different peak stress ampli-
tudes and frequencies. Then, the mechanical properties and
deformation behavior of coal were analyzed. The dissipated
energy and AE characteristics of coal were further discussed
in details. At last, the fatigue damage evolution of coal was
quantitatively analyzed based on load-unload response ratio
theory and cumulative damage model.

2. Material and Methods

2.1. Sample Preparation and Description. The fresh coal
blocks were collected from Gaojialiang Mine, Inner Mongo-
lia, China. After sealing with membrane wrap, large blocks
of coal were then transported to the laboratory, and the coal
samples were cored with the drilling rig to be 50mm in diam-
eter. Finally, the cylindrical samples were trimmed and the

two ends of each sample were polished with the lapping
machine to be a height to diameter ratio of 2 : 1 [29] A total
of 15 coal samples were initially prepared. However, coal is
typically soft organic sedimentary rock, fragile to core dril-
ling, and two-parallel-end polishing. Also, great heterogene-
ity exists in coal sampling. These can induce large scatter in
testing results. In order to reduce such scatter, sonic tests
were conducted for initial sample identification and only coal
samples of similar wave velocity were selected in this study.
Finally, 7 coal specimens were used for the compressive tests,
in which coals samples, C1, C2, and C3, were selected to mea-
sure the uniaxial compressive strength (UCS), while coal
samples, C7, C8, C9, and C10, were used for cyclic loading
tests. Figure 1 presents the photographs of coal samples
before experiment.

The coal samples have an average density of 1.46 g/cm3

and porosity of 7.93%. In order to have a proper understand-
ing of the mechanical property of coal samples, the uniaxial
monotonic compressive tests (UCS) were conducted to mea-
sure its mechanical properties. Three coal samples were
tested at the loading rate of 0.1mm/min using the MTS 815
servo-hydraulic testing system. The average uniaxial com-
pressive strength of coal was 16.8MPa. The average Young’s
modulus of coal was 2.73GPa, while the average Poisson’s
ratio of coal was 0.217. Figure 2 shows the conventional
monotonic testing results for coal samples C1, C2, and C3.

2.2. Test Set-Up and Procedure. The MTS 815 servo-
hydraulic testing system was used for UCS and cyclic loading
tests. The MTS testing system mainly consists of a compres-
sive loading frame, an axial loading system, and a data acqui-
sition system. It can provide a closed-loop servo-hydraulic
control in material testing. The testing frame has a compres-
sive loading capacity of 2,600 kN.

Prior to cyclic tests, the monotonic compression was con-
ducted to obtain the basic mechanical properties of coal. The
measuredUCS of coal is taken as the reference loading for the
peak loading amplitude of cyclic tests. The increasing multi-
level cyclic loading tests were performed using axial control
with a sinusoidal wave, and the loading frequency was set
to be 0.1Hz, 0.2Hz, and 0.5Hz, respectively. The peak stress
amplitudes are set as 20%, 40%, 60%, and 80% of the UCS of
coal. The lower bound of stress amplitude was 5% of UCS.
Each stress level was repeated twenty times. During the tests,
extensometers of model 632.9X were used to measure the

(a) (b)

Figure 1: Photographs of coal samples: (a) uniaxial compressive tests; (b) cyclic loading tests.
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axial and radial strain of coal samples. Experimental data
were recorded by every 0.1 s. Meanwhile, the PCI-2 acoustic
emission (AE) system, American Physical Acoustics Com-
pany, was used to simultaneously capture the AE characteris-
tics. The preamplifier and threshold value of AE system were
set to 40 dB and 38 dB, respectively. The MTS 815 testing sys-
tem and AE system are illustrated in Figure 3.

3. Results and Discussion

3.1. Stress-Strain Curves. Figure 4 shows the stress-strain
curves of coal under multilevel cyclic loading frequencies
from 0.1Hz to 0.5Hz. Overall, the rate of deformation accu-
mulation was not constant at the same peak stress amplitude,
irrespectively of the loading frequency. The increment of
axial strain of the first loading and unloading cycle is highest
over the rest of subsequent individual cycles. In other words,
a relatively larger amount of irreversible deformation
occurred in the first cyclic loading. After that, the induced
damage of coal by individual cyclic loading cycle is smaller.
This is the rock damage difference between monotonic load-
ing and cyclic loading.

Figure 4 also shows the hysteresis loops were mostly
straight and closed at lower peak stress amplitudes, implying
that the produced plastic deformation was small. However,
the hysteresis loops became loose at the higher stress ampli-
tudes, indicating that the plastic deformation gradually
increased with the increase of stress amplitude.

At the loading frequency of 0.5Hz, the fatigue failure of
coal sample occurred at the cycle number of 74, but no macro
failure occurred for coal samples under loading frequency of
0.1Hz and 0.2Hz. In addition, the opening-closing-opening
pattern of radial strain was observed at the loading frequency
of 0.5Hz. Such phenomenon was also observed in the marble
[30]. The first opening-up of radial strain was due to the
energy dissipation contributed to crack growth. Owing to

the frictional resistance by grain contact, the closing occurred
in the following cyclic loading. The crack growth became
dominant again when the coal approached to the limit of
macro failure. In order to exclude the impact of coal sample
heterogeneity, extra cyclic loading tests were conducted at
the loading frequency of 0.5Hz, and the coal samples failed
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Figure 2: Stress-strain curves of coal in uniaxial compressive tests.
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Figure 3: Diagram of the experimental system: (a) MTS 815 test
system; (b) external measuring device; (c) AE device.
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Figure 4: Stress-strain curves of coal with multilevel stress at different loading frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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in the same manner. Therefore, the higher loading frequency
and stress amplitude lead to greater damage, thus shortening
fatigue life of coal.

3.2. Mechanical Property and Deformability Evolution

3.2.1. Evolution of Young’s Modulus. In cyclic behavior
analysis, the average slope of the straight line portion of the
axial stress-strain curve is taken as the tangent Young’s mod-
ulus E [28]. During each cyclic loading and unloading tests,
the tangent Young’s modulus and Poisson’s ratio are defined
as follows:

E = Δσa
Δεa

, ð1Þ

μ = −
Δσa/Δεað Þ
Δσa/Δεrð Þ , ð2Þ

where Δσa is the increment of axial stress, the Δεa is the
increment of axial strain, and Δεr is the increment of radial
strain.

Figure 5 shows the relationship between the Young’s
modulus and the number of cycles under different loading
frequencies. In general, the Young’s modulus increased grad-
ually with the increase of peak stress amplitude under the
same loading frequency, following a stepwise rising trend.
Additionally, the Young’s modulus initially showed a sharp
increase in the first few cycles and kept almost invariable in
the rest of loading cycles at a specific peak stress amplitude.
Figure 5 also shows that the increment in Young’s modulus
is largest at the lowest peak stress amplitude, and the absolute
increment gradually decreased with the increase of stress
amplitude. This is attributed to the closure of microcracks
and voids in the coal. At the first and lowest peak stress
amplitude, many microcracks and voids within coal samples
were compacted by cyclic loading, thus making the coal stif-
fer against deformation. With further continual of cyclic
loading, including the increase in peak stress amplitude, the
amount of compaction is smaller than that of the first lowest
peak stress amplitude, as the deformation modulus of coal
already increased by cyclic loading of previously lower peak
stress amplitude, resulting in a small level of increase in
Young’s modulus. Under the loading frequency of 0.1Hz,
the average Young’s modulus at peak stress amplitude of
0.2σc, 0.4σc, 0.6σc, and 0.8σc is 1.92GPa, 2.23GPa,
2.39GPa, and 2.49GPa, respectively. With the peak stress
amplitude increased gradually from 0.2σc to 0.8σc, the aver-
age Young’s modulus increased by 15.71%, 7.72%, and
3.92%, respectively. This decreasing trend in E of coal in
terms of peak stress amplitudes is similar to the granite
[18]. At the loading frequency of 0.2Hz, the average Young’s
modulus corresponding to the abovementioned four peak
stress amplitude is 2.86GPa, 3.44GPa, 3.65GPa, and
3.70GPa. When the cyclic loading increased from the 0.2σc
to the final 0.8σc, the average Young’s modulus increased
by 20.21%, 6.04%, and 1.45%, respectively. For the loading
frequency of 0.5Hz, the coal sample finally lost the bearing
capacity by developing obliquely macro fracture when the

cyclic loading entered into the fourth stress level. It is also
noticed that more debris produced from the failed coal sam-
ple when compared to UCS tests. As the peak stress ampli-
tude increased from the 0.2σc to 0.6σc, the average Young’s
modulus increased by 22.51% and 3.35%, respectively.
Figure 5 also shows that there is a decreasing trend in E with
the increase of loading frequency, even though the coal spec-
imens are different. Therefore, the frequency of cyclic loading
has a significant influence on the mechanical property and
fatigue life of coal.

3.2.2. Evolution of Poisson’s Ratio. The evolution of Poisson’s
ratio under multilevel cyclic loading at different frequencies
is plotted in Figure 6. Different from the variation trend of
Young’s modulus, the Poisson’s ratio displayed a first reduc-
tion and then a relatively stable trend under the cyclic loading
of the first peak stress amplitude. Such a decrease in Poisson’s
ratio is due to closure of initial microcracks or pores in the
coal. This phenomenon can also be verified in Figure 5. After
the first peak stress amplitude, the Poisson’s ratio increased
in the first loading cycle and then maintained almost invari-
able in the rest of 19 loading cycles for the peak stress ampli-
tude of 0.4σc and 0.6σc. The increase in Poisson’s ratio is due
to the initiation of new microcracks or the growth of existing
microcracks. For the peak stress amplitude of 0.8σc, the evo-
lution rate of Poisson’s ratio increased gradually with respect
to the cycles at the loading frequency of 0.1Hz and 0.2Hz.
Due to the failure of coal sample in the end, a sharply increas-
ing rate of Poisson’s ratio was observed at the loading fre-
quency of 0.5Hz.

Figure 6 shows that for the loading frequency of 0.1Hz,
the average Poisson’s ratio increased by 7.99%, 12.77%, and
14.28% when the peak stress amplitude of cyclic loading
increased from 0.2σc to 0.8σc. For the loading frequency of
0.2Hz, the increment of average Poisson’s ratio was 8.62%,
15.81%, and 25.01% when the cyclic loading increased from
0.2σc to 0.8σc. For the loading frequency of 0.5Hz, the aver-
age Poisson’s ratio was 0.057, 0.104, 0.183, and 0.637 when
the stress levels increased from the first to the fourth. The
increment of Poisson’s ratio was 82.46%, 75.96%, and
248.09%, respectively.

3.2.3. Evolution of Irreversible Axial and Radial Strains.
Figure 7 shows the evolution of irreversible axial and radial
strain with respect to the number of cycles at different load-
ing frequencies. The evolution of the irreversible axial and
radial strains is similar under different loading frequency. A
slight change in axial and radial irreversible strains was
observed at the first level of peak stress amplitude. After that,
the irreversible strain gradually increased with the increase of
stress level. Therefore, the fatigue damage gradually devel-
oped with the increase of stress amplitude and cycle num-
bers. Different from the loading frequency of 0.1Hz and
0.2Hz, the variation of irreversible axial and radial strains
at the loading frequency of 0.5Hz exhibited a typical three-
phase trend in terms of the peak stress amplitude level. In
the first phase which corresponded to the first stress level,
both the axial and radial residual strains approximately
remained constant. In the second phase corresponding to
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Figure 5: Evolution of Young’s modulus with the number of cycles under different frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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Figure 6: Evolution of Poisson’s ratio with the number of cycles under different frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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Figure 7: Evolution of irreversible strain with the number of cycles under different loading frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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the second and third stress levels, the residual strain
increased gradually with respect to the cycles. In the third
phase corresponding to the acceleration phase, both the axial
and radial residual strains increased sharply with the number
of cycles.

3.2.4. Evolution of Irreversible Volumetric Strain. Figure 8
shows the evolution of irreversible volumetric strain with
the number of cycles under different loading frequencies.
The variation of the irreversible volumetric strain is nonmo-
notonic. For the loading frequency of both 0.1Hz and 0.2Hz,
compressibility-dilatancy transition occurred in the peak
stress amplitude level of 0.8σc. The irreversible volumetric
strain showed an overall increased trend in first three peak
stress amplitude levels at the loading frequencies of 0.1Hz
and 0.2Hz, even though fluctuation exists. In this phase,
the compaction of primary microcracks or voids in coal
dominated in deformation. After that, the volumetric strain
decreased significantly at the fourth peak stress amplitude
level of 0.8σc, where the dilatancy of coal sample occurred.
On the micro scale, the new microcracks were developed in
coal sample at this stress level. Different from the loading fre-
quency of 0.1Hz and 0.2Hz, the deformation behavior of
coal has changed from compaction to dilatancy at the loading
frequency of 0.5Hz (Figure 8(c)). Meanwhile, the dilatancy
of coal initiated as early as the three peak stress amplitude
levels. The macroscopic cracking of coal formed within the
sample when the loading frequency entered into the fourth
stress level, leading to the macro failure of coal sample.

3.3. Energy Characteristics of Coal Subjected to Multilevel
Cyclic Loading under Different Frequencies. The deformation
and failure of rock, including coal, is a progressive process of
energy accumulation and release [31]. Energy analysis is con-
ducted to characterize the fatigue damage of coal during the
cyclic loading and unloading. The total strain energy Ut is
developed due to external work. A part of strain energy is
accumulated in the rock in the form of elastic deformation,
namely, elastic energy Ue. The rest of strain energy Ud is
released in the form of irreversible deformation, such as the
development of cracks and internal frictional slip among
grains. During the multilevel cyclic loading and unloading,
the total strain energy, elastic energy, and the dissipated
strain energy can be given as

Ui
t = AH

ð
σ1dε1 = Σ

n

i=1
1
2 σ1i + σ1i−1ð Þ ε1i − ε1i−1ð Þ, ð3Þ

Ui
e = AH

ð
σ2dε2 = Σ

n

i=1
1
2 σ2i + σ2i−1ð Þ ε2i − ε2i−1ð Þ, ð4Þ

Ui
d =Ui

t −Ui
e, ð5Þ

where Ui
t is the total strain energy during the process of ith

loading phase, Ui
e is the elastic strain energy during the pro-

cess of ith unloading phase, Ui
d is the dissipated strain energy

corresponding to ith, A is the loading area of coal sample, H
is the sample height, σ1 and ε1 are the axial stress and strain

during the loading stage, and σ2 and ε2 are the axial stress
and strain during the unloading stage.

The dissipated strain energy of coal at different loading
frequencies is calculated based on Eqs. (3)–(5). Figure 9
shows the dissipated energy density of coal with the multi-
level cyclic loading-unloading. Overall, the dissipated energy
of coal increased with the increase of peak stress amplitude,
even though a first decrease and then almost invariable trend
of dissipated energy occurred under cyclic loading of each
peak stress amplitude. In addition, the maximum dissipated
energy density of coal occurred in the first cyclic loading at
each peak stress amplitude level. This is due to the closure
of existing microcracks and voids of coal, leading to the dis-
sipated energy in coal increased rapidly in the first cyclic
loading. Also, the largest dissipated energy density of coal
increased gradually with the increase of stress amplitude.

For the loading frequency of 0.1Hz, the average dissi-
pated energy density was 130.5 J/m3, 551.5 J/m3,
1313.5 J/m3, and 2393.0 J/m3, respectively, by increasing
323.61%, 138.18%, and 82.19% at the peak stress amplitude
of 0.2σc, 0.4σc, 0.6σc, and 0.8σc. For the loading frequency
of 0.2Hz, the increment of dissipated energy density also pre-
sented a gradual reduction trend with regard to the number
cycles. When the cyclic loading increased from the first stress
level (0.2σc) to the fourth (0.8σc), the average dissipated
energy density of coal was 100.5 J/m3, 337.5 J/m3,
847.5 J/m3, and 1776 J/m3, respectively. The average dissi-
pated energy density of coal increased by 235.82%,
151.11%, and 109.56%, respectively. Therefore, the incre-
ment of average dissipated energy density decreased with
the increase in peak stress amplitude at the loading frequency
of both 0.1Hz and 0.2Hz. However, different from the load-
ing frequency of 0.1Hz and 0.2Hz, the increment of dissi-
pated energy density tended to be a first decrease and then
increased trend with respect to the number of cycles at the
loading frequency of 0.5Hz, where the increment of average
dissipated energy density was 304.71%, 154.16%, and
242.86% when the peak stress amplitude increased from
0.2σc to 0.8σc. Figure 9(b) shows the cumulative dissipated
energy density of coal with regard to the number of cycles,
where the cumulative dissipated energy density of coal
increased exponentially with the increase of number of
cycles. According to the characteristics of cumulative dissi-
pated energy density of coal, the whole cyclic loading process
of coal can be divided into three phases. The phase I corre-
sponds to the first stress level and can be named as the initial
phase. In this phase, the rate of cumulative dissipated energy
of coal illustrated a slight increase trend with regard to the
number of cycles. This is due to the closure of existing micro-
cracks and voids of coal. Phase II corresponds to the second
and third stress level, which can be termed as the steady
phase. In this phase, the rate of cumulative dissipated energy
of coal presented a gradual increase trend. Phase III corre-
sponds to the fourth stress level (0.8σc), which can be referred
as the accelerating phase. In this phase, the rate of cumulative
dissipated energy increased sharply with the increase of
cycles. In addition, the cumulative dissipated energy density
of coal firstly decreased and then increased with the increase
of cyclic loading frequency.
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Figure 8: Evolution of irreversible volumetric strain with the number of cycles: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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Figure 9: Evolution of dissipated energy of coal versus cycles at different loading frequencies: a dissipated energy; b cumulative dissipated
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Figure 10: Evolution of axial stress and AE events of coal versus time at different loading frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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Figure 11: Evolution of cumulative AE events of coal versus cycles at different loading frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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3.4. Acoustic Emission Characteristics of Coal Subjected to
Different Frequencies under Multilevel Cyclic Loading. AE is
defined as transient elastic waves produced by the release of
elastic energy within materials [32, 33]. AE events are closely
related to crack initiation, propagation, and coalescence of
rock during the loading process [34]. Figure 10 shows the
intensity of acoustic emission and loading stress versus time
at different loading frequencies. Obviously, AE events inten-
sified with the increase of peak stress amplitude. Also, the AE
characteristics varied with the loading frequencies, especially
at the frequency of 0.5Hz. At the frequency 0.1Hz and
0.2Hz, the curve slope of cumulative AE energy or AE counts
versus the loading time approximately kept constant at the
first three peak stress amplitude levels (0.2σc-0.6σc). How-
ever, the AE events increased significantly at the peak stress
amplitude of 0.8σc, revealing that a large amount of new
microcracks emerged. This indicates that fatigue damage of
coal start at the early stage of cyclic loading at a low loading
frequency. With further cyclic loading, significant damage
can be accumulated in coal. This is the reason for the rapid
increase trend of both cumulative AE counts and energy at
the level IV in Figures 10(a) and 10(b). For the loading fre-
quency of 0.5Hz, the slope of cumulative AE counts and
energy in terms of time levelled off at the first three levels.
However, the slope of cumulative AE counts and AE energy
in terms of time increased dramatically when the peak stress
amplitude rose to 0.8σc. This indicates that the damage time
is delayed with the increase of loading frequency until the
peak cyclic loading amplitude reaching a critical value.

Figure 11 shows the evolution of cumulative AE events of
coal at different loading frequencies. It states that if a sample
is subjected to a cyclic stress history, no acoustic emission
occurs over a loading and unloading cycle until the applied
stress exceeds the maximum of previously applied stress
[35, 36]. At each stress level, the maximum AE counts
occurred at the beginning of cyclic loading. After that, there
are almost no AE counts during the rest cycles under the
same level. However, when the loading frequency is 0.5Hz,
there are relatively few AE counts in the first three levels of
peak cyclic stress amplitude (0.2σc-0.6σc), and the AE counts
increased sharply at the peak stress amplitude of 0.8σc.
Meanwhile, it can be found that the Kaiser effect lags behind
the loading stress. Figure 11 also shows that for the loading
phase, the intensity of acoustic emission was higher than that
of unloading phase. Compared to the loading phase, the dis-
tribution of acoustic emission fluctuated continuously during
the unloading phase.

3.5. Evolution of Fatigue Damage. From the micro scale, the
damage of coal under cyclic loading is a gradually progressive
development process. The fatigue damage can be a growth of
existing microcracks and development of new microcracks.
Different from elastic deformation, this damage process is
irreversible and usually tends to be nonlinear. Therefore,
the degradation of rocks due to damage can make the loading
modulus different from unloading modulus, which can be
seen from Figure 4.

The wide pore-size distribution and cracks and fissures
make fatigue damage of coaly rock complex. In order to

investigate the evolution of fatigue damage in terms of num-
ber cycles, the load/unload response ratio (LURR) was used
here [37]:

Y = X+
X−

, ð6Þ

where Y is the LURR and X stands for the response rate in
loading/unloading process. The subscript “+” represents the
loading process while “-” represents the unloading process.
Y = 1 stands for the elastic deformation of coaly rock where
X+ = X−, while Y > 1 for damage of coaly rock with X+ >
X−. The more significant damage occurred in coaly rock,
the larger Y will be. The LURR shows great priority in pre-
dicting the failure of complex system, such as earthquake
and engineering material [38, 39].

The response rate X is defined as

X = lim
Δp→0

ΔR
ΔP

, ð7Þ

where X is defined as the response rate, ΔP is the increment
of P, and ΔR is the increment of R.
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Figure 12: Evolution of LURR versus number of cycles at different
loading frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.
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According to the constitutive relationship of linear elas-
ticity, the X can be given as

X = lim
Δp→∞

ΔR
ΔP

= Δε

Δσ
= 1
E
: ð8Þ

Substituting Eq. (7) into Eq. (6), the LURR can be
expressed as

Y = X+
X−

= 1/E+
1/E−

= E−
E+

, ð9Þ

where E+ and E refer to the elastic modulus under loading
and unloading process, respectively.

The evolution of LURR in terms of number of cycles at
different loading frequencies is illustrated in Figure 12.
Figure 12 shows that LURR was initially larger than unity
in the early stage of the first level of peak cyclic stress ampli-
tude. This reason is that a large number of microcracks and
voids were compacted, leading to the decrease in E+ in the
early stage of the first level of cyclic peak stress amplitude.
With further cyclic loading, the coaly rock entered the linear

elastic stage with E+ = E−. This indicates that the deformation
mechanism of initial fissure or pore closure stage is different
from the subsequent linear elastic stage. Mechanical damage
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Figure 13: Evolution of cumulative damage versus number of cycles at different loading frequencies: (a) 0.1Hz; (b) 0.2Hz; (c) 0.5Hz.

Table 1: Fitting results versus relative cycle at different loading
frequencies under multilevel cyclic loading.

Frequency (Hz) Stress level M N R2

0.1

1 0.01503 0.14274 0.96593

2 3.49292E-5 0.07178 0.92323

3 0.02891 0.35445 0.93863

4 7.41856E-6 0.10895 0.85489

0.2

1 0.00435 0.16874 0.89212

2 5.86179E-7 0.07824 0.98289

3 1.48267E-5 0.11724 0.90325

4 2.57051E-5 0.14168 0.92868

0.5

1 0.04693 0.4271 0.91539

2 0.00738 0.33978 0.97632

3 0.0071 0.50114 0.98981

4 0.03939 1.26118 0.75365
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can be induced in the initial fissure or pore closure stage;
however, no damage occurred in the linear elastic phase with
Y approximately equal to unity.

Figure 12 also shows that LURR was greater than unity in
the first or first several cyclic loading at both the loading fre-
quency of 0.1Hz and 0.2Hz. However, such a phenomenon
disappeared when the cyclic peak stress amplitude increased
to level 3 (0.6σc) at 0.1Hz and level 4 (0.8σc) at 0.2Hz. Con-
trary to the loading frequency of 0.1Hz and 0.2Hz, the phe-
nomena of LURR was greater than unity reappeared at the
cyclic peak stress amplitude levels 3 (0.6σc) and 4 (0.8σc).
This indicates that lower loading frequency of cyclic loading
allows the damage to occur at the early time of cyclic loading
and low peak cyclic stress amplitude. This is consistent with
the findings from the AE response of coal as shown in
Figure 10. Therefore, it can be concluded that LURR is an
effective parameter to evaluate the damage of coaly rock
under cyclic loading and also effective in distinguishing dif-

ferent deformation mechanism at different loading stages as
mentioned above.

It has been known that a relation between LURR Y and
damage variable D always exists, no matter the definition
complexity or difference of damage variable D [40]. In order
to further quantify the damage evolution of coaly rock under
cyclic loading, a damage variable D is defined as below [41]:

D = 1 − exp 1 − Y
mY

� �
, ð10Þ

where D is the damage variable and m is the Weibull index.
Figure 13 shows the evolution curve of cumulative dam-

age of coal in terms of the number of cycles at different fre-
quencies. Overall, the cumulative damage increased
gradually with the number of cycles, following a nonlinear
trend. The damage evolution not only reflects the whole
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Figure 14: Comparison between the experimental values and fitting results versus relative cycle at different loading frequencies: (a) 0.1Hz; (b)
0.2Hz; (c) 0.5Hz.
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cyclic loading process, but also describes the damage of coal
at the initial loading stage. Therefore, it is consistent with
the progressive nature of coal during the whole loading
process.

According to the linear multiaxis fatigue damage model
proposed by Yin et al. [42], the cumulative damage of coal
under cyclic loading at each stress level can be calculated [43]:

D = 1‐ 1‐ Ni

Nt

� �1/1−α
( )1/1+β

, ð11Þ

where Ni is the number of cycles of the i th level loading,Nt is
the total number of cycles at the i th stress level, α is the stress
exponent, and β is the material constant related to the
temperature.

LetM = 1/ð1 − αÞ,N = 1/ð1 + βÞ; the fitting parameters of
M and N under different loading frequencies are shown in
Table 1. The data of accumulation damage of different stress
levels under different loading frequencies is simulated with
Eq. (11). The experimental results of coal samples and the
predicted results with Eq. (11) are shown in Figure 14. It is
obvious that the predicted results fit the experimental results
very well. This implies that the accumulation damage model
can effectively describe the damage evolution of coal under
multilevel cyclic loading.

4. Conclusions

In order to evaluate and quantify the geotechnical property
evolution of coal during resource extraction, the mechanical
property and damage characterization of coal under different
cyclic loading were experimentally investigated by conduct-
ing multilevel cyclic stress with different loading frequency.
The loading/unloading response ratio (LURR) is used to
evaluate the damage of coal under cyclic loading. The
Young’s modulus of coal initially increased sharply with a
reducing increasing rate and then decreased with further
loading-unloading cycles. Additionally, the increment in
Young’s modulus is largest at the lowest peak stress ampli-
tude, and the absolute increment gradually decreased with
the increase of peak stress amplitude. The Poisson’s ratio of
coal gradually increased at lower peak stress amplitudes
and then increased sharply with the increase of peak stress
amplitude until macro failure, following a stepwise rising
trend. The transition of volumetric compressibility-
dilatancy occurred earlier under a higher loading frequency.
The dissipated energy density of coal overall increased with
the increase of peak stress amplitude. In addition, the cumu-
lative dissipated energy of coal presented an obvious three-
stage trend.

It is also found that LURR is an effective parameter to
evaluate the damage of coaly rock under cyclic loading and
is also useful in distinguishing different deformation mecha-
nism at different loading stage. The results also show that the
damage of coal can initiate at the early stage of cyclic loading
at a low loading frequency, and the increase in frequency of
cyclic loading can delay the damage time, requiring a rela-

tively higher level of peak cyclic stress amplitude. This was
confirmed by both the AE monitoring and LURR analyses.
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