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Abstract
The samples collected from Banxi coal mine in Chongqing, Southwest China, have been used to study on damage of coal based on
permeability change rate (PCR) and load-unload response ratio (LURR) under cyclic loading by using thermal-hydrological-
mechanical (THM) coupling experimental equipment. Research results show that (1) the LURR is applied to describe the samples
response to cyclic loads based on loading/unloading elastic modulus. The LURR is larger at the initial cyclic, with the cyclic loading
and unloading, it decreases sharply first, and then slowly decreases to 1 value, and then slowly rises away from 1 value. The increase
of LURR after stabilization can be used as the precursory information to judge the failure and instability of coal and rock. (2) A new
damage characterization method based on PCR can well characterize the three stages of coal-rock damage under cyclic loading, that
is, first accelerates damage and then remains smooth, at last also accelerates damage. The evolution of damage variable based on
PCR is similar to the general trend of damage variable based on LURR. As gas monitoring is a routine monitoring indicator for coal
mines, so it is a practical, innovative, and economical method to characterize the damage variables based on PCR.
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Introduction

In deep mining engineering, coal and rock often are subjected
to cyclic or dynamic loads, which result from the mining ac-
tivities, blasting vibration, periodic roof weighting, earth-
quake, underground excavation, and other engineering activ-
ities (Song et al. 2012, 2016; Liu et al. 2014; Liu and Qin
2019; Peng et al. 2020; Yang et al. 2019). Cycle loading is
one of the important factors that affect the mechanical prop-
erties and long-term stability of rock mass, and also has an
important influence on strength and gas emission of coal in the
mine (Zhong et al. 2019; Duan et al. 2020a). Meanwhile, the

intrinsic micro-structure of coal and rock mass, the mechani-
cal properties, and the failure process under repeated mining
stress differ enormously from those under static loads (Bagde
and Petroš 2005a, b; Heap et al. 2009; Ferrero et al. 2010).
Tiered cyclic loading is a special form of cyclic loading, that
is, stress amplitude increasing from cycle to cycle (Jiang et al.
2017). In engineering, some stress conditions can be simpli-
fied as tiered cyclic loading. Therefore, it is necessary to fur-
ther analyze the seepage, deformation, and damage properties
of coal under the cyclic mining stress, especially the influence
of tiered cyclic stress on gas-containing coal seams. This will
help for recognizing and comprehending the damage and fail-
ure mechanisms of gas-containing coal, which has important
theoretical and practical significance for coal and rock disaster
warning and prevention (Wang et al. 2013a, b).

During the past few decades, many kinds of research have
been carried out on the mechanical properties of coal and rock
under equal amplitude cyclic stress. For an example, Ray et al.
(1999) reported that the percentage decrease in uniaxial com-
pressive strength increased with the applied stress level and
the number of cycles. The failure strength, fatigue stress, and
Young’s modulus were found to increase with strain rate. Al-
Shayea (2004) concluded that the dynamic elastic modulus
and Poisson’s ratio increased with the confining pressure,
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and under cyclic loading, their values during unloading were
slightly higher than those during loading. Bagde and Petroš
(2005a, b, 2009) found that the dynamic strength was influ-
enced by the waveform and loading rate in uniaxial cyclic
compression tests. Xiao et al. (2010) proposed a damage var-
iable to describe the actual evolution process of granite fatigue
damage by analyzing the test results of the uniaxial cyclic
dynamic tests. Wang et al. (2017) experimentally investigated
the permeability and porosity of porous sandstones under the
cyclic loading-unloading conditions. It is inferred from the test
results that the evolution of sandstone porosity and permeabil-
ity is related to the relative movement of particles and the
closure of micro-cracks. All the above researches are carried
out under constant amplitude cyclic stress; however, in actual
engineering stress field, cyclic loading and unloading are not
all constant amplitude in nature; therefore, the tiered cyclic
loading should be comprehensively investigated.

The mechanical and seepage properties of different rocks
under multi-level loading or tiered cyclic loading have been
the subject of intense interest in recent years. For example,
Yang et al. (2015) carried out triaxial compression experi-
ments on deep-buried marble specimens to investigate their
short-term and creep mechanical behavior under tiered cyclic
loading. Zhang et al. (2018) conducted acoustic emission ex-
periment to coal samples under the tiered loading, and ana-
lyzed damage evolution based on the single-link cluster meth-
od. Meng et al. (2016, 2018) explored characteristics of ener-
gy accumulation, dissipation, AE in sandstone under tiered
cyclic loading with the six different loading rates. The associ-
ated seepage characteristics of coal mine gas are not consid-
ered in the above tests. The coupling of coal, gas, and cyclic
stress may lead to a complex failure process. Therefore, it is
necessary to study the influence of cyclic mining stress on the
mining process of gas-bearing coal seam.

In this paper, the relationship between loading/unloading
elastic modulus, permeability, and damage of coal under tiered
cyclic loading was analyzed in depth. The PCR and LURR
were newly defined to describe this process. Two new damage
characterization methods based on PCR and LURR were pro-
posed under tiered cyclic loading.

Test arrangements

Coal samples

The coal samples were collected from coal seam K1 of Banxi
coal mine in Chongqing, Southwest China, as shown in Fig. 1a.
The K1 coal seam is middle ash, high sulfur, and high heat lean
coal. The coal measures strata of this mine belong to low-
permeability coal seams (permeability is often less than 0.1 ×
10−15 m2). The gas pressure in K1 coal seam is 0.3~1.2 MPa
and gas content is 26~29 m3/t. The burial depth of the specimens

is 450 m (Jiang et al. 2017). The coal and gas outburst has
occurred, and coal and gas outburst hazards seriously threaten
mine production safety in this mine. Thus, it is necessary to
research permeability, mechanical, and damage of gas-
containing coal samples under tiered cyclic loading. The results
can help us understand coal and gas outburst mechanisms.
Table 1 summarizes the basic physical andmechanical properties
of the coal specimens. According to the requirements of the
ISRM (2007), the standard samples with 50 mm in diameter
and 100 mm in height were prepared (see Fig. 1b). It can be seen
from the SEM of coal that specimens have a large number of
natural fractures and pores (see Fig. 1c, d).

Test facility

The “thermal-hydrological-mechanical (THM) coupling ex-
perimental equipment” was used to carry out the cyclic
loading-unloading test. The basic parameters of this experi-
ment system can be referred to in the reports of Jiang et al.
(2017) and Duan et al. (2020a), and the experiment instrument
is presented in Fig. 2. The apparatus was capable of simulating
gas permeation under different load stress paths, gas pres-
sures, and temperatures. The axial and radial deformation
was monitored and recorded by high precision linear variable
displacement transducer (LVDT) and radial extensometer (see
Fig. 2c). Gas permeation rate was measured by mass flow
meter, as shown in Fig. 2d.

Test methods and conditions

The specimens were loaded into the triaxial chamber accord-
ing to the way of seepage experiment (Duan et al. 2020a).
After the coal samples were loaded, the axial and radial stress-
es were applied step-by-step to the initial hydrostatic pressure
of 3 MPa at the speed of 0.05 MPa/s, then, the pressure of
methane gas (methane concentration of 99.99%) was kept at
1.5 MPa at the upper end of the coal sample. After the gas
adsorption reached equilibrium, the gas outlet valve was
opened and the steady gas flow observed before the loading-
unloading experiment was started. The axial load and unload
specific path (that is 10kN→ 20kN→ 10kN→ 25kN→
10kN→ 30kN→ ···→ peak stress→ stop experiment) is pre-
sented in Fig. 3.

Test results and analysis

From the two aspects of deformation, permeability law of coal
and rock under tiered cyclic loading was analyzed in detail.
The evolution laws of damage variables based on LURR and
PCR were compared and analyzed. A new damage variable
equation was defined based on PCR.
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Characteristics of damage based on LURR under cyclic
loading

Loading/unloading elastic modulus

Elastic modulus is an important index of deformation
characteristics of the rock. The loading elastic modulus
and unloading elastic modulus of each cycle is different
under tiered cyclic loading. The change of loading/
unloading elastic modulus reflects the damage degree of
cyclic stress to coal and rock (Zhang et al. 2010, 2013).
Therefore, studying the variation law of loading/
unloading elastic modulus can better reveal the damage
rule of coal and rock in grading cycle. The formula for
calculating the elastic modulus of rock under triaxial com-
pression was as follows:

E ¼ Δσ1 þ 2Δσ3ð Þ Δσ1−Δσ3ð Þ
Δσ3 Δε1−2Δε3ð Þ þΔε1Δσ1

ð1Þ

where E is elastic modulus. Δσ1 and Δε1 are the incre-
ments of σ1 and response ε1, respectively. Δσ3 and Δε3
are the increments of σ3 and response ε3, respectively. σ1
and σ3 are axial and radial stresses. ε1 and ε3 are axial and
radial strain. In this experiment, confining pressure was
kept constant, that is, Δσ3 = 0. Therefore, Eq. (1) can be
simplified as Eq. (2):

E ¼ Δσ1

Δε1
ð2Þ

The stress-strain curve may fluctuate in the process of
servo-controlled loading, and calculation results of elastic
modulus will change obviously if the calculation interval
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Fig. 1 Standard raw coal samples
and SEM of coal. (a) Sampling
location. (b) Coal samples. (c)
50 μm. (d) 20 μm

Table 1 Basic physical and mechanical properties of the coal (Jiang et al. 2017)

Mad (%) Aad (%) Vad (%) FCad (%) v (m/s) Density (g/cm3) UCS (MPa) BSS (MPa)

0.75 12.31 13.01 73.93 1659 1.385 10.471 1.538

BET surface area (m2/g) Langmuir surface Area (m2/g) Total pore volume (cm2/g) Average pore width (Å)

0.2658 0.4647 0.0011 165.2347

Mad, moisture content on air dried basis; Aad, ash content on air dried basis; Vad, volatile content on air dried basis; FCad, fixed carbon content on air
dried basis; v, wave velocity of coal sample; UCS, uniaxial compressive strength; BSS, Brazil splitting strength
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changes slightly. Therefore, it is more appropriate to use the
linear fitting of the axial stress-axial strain straight line seg-
ment data as the elastic modulus.

Figure 4a–c show loading elastic modulus (LEM) and
unloading elastic modulus (UEM) of coal samples RC-1,

RC-2, and RC-3 in each cycle. From the graph, we can see
that LEM andUEMof three coal samples show the same trend
with the increase of cycle times. The UEM is always greater
than LEM in each cycle. The LEM is far less than UEM in the
first cycle. With the increase of the cycle times, the LEM

Gas
pressure
sensor

Gas
pressure
sensor

Flow
rate

meter

Hydraulic
oil tank

AE workstation

Computer
control and

data collector

High
pressure

pump

Signal amplifier

AE sensors

Needle valve

Gas
cylinder

Radial
extensometer

Coal
sample

Hydraulic 
oil

(a)

(d)(c)(b)

Mass flow meter

R
ad

ia
l e

xt
en

so
m

et
er

Fig. 2 Experimental system for
tiered cyclic loading test. (a)
Schematic diagram. (b) Triaxial
servo-controlled seepage appara-
tus. (c) Radial extensometer. (d)
Mass flow meter
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firstly increases rapidly and then increases slowly, at last de-
creases rapidly. But the UEM decreases first and then in-
creases. The LEM and UEM first close to each other and then
move away. When LEM is closest to UEM, it means that coal
and rock mass is compressed to the closest ideal elastic

material. The LEM of coal and rock decreases sharply before
failure, and this phenomenon can be used to predict coal and
rock failure.

Load-unload response ratio

In order to more directly reflect the relationship between LEM
andUEM, load-unload response ratio (LURR)was introduced
to characterize it. The LURR is a theory to study the instability
precursor and instability prediction of nonlinear systems
(Gong et al. 2019; Yin et al. 2006; Zhang et al. 2010, 2013).
In this paper, we used LURR theory to define two basic
quantities:

1. The response amount X is defined as

X ¼ lim
ΔP→0

ΔR
ΔP

¼ Δε1
Δσ1

¼ 1

E
ð3Þ

where ΔP and ΔR denote the increments of load P and re-
sponse R, respectively.

2. LURR (denote by Y) is defined as

Y ¼ Xþ
X

¼ 1=Eþ
1=E−

¼ E−

Eþ
ð4Þ

where X+ and X− refer to the response rate under loading and
unloading condition. For the elastic phase, the response rate
X+ = X−, thus Y = 1. It shows that the LURR of material is
closer to 1, and the stronger elastic property is.

According to the theoretical formula of LURR, the Yvalue
in each cycle can be calculated, as shown in Fig. 5. The Y is
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larger in the first cycle, but with the cyclic loading and
unloading, it decreases sharply and then slowly decreases
gradually to 1, and then slowly rises away from the 1, and
there is an obvious rapid increasing trend near coal failure (see
the enlarge part of Fig. 5). So with the increase of axial cyclic
stress, the LURR curves of the three coals can be divided into
the decrease stage, the steady stage, and the increase stage,
which corresponds to coal compaction stage, elastic stage, and
crack unstable growth stage, respectively (the same results had
been found by Gong et al. 2019). At the same time, the LURR
can reflect the elastoplastic characteristics of the coal and rock
from the side. According to the changing trend of the LURR,
it was found that the elastic properties of the gas-bearing coal
gradually increase and then weaken gradually with the in-
creasing of cyclic stress. Therefore, the increase of LURR
after stabilization can be used as the precursory information
to judge the failure and instability of coal and rock.

Characterization of damage variables based on LURR

The Y is a parameter that can quantitatively reflect the insta-
bility degree of nonlinear systems. Thus, based on the theory
that the damage at the fracture limit obeys the Weibull distri-
bution on the meso-scale (Weibull 1951; Wei et al. 2000; Xu
et al. 2004; Zhang et al. 2013) established the relationship
between the Y variable and the damage variable as:

DY ¼ ∑
n

i¼1
DY ið Þ ¼ ∑

n

i¼1
1−exp

1−Y ið Þ
mY ið Þ

� �� �
ð5Þ

where DY(i) and DY are single cycle damage variable and
cumulative damage variable, respectively. m is Weibull index.

According to Eq. (5), theDY(i) andDY based on LURR can
be obtained, as shown in Fig. 6a and b. With the increase of
cycle number (or cycle peak stress), the variation law of dam-
age variable in three coal samples is roughly the same trend,
DY(i) decreases first and then increases, and change trend is
like “U” type, damage is larger in the initial stage and near
failure stage, and in the intermediate elastic deformation stage,
damage is small and basically below 0.1. However, the change
curve ofDY is similar to “S” type, showing an obvious 3 zone:
The I zone is the initial rapid damage zone (cyclic peak stress
is about below 30% of coal peak strength). In the initial cycle
stage, a lot of cracks in coal are compressed, and the damage is
significant. The II zone is slow damage zone (cyclic peak
stress is about between 30 and 60% of coal peak strength).
The pore and fracture is compacted, and the coal sample is in
the elastic stage. After the cycle, the elastic modulus change is
small, and the damage increases slowly. Therefore, in engi-
neering practice, reasonable control of mining cyclic stress is
kept at 30~60% of the coal peak strength, which can effective-
ly reduce the damage caused by cyclic stress to coal. The III
zone is rapid damage zone near failure (cyclic peak stress is

about above 60% of coal peak strength). In this zone, a lot of
fractures are produced and elastic modulus deteriorates seri-
ously and decreases.

A new damage variable based on PCR

Curve of permeability and volume strain

The gas flow follows the Darcy’s law; permeability was con-
tinuously calculated using (Yin et al. 2015; Lu et al. 2019;
Duan et al. 2020b)

K ¼ 2μlQpa
S p21−p2a
� � ð6Þ

where K is permeability of coal sample (m2), μ is the gas
kinematic viscosity (Pa·s), l is the sample length (m), and
Q is the gas permeation rate (m3/s), measured by mass
flow meter. S is the cross-sectional area (m2), p1 is the
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gas pressure specimen inlet (Pa), and pa is the gas pres-
sure specimen outlet (Pa).

According to the Kozeny-Carman permeability equation,
the evolution equation of permeability with temperature and
deformation is (Ran and Li 1997):

K
K0

¼ 1

1þ εv
1þ εv

φ0
−
3βs T−T0ð Þ φ−φ0ð Þ

φ0

� �3
ð7Þ

where K and K0 are dynamic permeability and initial perme-
ability, respectively. φ and φ0 are dynamic porosity and initial
porosity, respectively. T and T0 are dynamic temperature and
initial temperature, respectively. εv is volume strain (εv = ε1 +
2ε3, ε1 and ε3 are axial and radial strain, which can be calcu-
lated by the axial and radial deformation measured by LVDT
and radial extensometer). βs is the linear thermal expansion
coefficient.

When the gas pressure and temperature are constant and
the adsorption is completely balanced, Eq. (7) can be simpli-
fied as below:

K ¼ 1

1þ εv
1þ εv

φ0

� �3
K0 ð8Þ

The permeability of coal varies dynamically under the
tiered cyclic loading. Jiang et al. (2017; Duan et al. (2018)
have analyzed the relationship between permeability and axial
strain under cyclic loading and unloading. But according to
Eq. (8), the dynamical changes of permeability mainly depend
on the change of volume strain in coal. Therefore, the rela-
tionship between permeability and volume strain under tiered
cyclic loading is more closely, and should be further studied.
The permeability and volume strain change of coal sample
was analyzed in detail and is presented in Fig. 7. Coal sample
permeability change is closely related to axial stress and vol-
ume strain under tiered cyclic loading. With the gradual in-
crease of cyclic stress, volume strain increases rapidly at initial
compaction phase, a large number of natural fractures and
pores in coal and rock are compressed, and permeability
shows a significant spiral reduction. At elastic phase, volume
strain increases slowly, and permeability decreases slowly. At
the yielding phase, pores and fractures of coal expand and
develop, and permeability begins to increase slowly. At the
moment of failure, volume strain value decreases sharply, and
volume expansion effect in coal is obvious, and permeability
increases rapidly. Therefore, permeability variation is in good
agreement with volume strain change.

Residual volume strain and permeability change rate

Figure 7 shows the general trend of permeability and
volume strain change, but it can be not clearly analyzed
and compared the magnitude of permeability and

volume strain change at the different cyclic number. In
order to quantitatively analyze the influence of each
cycle on permeability and volume strain, permeability
change rate δ and residual volume strain τ were defined
as follows:
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δ ið Þ ¼ jKiþ1−Kij=K0 ð9Þ
τ ið Þ ¼ jεiþ1

v −εivj ð10Þ

where δ(i) is permeability change rate in the ith cycle, Ki + 1

is permeability in the i + 1th cycle, m2. Ki is permeability in
the ith cycle, m2. K0 is the initial permeability, m2. τ(i) is
residual volume strain in the ith cycle, εv

i + 1 is volume strain
in the i + 1th cycle, %. εv

i is volume strain in the ith cycle, %.
The permeability change rate reflects the amplitude of perme-
ability variation in each cycle. The greater the value of perme-
ability change rate, the greater the change of permeability.
Residual volume strain τ reflects volume deformation in coal
and rock which cannot be recovered after cyclic compression.

According to Eqs. (9) and (10), permeability change rate δ
and residual volume strain τ can be calculated as shown in
Fig. 8 a and b, respectively. As shown in Fig. 8a and b, the
permeability change rate δ and residual volume strain τ in
three coal samples show the same trend of change with the
increase of cycle number (or cycle peak stress), and they are
larger after first cycles.With the increase of cyclic stress, δ and
τ decrease gradually, and increases in the near failure stage.
This shows that there are a large number of natural cracks and
large pores in coal and rock mass, and cracks and large pores
are easily closed under low stress, and forming large volume
compression. However, cracks and large pores are difficult to
recover after stress recovery, which is the main reason for
permeability sharp decrease in the initial stage. With the in-
creasing of cyclic stress, cracks and pores are gradually
compacted, volume compression gradually decreases, and δ

and τ decreases. When the cyclic stress continues to increase,
the micro pore fracturing cannot bear its pressure, coal body
continues to be compressed and fractured, and δ and τ in-
crease. In order to observe the trend of δ and τ more clearly,
the δ and τ of coal sample RC-2 were extracted separately in
Fig. 8c. Figure 8c shows that the overall trend of δ is similar to
the general trend of τ. The change trend of τ can reflect the
change law of permeability from the side. Permeability
change can be used as an important indicator for predicting
coal and rock failure, so τ can also reflect the evolution pro-
cess of the coal-rock failure.

Characterization of damage variables based on PCR

The closure, development, expansion, and connectivity of in-
ternal cracks and pore in coal are the fundamental reasons for
the change of permeability. Meanwhile, the change of pore
structure and cracks in coal under the action of external load
is also the root cause of coal damage (Chen et al. 2014). Coal
damage will occur after each cycle, the most direct cause of
damage is the change of coal pores and cracks, and the change
of pores and cracks can be indirectly reflected by permeability
changes. Therefore, it is theoretically feasible to describe the
damage variation of coal and rock mass by permeability
change. In this paper, it is found that PCR can better reflect
the evolution process of fracture deterioration in coal and rock.
Therefore, the author defines the damage variable equation
based on PCR as follows:
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DK ¼ ∑
n

i¼1
DK ið Þ ¼ ∑

n

i¼1
βδ ið Þ= ∑

n

i¼1
δ ið Þ

� 	
ð11Þ

β ¼ 1−
σr

σmax
ð12Þ

where DK(i) and DK are single cycle damage variable and
cumulative damage variable, respectively. β is damage correc-
tion coefficient. σr is residual strength. σmax is peak strength.
In this experiment, cumulative damage variable of all cycles is
assumed to be 1, and damage variable of each cycle is char-
acterized by the ratio of the permeability change of each cycle
to that of all cycles. DK(i) can reflect damage magnitude of
each cycle stage.

According to Eq. (11), single cycle damage variable DK(i)
and cumulative damage variable DK based on PCR can be
obtained, as shown in Fig. 9a and b. With the increase of cycle
number, DK(i) first decreases, then maintains stability and ba-
sically below 0.1, and finally increases. The whole change trend is like “U” type. However, with the increase of cycle

times, the whole change curve ofDK is similar to “S” type,DK

shows an obvious 3 zone, that is, accelerated increase first,
and then slowly increase, and at last accelerated increase. The
I zone is the initial rapid damage zone. In the initial cycle
stage, a lot of pores and cracks in coal are compressed, the
permeability changes greatly, and the damage is significant.
The II zone is slow damage zone. The pore and fracture is
compacted, and the coal sample is in the elastic stage. After
the cycle, the permeability change is small, and the damage
increases slowly. The III zone is rapid damage zone near fail-
ure. In this zone, a large number of pore fractures are produced
and a large number of seepage channels are formed. The
change of permeability increases and the damage and deteri-
oration is aggravated.

Comparing and observing Figs. 6 and 9, it can be seen that
the change trend of damage variable based on PCR and LURR
is the same. To clearly compare the two damage variable char-
acterizations, the damage variable based on PCR and LURR
in coal sample RC-3 is shown in Fig. 10. We found that the
change curve of damage variable based on LURR and PCR
basically coincided, which indicated that damage variable
could be expressed by different macroscopic physical quanti-
ties, and the same change rule could be obtained. This also
proves the correctness of the new damage variable definition
based on PCR. At the same time, for gas-bearing coal mines,
routine measurements of gas flow must be performed daily to
ensure that the gas does not exceed the standard. Therefore, it
is a practical, innovative, and economical method to charac-
terize the damage variables by using permeability changes.

Conclusions

In this paper, the samples collected from Banxi coal mine in
Chongqing, Southwest China, have been used to study on
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damage of coal based on PCR and LURR under cyclic loading
by using THM coupling experimental equipment. The rela-
tionship between permeability, loading/unloading elastic
modulus, and damage of coal under tiered cyclic loading
was analyzed in depth. The damage variable based on PCR
and LURR was newly defined to describe this process.
Research result shows that:

1. The LURRwas applied to describe the sample response to
cyclic loads based on loading/unloading elastic modulus.
The LURR is larger at the initial cyclic, with the cyclic
loading and unloading, it decreases sharply first, and then
slowly decreases to 1 value, and then slowly rises away
from 1 value. The increase of LURR after stabilization
can be used as the precursory information to judge the
failure and instability of coal and rock.

2. The change of permeability is in good agreement with the
change of volume strain. With the increase of cycle times,
the values of δ and τ decrease rapidly at first cycle stage
and then decrease slowly, finally increase in the coal fail-
ure stage. The new damage variable DK based on PCR
shows a trend of “S” type, which can well characterize the
three stages of coal-rock damage under cyclic loading,
that is, first accelerates damage and then remains smooth,
at last also accelerates damage. The evolution of damage
variable DK based on PCR is similar to the general trend
of damage variable DY based on LURR. This also proves
the correctness of the new damage variable definition
based on PCR. As gas monitoring is a routine monitoring
indicator for coal mines, so it is a practical, innovative,
and economical method to characterize the damage vari-
ables based on PCR.
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