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ABSTRACT: The mining goaf is enriched in coalbed methane (CBM)
resources, and it is imperative to realize its efficient extraction. The gas
permeability properties of the crushed coal and rock in the caved zone of
mining goaf are the basis for the study of its internal CBM migration and
enrichment law. In this study, the compaction deformation and gas
permeability properties of crushed limestone with different particle sizes
were revealed. The results show that (1) the deformation resistance capacity
of the crushed limestone increased with increasing stress. The decreasing
trend of porosity of samples with different particle sizes in the early and later
compression periods is significantly different. Particle RR of the lower layer is
smaller than that of the other layers. (2) The permeability of the sample
decreases with decreasing porosity and nitrogen pressure, and it is between
10−12 and 10−10 m2. Nitrogen migration within the crushed limestone requires
the pseudo-threshold pressure gradient, which ranges from 64.86 to 311.42 Pa/m. (3) The average permeability growth amplitude of
the sample shows a logarithmic decreasing trend with the decrease of porosity. The average permeability growth amplitude of the 5−
10 mm sample at the same porosity was 15.9−22.3 times that of the 0.315−0.63 mm sample. (4) The permeability of crushed
limestone on both sides of the lower layer in the caved zone is much larger than that of other locations. The results are of great
practical significance for accurately predicting the CBM enrichment area of mining goaf and then selecting the final position of the
extraction drilling hole.

1. INTRODUCTION
China’s coal resources account for about 94% of the proven
fossil energy reserves and have an irreplaceable position in the
energy system.1,2 As a clean and high-quality energy source
associated with coal resources, the development and utilization
of coalbed methane (CBM) have great market prospects.3

Meanwhile, it is an important direction for the development of
clean energy in the future.4,5 CBM is abundant in the mining
goaf, and realizing its efficient exploitation and utilization is of
great significance to optimize the energy structure.6 The gas
permeability properties of coal and rock media in mining goaf
are the basis for studying CBM enrichment and migration and
the selection of surface drilling location.7,8 The goaf formed by
longwall mining can be divided sequentially into a caved zone,
a fractured zone, and a continuous bending zone.9,10 Notably,
the crushed coal and rock in the caved zone is a triple pore
structure with pores, fractures, and voids, which means that its
internal pore space is much larger than the dual pore-fracture
structure in the fractured zone and continuous bending zone.11

Crushed limestone is a common rock in the caved zone; it is of
great theoretical and practical significance to master the
evolution of its permeability properties during compaction for
the efficient extraction of CBM in goaf.

As a kind of granular material, the compaction deformation
behaviors of crushed coal and rock under stress will inevitably
affect its permeability properties.12 Thus, more and more
researchers have paid more attention to the compaction
deformation of crushed coal and rock. For crushed coal and
rock, many studies have been conducted to understand the
factors affecting deformation behavior such as loading rates,13

particle gradations, and confining pressures14 through repeti-
tive triaxial compression experiments. Huang et al.15 and Liang
et al.16 found that the compaction deformation of crushed
gangue demonstrated approximately linear, nonlinear, and
stable linear growth stages. In addition to this, the influence of
particle crushing on macrodeformation resistance under the
cyclic loading stress path was analyzed.17 Zhang et al.18 and
Han et al.19 investigated the influence of lithology and
compaction stress on particle crushing of crushed samples.
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After proposing a compaction-acoustic emission three-dimen-
sional localization method20 specifically applicable to crushed
granular media, Li et al.21,22 investigated the macroscopic
compaction deformation and the spatial and temporal
evolution laws of the internal particle recrushing behaviors
for crushed anthracite and gangue with different particle sizes.
Through axial compression tests, many scholars have revealed
that the particle refragmentation rate is positively correlated
with the initial measured pressure,23 coal−rock mixing ratio,24

and the particle gradation.25 The above research has laid a
solid foundation for analyzing the permeability properties of
crushed coal and rock.
Compared with traditional porous and fractured coal and

rock, the seepage channel of crushed coal and rock is
composed of a triple void structure of pores, fractures, and
voids, which is much larger than that of porous and fractured
coal and rock.26,27 Moreover, due to the influence of the
overlying strata, the overall porosity and particle size of the
crushed coal and rock inside the caved zone of the mining goaf
are very different from those of the conventional intact crushed
coal rock.28 This leads to the change of porosity and particle
size of crushed coal, and rock media will greatly affect the size
of the permeability in the caved zone.29 Early in the 21st
century, many researchers carried out studies on the
permeability characteristics of crushed coal and rock under
the medium of water. Huang et al.30 and Li et al.31 found that
the seepage behavior of water inside crushed sandstone
conforms to the nonlinear permeability law. Subsequently, it
was discovered that increasing stress and decreasing particle
size will lead to a decrease in the permeability of crushed
sandstone.32,33 In recent years, the gas permeability properties
of crushed coal and rock inside the mining goaf have received
extensive attention as the study progressed. The effects of
compaction, expansion, and seepage characteristics of natural
and saturated crushed rocks were investigated.34 On this basis,
it was obtained that the relationship between permeability,
non-Darcy coefficient, and porosity of crushed sample can be
fitted using an exponential function.35 Gas permeability
experiments with different stress carried out on crushed coal

and rock were used to construct a stress-permeability fitting
model by varying the stress conditions and the number of
cycles of loading and unloading.36,37 Under constant total
stress, permeability to sorption gas increases with a decrease of
pressure due to crushed coal and rock swelling38,39 and
decreases with increasing pressure due to matrix shrinkage.40,41

Pang et al. and Zhang et al.42,43 studied the permeability
evolution of crushed coal with different porosities and found
that porosity is the main factor determining the permeability of
crushed coal samples.

In the above studies, the permeability of the fluid mostly
occurs under the condition of a high Reynolds number. Hence,
the seepage process can be well described by the non-Darcy’s
Forchheimer’s equation. The continuous extraction inside the
mining goaf will lead to the reduction of the flow rate and
pressure of CBM. Subsequently, the migration of CBM in
crushed coal and rock of the caved zone will be dominated by
the low Reynolds number.29,44 The current research on the gas
permeability law under the low Reynolds number of crushed
coal and rock is not in-depth. Moreover, strong adsorption and
desorption between the crushed coal, rock, and methane will
make the internal seepage channel expand and contract, which
will lead to a large difference in the permeability law.

Therefore, our group developed the first generation of
compaction−permeability experimental equipment for crushed
coal and rock. The relationship between the porosity,
permeability, and pressure gradient of the crushed anthracite
with single particle size under the low flow velocity was
studied.45 On this basis, the second-generation experimental
system of compaction−seepage of crushed coal and rock was
designed. This study carries out the experimental system to
explore the compaction deformation and gas permeability
properties of crushed limestone with different particle sizes.
The results are of great practical significance for accurately
mastering bearing and seepage behavior in the caved zone,
predicting the CBM enrichment area of mining goaf, and then
selecting the final position of the extraction drilling hole.

Figure 1. Compaction−seepage experimental system for crushed coal and rock.
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2. EXPERIMENTAL DESIGN
2.1. Experimental System. Figure 1 shows the second-

generation experimental system of compaction−seepage of
crushed coal and rock, which included a compaction−seepage
experimental device of crushed coal and rock, an axial
hydraulic servo loading device, gas supply tanks, a gas pressure
regulation system, gas piping, a vacuum pump, gas data
acquisition, and a constant temperature control system.
The gas pressure regulation system realizes the stable control

of the inlet pressure by connecting two pressure reducing
valves in series. The maximum inlet pressure of the first-stage
pressure reducing valve was 15 MPa, and the regulating range
was 0−120 kPa; the maximum inlet pressure of the second-
stage pressure reducing valve was 1 MPa, and the regulating
range was 0−14 kPa. The gas data acquisition system was used
to monitor the following parameters in real time: inlet and
outlet line temperature and pressure, gas flow, and tank
temperature. Its sampling frequency was 12.5 times/s; the flow
sensor measurement range was 0−2 L/min with an error of
0.2%; the pressure sensor measurement range was 0−5 kPa
with an error of 0.2%. The constant temperature control
system was used to maintain a constant temperature flow of
gas. The outer walls of the compaction−seepage experimental
device of crushed coal and rock and gas piping are fully
wrapped with heating pads. Temperature sensors are installed
between the heating pads, the gas piping, and the outer wall of
the compaction−seepage experimental device. On this basis,
the constant temperature control system will automatically
determine whether heating is required according to the
difference between the preset temperature and the real-time
ambient temperature in order to ensure the constant
temperature flow of gas medium during the whole testing
process.
Figure 2 shows the compaction−seepage experimental

device of crushed coal and rock, which includes a loading

plate, an indenter, fixed plates, a tank, an inlet, an outlet, limit
nuts, limit screws, and a foundation. A loading plate is used to
deliver the axial loading stress from the axial hydraulic servo
loading device. This device rivets the loading plate to the
indenter as a single unit to achieve better transfer of axial
stress. The crushed coal and rock compaction−seepage
experimental device is used to accommodate crushed lime-
stone samples, and its charging height and internal diameters
are 0.19 and 0.05 m, respectively. At the same time, its

maximum axial loading capacity is 50 kN. Fixed plates
constrain the downward path of the loading plate and indenter,
which prevents damage to the device caused by eccentric
compression. A combination of limit screws and limit nuts was
used to maintain axial displacement during seepage experi-
ments.

2.2. Experimental Samples. The limestone material was
obtained from Yanshi City, Henan Province, China. It was
found that the crushed rock with a particle size of 0.05 m or
less accounted for about 15−86% after blasting in the
excavation face.46 There are about 1.28−17% of brittle rock
particles with size below 2 mm after the dynamic impact test.47

The smaller the particle size, the lower the permeability of the
crushed coal and rock. In the late stage of CBM extraction, this
becomes the key to constrain the CBM migration properties
and the efficiency of extraction in mining goaf.29 Therefore, the
limestone material was crushed and screened into 0.315−0.63,
0.63−1.25, 1.25−2.5, 2.5−5, and 5−10 mm samples. A
standard sand screen according to GB/T 6003.1-2012 was
used for screening.28 The uniaxial compressive strength and
density of the samples were 129 MPa and 2834 kg/m3,
respectively. Figure 3 shows the diagram of these experimental
samples.

2.3. Experimental Methodology. The experimental
procedure of the experiment is shown below:
(1) Sample charging. The crushed limestone samples were

weighed and uniformly put into the crushed coal rock
body compaction−seepage experimental device using
the method described by Li et al.22 The final charging
height was 120 mm.

(2) Preloading. The rate of preloading was 0.01 kN/s. When
the pressure reaches 0.5 kN, the loading was stopped
and the axial displacement of the press was kept
constant.

(3) Vacuum pumping and preheating. After connecting the
compaction−seepage experimental system. The sample
was continuously vacuumed for more than 12 h to
discharge impurity gas. Then, the tank and gas piping
were heated until they reached 30 °C.

(4) Seepage tests. The gas pressure was brought to a preset
value by the gas pressure regulation system and then
open the inlet and outlet valves in turn. Real-time
nitrogen pressure and flow variation were collected using
the data acquisition system. When the differential
pressure variation was less than 3 Pa and the flow
variation was less than 1 mL/min within half an hour,
the first group of seepage test was ended. Changing
nitrogen pressure by the gas pressure regulation system
until six seepage variation tests was completed.

(5) Axial loading. The axial loading rate was 0.01 mm/s until
the loading height reached 5 mm. Step 4 is repeated
until the loading stress reaches 45 kN (prevent the tank
from being damaged).

(6) Repetition of steps (1)−(5) until all compaction−
seepage experiments for the five particle sizes were
completed.

The porosity φ of each axial displacement level can be
calculated as follows29

V V
V

m
A L

1
( )

S L

S s

= =
· · (1)

Figure 2. Compaction−seepage experimental device of crushed coal
and rock.
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where VS is the total volume, VL is the volume of the crushed
coal and rock matrix, χ is the axial displacement, m is the mass
of the crushed coal, ρs is the true density, A is the cross-
sectional area of the tank, and L is the initial height of samples.
In this study, ρs = 2833 kg/m3, A = 0.00196 m2, and L = 0.12
m. In addition, the porosity is a constant parameter when axial
displacement is kept steady during the experiment.
The cleat network of intact coal and rock provides seepage

channels for fluid flow.48,49 Therefore, its permeability depends
mainly on the connectivity of the cleat network, mineral
composition, and lithotype of sample.50 The studies29,34 show
that compared to the intact coal and rock, the crushed coal and
rock is a nonconsolidated porous material and its main seepage
channel is the pore space between particles. Therefore, the
influencing factors of permeability properties of crushed coal
and rock are significantly different from those of intact coal and
rock. The Reynolds number Re51 is often used to determine
the seepage behavior of viscous fluid. It is calculated as follows

Re
d= · ·

· (2)

where ρ, v, and μ are the density, velocity, and dynamic
viscosity coefficient of fluid media, respectively; and d is the
average diameter of sample particles. In this study, ρ = 1.25 kg/
m3 and μ = 0.18 × 10−4 Pa·s (30 °C).
The values of Re in this study were calculated to range from

0.04 to 7.14 and to fall into the applicable range of Darcy’s law.
Darcy’s law can be used to express the permeability k12

k
Q LP

A P P
2

( )
2

1
2

2
2=

· (3)

where Q is the nitrogen flow velocity (m3/s), P1 is the inlet
pressure of nitrogen (Pa), and P2 is the outlet pressure of
nitrogen (Pa).

3. RESULTS AND DISCUSSION
3.1. Evolution of Macrocompaction Behavior. Crushed

limestone is a granular material with no consolidation force.
Different from the intact and fractured rock, the axial
deformation of crushed samples under stress is much greater
than that of the intact and fractured rock.52 Strain can be
calculated as follows28

h
h0

=
(4)

where h0 is the initial height of the crushed limestone and Δh
is the compression displacement.
In this study, it is necessary to keep the axial displacement

constant in order to carry out the gas permeation test when the
sample was compressed every 5 mm. Therefore, there will be a

periodic stress drop in the stress−strain curves,36 as shown in
Figure 4.

As can be seen from Figure 4, the stress−strain curves of
crushed limestone with different particle sizes had roughly the
same growth trend during compaction. According to the
different tangent moduli of the curves, they were divided into
initial compaction (stage I), linear compaction (stage II), and
plastic compaction (stage III). The detailed classification basis
for each stage is summarized in Table 1.

(1) Stage I. The curves exhibited an obvious nonlinear
“upward convex” growth trend, which is basically
consistent with the research results of Feng et al.21

and Li et al.22 Moreover, the loading rate also affects the
growth trend of the curves.53 In this study, the loading

Figure 3. Experimental sample diagram.

Figure 4. Stress−strain curves of crushed limestone under different
particle sizes.

Table 1. Tangent Modulus Range of Different Particle Sizes
of Broken Limestone at Different Deformation Stagesa

the tangent modulus range of each stage

particle size (mm) stage I stage II stage III

0.315−0.63 −168.97 168.97−169.85 169.85−
0.63−1.25 −138.76 138.76−139.26 139.26−
1.25−2.5 −127.58 127.58−128.36 128.36−

2.5−5 −85.98 85.98−86.84 86.84−
5−10 −57.56 57.56−58.37 58.37−

aNote: the tangent modulus range in stage I only shows the final
strain point, and stage III only shows the initial strain point.
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rate was relatively high, so the “upward convex”
magnitudes of the curves were larger.

(2) Stage II. At this stage, the tangent modulus of the curve
tended to a fixed value. And the value decreased with
increasing particle size. This is because large particles
have a looser skeletal structure during the initial charging
state, which results in a weaker deformation resistance
capacity of larger particles compared to that of small
particles. Therefore, the larger the particle size, the
smaller the stress required to be compressed for the
same height.

(3) Stage III. The curves showed a “downward convex”
growth trend. At this stage, the deformation resistance
capacity of crushed limestone gradually increased.
Meanwhile, the smaller the particle size, the faster its
resistance to deformation grows.21

As shown in Figure 4, the strain of crushed limestone
increased with the increase of particle size under the same
stress. The maximum strain (the final strain at the peak stress)
of the 0.315−0.63 mm samples was 11.82%, while that of the
5−10 mm samples was 27.65%. This is because the
compactness22 of the small particle was higher than that of
the large particle under the same stress. Compared to large
particles, small particles are more likely to form a dense
skeleton structure, which sustains stress uniformly.
In addition, compared with crushed anthracite21 and

crushed coal gangue,22 crushed limestone with the same
particle size has greater uniaxial compressive strength and
stronger deformation resistance. Therefore, greater stress is
needed when compressed to the same deformation stage.
The porosity is an important parameter of the physical,

mechanical, and permeable properties of coal and rock.6

Consequently, it is of great engineering value to study the
evolution of porosity in bearings of crushed coal and rock.
Figure 5 shows the porosity−axial stress curves under different
particle sizes. Notably, the exponential function can well
represent the trend of porosity with stress, and the correlation
coefficient (R2) values for each curve exceeded 0.97

a eb= · · (5)

As shown, the porosity decreased with increasing axial stress,
and the decreasing rate became progressively smaller. At the
beginning of loading, the internal structure of crushed
limestone was loose. The particle extrusion and slippage to
fill the pore led to a sharp decrease in the porosity. The
structure of the crushed limestone gradually stabilizes as the
stress increases, which leads to a decrease in the rate of
porosity reduction. Moreover, the porosity of large particles
was larger than that of small particles in the early stage. With
the increase of stress, the porosity of large particles decreased
rapidly and was gradually smaller than that of small particles.

Li et al.29 found that crushed coal and rock in the caved zone
will appear as a layered recrushing phenomenon under
overburden pressure in 2018. Subsequently, Feng et al.28

proposed that the particle recrushing rate (RR) for the first
time provided a new quantitative method for characterizing the
particle recrushing of crushed coal and rock. Based on this, Li
et al.22 concluded that there exists inhomogeneous deforma-
tion and layered recrushing properties in bearing crushed coal
gangue. In this study, to further explore and verify the layered
recrushing behavior of crushed limestone, the particles in the
final compression state were layered and screened, and the
dichotomy method was used for the statistical analysis. Figure
6 shows the evolution of the particle RR of crushed limestone
with different particle sizes in the final compression state.

As shown, the evolution of particle RR in each layer shows
the same trend for crushed limestone with different particle
sizes, that is, upper layer > middle layer > lower layer, which is
similar to bearing crushed coal gangue.22 This is because the
axial stress first acts on top of the samples and then transfers
from the top to lower sections, and this process is nonuniform.
The upper layer near the force application end has a denser
skeleton structure, which is conducive to the occurrence of
particle recrushing events. Therefore, the particle RR of the
upper layer is higher than that of other layers. At the same
time, the particle RR of the overall sample is basically the same
as that of the middle layer. This is because the distance
between the middle layer and the force application end has a
smaller impact on the different force chain transmission effects
compared with that of the upper and lower layers. This resultsFigure 5. Porosity−axial stress curves under different particle sizes.

Figure 6. Particle recrushing rate in the final compression state.
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in a similar particle RR between the overall sample and middle
layer.
The particle RR significantly increases with the increase in

particle size. The overall particle RR rate of 5−10 mm sample
reaches 60%, which is 4 times higher than that of the 0.315−
0.63 mm sample. In the meantime, compared with the 0.315−
0.63 mm sample, the particle RR of the upper, middle, and
lower layers of the 5−10 mm sample increased by 45, 48, and
41%, respectively. This indicates that smaller particles have
stronger bearing capacity than larger ones, which are more
difficult to recrush.
In addition, the quantitative analysis results of particle size in

each layer of crushed anthracite under different stresses by CT
scanning and reconstruction can also prove this point.54 These
results further illustrate the particle distribution of crushed coal
and rock in the caved zone; that is, the overall particles of the
lower layer are the largest, followed by the middle layer, and
that of the upper layer are the smallest. In summary, it can be
seen that the porosity of the lower layer is much larger than
that of the middle and upper layers in the caved zone. This
results in the lower layer of the caved zone being easier for
CBM migration and enrichment.

3.2. Gas Permeability Properties of Crushed Lime-
stone. 3.2.1. Variation of Flow Velocity with Gas Pressure
Gradients. As stated in Section 1, Forchheimer’s equation is
often used to describe the high-velocity non-Darcy flow of
CBM in the early stage of extraction.55 However, the gas
pressure gradually decreases to a lower level in the actual
extraction process.44 Therefore, a lower gas pressure was
chosen for testing in this study.
In this paper, the evolution law of the internal flow velocity

with the gas pressure gradient was analyzed by taking 1.25−2.5
mm crushed limestone samples as an example. Figure 7

illustrates the flow velocity versus gas pressure gradient curves
for the 1.25−2.5 mm crushed limestone. Apparently, the
relationship between the flow velocity and gas pressure
gradient can be well represented by a linear function under
lower gas pressure. This further demonstrates that the
application of the Darcy law can better characterize the
seepage of the crushed limestone in this study. The slopes of
the curves increased with increasing porosity. This indicated

that crushed limestone with larger porosity was more sensitive
to the variation of gas pressure gradients.

Notably, the fitted curves did not pass through the origin of
the coordinates, which was similar to the non-Darcy flow curve
for low-permeability rocks. This indicated that nitrogen
migration within the crushed limestone under low-velocity
seepage conditions requires the threshold pressure gra-
dient.29,45

Figure 8 shows the relationship between the parameters of
the flow velocity−pressure gradient fitting curve and porosity.

As shown, the value of parameter a increases linearly, while
that of parameter b decreases with the increase of porosity.
Further, the nitrogen migration in crushed limestone can be
expressed as
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From eq 6, when the gas pressure gradient is less than the
pseudo-threshold pressure gradient, the flow velocity is 0.
Therefore, assuming that the flow velocity is 0, and the
porosity is substituted into eq 6, the pseudo-threshold pressure
gradient of samples will be obtained. At v = 0, the pseudo-
threshold pressure gradient of the 1.25 mm to 2.5 mm sample
was obtained for the above five porosities, i.e., 77.46, 81.24,
85.47, 113.89, and 120.34 Pa/m. By this method, the pseudo-
threshold pressure gradient for the remaining four particle sizes
of crushed limestone was similarly calculated. And the pseudo-
threshold pressure gradient for all samples is 64.86−311.42
Pa/m. Meanwhile, the pseudo-threshold pressure gradient for
all samples shows an increasing trend with decreasing porosity.
This is similar to methane exhibiting a pseudo-threshold
pressure gradient of 80.87−103.05 Pa/m in crushed
anthracite.45 However, Wei et al.56 found that the proposed
initiation pressure gradient for low-permeability rocks is 0−
1000 Pa/m. The reason for this difference may be the different
magnitudes of the main seepage channels. The seepage

Figure 7. Flow velocity vs gas pressure gradient curves for the 1.25−
2.5 mm crushed limestone.

Figure 8. Relationship between parameters of flow velocity−pressure
gradient fitting curve and porosity.
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channels of crushed limestone are mainly millimeter- and
micrometer-scale voids between particles, which are far more
than the micrometer- and nanometer-scale pores and cracks in
the low-permeability rocks. And the pseudo-threshold pressure
gradient increases with the decrease of seepage channels.
Moreover, this also leads to an increase in the pseudo-
threshold pressure gradient with decreasing porosity.

3.2.2. Evolution of Permeability with Gas Pressure and
Porosity. Shi and Durucan57 observed the continuous
exponential growth behaviors of coalbed permeability with
reservoir pressure depletion and attributed this phenomenon
to the Klinkenberg effect and internal swelling induced by
methane sorption. Meanwhile, it is worth noting that the
permeability increases logarithmically with an increase of the
inlet pressure in this study, as shown in Figure 9.

As shown, the growth tendencies of the curves were
homologous. The permeability shows an apparent growth
with an increasing nitrogen pressure. This is consistent with
the trend of permeability with methane pressure in crushed
coal.45 Notably, the following trend of the logarithmic function
is proposed to fit the relationship

k a P bln 1= · + (7)

The logarithmic function relationship is the result of a
combination of two effects. On the one hand, the average main
seepage channels become smaller due to larger swelling
deformation induced by larger nitrogen pressure. On the
other hand, the molecular mean free path becomes smaller as
nitrogen pressure increases. The above two reasons cause the
difficulty of nitrogen migration within the crushed limestone to
increase with increasing pressure. Consequently, the perme-
ability increasing rate becomes smaller with an increasing
nitrogen pressure.
Moreover, the high value of the correlation coefficient (R2)

for each curve indicates a good fit. Figure 10 illustrates the
regression analysis between porosity and fitted parameters of a
and b to investigate the relationship between the three. As can
be seen, the value of parameter a increases, while that of b
decreases with the increase in porosity. Further, we can obtain

the common relationships among the permeability, porosity,
and nitrogen pressure for crushed limestone as
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From eq 8, it can be further shown that the permeability was
not sensitive to the change of porosity when the nitrogen
pressure was certain. To further study the effect of the porosity
variation on permeability, the permeability versus porosity
under various inlet pressures based on eq 8 was obtained, as
shown in Figure 11.

As shown, the curves show a similar growth trend:
permeability decreased exponentially with decreasing porosity,
and the decreasing rate became progressively larger. This is
because the seepage channels within the crushed limestone
decreased with decreasing porosity, which made nitrogen
migration increasingly difficult. And the more developed pore

Figure 9. Relation curve of the crushed limestone permeability and
inlet pressure.

Figure 10. Permeability−inlet pressure fitting curve parameters and
porosity.

Figure 11. Evolution curve of permeability with porosity under
different gas pressures.
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structure can make the permeability decrease by a larger degree
with greater porosity when the porosity decreases by the same
degree.
Moreover, the permeability was more sensitive to porosity

variation under a larger gas pressure. The reason may be that
the continuum Darcy flow turns into slip flow in the later stage
due to the lower flow velocity and nitrogen pressure. The slip
effect facilitates the migration of gas molecules on the tube
wall, and the velocity is no longer zero, thus providing an
additional flow velocity that makes the measured permeability
higher than the actual permeability. Hence, the permeability
experiences greater changes when the porosity decreases by the
same degree under a higher nitrogen pressure.

3.2.3. Evolution of Permeability with Particle Size. The
tortuosity of crushed coal and rock increases with decreasing
particle size, which forms a longer seepage channel.58 As a
result, the particle size of crushed limestone likewise affects the
evolution of permeability. In this paper, the permeability of the
specimen under different gas pressure points in each
compression stage was obtained on the basis of eq 8. On
this basis, the average permeability growth amplitude59 was
calculated to homogenize the permeability at different pressure
points, which was used to reveal the effect of particle size on
permeability. The average permeability growth amplitude is
calculated as follows

k k k i( 1, 2, , 4)i i1= = ···+ (9)

k
n

k1

j

n

j
1

= ·
= (10)

where Δk is the permeability growth amplitude, m2; ki+1 is the
permeability of the crushed limestone at the i + first gas
pressure point, m2; Δk̅ is the average permeability growth
amplitude, m2; and Δkj is the jth permeability growth
amplitude, m2.
The average permeability growth amplitude of crushed

limestone with porosity evolution for different particle sizes is
presented in Figure 12. As shown, the average permeability
growth amplitudes of different particle sizes increase
logarithmically with increasing porosity

k a bln( )= + · (11)

This is because the adsorption of gas on the surface of
particles will lead to a decrease in permeability. The fitted
parameters for different particle sizes are summarized in Table
2, where the high value of coefficient determination (R2) for
each curve in this table is an indication of good fitting. As can
be seen, the value of parameter a decreases, while that of
parameter b increases with the increase of particle size.
From the fitted curves, it can be seen that the average

permeability growth amplitude of 5−10 mm samples at the
same porosity was 15.9−22.3 times that of 0.315−0.63 mm. It
shows that the permeability of the sample increases with the
increase of particle size, which is similar to the findings of Miao
et al.55 Moreover, for smaller particles, the slope of the curve
was greater for the same porosity. This indicates that the
decrease in porosity has a more significant effect on the
permeability of samples with a smaller particle size. The
seepage channel within the crushed limestone decreases with
the decrease of the particle size under the same porosity.
Consequently, the decrease in the permeability caused by
adsorption will be more significant for the small particles,

which have relatively small seepage channels. This phenom-
enon also indicates that the influence of particle size variation
on permeability cannot be ignored during the practice of CBM
extraction.

By calculation, it can be found that the permeability of
bearing crushed limestone samples ranged from 10−12 to 10−10

m2, which is much greater than that of the intact and fractured
coal and rock. This is because the main seepage channel of
crushed limestone should be a millimeter-scale pore, whose
scale is more than 1−2 orders of magnitude larger than the
nanopore and micrometer cleats of the main seepage channel
of intact coal and rock samples. Considering the larger block
size of the crushed coal and rock at the project site, the CBM
in the caved zone is more easily migrated. This leads to the
caved zone belonging to the high-permeability area of CBM.
Considering the permeability of coal and rock, the “uplift
effect” of coalbed methane and its fully enclosed and
nonventilated characteristics in the abandoned mining goaf,
the crushed coal and rock in the caved zone together with the
“high-level annular fracture body” developed by the longi-
tudinal penetrating cracks constitute the “U”-type high-
permeability CBM enrichment area in abandoned mining
goaf along the strike and longitudinal section.

Moreover, in Section 3.1, we analyzed that the particle
distribution of crushed coal and rock at each layer in the caved
zone, in conjunction with the particles on both sides of the
caved zone, is larger than that of the middle area of the caved
zone.22 The conclusion that the porosity on both sides of the
lower layer is greater than that of other locations in mining
goaf was obtained. In summary, the gas permeability of
crushed coal and rock on both sides of the lower layer in the

Figure 12. Evolution of the average permeable growth amplitude with
porosity under different particle sizes.

Table 2. Parameters of the Average Permeability Growth
Amplitude and Porosity Fitting Curve

particle size (mm) a b R2

0.315−0.63 −8.70 25.24 0.995
0.63−1.25 −9.09 27.54 0.992
1.25−2.5 −10.41 31.08 0.978

2.5−5 −13.59 40.70 0.945
5−10 −15.34 50.95 0.928
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caved zone is much larger than that of the other locations in
mining goaf. These results provide highly practical guidance for
the efficient extraction of CBM from the abandoned mining
goaf; i.e., greater CBM extraction efficiency may hence be
realized by locating the end position of the surface borehole to
the lower layer of the caved zone at both sides of mining goaf.
In the practice of CBM surface extraction engineering in the
abandoned goaf of the Jincheng mining area, more than 20
surface wells have achieved good extraction results by locating
the final position of the surface borehole in the “U”-type high-
permeability CBM enrichment area.29

4. CONCLUSIONS

(1) The macrodeformation of crushed limestone could be
divided into initial compression, linear compaction, and
plastic compaction stages. The deformation resistance
capacity of the crushed samples increased with
increasing stress. The porosity of larger particles is
greater than that of smaller ones in the early
compression, while the reverse is true in the later
compression. Particle RR of the lower layer is smaller
than that of other layers. Moreover, particle RR increases
with increasing particle size.

(2) The permeability of the crushed limestone sample is
between 10−12 and 10−10 m2, which is much larger than
that of the intact and fractured rocks. The permeability
decreases with a decreasing porosity of the sample and
nitrogen pressure. Nitrogen migration within the
crushed limestone under low-velocity seepage conditions
requires the pseudo-threshold pressure gradient, which
ranges from 64.86 to 311.42 Pa/m. Moreover, the
pseudo-threshold pressure gradient decreases with an
increase of porosity.

(3) The average permeability growth amplitude of crushed
limestone shows a logarithmic decreasing trend with the
decrease of porosity. Particle size has a significant impact
on the evolution of the average permeability growth
amplitude. The average permeability growth amplitude
of the 5−10 mm sample at the same porosity was 15.9−
22.3 times that of the 0.315−0.63 mm sample.

(4) In this paper, the compaction deformation and gas
permeability properties of crushed limestone were
systematically studied. It is found that the permeability
of crushed limestone on both sides of the lower layer in
the caved zone is much larger than that of other
locations. Considering the enclosed and nonventilated
characteristics in the abandoned mining goaf, a greater
CBM extraction efficiency may hence be realized by
locating the end position of the surface borehole to the
lower layer of the caved zone at both sides of the
abandoned mining goaf.

The influence of lithology on the permeability distribution in
the caved zone should not be neglected. The next step is to
expand the range of experimental objects and grain sizes.
Meanwhile, future studies will consider analyzing the pore
structure evolution mechanisms on gas permeability properties
from a mesoscale perspective.
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