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In order to study the dynamic change law of the porosity of the compacted broken coal under different axial stress loading, based
on the environment of the broken and compacted coal in the gob, aiming at the influence of the porosity on the spontaneous
combustion of the coal, combined with the fractal theory, the fractal model of the porosity of the broken coal is established. A self-
designed “testing device for permeability evolution and spontaneous combustion characteristics of crushed coal under pressure” is
used to carry out axial loading test on selected coal samples in the gob. By comparing and analyzing the calculated results of void
dynamic evolution model and experimental data, it is found that the relative error of void dynamic evolution model is between
2.8% and 6.2%, which meets the engineering needs. According to the stress-strain curve, initial accumulation state parameters,
fractal dimension of initial crushing, and particle size distribution, the change of porosity under different compacted conditions
can be predicted by the model, which has certain significance for identifying the change of compacted broken coal porosity and
analyzing the process of coal spontaneous combustion and oxidation.

1. Introduction

Spontaneous combustion of coal most frequently occurs in
gob [1]. +erefore, the study of spontaneous combustion of
coal in gob has always been the focus of attention in the field
of mine fire prevention and controlling. In the process of
coal spontaneous combustion, the mass and heat transfer
between fluid and solid media are involved. In this process,
porosity and permeability play an intrinsic role in the oc-
currence and development of coal spontaneous combustion,
which mainly affect the air leakage and oxygen transport in
gob. Recently, researchers have focused on the porosity and
permeability of compacted broken rocks. Karacan [2] pre-
sented a novel method for calculating porosity and per-
meability based on the size distribution of broken rocks in
the long-wall gob. Liu et al. [3] proposed a permeability
switching model to represent the evolution of coal perme-
ability under variable stress conditions. Ghabezloo et al. [4]
proposed a power law for the variation of the permeability
with the effective stress by performing constant-head

permeability tests with different conditions of confining
pressure and pore pressure. +e permeability behavior
during anthracite coal seam methane production, perme-
ability damage rate, stress sensitivity coefficient, and pore
compressibility factor were proposed to evaluate the effective
stress-dependent sensitivity characteristics of anthracite coal
[5]. Focusing on the strain, porosity, and permeability
evolution under the different conditions, Chu et al. [6]
developed a method that included the non-Darcy condition
for measuring, calculating, and quantifying the influences of
multiple factors on the seepage properties of broken coal.
Pappas and Mark [7] studied the mechanical properties of
caving materials in gob in detail through 20 sets of uniaxial
compression experiments, and the mechanical parameters of
rock and the breakage characteristics of bulk rock were
obtained. Combining filed data with simulation, Zou et al.
[8] proposed a triple porosity/dual permeability model for
coal permeability evaluation. By using experimental method,
Li et al. [9] obtained the variation of methane permeability
combining with effect of stress, pore pressure, and
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temperature; Meng and Li [10] analyzed the effects of ef-
fective stress and gas types on porosity and permeability;
Zheng et al. [11] measured permeability behavior of different
kinds of gas with respect to changes in effective stresses, pore
pressures, and temperatures; Zhu et al. [12] proposed a time-
lapse three-dimensional permeability with consideration of
reservoir anisotropy. Tao et al. [13] found that the first
coalification jump (FCJ) has a significant impact on low-
rank coal reservoir heterogeneity; during the process of FCJ,
the polycondensation of coal molecules and the compaction
of coal matrix occur, leading to a rapid decline of moisture,
porosity, and permeability. Hou et al. [14] proposed different
pore compressibility models to describe the sensitivity of
pore systems to stress through experimental study.

Since the introduction of fractal theory, it has been
successfully applied to the study of rock mechanics, espe-
cially to the study of crack propagation and bifurcation in
rock [15, 16]. By means of theoretical analysis of the rela-
tionship between the fractal dimension of coal fragments
and dynamite specific energy, Xie and Zhou [17] proposed a
mechanical model for describing the size distribution of top-
coal fragments and dissipation of blasting energy. According
to Schumann’s model, the fractal dimension of blasted
fragments and in situ rock blocksis was calculated using size
distribution curves. Bagde et al. [18] and Zhang et al. [19]
established the fractal theoretical relationship between po-
rosity and permeability of the coal seam based on the fractal
characteristics of the porosity of the porous media. Pan et al.
[20] studied the micropores and fractures of six coal samples
with different metamorphic degrees. +eir research shows
that the porous media has fractal structure and dimension.
So, the fractal dimension can be used to predict the porosity
of porous media.

+e above research methods provide a way to describe
the residual coal porosity in gob, but, due to the irregularity
of gob caving, the recognition of spontaneous combustion
environment in gob is limited. +e spontaneous com-
bustion of residual coal in gob is closely related to over-
burden caving.+e caving state of coal and rock determines
the accumulation state of broken coal in gob, which is one
of the necessary conditions for coal spontaneous com-
bustion. +e thickness, porosity, air leakage, and heat
transfer of broken coal are greatly affected by overburden
caving. +e spatial structure and change of residual coal
accumulation directly affect the thermal storage environ-
ment of coal, the air leakage state, and oxygen concen-
tration distribution in gob. Xu [21] found that, for a specific
working face, the main factor affecting the air leakage
intensity is the porosity of the residual coal, and the larger
the porosity is, the larger the air leakage is. Deng et al. [22]
found that, under the condition of certain air leakage in-
tensity in gob, the oxygen volume fraction and distribution
have a close relationship with the porosity of the residual
coal. According to the process of the coal self-heating in
gob, Xia et al. [23] found that the oxygen volume fraction,
the thermal conductivity, and the heat release have a close
relationship with the seepage field in gob. Tao et al. [24]
studied the influence of marcolithotypes on the porosity
and fracture heterogeneity of coal seam and found that the

bright coal is corresponding to the highest permeability
and the best seepage capacity.

+erefore, focusing on coal spontaneous combustion in
gob and based on the caving characteristics of residual coal
in gob and the fractal theory, a dynamic evolution model of
porosity of compacted broken coal was established, which is
significant for identifying the porosity change of compacted
broken coal and analyzing the process of coal oxidation.

2. Establishment of Porosity Evolution Model

2.1. State of BrokenCoal inGob. According to the movement
characteristics of strata and the theory of rock pressure, the
overlying strata of coal seam are divided into caving zone,
fracture zone, and bending zone in vertical direction. With
the advance of the working face, the gob behind the working
face is formed in turn—coal wall support area, coal rock
separation area, and recompaction area—which is shown in
Figure 1. Axial overburden stress acts as the main stress in
the surrounding space of residual coal accumulation in gob.
At the same time, because the deformation and sliding of the
coal remains are restricted by the coal wall on both sides, the
old cut hole, and the support, the macroscopic performance
is mainly axial compaction, and the relative displacement
around is fixed. +e force acting on it is shown in Figure 2.

In the process of working face mining, the stress in gob is
gradually restored, and the overburden stress is gradually
increased to the original rock stress level with the advancing
of working face, which results in different overlying strata
stresses in the caved fractured coal body. Conroy [25]
pointed out that the distance of stress recovery in gob is 0.3
times the depth of coal seam; that is, the stress in gob tends to
be stable when the distance is 0.3 times the depth of coal
seam. Yavuz [26] proposed a method for estimating the
stress recovery distance in gob and the characteristics of
stress distribution in overlying strata of longwall face are
analyzed. With the continuous recovery of stress, the stress
loading has a destructive effect on the remaining coal
particles. Liang et al. [27] carried out creep tests and particle
breakage tests on rockfill using large-scale compression
apparatus and pointed out that the rockfill crushing under
stress loading mainly includes two aspects: one is the angular
crushing and fine deformation of particles corresponding to
the main stress compression, and the other is the creep
deformation of particles caused by a small amount of
crushing, rotation, and filling of voids due to the redistri-
bution of skeleton stress. In the process of axial stress
loading, when the volume of the porosity is compressed, due
to the contact between the particles, after the stress is ap-
plied, the coal samples were dislocated, sliding, even broken,
and further powdered, resulting in the particles from large to
small. +e redistribution of the skeleton stress of coal leads
to the breaking and refinement of the edges and corners of
the coarse particles or the weak particles and the further
adjustment of the particle arrangement, and the particle
arrangement is further adjusted, as shown in Figure 3. So, in
the process of axial stress loading, when the volume of the
porosity is compressed, the contact between the crushed
broken coal particles becomes closer. Under the further

2 Advances in Civil Engineering



action of stress loading, the crushed broken coal particles
move relatively and break again, forming finer particles and
filling the effective porosities between the crushed broken
coal particles, resulting in the reduction of the crushing
expansion coefficient, porosity, and permeability of the
crushed broken coal particles.

In the process of working face mining, the stress in gob is
gradually restored, and the overburden stress is gradually
increased to the original rock stress level with the advancing
of working face. +e different stress in gob will affect the
compaction state of broken coal and rock in gob. +erefore,
affected by stress restoration, the broken coal in gob will be

further smashed and compacted; this will affect the distri-
bution of its porosity and permeability. Porosity and per-
meability are the key parameters in the multifield coupling
process of coal spontaneous combustion and play an im-
portant role in the flow pattern, oxygen concentration
distribution, and temperature distribution in gob.+erefore,
it is of great practical significance to study the dynamic
porosity evolution of confined fractured coal in gob.

2.2. Fractal Model of Porosity. According to the research
results of Tyler and Wheatcraft [28], the samples can be
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Figure 1: +ree-dimensional distribution of overburden in gob. (A) recompaction area; (B) coal rock separation area; (C) coal wall support
area; (I) caving zone; (II) fracture zone; (III) bending zone.
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Figure 2: +e stress state of the coal in gob. (a) Working face direction stress. (b) Stress in goaf.
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screened by sieves of different diameters, and the
functional relationship between the mass of the samples
under sieve and the mass of the total samples can be
established to analyze the distribution of the size of the
residual coal.

+e fractal relationship between particle mass and
particle size can be obtained by assuming that M1(di) is the
mass of the sample under sieve di, Mt is the total mass of the
sample, and the maximum particle size is dmax, assuming
that the particle has the same density:

M1 di( 􏼁

Mt
�

di

dmax
􏼠 􏼡

3− D

. (1)

If the logarithm is taken on both sides of equation (1),
there are

ln
M1 di( 􏼁

Mt
􏼢 􏼣 � (3 − D)ln

di

dmax
􏼠 􏼡. (2)

+rough physical screening and weighing statistics, the
statistical value of M1(di)/Mt can be obtained, and the slope
k of the straight line part can be obtained by linear re-
gression, that is, the value of (3 − D) in equation (2), and
then the fractal dimension D of coal fragmentation can be
obtained.

+e broken coal porosity is the ratio of the void volume
of broken coal to the volume of the whole apparent accu-
mulation body. If the particle size of crushed coal is d,
according to the definition of density, we have

M1 di( 􏼁

Mt
�
ρV di( 􏼁

ρV
�

di

dmax
􏼠 􏼡

3− D

, (3)

where V(di) is the fractal volume of residual coal whose
particle characteristic size is less than di and V is the ap-
parent total volume.

For partially broken coal with particle size less than di,
the accumulative volume is as follows:

V di( 􏼁 �
VM1 di( 􏼁

Mt
�

M

ρ
di

dmax
􏼠 􏼡

3− D

. (4)

When the particle size is in the interval (di, di + ddi), the
accumulation volume is

dV di( 􏼁 �
M

ρ
d

di

dmax
􏼠 􏼡

3− D

. (5)

+e total fractal volume of broken coal is as follows:

V � 􏽚
dmax

dmin

M

ρ
d

d

dmax
􏼠 􏼡

3− D

�
M

ρ
d3− D
max − d3− D

min

d3− D
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. (6)

From the definition of void fraction, it is concluded that

ϕ0 �
V − M/ρs( 􏼁

V
� 1 −

ρ0d
3− D
max

ρs d3− D
max − d3− D

min􏼐 􏼑
, (7)

where ϕ0 is the original fragmentation and expansion po-
rosity of broken coal body; ρ0 is the density of residual coal
from original fragmentation and expansion; and ρs is the
density of coal seam.

2.3. 7e Effects of Stress to Bulk Solid. McDowell et al. [29]
studied the variation of porosity by uniaxial loading ex-
periment and particle distribution model:

dφ � Λσ(m(D− 1)/2)− 2
dσ, (8)

where D is the fractal dimension of fragmentation; m is the
Weibull distribution coefficient of particles; σ is the axial
loading strength; and Λ is the plastic index of materials,
which can be regarded as a constant for specific materials.

+e physical process of broken coal in gob can be in-
vestigated by the axial compaction experiment under the
condition of lateral limit. Assuming that the initial mass of
coal sample is m0, the initial broken bulge density is ρ0, the
height of coal sample in the natural broken bulge stacking
device is h0, the initial porosity is ϕ0, the density of com-
pacted broken coal is ρ, the strain is εv, and the porosity is ϕ
in the process of confining pressure. +e height of coal
sample under different stress states after confining is
hσ � (1 − εv)h0. During the compression process of broken
coal, it is continuously compacted, and the void volume
decreases with the degree of compaction. From the con-
servation of mass, it is obtained that

ρ
ρ0

�
1

1 − εv

. (9)

(a) (b) (c)

Figure 3: Particle breakage types. (a) Fracture. (b) Broken. (c) Milled.
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According to the definition of porosity, the porosity of
compacted broken coal can be expressed as follows:

ϕ �
VP

V
�

(1/4)ϕ0πd2h0 − (1/4)πd2h0εv

(1/4)πd2 1 − εv( 􏼁h0
�
ϕ0 − εv

1 − εv

. (10)

+e stress-strain relationship during compaction can be
expressed as [4]

σv � Ae
bεv , (11)

where εv is the axial strain of rock, σv is the axial compressive
stress, and A, b is the regression coefficient of compaction.

Combining (7) and (11) and entraining (10), the dynamic
porosity evolution model of compacted broken coal body is
as follows:

ϕ � 1 −
ρ0d

3− D
max

ρs d3− D
max − d3− D

min􏼐 􏼑 1 − εv( 􏼁

� 1 −
ρ0d

3− D
max

ρs d3− D
max − d3− D

min􏼐 􏼑 1 − ln σv/A( 􏼁/b( 􏼁
.

(12)

Formula (12) shows that the porosity fraction of broken
coal under confined pressure is related to the stress and
strain, particle size distribution, and confined state of coal.
+e change of stress in the granular system will lead to the
change of gradation and stress strain of the granular system,
while the porosity of the confined granular system will
change dynamically.

Table 1: +e initial mass content of each grain group.

Coal sample Particle size (mm) d< 0.3 d< 0.6 d< 1 d< 3 d< 6 d< 10 d< 15

1# Underscreening quality 0.092 0.178 0.247 0.47 0.695 0.968 1.249
Mass ratio 0.0736 0.1425 0.1978 0.3763 0.5564 0.7750 1

2# Underscreening quality 0.044 0.083 0.132 0.317 0.565 0.865 1.231
Mass ratio 0.0357 0.0674 0.1072 0.2575 0.4590 0.7027 1

3# Underscreening quality 0.05 0.107 0.159 0.395 0.631 0.983 1.303
Mass ratio 0.0384 0.0821 0.1220 0.3031 0.4843 0.7544 1

(a) (b) (c)

, (d) (e) (f )

Figure 4: Screening coal samples with different particle sizes: (a) 10≤ d≤ 15mm coal sample, (b) 6≤ d≤ 10mm coal sample, (c)
3≤ d≤ 6mm coal sample, (d) 1≤ d≤ 3mm coal sample, (e) 0.6≤ d≤ 1mm coal sample, and (f) 0.3≤ d≤ 0.6mm coal sample.
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3. Experiment and Analysis

3.1. Experiment. In a working face of Gengcun Coal Mine,
in China, three caving mixed residual coals at different
positions behind the support along the inclination of the
working face were selected as experimental coal samples. In
order to calculate the porosity of the coal sample, the true
density of the coal sample is tested first, and the true density
of the experimental coal sample is 1.59 kg/m3. Mixed coal
samples with particle size less than 15mm were selected as
experimental coal samples in the laboratory. After natural
air-drying for 24 h, screening was carried out to determine
the gradation composition of residual coal accumulations
with particle size less than 15mm in the natural frag-
mentation area, as shown in Table 1. +e screened coal
sample is shown in Figure 4. Among them, coal samples 1#,
2#, and 3# are prepared two copies each, keeping the same
gradation, one for stress and strain test and the other for
fractal dimension determination under specific axial
loading stress.

Based on the stress environment of the residual coal in
gob, a self-design experimental facility “Testing Device for
the Permeability Evolution and Spontaneous Combustion
Characteristics of Pressure-bearing Coal” is shown in Fig-
ure 5. +rough the device, the axial loading experiment can
be carried out on the selected coal samples in the gob. By
setting different axial loading strength and rescreening, the
gradation composition of the loaded coal samples and the

porosity of the compacted broken coal samples under
pressure can be determined.

When applying the axial stress to the coal samples, the
stress test points were set every 3MPa in the range of
0–15MPa. +e pore pressure test points were set every
0.05MPa in the range of 0.2–0.35MPa. +e specific ex-
perimental steps are as follows:

(i) Lower the piston guide rod at the bottom of the coal
sample chamber to the lowest point, open the re-
movable plug at the top of the coal sample chamber,
mix the prepared coal samples evenly and then load
them into the coal sample chamber, and cover the
removable plug at the top of the coal sample chamber.

(ii) Check the air tightness of the coal sample chamber,
record the initial height of the coal sample, fix the
positioning and move the sensor, and record the
initial displacement displayed by the displacement
sensor.

(iii) Add the axial pressure to 3MPa, and record the
displacement displayed by the displacement sensor.

(iv) Add the axial pressure to 6 Pa, 9MPa, 12MPa, and
15MPa in turn, and repeat the data in step (iii).
Record and sort out the experimental data.

3.2. Experimental Results. According to formula (2) and
Table 1, fractal dimension of original coal sample can be
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Figure 5: +e porosity measurement of the compacted experiment of broken coal: (1) pressure osmotic oxidation unit; (2) gas control unit;
(3) gas acquisition and analysis unit; (4) axial loading element; (5) filter; (6) flowmeter; (7) PC.
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obtained by regression. +e calculation results are shown in
Table 2.

As can be seen from Table 2, through gradation
screening and fractal dimension regression of original coal
samples, the porosity of 1#, 2#, and 3# coal samples under
natural accumulation state has been obtained by using the
fractal model formula of porosity (7). +e porosity of 1#, 2#,
and 3# coal samples is compared with that calculated by the
definition of porosity. It is found that the relative error
calculated by the fractal model and the porosity definition is
between 4.9% and 9.8%.

In order to study the porosity under confined condition,
the confined experiments of coal samples 1#, 2#, and 3# were
carried out, respectively. +e stress-strain curves of three
coal samples have been obtained, as shown in Figure 6. +e

fitting function of the stress-strain curve of three coal
samples is shown in Table 3, and the fitting function has a
high degree of fit.

Combining formula (2), the fractal dimension of coal
samples 1#, 2#, and 3# after loading 9MPa, 12MPa, and
15MPa has been obtained by regression.

3.3. Analyzing. +rough the axial loading experiments of
coal samples 1#, 2#, and 3#, according to the quality of coal
samples, true density of coal samples, and compaction
displacement, the experimental porosity under different
stress states can be obtained. According to the experimental
data in Tables 2 and 4 and the porosity model in formula
(12), the porosity can be determined, as shown in Table 5.

Table 2: +e fractal dimension and porosity of the initial coal sample.

Coal
sample

ρs

(kg/m3)
Quality
(kg) D dmin

(mm)
dmax
(mm)

h0
(mm)

Section area of
device (m2)

Experimental
result

+eoretical
calculation
porosity

Relative
error (%)

1# 1.55∗103 1.249 2.369 0.01 15.0 134
0.00785

0.222 0.2002 9.8
2# 1.55∗103 1.231 2.158 0.01 15.0 130 0.221 0.2101 4.9
3# 1.55∗103 1.303 2.202 0.01 15.0 140 0.235 0.2211 5.9
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Figure 6: +e stress-strain curve of the compacted broken coal. (a) Coal sample 1#. (b) Coal sample 2#. (c) Coal sample 3#.

Table 3: +e fitting parameters of the stress-strain curve.

Coal sample Parameter A Parameter b Fitting function Fitting degree
1# 0.2698 19.317 σv � 0.2698e19.317εv 0.9906
2# 0.2997 19.792 σv � 0.2997e19.792εv 09942
3# 0.3605 17.263 σv � 0.3605e17.263εv 0.9882

Table 4: +e gradation and fractal dimension under special axial pressure.
Loading of coal sample Particle size (mm) d≤ 0.3 d≤ 0.6 d≤ 1 d≤ 3 d≤ 6 d≤ 10 d≤ 15 Fractal dimension
1# Underscreening quality 0.133 0.277 0.399 0.646 0.86 1.075 1.239 2.5064
9MPa Mass ratio 0.107 0.224 0.322 0.521 0.694 0.868 1
2# Underscreening quality 0.138 0.266 0.38 0.631 0.846 1.045 1.225 2.5054
12MPa Mass ratio 0.113 0.217 0.310 0.515 0.691 0.853 1
3# Underscreening quality 0.178 0.325 0.448 0.707 0.932 1.144 1.289 2.5531
15MPa Mass ratio 0.138 0.252 0.348 0.548 0.723 0.888 1
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+e porosity values of coal samples 1#, 2#, and 3# under
9MPa, 12MPa, and 15MPa loading have been obtained
through experimental tests and theoretical calculations. By
comparing the two values, the relative errors of the three coal
samples are 3.5%, 2.8%, and 6.2%, respectively. +e relative
errors are relatively small, which indicates that the porosity
model established can be used to predict the porosity
changes in different stress states.

+rough experiments and theoretical calculations, it is
found that the relative errors of porosity values obtained from
experimental tests and model calculations are small in the
natural fragmentation and pressure states of 1#, 2#, and 3#
coal samples, which can basically meet the needs of engi-
neering. With the fractal model of porosity fraction of broken
coal under confined pressure, the porosity fraction evolution
of broken coal under different stress states can be predicted.

4. Conclusions

In order to study the change rule of the porosity of the broken
coal under different axial stress loading, a porosity fractal
model of the compacted broken coal was established in this
paper.+e self-designed device was used to carry out the axial
loading test on the coal sample, which verifies the reliability of
the model.+emodel established in this paper can predict the
change of porosity of coal under different compacted con-
ditions, which has a certain significance for the analysis of
spontaneous combustion and oxidation of coal.

(1) Based on the compacted environment of broken coal
in gob, focusing on the effects of the porosity on
spontaneous combustion of coal, a porosity fractal
model of the compacted broken coal was established
combining with the fractal theory.

(2) +e self-developed device was used to carry out the
axial loading test; the relative error between the
calculated results of the porosity dynamic evolution
model and the experimental data is between 2.8%
and 6.2%, and the reliability of the model was
verified.

(3) According to the initial accumulation state param-
eters, initial fractured fractal dimension, and particle
size distribution, this model can predict the change
of porosity under different compaction conditions,
which is of theoretical and practical significance in
analyzing the spontaneous combustion and oxida-
tion process of abandoned coal in gob.
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