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Preface

With the depletion of shallow coal resources, coal mining has entered the deep stage. The

occurrence environment of deep coal and rock masses is significantly different from that of shallow

areas. Therefore, new characteristics will also emerge in the occurrence mechanism of coal mine

disasters, such as rock bursts, coal and gas outbursts, and coal spontaneous combustion in deep areas.

Therefore, further research on the formation mechanism, occurrence characteristics, monitoring

methods, and identification methods of deep mine disasters is of great significance for promoting the

stable and sustainable development of the mining industry. Then, with the invitation of sustainability

journal, the Topical Collection, titled “Mine Hazards Identification, Prevention, and Control,” was

issued, which aimed to provide an opportunity for researchers around the globe to conduct a broader

scientific and technological discussion on such advances to improve the prevention and control level

of the disasters encountered during underground coal mining. This Topical Collection contains 27

articles, concentrating on basic experiments, modeling, numerical simulation, and field tests of mine

disasters. As guest editors, we are very grateful for the valuable research results of the authors.

These research results will provide broader ideas for researchers in the field of mine safety, as well as

theoretical guidance and practical solutions for disaster prevention and control in mining enterprises.

Due to limited time and understanding, there may still be some issues with publishing the paper.

Readers are kindly requested to provide criticism and correction.

Xiangguo Kong, Dexing Li, and Xiaoran Wang

Editors
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Abstract: In deep underground mine engineering, the critical warning signals before the sudden
failure of coal are crucial to predict coal or rock dynamic catastrophes and to help the coal industry
grow sustainably. Therefore, with the objective of accurately identifying the precursor signals of coal
fracture, a uniaxial compression test was adopted. Tests were performed on multiple sets of raw coal
samples, and acoustic emission (AE) technology was used to capture the deformation and destruction
courses of the coal samples. Furthermore, the signal intensity of AE energy was discussed. Based on
the critical slowing down theory, the AE energy sequence was processed. The results indicate that
there are significant discrepancies in the strength of coal affected by initial pore fissures. During the
whole loading process, the AE energy signals showed obvious stage characteristics, and there was a
high risk of rapid coal energy storage during the unstable rupture development (URD) stage, which
predicted the imminent destruction of the coal. The variance mutation point that was not affected
by the lag step selection was easier to identify than that of the autocorrelation coefficient, and the
precursor points were all in the URD stage, which is more accurate than using the AE cumulative
energy curve slope.

Keywords: uniaxial compression; acoustic emission; critical slowing down; precursor signals

1. Introduction

In recent years, China has promoted a green shift in its energy structure and encour-
aged the energy sector to follow a sustainable development path. As the basic power
of China, coal will still occupy a dominant position in China’s energy for a considerable
period of time in the future [1,2], and mining coal resources safely and efficiently is the
key to ensure the sustainable development of the coal industry [1]. With the increasing
of the number and capacity of deep coal mines in the last few years, the deep mining of
coal resources in China has become an inevitable trend. Coal or rock dynamic catastrophes
such as coal burst, roof pressuring, and coal and gas outburst are becoming increasingly
serious, causing an enormous threat to the safe production of coal mines [3,4] and seriously
hindering the sustainable development of the coal mining industry. Therefore, research of
effective coal or rock dynamic catastrophe monitoring methods has become an important
scientific issue that will be helpful to guarantee the sustainable development of coal as the
main energy source in the energy structure.

The extension of cracks in coal rocks is an extremely complex phenomenon that is
accompanied by the emergence, extension and penetration of microcracks during the
loading process, causing the deformation of coal rocks at the same time [5,6]. Numerous
studies have shown that strain is an important index of coal rock fracture evolution [5,7].

Sustainability 2023, 15, 11581. https://doi.org/10.3390/su151511581 https://www.mdpi.com/journal/sustainability
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Munoz proposed a non-contact optical uniaxial compressive strain measurement method
based on 3D DIC to measure the strain field formed by compressed sandstone more
accurately [8]. Ma et al. analyzed the evolution law of strain field on a loaded coal or rock
surface. It is believed that the evolution of microcracks in coal or rock is related to the
statistical index of strain field [9]. Hou et al. studied the practical micro-scale deformation
and crack evolution law of in situ coal seams through simulation experiments [10]. Based on
the relationship between strain and fracture development, many scholars have conducted
studies from another aspect.

During the process of loading coal or rock, there is the plastic deformation of
coal/rock [11,12], associated with the release of energy, part of which is released as elastic
waves, namely acoustic emission (AE) [13,14]. These acoustic emission signals provide
an effective index for the coal fracture process [15,16] because they reflect the location,
formed mechanism and releasing energy of coal rock micro-cracks [17,18]. As a means
of non-destructively monitoring and characterizing the development of internal fractures
in quasi-brittle materials [19], one of the areas of acoustic emission studies in the labo-
ratory is the time-varying parameters of damage generation [20,21], determining how
microcracks accumulate under external loading [22,23]. In the course of destroyed coal
or rock, AE means can capture a variety of parameters, including impact times, ringing
counts, energy, etc. [24,25], and the occurrence of coal or rock dynamics catastrophes can
be predicted [26,27]. Although the genesis of dynamic catastrophes can be forecast by AE
as a concomitant signal in coal or rock fracture, its effectiveness is not stable. In the last few
years, scientists have discovered that when complex dynamic systems approach a tipping
point before a mutation occurs, there is a phenomenon with predictive significance called
critical slowing down [28,29]. The critical slowing phenomenon has enormous potential
in disclosing whether a sophisticated dynamic system is susceptible to ruinous mutations.
Nowadays, it has been used to predict ecological problems [28], earthquakes [29] and
climate disasters [30,31]. Therefore, to further identify the precursors of disaster occurrence
accurately and effectively is a key issue in the future research field of coal engineering for
coal rock dynamics disasters.

Based on the previous research, acoustic emission technology has achieved many
excellent results with regard to early warning potential rupture indicators [32,33] in the
monitoring and application [34] of rock [35,36], but there are few research results on
the critical slowing down of coal specimens [37,38]. Therefore, the research on critical
slowing down of coal is particularly important for forewarning and prevention of dynamic
catastrophes in the coal mining industry. Through uniaxial compression experiments, AE
signals were captured during the fracture process of coal. The critical slowing down theory
was used as the basic principle, and the AE signal generated by coal failure was processed.
It was concluded that the variance and autocorrelation coefficient characterized the critical
slowing phenomenon appearing in the later stage of coal fracture. The sudden increase
phenomenon can be regarded as an effective precursor of coal instability destruction.

2. Experiment

2.1. Experimental System

The experimental system is shown in Figure 1 and is composed of the loading control
subsystem and the AE monitoring subsystem. In the loading control subsystem, the
experimental platform of impact mechanics at high and low frequency was used. The
output maximum force is 3000 kN, the output maximum impact force is 1000 kN, the
impact reaction time is <0.3 s, the precision of the test machine is 1%, the speed of piston
displacement is 1–50 mm/min, and the loading rate of the sample machine is 0.02–2% FS.
There are force and displacement control methods that can be used to carry out uniaxial
compression, tensile, cyclic loading and other mechanical experiments. In the acoustic
emission monitoring subsystem, a Micro-II Express acoustic emission monitoring and
data analysis instrument was adopted that could collect the AE data of 24 probes at the
same time.
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(a) 

 
(b) 

Figure 1. Experimental system. (a) Experimental equipment; (b) experimental composition.

2.2. Experimental Method

During the uniaxial compression loading process, the acoustic emission monitoring
data were collected simultaneously. The experimental loading method was force-controlled
loading (the loading rate of 50 N/s), in which the stress–strain was recorded automatically.
Six acoustic emission probes (model was NANO-30, peak frequency was 300 kHz) were
pasted on the surface of each coal sample to measure AE signal when it was damaged under
uniaxial compression. The amplification ratio of the pre-amplifier was set at 40 dB, and the
threshold was set at 40 dB. The signal sampling rate was 1 MHz and the sampling length
was 1024 points (the first 1/4 of which are pre-triggered) to ensure the coupling between
the sample and each AE probe. When the coal sample was placed on the experimental
platform, a stress of 0.5 kN could be preloaded first.

2.3. Experimental Material

To avoid the contingency of experimental phenomena, the uniaxial compression
experiments shown in Figure 2 had three groups of rectangular standard coal samples with
a length × width × height of 50 mm × 50 mm × 100 mm. The parallelism of both ends of
the samples was no more than 0.05 mm, and the axial deviation was no more than 0.25 mm.
In order to verify the validity of the precursors of coal fracture based on the critical slowing

3
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down theory for samples with different damage conditions, coal samples with different
internal fractures and damage conditions were selected for the test.

   

(a) (b) (c) 

Figure 2. Test samples. (a) Sample 1; (b) sample 2; (c) sample 3.

3. Results

3.1. Mechanical Properties of Coal in Loading Process

The deformation and failure states of coal samples vary during loading due to their
own internal damage and primary fracture conditions [39,40]. Figure 3 shows the stress–
strain curve, which has typical compaction, elastic, strengthening and post-peak phases.

 
Figure 3. Stress–strain curves.

The strength of coal is significantly different among raw coal samples taken from
the same coal source and is influenced by its pores and fissures. However, the better the
integrity of the coal samples, i.e., no obvious surface fissures, the higher the strength,
the longer the elastic phase, the more obvious the stress drop in the post-peak phase,
and the shorter the damage time. On the contrary, the more significant the softening
characteristics of the post-peak stress, the longer the damage time. The elastic modulus was
calculated according to the stress–strain relationship in the elastic phase, and the uniaxial
compressive strength was calculated at the time of coal destruction. The elastic modulus,
uniaxial compressive strength and size of breaking strain of the coal samples used in the
test affected by fissures were obtained statistically as shown in Table 1, and the statistical

4
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results show that the elastic modulus and uniaxial compressive strength increased with the
increase in coal body integrity and the breaking strain decreased with the increase in coal
body integrity.

Table 1. The mechanical properties of coal samples.

Uniaxial
Compressive

Resistance
Intensity/MPa

Elastic
Modulus/MPa

Failure Strain

Sample 1 4.840 61.094 0.149
Sample 2 10.760 264.151 0.059
Sample 3 8.096 221.951 0.111

3.2. Evolution Laws of AE Energy

Compressive force was applied to the coal samples until they were destroyed. Figure 4
is the curve of AE energy, cumulative energy and stress with time. According to the
relation between AE energy and time, the AE signals can be assigned to five phases: pore-
fracture compaction (PFC) phase, elastic deformation (ED) phase, stable development of
microelastic fractures (SDMF) phase, unstable fracture development (UFD) phase and
posterior rupture (PR) phase.

 
(a) 

 
(b) 

Figure 4. Cont.
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(c) 

Figure 4. Acoustic emission energy, accumulated energy and stress with time during coal failure.
(a) Sample 1; (b) Sample 2; (c) Sample 3.

The AE energy of the three samples show the same variation characteristics in the
corresponding stages. The AE energy is weak at the incipience of loading, and the original
pores or damage inside the coal become compacted by the exterior load. With the increase
in stress, a little AE energy is generated, and the cumulative energy has a slow growth
trend. In this phase, the original damage or pores are compacted and begin to produce
new micro-cracks inside the samples. The AE energy grows steadily until a sudden change
occurs at some point, and similarly, there is a tendency for the accumulated AE energy to
grow abruptly. In this phase, new micro-cracks start to emerge, grow and expand inside
the samples, then connect with the original pores to form larger cracks. When the samples
reach the stress maximum, the peak AE energy appears, and then samples destabilize and
break. However, due to the existence of local micro-cracks in the destroyed coal, the AE
energy does not suddenly disappear, but gradually decreases until it tends to be stable.

When sample 1 is in the PFC phase, the stress in this phase accounts for 0–51.5% of
the peak stress, after which the coal enters the ED phase. In this phase, stress accounts
for 51.5–84.0% of the peak stress. The frequency of the AE signal is higher than that in
the PFC phase, and when entering the SMFD phase, the stress in this phase only accounts
for 84–90% of the peak stress. After a short time, the coal sample starts to enter the later
loading stage, which is called the URD stage. The stress in this stage reaches 90–100% of
the peak stress, and the peak stress is followed by the PR stage.

There are similar physical characteristics between sample 1 and sample 2, so the
generation of the acoustic emission signal also has a similar rule; in the PFC stage, stress
accounted for 0–55.3%; in the ED stage, stress accounted for 55.3–82.7%; in the SDMF stage,
stress accounted for 82.7–96.3%; and in the URD stage, stress accounted for 96.3–100%.

The acoustic emission law of sample 3 is affected by its internal pore cracks, and it
is slightly different from the other two samples. The AE signal is more pronounced at
the beginning of loading by the original damage. In the PFC phase, the stress accounts
for 0–16.7%; in the ED phase, stress accounts for 16.7–62.8%; in the SDMF phase, stress
accounts for 62.8–76.9%; and in the URD phase, stress accounts for 76.9–100%.

In summary, the AE signals caused by coal failure correspond well to the whole
loading process with their significant variation in features, and the accumulated energy of
AE can more intuitively reflect these stage characteristics.

3.3. Cumulative Acoustic Emission Energy Risk Index

The cumulative AE energy is the cumulative value of AE rupture events, which can
be used as a characteristic index of coal rupture AE events during the loading process [41].
The analysis of its variation law aims to analyze the evolutionary features of the energy
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accumulation in the loading course of the coal sample so as to provide a new index for the
fracture precursor signal and offer a reference for the prediction of coal fractures.

According to the change law of the cumulative AE energy curve (Figure 4), it can
be seen that the fracture of coal under load is a process of energy accumulation and then
release. The PFC and ED stage and SDMF and URD phase in fracture development are
all part of the energy accumulation process. When the energy accumulation is up to a
certain critical value, the energy releases as coal breaks. Based on the experience of previous
studies [41,42], the cumulative AE energy can be used as an index to determine the risk of
coal rupture. The slope of the cumulative AE curve of each stage was obtained by the linear
fitting method and the definition of the risk index P1 is the ratio of PFC to ED slope in the
cumulative curve (Figure 4) while P2 is the ratio of SDMF to ED slope in the cumulative
curve and P3 is the ratio of URD to ED slope in the cumulative curve. The calculation
formula of P1, P2 and P3 is:

P1 =
K1

K2
(1)

P2 =
K3

K2
(2)

P3 =
K4

K2
(3)

where K1 is the slope of the PFC stage; K2 is the slope of the ED stage; K3 is the slope of the
SDMF stage; and K4 is the slope of the URD stage.

The calculation results of P1, P2 and P3 are shown in Table 2.

Table 2. Loaded rupture risk determination indexes P1, P2 and P3.

K1 K2 K3 K4 P1 P2 P3

Sample 1 1.30 2.17 4.93 16.20 0.59 2.27 7.46
Sample 2 0.03 0.14 0.64 9.06 0.21 4.57 64.71
Sample 3 0.71 0.19 0.59 1.21 3.74 3.11 6.37

It can be seen from Table 2 that the range of risk index P1 is between 0.21 and 3.74,
that of P2 is between 2.27 and 4.57, and that of P3 is between 6.37 and 64.71. (1) When
P < 2.27, the PFC phase has similar fluctuation characteristics to the ED phase and has a
weak risk of rupture. (2) When 2.27 < P < 6.37, this indicates that the coal in the SDMF
phase has a medium risk of fracture, and the acoustic emission energy appears “convex” in
shape. (3) When P > 6.37, this is the time period of rapid energy storage of coal fracture.
At this time, the possibility of coal fracture is greatly increased and has a high risk of
fracture. Therefore, effective prediction should be carried out in the URD phase to reduce
the occurrence of disasters caused by coal fracture.

4. Discussion

4.1. Critical Slowing down Theory

In natural dynamic systems, if the phase state changes, i.e., when the system transitions
from the old phase to a new phase, a dispersion rise and fall phenomenon favoring the
formation of the new phase will occur near the proximity point, and this dispersion
rise and fall is characterized by increased amplitude, elongated time, slower recovery of
perturbations, and less ability to recover to the old phase, which is called the critical slowing
down phenomenon [38,43], In dynamic systems, this phenomenon is usually characterized
as a phenomenon of increasing variance and autocorrelation coefficients of the covariates.
Therefore, the computational analysis of the variance and autocorrelation coefficients of
acoustic emission characteristic parameters with time can provide a precursor prediction
method for the loaded rupture of coal samples.
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Variance is a characteristic mass that represents the deviation of data from the mean
value x in a sample, denoted as s2; s is called the mean square error, and the calculation
formulas are:

S2 =
1
n∑n

i=1 (xi − x)2 (4)

S =

√
1
n∑n

i=1 (xi − x)2 (5)

An autocorrelation coefficient is a statistical quantity that represents the relevance
between different times of the same argument. The autocorrelation coefficient with lag
length (j) is marked as r(j) so as to judge the possibility of predicting xi+j by xi. For variable
x, the autocorrelation coefficient with lag length (j) is:

r(j) =
1

n − j∑
n−j
i=1 (

xi − x
s

)(
xi+j − x

s
) (6)

s is the mean square error of n-length time series, and s is obtained by (5).
Firstly, it is assumed that there is a periodic variable Δt with a recovery speed of λ. In

a simple model of autoregression, it can be represented as:

xn+1 = eλΔtxn + sεn (7)

where xn is the deflection distance of system state from disturbance state to equilibrium
state. If λ and Δt are not determined by xn, the course can be simplified to a one-step
autoregressive model:

xn+1 = αxn + sεn (8)

Among them, the autocorrelation coefficient α = eλΔt, and the pair (8) autoregressive
process is examined by square deviation:

Var(xn+1) = E(x2
n) + (E(xn))

2 =
s2

1 − α2 (9)

Generally, as the system approaches the critical point, the recovery rate of small
perturbations becomes slower and slower. When it approaches the critical point, the
reparatory rate λ tends to 0 and the autoregressive item α tends to 1 [44,45]. The variance
of (9) tends to infinity, so the variance can also be used as an index to determine whether
the system reaches the critical state. In summary, when the complex multi-dynamic system
approximates the critical point, the reparatory rate of the perturbation gradually decreases
and approaches 0. At this time, the autocorrelation coefficient and variance increase of
the disturbance information are two important indexes for testing the critical slowing
down phenomenon.

4.2. The Effect on Different Window or Lag Length on Critical Slowing Down

Before calculating the autocorrelation coefficient and variance, we first need to select
the appropriate size of window or lag length, because the change and stability situation
of the autocorrelation coefficient and variance are closely relevant to the window or lag
length size. As shown in Figure 5, a certain unit that needs to be calculated for a sequence is
referred to as the window length, and the lag step represents the length of the lag sequence
to be slid backward to obtain a new sequence of window length, starting from the selected
window length sequence [38,43]. To investigate the effect on different window lengths or
lag steps on the critical slowing down characteristics, there are different window length
and lag steps selected for comparative analysis.
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Figure 5. Window length and lag step.

Due to the large amount of raw test data, the window length and the lag step should
be chosen accordingly as a larger value. Firstly, the window length is 3000, and the lag
steps are 500, 1000 and 1500. Then, the lag step is 1000, and the window lengths are 2000,
3000 and 4000. The effects of different lag steps and window lengths on the autocorrelation
coefficient and variance are compared separately in Figure 6.
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(l) 

Figure 6. Comparison of variance and autocorrelation coefficient curve. (a) Sample 1 variance curves
with different lag steps; (b) Sample 1 autocorrelation coefficient curves with different lag steps;
(c) Sample 1 variance curves with different window lengths; (d) Sample 1 autocorrelation coeffi-
cient curves with different window lengths; (e) Sample 2 variance curves with different lag lengths;
(f) Sample 2 autocorrelation coefficient curves with different lag steps; (g) Sample 2 variance curves
with different window lengths; (h) Sample 2 autocorrelation coefficient curves with different window
lengths; (i) Sample 3 variance curves with different lag steps; (j) Sample 3 autocorrelation coeffi-
cient curves with different lag steps; (k) Sample 3 variance curves with different window lengths;
(l) Sample 3 autocorrelation coefficient curves with different window lengths.

The window length was taken as 3000 to compare the effect of variance for different
lag steps. As shown in the Figure 6a,e,i, the variance curves relative to the lag steps of 500,
1000 and 1500 show the same trajectory with time and reunite together, and the time points
of sudden increase are basically the same, that is, the variance curve does not vary with the
variation in lag length.

The window length was taken as 3000 to compare the effect of the autocorrelation
coefficient for different lag steps. The autocorrelation coefficient curves with different lag
steps of the same window length are shown in Figure 6b,f,j. It can be seen that different
lag steps have a certain influence on the autocorrelation coefficient, but this change does
not show the overall regularity. There is no obvious correlation between the fluctuation
range and the choice of lag step size, but the trend of local change is consistent, meaning
that the autocorrelation coefficient has independent variation characteristics under the new
sequence of lag step size.

A lag step of 1000 was taken to compare the effect of different window lengths on the
variance. Figure 6c,g,k show the same lag length variance curves with different window
length. As shown in the figure, the variance curves with various window lengths of 2000,
3000 and 4000 show the same change rule and affect the change range of variance; in
particular, the increase in the inflection point of the variance curve reduces with the growth
in window length.

A lag step of 1000 was taken to compare the effect of different window lengths on the
autocorrelation coefficient. As can be seen in Figure 6d,h,l, when the lag step lengths are
equal, the change trend of the autocorrelation coefficient curve corresponding to different
window lengths is relatively consistent, and the volatility range of the curve gradually
reduces with the growth in window length or even tends to be stable; that is, to determine
the length of the new series, the larger window length series is selected, with a smaller
effect on the autocorrelation coefficient.
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In summary, although the precursor points of critical slowing can be successfully
captured by both variance and autocorrelation coefficient, however, compared with the
variance, the autocorrelation coefficient presents a messy change process with more peaks,
which is very easy to be judged as a pseudo-signal. Therefore, the variance is more definite
than the autocorrelation coefficient precursor signal, so the variance can be used as the main
criterion of the precursor signal and the autocorrelation coefficient as an auxiliary criterion.

4.3. Compare the Precursor Characteristics of Each Index

Usually, the sudden increase in acoustic emission signal level and the increase in
slope of the accumulated energy curve of acoustic emission are often shown before the
destabilization damage of coal [46], which is because the microfracture is sprouting and de-
veloping through, so the precursor point of each index characterization must be controlled
in the URD stage if the precursor signal of coal rupture can be effectively identified.

Based on the load, cumulative energy of acoustic emission, variance and autocor-
relation coefficient versus time, the magnitude of the load values corresponding to the
precursor signals characterized by the cumulative energy, positive sequence variance and
autocorrelation coefficient are summarized from the loads and compared with the load at
the damage point. The degree of damage load at the precursory signal point is represented
by each index before the failure of the coal sample is analyzed. According to the effect of
different window or lag length on the critical slowing, the lag step of 1000 and window
length of 3000 were selected to calculate the critical slowing down precursor index. As
shown in Figure 6, among the three samples, the strength corresponding to the appearance
of the damage precursor signal of sample 1 is 4.651 MPa and the peak strength is 4.840 MPa,
which is about 96.1% of the peak strength; the strength corresponding to the appearance of
the damage precursor of sample 2 is 9.895 MPa and the peak strength is 10.736 MPa, which
is about 92.2% of the peak strength; and the strength corresponding to the appearance of
the damage precursor of sample 3 is 6.472 MPa and the peak strength is 6.904 MPa, which
is about 93.7% of the peak strength. The precursor signals all appear in the URD stage
and have sufficient validity. From Figure 4, the precursor signal is characterized by a steep
change in the slope of the accumulative energy curve of AE. The strength corresponding
to the appearance of the damage precursor signal of sample 1 is 4.452 MPa and the peak
strength is 4.836 MPa, which is about 90.8% of the peak strength; the strength correspond-
ing to the appearance of the damage critical precursor of test coal sample 2 is 8.626 MPa
and the peak strength is 10.736 MPa, which is about 80.4% of the peak strength; and the
strength corresponding to the appearance of the sample 3 damage critical precursor is
5.676 MPa and the peak strength is 8.092 MPa, which is about 82.2% of the peak strength.
The precursor signals of sample 2 and sample 3 appear in the SDMF stage. Although they
can indicate the damage of coal to some extent, the early warning characteristics are not
obvious. The calculation results show that the precursor signal characterized by variance
and autocorrelation coefficient is more accurate and effective.

From a time perspective, the precursor signal appeared 24 s earlier for sample 1,
25 s earlier for sample 2 and 50 s earlier for sample 3 after the critical slowing treatment,
accounting for 4.0%, 1.9% and 5.8% of the total loading time, respectively, all of which
were in the URD stage. The precursor signals characterized by the cumulative energy
curve were 45 s, 54 s and 103 s earlier, accounting for 7.5%, 4.1% and 12.1% of the total
loading time. This shows that the occurrence time of the precursor signal represented by
the critical slowing down is neither too early to become a false signal nor too late to cause
difficulties in early warning work. Therefore, on the basis of the critical slowing theory,
effective measures are taken to deal with the fracture of coal with good timeliness in the
precursor of failure, which has a certain use as a reference for enriching the AE monitoring
technology of coal failure.
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5. Conclusions

(1) The strengths of coal samples are significantly different due to the influence of
internal pore fractures. The elastic moduli and uniaxial compressive strengths grow with
increase in coal integrity, while the failure strain decreases.

(2) AE signals are generated during the destruction of the coal, and the whole loading
process can be divided into five stages: PFC, ED, SDMF, URD, and P-R. The accumulated
AE energy can reflect the characteristics of these stages more intuitively.

(3) Based on the acoustic emission signal, a risk index of acoustic emission parameters
was established. According to P1, P2 and P3, the risk was divided into three levels: weak
risk, medium risk and high risk. At a high risk index, the possibility of coal fracture is
greatly increased and there is a high risk of fracture. Therefore, effective prediction should
be carried out in the URD stage to reduce the occurrence of disasters caused by coal fracture.
Furthermore, this conclusion was obtained for uniaxial compression conditions. The study
of other loading conditions as well as samples is necessary to verify this result.

(4) The critical slowing precursor point characterized by variance is clearer and more
accurate and provides an early warning response to coal rupture at the URD stage. In
underground coal mining engineering operations, effective measures must be taken to
prevent and manage coal rupture after capturing the precursor signals at this stage so as to
reduce the losses caused by coal–rock power disasters. This can serve as a reference for
enriching the AE monitoring technology of coal failure.
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Abstract: The application of load on rock materials stimulates a weak current known as Pressure
Stimulated Current (PSC). This study focuses on investigating the damage evolution of granite rocks
through the analysis of PSC responses. Uniaxial loading experiments were conducted on granite
samples, and the accompanying PSC was measured in real-time. The relationship between PSC
characteristics and mechanical behaviors of granite was examined to explore precursory information
related to granite failure. The damage evolution of granite was assessed using a damage variable
defined as the cumulative charge (time integral of PSC). The results clearly demonstrate a close
correlation between the variation of PSC and the mechanical behaviors of rock. Specifically, during
the compaction and elastic deformation stages, PSC exhibits a slow and linear increase. However, once
deformation enters the plastic stage, PSC demonstrates an accelerated upward trend. Additionally, it
was observed that a stress drop coincides with an abnormal increase in PSC, which is followed by
a rapid decay. The fluctuation observed after the abnormal increase in PSC during the accelerated
growth phase can serve as a precursor of rock failure. Furthermore, the cumulative charge quantity
effectively correlates with the damage process of granite samples. The stress–strain curve obtained
from a theoretical constitutive model, established based on the damage variable represented by
normalized cumulative charge, aligns reasonably well with the experimental results, affirming
that the defined damage variable accurately reflects the damage evolution process of rocks. It is
hypothesized that PSCs are carried by electrons within the rocks, which are stimulated by electron
diffusion during deformation and experience a sharp increase upon rock fracturing. The research
findings hold theoretical significance for predicting rockburst incidents using the PSC method.

Keywords: rock mechanics; weak current; damage variable; rock burst; precursor information

1. Introduction

Rockburst, a geological disaster resulting from the sudden release of accumulated elas-
tic deformation energy along the free face of underground engineering, poses a significant
threat to human lives and property [1]. The occurrence process and severe consequences of
rockburst make it a global problem in deep underground engineering, hindering efficient
development and utilization of underground space and resources [2–4]. The process of
rockburst evolution primarily involves the accumulation of damage in rock mass, with
sudden rock failure being the direct cause [5–7]. Therefore, studying the damage evolution
process of rocks is crucial for rockburst prediction.

During the deformation and fracture of rocks under loading, a weak current known as
Pressure Stimulated Current (PSC) can be generated [8–13]. The variation of PSC is closely
associated with the mechanical behaviors of rock materials. Stavrakas et al. [10] observed a
significant increase in PSC when stress exceeds approximately 0.6 times the peak stress of
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marble specimens, with the peak current being directly proportional to the loading rate.
Triantis et al. [11] suggested that PSC arises from changes in Young’s modulus rather than
the loading rate. Kyriazopoulos et al. [14] proposed that the magnitude of PSC is directly
proportional to the strain rate, and fracture occurrence is accompanied by a sudden increase
in PSC. Freund et al. [12,15–17] found that weak current generated from igneous rocks
increases rapidly even at low stress levels and is influenced by the silicate particle content
of rocks. Li et al. [13,18] observed that PSC exhibits different responses in various deforma-
tion stages of rock materials and increases with the strain rate. Additionally, Li et al. [19]
discovered different patterns of PSC changes in rocks under low and high loading rates.
Moreover, PSC serves as a reliable indicator of the damage evolution in rock materials
and exhibits precursor responses to failure. Triantis et al. [20] detected clear indications
of the breaking stress of cement mortar based on PSC, which can be used for predicting
final failure. Vallianatos and Triantis [21] introduced non-extensive statistical mechanics
(NESM) to study the characteristics of PSC from marble and amphibolite, and the behavior
of the Tsallis q-parameter indicates that the rock fracturing is a subadditive process with
hierarchically constrained dynamics. Subsequently, Stergiopoulos et al. [22] studied PSCs
from mortar beams using NESM and found that the change of q-parameter can be used to
predict the failure and instability of cement mortar materials. Li et al. [13] identified an ac-
celerated increase in PSC as a precursor of rock failure under progressively increasing loads,
while pulsed fluctuations in PSC serve as precursors to creep rupture. Stavrakas et al. [23]
investigated the spatiotemporal evolution of damage in marble specimens under uniaxial
compression using PSC and acoustic emission (AE) techniques, demonstrating that both
PSC and AE can be employed as pre-failure indicators. Triantis et al. [24] conducted a study
investigating the relationship between PSC and AE in brittle materials near fracture load
levels. Their findings revealed that the precursor to failure based on weak currents precedes
that of AE. Similarly, Loukidis et al. [25] conducted research on the correlation between
AE and PSC in the vicinity of fractures in cement mortars during uniaxial compressive
loading, yielding similar results. Li et al. [26] conducted a study on the mechanical behav-
iors of coal under concentrated load conditions and examined the response of PSCs in this
context. Based on their findings, they proposed principles for using the PSC technique in
predicting rock dynamic disasters. Subsequently, Li et al. [18] successfully measured weak
currents in an underground coal mine using their specially developed mine-used weak
current monitoring equipment. Their investigation revealed that weak currents exhibit an
advance response to mine seismicity. Therefore, the use of the PSC technique for rockburst
prediction in underground engineering is considered feasible.

The damage evolution of rocks can be quantitatively characterized by a damage
variable, which has been extensively studied in the literature [27,28]. This variable can be
defined based on mechanical property parameters and emitted physical signals, enabling a
comprehensive understanding of the damage process [29,30]. In the context of the strain
equivalence hypothesis, Lemaitre [31] proposed an expression for the damage variable
defined by elastic modulus. Jin et al. [32] defined the damage variable for rocks based on
energy dissipation and provided a theoretical calculation formula, as well as a method
for determining the damage threshold. They utilized this approach to study the damage
evolution law of rock materials. Liu et al. [33] introduced a damage variable for rocks based
on the normalized cumulative ring-down count of AE signals. They further developed a
damage model for coal-rock under uniaxial compression, which facilitated the investigation
of the damage evolution law. Li et al. [34] defined the damage variable for sandstone
based on electrical resistivity and proposed a comprehensive damage variable capable
of effectively reflecting and describing the damage evolution process of rock samples
subjected to progressive loading. Gong et al. [30] established a damage constitutive model
for brittle rock under uniaxial compression by utilizing a damage variable derived from the
linear energy dissipation law. However, the quantitative description of damage evolution
in rocks using a damage variable defined by PSCs has not been reported in the literature.
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This knowledge gap hinders a deep understanding of the generation mechanism of PSCs
in rocks and limits the broader application of the PSC technique in rockburst prediction.

In this paper, the response characteristics of PSCs from granite samples under a
progressive uniaxial load are investigated. The damage variable based on cumulative
charge is defined, and the damage evolution formula is derived, allowing for further
analysis of the damage evolution process. The precursor information of rock failure based
on PSCs is determined. Furthermore, a potential generation mechanism of PSCs from rocks
during deformation and fracture is proposed. Lastly, the application of the PSC method in
rockburst prediction is discussed.

2. Material and Method

2.1. Specimen Preparation

The granite blocks used in this study were obtained from a mine located in Shandong,
China. To prepare the specimens, twelve cylindrical samples with a diameter of 50 mm
and a height of 100 mm were cored and cut from the blocks, following the standards set
by the International Society for Rock Mechanics [35]. After the cylindrical samples were
obtained, the surfaces of each specimen were meticulously ground to achieve a flat and
uniform surface. This step was crucial to ensure proper contact and alignment during the
subsequent experimental procedures.

2.2. System and Equipment

The experimental system was comprised of a loading system, a weak current mea-
suring system, and an electromagnetic shielding system (Figure 1). To apply the load,
the YAW4306 compression testing machine from MTS Industrial Systems (China) Co.,
Ltd., Shanghai, China was utilized. The loading process was controlled, and mechanical
parameters such as stress and strain were recorded using the Power Test V3.3 software
from SANS (Shanghai) Enterprise Development Co., Ltd., Shanghai, China. The weak
current measuring system included a Keithley 6517B electrometer from Tektronix (China)
Co., Ltd., Shanghai, China, a computer, data acquisition software, a tri-coaxial cable, and
electrodes. To minimize the interference of surrounding electrical noise, the experiments
were conducted in an electromagnetic shielding room.

Figure 1. Experimental system and equipment.

2.3. Experimental Procedures and Schemes

Figure 1 illustrates the experimental setup used in this study. Two oblong copper
electrodes, measuring 30 mm × 20 mm, were affixed to the side of a granite specimen
using conductive silver paint. Insulating tape was used to secure the electrodes in place
and prevent detachment. The electrodes were connected to the electrometer via a tri-
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coaxial cable equipped with alligator clips. To provide electrical insulation, the sample was
positioned between two polytetrafluoroethylene plates with an 80 mm diameter and 2 mm
thickness. Prior to each test, the press was adjusted to ensure that the upper insulation sheet
was approximately one millimeter away from the loading head. A load of 200 N was then
applied at a rate of 0.2 mm/min and maintained until the current reached a stable state. The
experimental scheme involved subjecting the granite specimens to a progressive uniaxial
load at constant rates of 0.1 MPa/s, 0.2 MPa/s, and 0.5 MPa/s until the failure occurred.

3. Results and Analysis

3.1. PSC Response Characteristics

Due to the similarity of the results, the results of Specimens GLS01, GLS02, and GLS03
was selected for analysis. Figure 2 illustrates the variation of stress and PSC with time
throughout the entire uniaxial loading process for these three specimens. Notably, the PSC
variations from these specimens exhibit similar trends. Based on the PSC-time curve, the
variation of PSC can be categorized into two distinct stages:

 

 

 

Figure 2. Temporal variation of stress and PSC of Specimen (a) GSL01, (b) GSL02 and (c) GSL03.
Phases (I) Slow Increase and (II) Accelerating Increase.

(I) Slow Increase Phase: During this phase, the PSC values are initially very small and
exhibit a gradual and slow increase. The increase in PSC is approximately linear with the
increase in stress.
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(II) Accelerating Increase Phase: In this phase, the PSC demonstrates an accelerated
increasing trend, eventually reaching its peak value at the point of failure. Subsequently,
the PSC abruptly decreases.

To differentiate between these two phases, a stress value called the Current Acceler-
ating Stress (σca) is identified, and the stress represents the stress at which the transition
from phase I to phase II occurs. The specific values of σca for the three specimens are listed
in Table 1. By analyzing the stress and PSC variations over time for the selected speci-
mens (GLS01, GLS02, and GLS03), the distinct phases of PSC evolution can be observed,
providing valuable insights into the behavior of PSCs during the uniaxial loading process.

Table 1. Characteristic stress and strain of the three specimens.

Specimen σca/MPa σy/MPa εy/%

GLS01 117.2 116.4 0.720
GLS02 112.9 113.1 0.852
GLS03 107.5 108.2 0.755

According to the stress–strain curve shown in Figure 3, the deformation of rocks
before failure can be divided into three stages: compaction stage, elastic deformation stage,
and plastic deformation stage [3]. Each stage is characterized by a different shape of the
stress–strain curve. In the compaction stage, the stress–strain curve is concave, indicating a
gradual increase in stress with relatively small strain. In the elastic deformation stage, the
stress–strain curve is linear, indicating that the material exhibits elastic behavior with stress
and strain being proportional to each other. Finally, in the plastic deformation stage, the
stress–strain curve becomes convex, indicating a rapid increase in strain with a relatively
small increase in stress.

 

 

Figure 3. Cont.
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Figure 3. Stress–strain curve of Specimen (a) GSL01, (b) GSL02 and (c) GSL03 during the whole
loading. (i) Compaction and elastic deformation stage and (ii) Plastic deformation stage. The red line
marks the elastic deformation stage.

The yield stress (σy) is used to distinguish between the elastic and plastic deformation
stages, with the yield strain (εy) corresponding to this transition. Table 1 provides the
values of the yield stress (σy) and the Current Accelerating Stress (σac) for specimens
GSL01, GSL02, and GSL03. It is observed that the yield stress values are approximately
equal to the corresponding Current Accelerating Stress values for all three specimens. This
suggests that the point at which the PSC starts to accelerate (σac) is close to the yield stress
point (σy).

Based on these observations, it can be concluded that the PSC increases slowly and
linearly with stress during the compaction and elastic deformation stages. However, it
accelerates during the plastic deformation stage. Therefore, the accelerated increase in PSC
can be considered as an indication of the onset of the plastic deformation stage.

3.2. Damage Evolution of Granite Analyzed by PSC
3.2.1. Analytical Expression of Damage Variable

The damage variable, denoted as D, represents the proportion of failed micro elements
to the total micro elements in a material. It quantifies the extent of damage or loss of bearing
capacity in the material. Kachanov [27] defined the damage variable as the ratio of the
area where the material has lost its bearing capacity to the initial area of the material. The
damage variable can be calculated by comparing the total area of failure elements on the
bearing surface (Ad) with the undamaged or nondestructive area (A), as shown in Figure 4.
The calculation equation for the damage variable is as follows:

D =
Ad
A

(1)

 

Figure 4. Diagram showing the stress state of an elastoplastic damaged body element.
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It is important to note that the damage variable typically ranges between 0 and 1,
where D = 0 represents an undamaged material with full bearing capacity, and D = 1
indicates complete failure or loss of bearing capacity.

Due to the loss of bearing capacity in the damaged part (Ad), the applied stress
is entirely borne by the undamaged area. This relationship can be expressed by the
following equation:

σA = σe Ae (2)

where σ is the applied stress, σe is the stress in the undamaged area, Ae is the undamaged
area, and A is the total area. Then

σ = σe(1 − D) (3)

Assuming that the stress and strain of the undamaged part of the element follow
Hooke’s law of linear elasticity, the relationship between stress and strain can be ex-
pressed as

σe = Eε (4)

where E is the Young’s modulus of the material, and ε is the strain.
By combining Equations (3) and (4), the following relationship can be derived as

σ = (1 − D)Eε (5)

The application of load to the rock induces the movement of charges, leading to the
generation of a weak current. If the cumulative charge of complete destruction of the whole
section A of the material is Q0, the charge per unit area of destruction (Qw) can be calculated
by dividing Q0 by the area of the destructed region (Ad). This can be expressed as

Qw =
Q0

A
(6)

When the damaged area of the section reaches Ad, the charge accumulation Qd is
calculated using the following formula:

Qd = Qw Ad =
Q0

A
Ad (7)

Then
D =

Qd
Q0

(8)

In many cases of loading tests, the compression testing machine may stop working
before the granite samples are completely damaged. This could be due to the machine’s
insufficient stiffness or the different failure conditions set for various samples. Therefore,
the traditional definition of the damage variable needs to be modified to account for this
incomplete damage [33]. The modified damage variable can be expressed as follows:

D = Du
Qd
Q0

(9)

where Du is the critical damage variable, and Q0 is the cumulative charge quantity
when the damage variable reaches Du. The value of Du can be determined using the
following formula:

Du = 1 − σr

σf
(10)

where σf represents the peak stress and σr represents the residual stress.
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The damage constitutive model for the rock samples under uniaxial compression,
derived from cumulative charges, can be expressed as follows:

σ = (1 − D)Eε =

(
1 − Du

Qd
Q0

)
Eε (11)

3.2.2. Damage Evolution Law of Granite

The quantity of charge flowing through a section of a rock specimen in a certain period
of time can be calculated by integrating the current with respect to time, which corresponds
to the area under the current-time curve, as shown in Figure 5. The accumulated charge (Q)
can be calculated as follows:

Q =
∫ t2

t1

I(t)dt (12)

Figure 5. Schematic diagram of charge calculation.

The quantity of cumulative charges (Q) in the entire process of rock damage can be
calculated by summing up the charges at each time step. This can be expressed as:

Q0 =
∫ tf

0
I(t)dt (13)

where I(t) is the current at time t, and tf is the time it takes for the granite specimen to
fail finally.

The cumulative charge Qd at any time ti during loading can be calculated by

Qd =
∫ ti

0
I(t)dt (14)

According to the calculations using Equation (14), the real-time cumulative charge
quantity of Specimens GLS01 and GLS02 during the entire loading process was obtained.
The variation of cumulative charges with time is depicted in Figure 6. From the figure, it
can be observed that the cumulative charge initially exhibits a linear and steady increase.
As the loading progresses, the cumulative charge shows an accelerated growth rate. This
behavior is consistent with the change in current, indicating a correlation between the
cumulative charge and the current. These findings provide valuable insights into the
relationship between cumulative charge and the mechanical behavior of the specimens
under loading conditions.
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Figure 6. Variation of stress and cumulative charge with time of Specimen (a) GSL01 and (b) GSL02.

According to the provided data, the residual stresses of Specimens GLS01 and GLS02
are 5.96 MPa and 2.09 MPa, respectively. Using Equations (10) and (13), the parameters
Du and Q0 are calculated, and their values are listed in Table 2. By applying Equation (9),
the damage variable at any moment can be calculated. The scatter plot of the damage
variable (D) with respect to strain (ε) is shown in Figure 7. From the figure, it can be
observed that the scatter curve exhibits an inflection point. Before the inflection point, the
D-ε curve is concave, indicating a slower increase in the damage variable with strain. After
the inflection point, the curve becomes convex, suggesting a more rapid increase in the
damage variable with strain.

Table 2. The typical stresses and damage variable of Specimen GSL01 and GSL02.

Specimen σf/MPa σr/MPa Du/s Q0/pC εi

GLS01 124.9 5.96 0.952 7309.5 0.0074
GLS02 125.6 2.09 0.983 8815.6 0.0087

Therefore, the damage evolution process can be analyzed in two stages, which are
divided by the inflection point. The corresponding strain values (εi) for Specimen GLS01
and GLS02 are calculated to be 0.0074 and 0.0087, respectively. These observations highlight
the non-linear behavior of the damage evolution process and provide valuable insights
into the deformation characteristics of granite specimens under uniaxial compression.
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Figure 7. Scatters of damage variable with strain of Specimens (a) GSL01 and (b) GSL02.

Based on the scatter plot of the damage variable (D) with respect to strain (ε) for
Specimen GLS01 (Figure 7a), a piecewise fitting is performed to approximate the damage
evolution equation (Figure 8). The deduced equation is as follows:

D =

⎧⎨
⎩

0.08046e−288ε − 0.08089 (0.0000 ≤ ε ≤ 0.0074)

−7.94026 × 1011e−3891ε + 0.93218 (0.0074 ≤ ε ≤ 0.0093)
(15)

 

Figure 8. Cont.
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Figure 8. Piecewise fitting of D-ε scatters of Specimen GSL01 during the whole damage process.
(a) 0 < ε ≤ 0.0074; (b) 0.0074 ≤ ε ≤ 0.0093.

Similarly, based on the scatter plot of the damage variable (D) with respect to strain (ε)
for Specimen GLS02 (Figure 7b), a piecewise fitting is performed to deduce the damage
evolution equation (Figure 9). The equation is as follows:

D =

⎧⎨
⎩

0.04173e312ε + 4.46085 × 10−12e2866ε − 0.04526 , (0 ≤ ε ≤ 0.0087)

152.35638ε − 0.4373 , (0.0087 ≤ ε ≤ 0.0093)
(16)

Figure 9. Piecewise fitting of D-ε scatters of Specimen GSL02 during the whole damage process.
(a) 0 < ε ≤ 0.0087; (b) 0.0087 ≤ ε ≤ 0.0093.
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3.2.3. Damage Constitutive Model for Granite

The elastic moduli of Specimens GSL01 and GSL02 were determined by performing
linear fitting on the stress–strain curves obtained during the elastic deformation stage. The
calculated elastic modulus values for Specimens GSL01 and GSL02 are 30,523 MPa and
22,316 MPa, respectively. By incorporating Equations (11) and (15), the one-dimensional
damage constitutive models for Specimens GSL01 and GSL02 based on cumulative charges
can be expressed as follows:

σ =

⎧⎨
⎩

30523ε(1.08089 − 0.08046e−288ε) (0.0000 ≤ ε ≤ 0.0074)

30523ε(7.94026 × 1011e−3891ε + 0.06782) (0.0074 ≤ ε ≤ 0.0093)
(17)

σ =

⎧⎨
⎩

23316ε(1.04526 − 0.04173e312ε − 4.46085 × 10−12e2866ε) , (0 ≤ ε ≤ 0.0087)

23316ε(1.4373 − 152.35638ε) , (0.0087 ≤ ε ≤ 0.0093)
(18)

As depicted in Figure 10, the trend of the theoretical stress–strain curve obtained from
the constitutive model aligns with that of the experimental curve. This indicates that the
defined damage variable is reasonable and effectively captures the damage progression
in granite samples. However, there exists a disparity between the peak limit strains (εp)
obtained from the theoretical and experimental curves. To quantify this difference, the
stress–strain curve in the elastic deformation stage is extended with a dotted line (Figure 10),
intersecting the horizontal axis at the point with coordinates (ε0, 0). In this paper, ε0 is
defined as the ideal initial strain. The peak strain offset (Δεp) between the theoretical and
experimental failure limit strains can be calculated using the following equation:

Δεp = εpe − εpt (19)

where εpe represents the experimental failure limit strain, and εpt represents the theoretical
failure limit strain.

 
Figure 10. Cont.
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Figure 10. Theoretical and experimental stress–strain curve of Specimen (a) GLS02 and (b) GLS03.

The strain parameters of Specimen GSL01 and GSL02 are provided in Table 3. It can be
observed that the ideal initial strain is very close to the peak strain offset, indicating a strong
correlation between the difference in peak limit strains and the ideal initial strain. During
the initial stages of loading, the rock undergoes compaction, where primary fractures
gradually close, leading to an increase in deformation modulus until reaching the elastic
deformation stage. This concave-shaped stress–strain curve in the elastic deformation
stage results in the presence of an ideal initial strain. Therefore, the deviation between the
theoretical and experimental strain-stress curves is primarily influenced by the closure of
primary fractures. Based on the analysis, it can be concluded that the damage variable
defined by cumulative charge is reasonable and effectively reflects the damage evolution
process of granite specimens.

Table 3. Typical strain parameters of Specimen GSL01 and GSL02.

Specimen εpt εpe Δεp ε0

GLS01 0.00660 0.00885 0.00225 0.00220
GLS02 0.00695 0.00960 0.00265 0.00330

4. Discussion

4.1. Mechanism of PSCs from Granite during Damage

The generation of weak current in granite indicates the presence of carriers within the
rock. According to the dielectric conduction theory, there are three forms of carriers: ions,
electrons, and holes [36].

Ionic conductivity requires the presence of freely moving ions, which typically occurs
in aqueous solutions or molten states. However, in our loading experiments on dry granite
at room temperature, there is no condition for the free movement of ions, suggesting that
ions are not the carriers of the weak current in this case. Freund [37] and Scoville et al. [16]
proposed that p-holes, generated by the loss of an electron by oxygen atoms in silicate
minerals, are the main carriers of current in igneous rocks. This theory was also applied to
explain the weak current observed in stressed coals [26]. The formation of p-holes involves
the fracture of chemical bonds, which requires the absorption of energy. The rapid increase
in the weak current suggests the quick formation and movement of a large number of
p-holes, indicating the absorption of significant energy that cannot be released during the
initial compression stage. Therefore, it is important to note that the main carriers of the
weak current are not p-holes.

The above analysis and discussion show that the main carriers of the weak current in
rocks are electrons. While a small number of electrons naturally exist in rocks, a significant
quantity of electrons can be generated through friction, stress-induced polarization, and
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crack propagation [26]. These processes provide an ample supply of carriers for the weak
current in rocks.

The current is defined as the rate of flow of charge and can be calculated using the
formula [36]:

I =
dq
dt

(20)

where I is the current, dq is the change in charge, and dt is the change in time.
In Figure 11a, when the rock is not loaded, it is in a thermal equilibrium state with free

electrons in chaotic motion, resulting in electrical neutrality. However, it should be noted
that the distribution of electrons follows the tip effect, where electrons tend to concentrate
at the tip of a crack, and the electron density increases with the stress experienced by the
crack tip. This means that the electrons in the primary microcracks are not uniformly
distributed but rather concentrated at the tip of the crack, resulting in a higher electron
density at the crack tip.

  
(a) (b) 

 
 

(c) (d) 

Figure 11. Schematic diagram showing a mechanism of PSCs from rock during deformation and
fracture. (a) Unstressed state; (b) Crack closure; (c) Crack propagation; (d) Crack coalescence.

In Figure 11b, as the rock is loaded and the cracks start to close, both the original and
newly generated free electrons are enriched towards the tip of the primary cracks. This
leads to a reduction in charge density in the vicinity of the crack, causing remote charges
to flow towards the low-density region to replenish the charge imbalance. This results in
the generation of a diffusion current. During the compaction stage, where primary crack
closure occurs gradually, the process of charge diffusion is slow. Similarly, during the
elastic deformation stage, where the stress at the crack tip does not reach the critical value
for crack propagation, the formation and flow of free charges remain slow. Therefore, PSC
exhibits a slow and linear increase during the compaction and elastic deformation stages.

As the stress continues to increase, the primary microcracks start to propagate, entering
the plastic deformation stage. In this stage, the release of free charges becomes rapid as
cracks grow and move towards newly generated crack tips (Figure 11c). With increasing
stress, both the number of new cracks and the speed of crack growth gradually increase,
accelerating the process of charge transfer and release. As a result, the PSC increases with
stress at an accelerated rate during the plastic deformation stage.

In Figure 11d, when the rock fractures due to internal crack coalescence, the accumu-
lated charges at the crack tip are released rapidly, causing a sudden increase in current.
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This is often referred to as a transient current. Additionally, as the final failure of the rock
approaches, the activity of internal crack coalescence becomes more intense, leading to
fluctuations in abnormal currents. These current fluctuations can serve as precursors to
rock failure.

Overall, the observations in Figure 11 demonstrate that the distribution and movement
of electrons in the rock are influenced by stress and crack propagation, leading to the
generation and transfer of weak currents. These currents provide valuable insights into the
damage evolution process and can serve as indicators of rock failure.

4.2. Application of PSC in Rockburst Prediction

Rockburst, as the name suggests, is a sudden and violent failure of rock mass that
occurs during mining and tunnelling activities. The ultimate trigger for a rockburst event
is the sudden failure of the rock, which results in the instantaneous release of stored elastic
energy [38]. The process of rockburst involves the progressive aggravation of deformation
and accumulation of damage in the rock mass.

Before the occurrence of a rockburst, a rock typically undergoes three stages of defor-
mation: the compression stage, elastic deformation stage, and plastic deformation stage.
During the compression and elastic deformation stages, the rock experiences deformation
and accumulates elastic energy. In these stages, there is minimal crack generation and
release of elastic energy, making it unlikely for a rock failure to occur. It is only when the
rock enters the plastic deformation stage that local fractures start to develop, accompanied
by the generation and propagation of cracks. This stage is critical, as it leads to the failure
of the rock under increasing stress. Therefore, the prediction of rockburst events primarily
relies on monitoring the deformation of the rock mass and associated physical signals. By
closely monitoring the deformation patterns and physical signals, such as changes in stress,
strain, AEs, electromagnetic radiations and other relevant parameters, it becomes possible
to identify the onset of the plastic deformation stage and the potential for rockburst [39].
Early detection and prediction of rockburst can help mitigate the risks associated with these
events and ensure the safety of mining and tunnelling operations.

Based on our experimental results, the damage variable defined by cumulative charge
proves to be a reasonable indicator that effectively reflects the damage evolution process of
rocks. Therefore, the variation in PSC can be utilized for rockburst prediction. In particular,
the behavior of PSC during different deformation stages provides valuable insights. During
the compaction and elastic deformation stages, PSC exhibits a slow and gradual increase.
However, in the plastic deformation stage, there is an accelerated increase in PSC, which
indicates that the rock deformation has entered a critical phase. This continuous acceleration
in PSC can serve as an early signal of the transition to plastic deformation.

To further analyze the relationship between stress and PSC, we zoomed in on the
stress and PSC curves during the period leading up to final failure, as shown in Figure 12.
It can be observed that when a stress drop occurs, there is a sharp increase in PSC followed
by a rapid decrease, indicating that the fracture is accompanied by an abnormal surge in
PSC. Subsequently, PSC fluctuates at a high level and demonstrates a responsive behavior
to stress variations. When the final failure occurs, PSC experiences another surge, reaching
its peak value. It is noteworthy that after the failure, PSC drops to the background value.
In contrast, when a local fracture occurs, PSC may drop slightly but continues to vibrate at
a high value, significantly higher than the background level. Therefore, the post-abnormal
increase fluctuation in PSC during the accelerated increase process can be regarded as a
precursor to rock failure or rockburst.
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Figure 12. Variation of stress and current with time before rock failure. (a) GSL02; (b) GSL03.

Considering the strong anti-interference capability and early response to mine seis-
micity, the PSC technique holds promising potential for broader applications in rockburst
prediction [18]. By utilizing the PSC technique, it becomes possible to enhance the ability to
detect and forecast rockburst events, contributing to improved safety measures in mining
and tunnelling operations.

5. Conclusions

The main conclusions can be summarized as follows:

(1) PSC can be generated from granite during deformation, and its variation effectively
reflects the different deformation stages of the rock. During the compaction and elastic
deformation stages, PSC shows a gradual increase with stress. However, after the
deformation enters the plastic stage, PSC exhibits an accelerated increase in response
to stress.

(2) PSC exhibits precursory behavior prior to granite failure. A stress drop is accompanied
by a sudden and significant increase in PSC, which then decays rapidly. The growth
rate and amplitude of the PSC associated with the main fracture are greater compared
to those observed during a local fracture. Following the occurrence of the main failure,
PSC experiences a sudden drop to pre-loading levels. In the case of a local fracture,
PSC decreases slightly and continues to vibrate at a high value. The fluctuation
following an abnormal increase in PSC during the accelerated increase process can
serve as a precursor to rock failure.

(3) The cumulative charge calculated based on PSC effectively reflects the damage process
of granite samples. The stress–strain curve obtained using a theoretical constitutive
model, established according to the defined damage variable based on cumulative
charge, is in good agreement with the experimental results. This indicates that
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the damage variable defined by cumulative charge accurately reflects the damage
evolution process of granite.

(4) The carriers of PSC in rocks are primarily electrons, and their distribution follows the
tip effect, with charge enrichment towards the crack tip. The generation mechanism
of weak currents during rock damage involves the transfer, accumulation, and release
of free charges. During the deformation process, currents are stimulated due to charge
diffusion resulting from density differences. When a fracture occurs, currents are
stimulated by the rapid release of accumulated charges.
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Abstract: The pore structure of low-rank coal reservoirs was highly complex. It was the basis for
predicting the gas occurrence and outburst disasters. Different scale pores have different effects
on adsorption–desorption, diffusion, and seepage in coalbed methane. To study the pore structure
distribution characteristics, which are in different scales of low-rank coal with different metamor-
phism grade, the pore structure parameters of low-rank coal were obtained by using the mercury
injection, N2 adsorption, and CO2 adsorption. These three methods were used to test the pore
volume and specific surface area of low-rank coal in their test ranges. Then, the fractal dimension
method was used to calculate the fractal characteristics of the pore structure of full aperture section
to quantify the complexity of the pore structure. The experimental results showed that the pore
volume and specific surface area of low-rank coal were mainly controlled by microporous. The pore
fractal characteristics were obvious. With the influence of coalification process, as the degree of coal
metamorphism increases, fluctuations in the comprehensive fractal dimension, specific surface area,
and pore volume of the pore size range occur within the range of Rmax = 0.50% to 0.65%.

Keywords: low-rank coal; pore structure; comprehensive fractal dimension; fractal law

1. Introduction

Coal bed methane (CBM), as clean energy, will promote the sustainable development
of global energy supplying [1]. The reserves of CBM will depend on the safety and
reliability of national energy. Low-rank coal is of complex pore structure, especially rich in
microporous, which control the adsorption capacity of CBM, This is the basis for evaluating
coal mine disasters [2–4]. Therefore, it is of great significance to identify the distribution of
the pores about low-rank coal.

The pore structure plays a crucial role in various fields such as coal mining, gas extrac-
tion, and hazard prediction [5–7]. The size and connectivity of pores directly impact the
permeability and extraction rate of gas [8]. Larger pores and improved connectivity facili-
tate enhanced gas permeability and extraction efficiency while reducing gas pressure [9].
Simultaneously, larger pore surfaces provide more adsorption sites for gas adsorption. This
increases the chances of gas molecules coming into contact with the pore walls, thereby
enhancing gas adsorption capacity [10]. The pore structure also influences the flotation
kinetics of coal. It affects the diffusion rate and adsorption rate of the flotation reagents,
as well as the stability of the foam, thereby impacting the flotation speed and recovery
rate of coal [11]. By conducting ventilation borehole monitoring of gas content within coal
seams, it becomes possible to assess the gas composition and concentration and predict
potential hazards associated with the pore structure [12] because pores can be used as gas
storage and migration channels. When a large amount of gas accumulates in the coal seam,
larger pores and better connectivity help to improve gas permeability [13]. However, at
the same time, it will increase the speed and scale of gas accumulation, thus increasing
the risk of gas explosion [14]. Secondly, the mining disturbance will make the coal dust
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suspended in the air, and the fire source may cause the coal dust explosion. The pore size
and distribution characteristics directly affect the suspension capacity of coal dust and the
risk of coal dust explosion. Smaller pores may be more likely to suspend coal dust and
form explosive dust clouds, increasing the aerodynamic risk during mining [15]. Therefore,
the study of pore structure plays an irreplaceable role throughout the entire process of coal
mining and utilization.

There are many experimental methods for testing the pore structure, including gas
adsorption, visualization, and capillary pressure methods [16]. The pore structure char-
acteristics of coal are mainly tested using scanning electron microscopy [17], gas adsorp-
tion [18,19], mercury injection (MIP) [20], nuclear magnetic resonance (NMR) [21,22], X-ray
diffraction (XRD) [23], CT imaging (X-CT) [24], and small angle scattering (SAXS) [25].
The pore structure has been studied by many scholars using the above means. Using
scanning electron microscopy, XRD, etc., the pore morphology and connectivity of coal rock
bodies can be obtained visually [26–29]. However, the pore characteristic data observed
by these methods are mainly used for qualitative characterization, and it is difficult to
analyze quantitatively.

To obtain a quantitative characterization of the pore structure, mercury injection, gas
adsorption, and small-angle scattering methods were introduced. Obtaining pore size
parameters through fluid intrusion into the pore of coal bodies is widely recognized be-
cause of their wide measurement range and high measurement accuracy [30–32]. The
low-temperature N2 adsorption method and low-pressure CO2 adsorption method were
employed to measure the characteristics of mesopores and micropores, respectively [33].
After obtaining the pore structure parameters, the introduction of fractal dimension calcu-
lation provides a quantitative characterization of the complexity of the pore network [34].

Due to the limitations of the type of pore structure testing method, different experi-
ments could only characterize the pore distribution at a certain scale but cannot fully reflect
the pore structure characteristics. In recent years, scholars have successively attempted
to combine multiple testing methods to jointly characterize the pore structure features
and pore distribution of coal [35–38]. However, some scholars have only tested meso-
pores and macropores [39], while others have not quantified the complexity of the pore
structure [40,41].

This study is to complete a more comprehensive joint characterization of a full aperture
about the pore structure in low-rank coal and to quantify the pore structure complexity.
Eight low-rank coal samples from the northern Shaanxi coalfield were used to investigate
the pore joint characterization. Pore structure characteristics are evaluated using mercury
injection, low-temperature N2 adsorption, and CO2 adsorption, to study the causes of pore
structure complexity in low-rank coal. The study had significant implications for CBM
reservoir and transport patterns.

2. Materials and Methods

2.1. Sample Preparation

Primary coal from eight different mines in the northern Shaanxi coalfield were selected
for the experiments, from Bailiang 5# coal seam (BL), Liangshuijing 4-3 coal seam (LSJ),
Daljuta (DLT), Ningtiaota 3-1 coal seam (NTT), Jianxin 4-2 coal seam (JX), Ruineng 401 coal
seam (RN), Xiaozhuang 4# coal seam (XZ) and Huangling 2# coal (HL). The distribution of
coal mines was shown in Figure 1.

The samples were collected at the newly exposed coal wall, sealed, and brought
back to the laboratory. The coal samples were crushed by grinding, and 2.4–4 mm coal
samples were screened for mercury injection. In addition, 0.18–0.25 mm coal samples
were screened for low-temperature N2 adsorption and carbon dioxide adsorption exper-
iments. An amount of 10 g of each sample was weighed to set aside. The experimental
coal samples were analyzed according to ISO 11722:2013 [42] (Solid mineral fuels—Hard
coal—Determination of moisture in the general analyzed test sample by drying in nitrogen) and
ISO 1171:2010 [43] (Solid mineral fuels-Determination of ash), and the maximum reflectance of
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the specular group was determined according to the national standard GBT6948-2008 [44]
(Method of determining microscopically the reflectance of vitrinite in coal). The test results were
shown in Table 1.

 

Figure 1. Distribution map of mining areas.

Table 1. Results of coal quality analysis.

Sample ID
Proximate Analysis (%)

Rmax/%
Mad Aad Vdaf FCad

BL 0.81 27.36 12.72 59.43 0.33
LSJ 4.55 4.69 30.73 61.64 0.47
DLT 6.89 6.95 31.49 57.32 0.49
NTT 5.26 4.14 32.76 59.78 0.53

JX 2.94 9.05 36.66 52.70 0.55
RN 2.46 13.7 30.86 54.08 0.60
XZ 3.90 5.74 33.08 58.79 0.66
HL 2.1 4.86 31.03 62.76 0.68

Mad is Moisture, Vdaf is Volatile fraction, Aad is Ash, FCad is Fixed carbon, and Rmax is Maximum
vitrinite reflectance.

The low-rank coal samples with volatile matter were ranging from 12.72% to 36.66%
(10% to 40% volatile matter for low-rank coal) [45]. The specular group emissivity character-
ized the degree of deterioration of the coal samples (maximum specular group reflectance
Rmax < 0.68% for low-rank coal), the lower degree of coal deterioration with the lower
the Rmax.

2.2. High-Pressure Mercury Injection Experiments

The pore structure of the experimental coal samples was analyzed using an AutoProe
IV 9510 fully automatic mercury injection [46,47]. The test system diagram is shown in
Figure 2a.

Coal samples were prepared by weighing about 3 g, and it was dried at 70 ◦C for 8 h
and vacuumed in the dilatometer. The experimental temperature was 298 K, the maximum
working pressure was 414 MPa, and testable pore size ranges from 3 nm to 1000 μm.
During high-pressure mercury injection experiments, the native pore structure of the coal
sample was damaged as the mercury solution was pressed in. The experiment had a greater
advantage for mesoporous and macropore tests but a greater deviation for microporous
and mesoporous tests. The specific test conditions were as follows: in/out mercury contact
angle 130◦, surface tension 0.48 N/m, and expansion gauge volume 0.5 cc. The relationship
between inlet pressure and pore size can be obtained using the Washburn equation [48].
The pore surface area parameter can be determined using the theoretical model proposed
by Rootare [49].
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(a) (b) 

Figure 2. Experimental system. (a) High-pressure mercury injection experiments; (b) Low-
temperature N2 adsorption and carbon dioxide adsorption experiments.

2.3. Low Temperature N2 Adsorption Experiments and Low Pressure CO2 Adsorption Experiments

The pore structure of experimental coal samples was analyzed by ASAP 2460 specific
surface area and porosity tester [50]. The test system diagram is shown in Figure 2b. The
maximum working pressure is 133 MPa, and pore size test ranges from 0.35 nm to 500 nm.
The prepared coal samples were weighed to approximately 200 mg and dried at 70 ◦C for
8 h before the experiments were carried out.

Low-temperature nitrogen adsorption experiments are carried out at liquid nitrogen
temperature (77 K). The amount of nitrogen adsorbed on the solid surface depends on
the relative pressure of the nitrogen (P/P0). P is partial pressure, and P0 is saturation
steam pressure. When P/P0 is between 0.05 and 0.35, the relationship between adsorption
and relative pressure is in accordance with the BET equation, and it is the basis for the
determination of the specific surface area of powder materials by low-temperature nitrogen
adsorption. When P/P0 ≥ 0.40, nitrogen agglomerates in microporous. The parameters
such as pore volume, pore size distribution, and specific surface area can be determined
according to BJH or DFT theoretical models.

Low-pressure CO2 adsorption experiments were carried out at saturation temperature
(273 K). Testable pore sizes in the range of less than 2 nm. The principle of carbon diox-
ide adsorption experiments was similar to low-temperature N2 adsorption experiments.
However, carbon dioxide molecules are smaller and diffuse at a faster rate, it had a greater
saturation pressure at saturation temperature and can be tested on micropore.

In order to ensure the accuracy of the experimental data, each group of experiments
were tested three times. The final data used were the average of the three groups of
experiments. The relative error of each group is less than 5%.

3. Results and Discussion

3.1. Adsorption Curves and Pore Distribution Characteristics

The article used the IUPAC pore classification method. Pore was classified as microp-
ore (<2 nm), mesopore (2 nm to 50 nm), and macropore (>50 nm).

The mercury injection experiments focused on the pore characteristics of the meso-
porous and macropore. The mercury intrusion and exit curves are drawn based on the
experimental parameters of coal samples (Figure 3).

The opening degree of pore in coal samples could be reflected by different curves
with mercury entry and exit. All eight low-rank coal samples showed significant mercury
injection hysteresis loops, indicating that the open-pore spaces are more developed and
the inter-pore connectivity is better. The efficiency of mercury exit was calculated to be
30.85–48.34%. The mercury exit efficiency is medium, indicating that there are both open
pore and semi-open pore in coal samples, and the pore connectivity is good. Mercury exit
efficiency of low-rank coal is less than 40% with Rmax = 0.60% and Rmax < 0.50%. And there
were in the range of 40–50% with Rmax = 0.50–0.60% and Rmax > 0.60%. The calculations
show that the pore connectivity and openness of the more highly metamorphosed low-rank
coal are better than less metamorphosed low-rank coal.
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Figure 3. Mercury entry and withdrawal curves of the mercury intrusion experiments.

When the pressure is greater than 10 MPa, the compression effect of the coal matrix is
obvious [51,52]. Affected by this effect, the reflection of the real pore structure is biased.
With the increase of pressure, the deformation is more obvious, and the deformation of pore
under this pressure must be considered [53,54]. It is necessary to modify the experimental
data of mercury injection with pressure above 10 MPa, and the corresponding pore size is
about 135 nm. ⎧⎪⎪⎨

⎪⎪⎩
VxPi = VcPi − ZVm(Pi)Pi

Vm(Pi) = Vm − dVcPi
dPi

Pi

Z = 1
Vm

(
K − ΔVP

ΔP

) (1)

where Pi is the mercury inlet pressure corresponding to the pore volume to be modi-
fied (>10 MPa), MPa; VPi is the hole volume test value corresponding to attack pressure
Pi, cm3/g; VXPi is the corrected pore volume corresponding to the inlet mercury pressure
Pi, cm3/g; Vm(Pi) is the coal matrix volume after the change of mercury injection pressure,
cm3/g; Vm is the volume of coal matrix, cm3/g; Z is compression coefficient of coal matrix;
ΔVP is the cumulative pore volume value of mercury entry section to be corrected, cm3/g;
ΔP is the difference between the maximum value and the minimum value of the mercury
injection pressure to be corrected, MPa; K is the slope of the high-pressure stage (>10 MPa).

The curves were obtained by fitting a linear regression to the mercury feed curve
(Figure 4).

The pore volume and specific surface area data were corrected for the high-pressure
section of the mercury injection experiment (Table 2).

Table 2. Correction results for mercury injection experimental data.

Simple ID K V/cm3·g−1 VX/cm3·g−1 S/cm3·g−1 SX/cm3·g−1

BL 1.300 × 10−4 0.0024 0.0015 0.1750 0.2828
LSJ 7.694 × 10−4 0.0153 0.0045 1.0897 3.6836
DLT 8.477 × 10−4 0.0154 0.0036 1.1764 4.9916
NTT 5.225 × 10−4 0.0095 0.0029 0.5989 1.9913

JX 3.903 × 10−4 0.0069 0.0013 0.4157 2.2026
RN 6.259 × 10−4 0.0010 0.0001 0.0642 0.0647
XZ 5.782 × 10−4 0.0100 0.0036 0.5840 1.6372
HL 2.952 × 10−4 0.0053 0.0020 0.3212 0.8500

K is the experimental result for pore volume of pore > 50 nm in diameter, VX is the corrected pore volume for
pore > 50 nm in diameter, S is the experimental result of the specific surface area of pore with a pore size > 50 nm,
SX is the specific surface area after correction for pore size > 50 nm pore.
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Figure 4. Linear regression of the high-pressure section of the mercury injection curve.

Low-temperature nitrogen adsorption experiments are better for mesopore [55]. The
adsorption isotherms were plotted from the low-temperature N2 adsorption experimental
data for each coal sample (Figure 5). LSJ, DLT, and NTT coal samples at the start of the
low-pressure section with the curve were biased towards the Y axis. These three coal
samples had a strong interaction with liquid nitrogen, with more microporous present
in this category and a strong adsorption potential within the microporous. The starting
segment was type I according to the IUPAC isotherm classification. The starting adsorption
curve of BL, JX, RN, XZ, and HL coal samples was type III, which had a weak interaction
force with liquid nitrogen.

Figure 5. Low-temperature nitrogen adsorption isotherms.

CO2 adsorption experiments are more capable of testing microporous. In the mi-
croporous stage, CO2 was presented as a monolayer adsorption or microporous filling
on the coal surface. Therefore, the adsorption and desorption curves overlap (Figure 6).
The shape of the isothermal sorption curve for low-rank coal samples was fitted by the
Langmuir equation. The adsorption volume increased rapidly, and the adsorption curve
is clearly raised upwards in the low relative pressure region. It tends to be straight in the
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high-pressure region. The adsorption capacity shows a general trend of decreasing with
increasing coal deterioration, except for the BL, XZ, and HL coal samples.

P P

Figure 6. CO2 adsorption isotherms.

The pore structure parameters tested by mercury pressure, low-temperature N2 ad-
sorption, and CO2 adsorption experiments are shown in Table 3.

Table 3. Test parameters for mercury injection, low-temperature N2 adsorption, and low-pressure
CO2 adsorption experiments.

Sample ID BL LSJ DLT NTT JX RN XZ HL

Mercury injection
experiment

Porosity/% 8.39 15.81 16.31 13.37 9.33 6.62 11.28 8.47
Average pore size/nm 19.90 14.10 16.80 12.90 12.90 16.70 13.40 12.80
Pore volume/cm3·g−1 0.0710 0.1515 0.1588 0.1257 0.0835 0.0434 0.1038 0.0772
Pore specific surface

area/m2·g−1 14.2830 42.9030 37.8090 39.0020 25.8020 10.3630 31.069 24.1220

Low pressure
nitrogen

adsorption
experiment

Average pore size/nm 11.08 4.85 4.56 6.43 7.80 6.64 10.57 10.21
BJH pore volume/cm3·g−1 0.0059 0.0223 0.0239 0.0172 0.0063 0.0153 0.0160 0.0092
BET pore specific surface

area/m2·g−1 2.5756 25.8364 31.9735 12.8436 3.1947 16.6833 6.6900 3.9026

Carbon dioxide
adsorption
experiment

Pore volume/cm3·g−1 0.0206 0.0271 0.0281 0.0244 0.0133 0.0128 0.0213 0.0133
Pore specific surface

area/m2·g−1 132.856 168.463 153.955 141.948 94.137 85.012 115.587 102.615

The mercury injection experiments test data showed that the porosity of the eight
low-rank coal samples ranged from 6.62% to 16.31%. The DLT coal sample had the largest
porosity, and the RN coal sample was the smallest, with a porosity difference of 9.69%. The
selected coal samples have a wide range of pore coverage. The average pore size ranged
from 12.8 nm to 19.9 nm. The difference between BL coal sample with the largest average
pore size, and HL coal sample with the smallest was 1.55 times. The difference between
DLT coal sample with the maximum pore volume, and RN coal sample with the minimum
value is 3.66 times. The difference between LSJ coal sample with the maximum specific
surface area and RN coal sample with the minimum is 4.14 times.

The low-temperature N2 adsorption experiments test data showed that the average
pore size of the eight low-rank coal samples ranged from 4.56 nm to 11.08 nm. The average
is small overall compared to the mercury injection experiment. The BL sample had the
largest pore size, consistent with the results of the mercury injection test, and differed
by a factor of 2.43 from DLT sample, which had the smallest average pore size. The
specific surface area measured by BET method is smaller than that obtained by the mercury
injection test, and the overall variation is greater. The difference between DLT sample with
the largest specific surface area and the smallest BL coal sample was 12.39 times. The pore
volumes measured by BJH method are also smaller than those obtained by the mercury
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injection test. The difference between DLT sample with the largest pore volume and the
smallest BL sample was 4.05 times.

The low-pressure CO2 adsorption experiments test data showed that pore volume
and specific surface optimum of low-rank coal microporous were calculated based on DFT
model analysis. The distribution is consistent with the results of the mercury injection
experimental tests. The DLT sample had the largest pore volume and RN sample had
the smallest pore volume, with a difference of 2.20 times. The LSJ coal sample has the
maximum specific surface area, and RN coal sample has the least specific surface area, with
a difference of 1.98 times. The variation in pore volume and specific surface area of the
micropore section varies less.

3.2. Joint Characterization of the Pore Structure of Full Aperture of Low-Rank Coal

Due to the different test principles and ranges of the three pore structure tests, it
may have some errors in the test results for the same pore size. Using the experimental
data above, the least difference or overlap in test results for the same pore size range was
selected to connect and characterize the pore structure of the full aperture of the low-rank
coal. The position of the pore joint should be within the test range of the corresponding test
method. The three experimental data were bridged at 1.46~1.66 nm and 45.47~46.06 nm to
plot the distribution of pore volume and pore specific surface area (Figures 7 and 8).

Figure 7. Pore volume distribution feature of full aperture.

Figure 8. Specific surface distribution feature of full aperture.
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From Figure 7, the pore space developed in the low-rank coal is mainly concentrated in
the microporous stage. In the microporous section, the increase in pore volume was greater
between 0.5 and 0.7 nm, and it reached a maximum around 0.55 nm. After 0.55 nm, the pore
volume gradually decreases and shows a multi-peaked distribution. Small fluctuations
in pore volume variation in the mesoporous section, with a tendency for the pore volume
to increase as the pore size increases. The low-rank coal in the large pore section shows a
trend of increasing and then decreasing between pore sizes of 100 and 1000 nm, with pore
volumes decreasing gradually and fluctuating less after greater than 1000 nm.

From Figure 8, The specific surface area development of low-rank coal is mainly con-
centrated in the microporous stage. It had a large difference compared with the mesoporous
and macropore stages. The peak of the microporous phase occurs around 0.55 nm, after
which the specific surface area gradually decreases and shows a multi-peak distribution.
The specific surface area of the mesoporous and macropore stages tends to decrease more
steadily with the increase in pore size.

The pore structure characteristics are shown in Table 4. The specific surface area of the
eight coal samples is mainly controlled by micropores. This can also be seen from Figure 8.
The proportion of micropores reached 79.73–96.56%. The change rule of pore volume ratio
is more complicated. The largest proportion of micropores is JX coal sample, accounting for
53.10%. The largest proportion of mesopores is RN coal sample, accounting for 46.81%. The
largest proportion of macropores is DLT coal sample, accounting for 51.81%. As the degree
of metamorphism increases, the coal is subjected to different stages of coalification. The
evolution of pore space in different pore sizes appears to be significantly different due to the
influence. Pore volume is more significantly influenced by coalification. The pore-specific
surface area also has the same evolutionary characteristics as the pore volume. As the
trends in specific surface area in the full aperture are mainly controlled by the microporous,
the magnitude of change in the mesopore and macropore sections of the data is its slightest.
The change rule is obvious. The change in pore volume with the increase in pore size
is more complicated. Thus, this discussion focuses on the trends in the pore volume of
low-rank coal.

Table 4. Pore structure characteristics of full aperture section.

Sample ID
Pore

Volume/cm3·g−1

Proportion of Pore Volume/% Specific Surface
Area/m2·g−1

Proportion of Specific Surface Area/%

Vmic Vmes Vmac Smic Smes Smac

BL 0.0391 52.36 10.26 37.39 63.6561 96.56 2.99 0.46
LSJ 0.0839 32.00 22.08 46.80 100.6521 81.02 15.29 3.69
DLT 0.0963 28.70 19.48 51.81 106.0858 79.73 15.22 5.04
NTT 0.0522 44.93 26.96 28.11 85.8990 86.26 11.26 2.49

JX 0.0257 53.10 19.31 27.59 42.9067 94.68 0.01 5.31
RN 0.0274 47.56 46.81 5.64 45.8984 82.71 17.13 0.17
XZ 0.0478 41.94 23.99 34.07 70.9783 90.25 7.33 2.42
HL 0.0252 41.85 27.13 31.02 35.7180 89.05 8.56 2.39

Vmic is volume of micropore, Vmes is volume of mesopore, Vmac is volume of macropore. Smicis the specific
surface area of micropores, Smes is the specific surface area of mesopores, and Smac is the specific surface area
of macropore.

The microporous in low-rank coal were smaller pore formed by the stacking of macro-
molecular structures in the coal. In addition, there would exist some interlayer pore. The
process of microporous evolution has similar characteristics to mesopore. The fracture
of functional groups, branched chains, etc., in the macromolecular structure of the coal
produces gas and forms some of the microporous. During this process, the increase in
aromatic ring sheet layers of the microporous pore caused the aromatic sheet layers to stack
up against each other as interlayer pore increases and thus the volume of the microporous
pore increases.
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The evolution of the mesopore is mainly controlled by the stacking of macromolecules
such as coal molecular chains and aromatic ring lamellae. As the coalification process
proceeds, the aromatization of the coal gradually increases and the condensation of the
aromatic thick ring system further increases. At higher levels of metamorphism, some
branched chains in coal are synthesized into aromatic rings and reduced. The macro-
molecular structure is more compact, and the molecular spacing is reduced, resulting in a
reduction in mesopore pore volume. The pore volume of low-rank coal mesopore evolves
in a similar trend to that of large pore with coalification but changes more smoothly during
the coalification jump stage.

The change in macropore has the most significant effect on the change with pore
volume in the full aperture. Excluding the effect of coalification jump stage on pore volume,
the pore volume tends to increase and then decrease as the degree of metamorphism in-
creases. The turning point of the change occurs at Rmax = 0.50%, when the first coalification
jump begins. With the end of the coalification jump and the onset of the cracking reaction
in the coal body, the volume of macropore pore space begins to decline.

3.3. Fractal Dimension Calculation of Coal Pore

Low-rank coal has strong heterogeneity and complex pore structure. Fractal geometric
characteristics could be used to study the irregularity of pore structure and surface and to
characterize the adsorption capacity of low-rank coal. The pore fractal dimension obtained
by mercury intrusion experimental data was calculated by thermodynamic model [56].
The Frenkel–Halsey–Hill (FHH) model was used to calculate the pore fractal dimension
obtained from the experimental data of low-temperature N2 adsorption [57]. Combined
with the data obtained by fitting the two models, the comprehensive fractal dimension is
calculated to characterize the complexity of the pore structure of low-rank coal.

3.3.1. Fractal Dimension Based on a Thermodynamic Model

During the mercury injection process, the amount of incoming mercury gradually
increases as the pressure increases, resulting in constant increase in the surface energy of
the pore [58]. The increase in the surface energy of mercury entering the pore is equal to the
work exerted on the mercury by the external environment. The incremental pore surface
energy in the whole system is consistent with the work done by the surroundings, thus
giving the following Equation (2)

dWn = σ cos αdS (2)

where Wn is the surface energy (J), σ is the mercury surface tension (0.48 N/m), α is the
contact angle between the mercury and the solid surface (130◦), and S is the specific surface
area of the pore (m2).

After the correction of Equation (2), the following equation was obtained:

ln
Wn

r2
n

= Df ln
V1/3

n
rn

+ ln C (3)

where rn is the pore diameter (nm), Vn is the pore volume (m3), and Df is the fractal
dimension of the pore surface area.

According to Equation (3), the fractal dimension was calculated for low-rank coal
samples with pore size greater than 50 nm, and a fitting model of thermodynamic fractal
was obtained (Figure 9).

The fitting results are shown in Table 5.
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Figure 9. Thermodynamic model fitting curve.

Table 5. Fractal dimension that is based on the thermodynamic model.

Sample Fitting Equations R1
2 D1

BL y = 2.8737x + 7.7737 0.9925 2.8737
LSJ y = 2.9219x + 7.9515 0.9953 2.9219
DLT y = 2.9397x + 8.1395 0.9953 2.9397
NTT y = 2.7982x + 6.9738 0.9926 2.7982

JX y = 2.7646x + 6.6578 0.9919 2.7646
RN y = 2.8261x + 7.4171 0.9894 2.8261
XZ y = 2.7474x + 6.4992 0.9918 2.7474
HL y = 2.7631x + 6.6941 0.9907 2.7631

3.3.2. Fractal Dimension Based on FHH Model

The FHH model, first proposed by Frenkel, Halsey and Hill, describes the theory
of multilayer adsorption of gas molecules in porous media and is relatively simple to
calculate [59]. On a fractal surface in a capillary condensation region and non-homogeneous
porous solids, Avnir established the FHH equation of gas adsorption theory by studying
the adsorption of gas molecules [60].

ln V = C + (Dh − 3) ln[ln(
P0

P
)] (4)

where V is the amount of gas adsorbed at relative air pressure (cm3/g). P0/P is the relative
pressure, C is a constant, and Dh is the value of the fractal dimension of the porous material.

According to Equation (4), the fractal dimension of low-rank coal samples with meso-
porous was fitted by the FHH model, shown in Figure 10. Fitting equation and fractal
dimension as shown in Table 6. At ln[ln(P0/P)],the value of lnV changed significantly, so
piecewise fitting fractal dimension values are presented here. The fitting degrees were high,
which above 0.93. The fractal dimension ranged from 2.4794 to 2.8123, with an average of
2.6656. The fractal characteristics were obvious, and the pore structure of this section was
highly complex.

The fractal dimension of low-rank coal samples with microporous was also fitted by
the FHH model, as shown in Figure 11.
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P P

V

 
Figure 10. FHH model fitting curve of the mesoporous.

Table 6. Fractal dimension of the mesoporous based on FHH model.

Sample
Relative Pressure < 0.7 Relative Pressure > 0.7

D2Fitting Equations R21
2 D21 Fitting Equations R22

2 D22

BL y = −0.1367x + 1.8853 0.9367 2.8633 y = −0.2832x + 1.6999 0.9889 2.7168 2.8066
LSJ y = −0.2642x + 0.0942 0.9862 2.7358 y = −0.7645x−0.3073 0.9526 2.2355 2.5326
DLT y = −0.2589x + 0.6009 0.9615 2.7411 y = −0.6817x + 0.1944 0.9688 2.3183 2.5694
NTT y = −0.2082x + 0.4790 0.9326 2.7918 y = −0.9773x−0.1844 0.9474 2.0227 2.4794

JX y = −0.1339x + 1.8445 0.9673 2.8661 y = −0.4811x + 1.4708 0.9941 2.5189 2.7251
RN y = −0.0779x + 2.4487 0.9686 2.9221 y = −0.3852x + 2.1473 0.9854 2.6148 2.7973
XZ y = −0.0833x + 2.5326 0.9872 2.9167 y = −0.3402x + 2.3229 0.9713 2.6598 2.8123
HL y = −0.2632x + 1.1156 0.9772 2.7368 y = −0.5951x + 0.7743 0.9836 2.4049 2.6020

V

P P

Figure 11. FHH model fitting curve of the microporous.

Fitting equation and fractal dimension are shown in Table 7. The fitting degrees of
micropore section were high, which was above 0.98. The fractal dimension is 1.0084 to
1.8414, and the average value is 1.4107.
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Table 7. Fractal dimension of the microporous based on FHH model.

Sample Fitting Equations R3
2 D3

BL y = −2.7544x + 6.3004 0.9894 1.2456
LSJ y = −2.4086x + 6.1353 0.9911 1.5914
DLT y = −2.3040x + 5.9513 0.9889 1.6960
NTT y = −2.3447x + 5.8928 0.9872 1.6554

JX y = −2.8999x + 6.1255 0.9893 1.1001
RN y = −2.9962x + 6.2010 0.9951 1.0084
XZ y = −2.1586x + 5.4703 0.9889 1.8414
HL y = −2.8524x + 6.2028 0.9942 1.1476

3.4. Relationship between the Fractal Dimension of Low-Rank Coal and the Degree of
Coal Metamorphism

The calculated fractal dimensions were concentrated between 2.4 and 3.0, and the
correlation degree is 86.09–98.30%, with high correlation and good fractal characteristics.
The fractal dimension of RN sample joint pore greater than 50 nm pore size segment was
greater than 3. It had been suggested that there may be compressive damage to the fractures
and pore in the coal as a result of high-pressure mercury injection. It is also possible that the
coal seam is highly metamorphosed or highly fractured and deformed. The high-pressure
stage (>10 MPa) and pore sizes greater than 50 nm have been corrected for compression. It
was unlikely that the first cause of the fractal dimension was greater than 3. In conjunction
with the above experimental analysis, possible due to a high degree of fracture deformation
in RN coal sample.

As a porous, non-homogeneous solid, coal has different fractal characteristics at
different pore-size sections. In order to better characterize quantitatively the complexity of
the experimental coal samples and their rough surface, the comprehensive fractal dimension
was calculated. The comprehensive fractal dimension was obtained by weighing the pore
volume ratios of different pore size sections as weights and summing the fractal dimensions
of different pore size sections.

Dt =∑ Di Ti (5)

where Dt is the integrated fractal dimension of the coal, Di is the fractal dimension corre-
sponding to the i pore size section, Ti s the pore volume ratio corresponding to the i pore
size section (%), and i is the i Pore Size Section and is a positive integer.

The pore volume share of microporous, mesopore and macropore was calculated.
Based on the range of applications of the fractal model discussed above, the integrated
fractal dimension is calculated for the full aperture section. The integrated fractal dimension
of the full aperture section of the coal sample is calculated from Equation (5). The results
are shown in Table 8.

Table 8. Comprehensive fractal dimensions of full aperture.

Sample
Microporous Stage Mesopore Stage Macropore Stage Synthesis of Fractal

DimensionsR1
2 D1 V1/% R2

2 D2 V2/% R3
2 D3 V3/%

BL 0.9894 1.2456 52 0.9569 2.8066 10 0.9925 2.8737 38 1.9916
LSJ 0.9911 1.5914 32 0.9726 2.5326 21 0.9953 2.9219 47 2.4397
DLT 0.9889 1.6960 29 0.9645 2.5694 19 0.9953 2.9397 52 2.5087
NTT 0.9872 1.6554 45 0.9386 2.4794 27 0.9926 2.7982 28 2.1979

JX 0.9893 1.1001 53 0.9782 2.7251 19 0.9919 2.7646 28 1.8749
RN 0.9951 1.0084 48 0.9754 2.7973 46 0.9894 2.8261 6 1.9404
XZ 0.9889 1.8414 42 0.9807 2.8123 24 0.9918 2.7474 34 2.3825
HL 0.9942 1.1476 42 0.9798 2.6020 27 0.9907 2.7631 31 2.0411

During coal formation, coalification does not evolve linearly but undergoes several
jumps. Low-rank coal pore is subject to more complex changes by coalification [61,62]. The
aliphatic, alicyclic functional groups, and side chains are shed from the aromatic layer to
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form methane-based volatiles when the coalification was at a Rmax of 0.50% to 0.60% [63].
The asphaltene caused by asphalting shows that the first jump begins.

During the first coalification jump, the pore structure is controlled by the dissociation
and polymerisation of functional groups and aromatic structure, and the trend of change
fluctuates considerably. The phenomenon is most evident in the microporous stage. Here,
it is shown that, from Rmax = 0.50%, a substantial reduction in pore volume and specific
surface area occurs, and the comprehensive fractal characteristics of the full aperture
diminish sharply (Figure 12).

Figure 12. Trends in integrated fractal dimensionality with coal evolution.

As the coalification of low-rank coal increases, the evolution of the pore structure of
low-rank coal can be broadly divided into two stages, excluding the coalification jump
stage. The first stage is before the start of the first coalification jump (Rmax < 0.30%), The
chemical reactions in coal are dominated by the formation of hydrocarbons, the destruction
of coal molecular chains and aromatic ring lamellae, the gradual increase in pore volume,
and the increase in specific surface area of coal. After the end of the first coalification jump,
the coalification reaction gradually changed to a predominantly cracking reaction. At this
stage, moisture, volatile matter, hydrogen, and oxygen content gradually decrease. The
organic molecules are gradually arranged in a regular manner. Furthermore, as the degree
of polymerisation increases, the carbon content gradually increases. The side chains of the
coal molecules decrease, and the layer space decreases, resulting in a gradual decrease in
the pore volume and specific surface area of the coal.

In order to study the development and complexity of the pore volume and specific
surface area of low-rank coal, the pore volume and specific surface area variation graphs
were obtained, as shown in Figures 13 and 14.

R  
Figure 13. Trend in pore volume and specific surface area with coal evolution.
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Figure 14. Trend in pore volume and specific surface area with integrated fractal dimensionality.

From Figure 13, the trends in pore volume and specific surface area with coal evolution
are similar to those in integrated fractal dimensionality with coal evolution. The trend in
specific surface area coincides well with the trend in integrated fractal dimension with an
increasing degree of metamorphism. As the specific surface area is mainly controlled by
the microporous, the complexity of the pore structure depends more on the microporous.

From Figure 14, there is an overall trend of increasing pore volume and specific surface
area as the number of integrated fractal dimensions increases. The larger the pore volume
or specific surface area, the more complex the pore structure is. The pore volume and
specific surface area before the completion of the coalification jump are larger than those
after the completion of the coalification jump. In these two stages, the pore volume and
specific surface area increase with the increase of pore structure complexity.

The study shows that the change in specific surface area with Rmax is most consistent with
the change in total fractal dimension with Rmax. To verify the accuracy of the experimental
law, some experimental data in the literature are cited, and the results are basically consistent
with the law obtained in this paper (Figure 15). The law of pore structure variation with
coalification mentioned in this paper can be confirmed by subsequent research.

 
Figure 15. Trend in specific surface area with coal evolution [63–67].

4. Conclusions

In mercury injection experiments, the pore volume and specific surface area of low-
rank coal depend mainly on the mesopore. Coal samples with Rmax between 0.40% and
0.55% also have a large number of developed pores in the large pore section. In low-
temperature N2 adsorption experiments, it shows that pore volume and specific surface area
were more developed in 2 nm to 50 nm mesopore section. In CO2 adsorption experiments,
pore volume and specific surface area of low-rank coal depend on the microporous and
show an “increasing–decreasing–increasing” trend at 0.4 nm–0.55 nm–0.7 nm–0.9 nm.

The pore structure characteristics of full aperture were characterized using low-
pressure CO2 adsorption to characterize the microporous, low-temperature N2 adsorption,

51



Sustainability 2023, 15, 9599

and mercury compression. It is bridging at 1.46–1.66 nm and 45.47–46.06 nm, respectively.
The pore-specific surface area of the full aperture was mainly controlled by micropores.
The specific surface area of micropores accounts for 79.73–96.56% of the full aperture. The
change in pore volume is more complicated due to the influence of coalification jump. The
change rule needs specific analysis.

The pore volume of the full aperture of low-rank coal is mainly controlled by the
macropore via the segmental union pore. The specific surface area is mainly controlled
by micropores, which are more effectively controlled. The pore fractal characteristics of
full aperture in low-rank coal vary between the different degrees of metamorphism, with
the fractal dimension ranging from 1.8749 to 2.5087. The macropore fractal features are
most pronounced, with fractal dimensions ranging from 2.7474 to 2.9397. Mesopores are
next in line, with fractal dimensions ranging from 2.4794 to 2.8123. The micropores are
most affected by coalification and have the weakest fractal characteristics, with fractal
dimensions of 1.0084 to 1.8414.

The fractal characteristics of low-order coal fluctuate in Rmax = 0.50–0.60% stage as the
degree of metamorphism increases by the coalification jump. In Rmax =0.30–0.50% stage,
the pore structure complexity of low-rank coal increases with the vitrinite reflectivity. After
the first coalification jump, the complexity of the pore structure in low-rank coal decreases
with the vitrinite reflectivity.
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Abstract: Coal spontaneous combustion in underground mine goaf has a great impact on coal mining.
The temperature-programmed experiment is a commonly used and effective method for studying
the characteristics of coal spontaneous combustion. Aiming at the problem that the numerical
simulation of coal spontaneous combustion characteristics under the condition of external air supply
and temperature control in a temperature-programmed experiment is insufficient, a multi-physical
field coupling numerical model of coal spontaneous combustion in the temperature-programmed
experiment is established. The variation characteristics of coal temperature, oxygen, and oxidation
products under external air supply and temperature control were studied. The results show that
the numerical simulation results are consistent with the experimental results. With the increase in
temperature, the volume fractions of oxygen and carbon dioxide decrease and increase, respectively.
As the air supply volume increases, the oxygen volume fraction at the outlet increases, and the
peak value of the oxygen volume fraction change rate exhibits a “hysteresis” feature, and the time
corresponding to the peak value increases. Moreover, the temperature change rate increases. With
the increase in the heating rate, the peak value of the oxygen volume fraction change rate increases
and shows an “early appearance” characteristic, at the same time, the maximum coal temperature
displays a linear increase trend.

Keywords: coal spontaneous combustion; air supply volume; heating rate; oxygen volume fraction;
numerical simulation

1. Introduction

Coal spontaneous combustion is one of the main disasters that affect coal mine
safety [1]. It not only causes resource waste and equipment damage but also leads to
gas and coal dust explosions, triggering secondary disasters and causing serious casualties
and property losses [2]. Due to the concealment and difficulty in accessing the interior of
the goaf, it is one of the most prone locations for coal spontaneous combustion [3,4]. Once
the conditions of oxidation reaction are met, namely, oxygen and a good thermal storage
environment, coal will spontaneously undergo an exothermic reaction, and the temperature
rise of coal caused by the oxidation reaction will feedback to accelerate its reaction process,
eventually achieving extremely hazardous and violent combustion [5,6]. Therefore, the
problem of coal spontaneous combustion in goaf has always been an urgent problem that
troubles the safety production of mines [7]. However, in the actual production process of
mines, avoiding oxidation reactions of residual coal in goaf is the key to preventing coal
spontaneous combustion, which mainly involves analyzing the environment of coal spon-
taneous combustion in goaf. Therefore, coal spontaneous combustion and its influencing
factors are one of the important topics of fire science research [8,9]. By investigating the
characteristics of coal spontaneous combustion under different environmental conditions,
it is possible to have a more comprehensive understanding of the oxidation laws of coal
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spontaneous combustion, which has important guiding significance for the prevention and
control of coal spontaneous combustion in goaf.

In view of the coal oxidation reaction and its characteristics, a lot of studies have been
conducted in recent years, including the use of advanced experimental instruments and
self-developed equipment to study the mechanism and characteristics of its spontaneous
combustion [10–12]. Deng et al. [13] tested the heat release intensity and oxygen consump-
tion rate of the coal samples with a temperature-programmed device and calculated the
change law of gas products of coal spontaneous combustion. Qi et al. [14] built a similar
experimental platform for coal smoldering simulation and studied the smoldering charac-
teristics of coal fire under different air supply rates. Wen et al. [15] compared and analyzed
the characterization parameters of coal spontaneous combustion through two different
experimental systems, the large-scale coal spontaneous combustion experiment, and the
isothermal difference leading experiment. Beamish et al. [16] studied the influence of
moisture content, initial temperature, coalbed methane content, and reactive pyrite content
on the self-heating rate of low-temperature coal through an adiabatic furnace test. Further,
Zhang et al. [17] established a calculation method for the coal spontaneous combustion
period based on pure oxygen adiabatic oxidation experiment. Jia et al. [18] employed the
temperature-programmed experimental system to conduct oxidation experiments on coal
samples with six oxygen concentrations and studied the gas products of coal samples at
different temperature stages.

In addition, with the development of computing technology, numerical simulation has
gradually become an effective means to predict the risk of coal spontaneous combustion
and optimize industrial conditions [19,20]. Meanwhile, it also provides a reliable method
for studying the coal spontaneous combustion process and external coal spontaneous
combustion conditions in goaf [21,22]. Shi et al. [23] used numerical simulation and
experimental methods to explore the characteristics of temperature evolution in large coal
spontaneous combustion silo and obtained the movement law of high temperature points.
Li et al. [24] adopted numerical simulation to study the compound hazard area of coal
spontaneous combustion and gas and obtained the change characteristics of the hazard area
under the change of relevant parameters. Ma et al. [25] studied the distribution of oxygen
concentration in adjacent goafs by numerical simulation method and determined the risk
zone of spontaneous combustion in adjacent goafs. Yuan et al. [26] adopted the obtained
experimental data to simulate the oxidation and temperature rise process of different coal
samples in the longwall goaf with three-dimensional CFD, and studied the influence of coal
surface area and reaction heat on the natural heat release process. Liu et al. [27] developed
a new transient model under the framework of multi-physical coupling to simulate the
process of coal spontaneous combustion during stopping mining in longwall goaf.

However, there are few studies on the influence of external conditions, especially
external air supply, temperature control, etc. on coal spontaneous combustion charac-
teristics. Ren et al. [28] used a C80 experimental system to study the low-temperature
oxidation heat flux of pulverized coal under different oxygen concentrations to investi-
gate the risk of spontaneous combustion of pulverized coal. Yan et al. [29] conducted a
programmed temperature rise experiment to test the oxidation process of coal samples at
different oxygen concentrations. Therefore, current research on the impact of the exter-
nal environment on coal spontaneous combustion mainly focuses on controlling oxygen
concentration, rather than directly regulating the gas supply. In addition, the analysis of
the impact of temperature control on coal spontaneous combustion is mainly reflected in
the analysis of the heating rate on the thermal kinetics of coal oxidation. For example,
Zhang et al. [30] studied the thermodynamic parameters of coal spontaneous combustion
at different heating rates before and after the ignition temperature. Sabat et al. [31] studied
the thermal degradation characteristics, kinetics, and thermodynamics of different grades
of low-rank coal at different heating rates through thermogravimetric analysis. Meanwhile,
Wang et al. [32] employed a thermogravimetric simulation test bench to study the pyrolysis
characteristics and kinetics of bituminous coal at different heating rates.
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In this paper, the characteristics of coal spontaneous combustion under different ex-
ternal air supplies and temperature controls are studied by using a numerical simulation
method combined with a self-developed temperature-programmed coal spontaneous com-
bustion experiment. The characteristics of reactants, products, and temperature changes
during the coal oxidation reaction were obtained. This study is of great significance for
understanding the characteristics of coal spontaneous combustion and preventing its oc-
currence in goaf.

2. Experiment and Methodology

2.1. Coal Sample

To study the oxidation process of coal spontaneous combustion, lignite from the
Wantugou coal mine, in Shaanxi Province, China, was used as the experimental coal sample.
Fresh coal samples are collected from the in situ and transported to the laboratory through
oxygen isolation. After being crushed by a jaw crusher, coal samples with a particle size of
3–5 mm are screened out as experimental samples. For the experiment, 1 kg coal samples
with the same particle size range were selected. Table 1 shows the results of proximate and
element analyses of the coal sample.

Table 1. The proximate and element analyses of coal sample.

Proximate Analysis Ultimate Analysis

Mad/% Vad/% Aad/% FCad/% Cdaf/% Hdaf/% Odaf/% Ndaf/% Sdaf/%

11.75 35.78 13.03 39.44 65.36 1.25 12.66 1.91 0.52

Note: Mad, Vad, Aad, and FCad correspond to air-dried moisture, volatile matter, ash, and fixed carbon, respectively;
Cdaf, Hdaf, Odaf, Ndaf, and Sdaf correspond to dry ash-free carbon, hydrogen, oxygen, nitrogen, and sulfur,
respectively.

2.2. Experiment

The experimental equipment is a self-developed temperature-programmed device that
leads the oxidation reaction of coal under additional heating conditions. Figure 1 presents
the schematic diagram of the temperature-programmed system used in the experiment,
which includes three parts, namely the gas supply system, the temperature control system,
and the gas analysis system.

 
Figure 1. Schematic diagram of the temperature-programmed experiment system.

To prevent heat loss and maintain constant heating conditions, the coal storage tank
is placed in the temperature-programmed heating box. The temperature-programmed
heating box is automatically controlled by a silicon-controlled regulator with a furnace
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space of 50 × 40 × 30 cm. The sample tank for coal storage is made of stainless steel,
with a height and radius of 220 mm and 50 mm, respectively. To obtain a more uniform
oxygen supply environment, 20 mm gas buffer space is set at the upper and lower parts of
the coal storage tank. In the experiment, nitrogen and oxygen were premixed at 79:21 to
simulate the air environment. In order to keep the intake temperature basically the same as
the temperature of the coal sample, a 2 m long copper tube is coiled in the temperature-
programmed heating box, and the air flow is preheated through the coil before entering the
coal sample.

Before the experiment, the coal storage tank was continuously ventilated for half an
hour to ensure that the gas in the coal storage tank is constant, and the gas entering the
coal storage tank was controlled by the flow control valve and float flowmeter. In addition,
in order to ensure that the difference in oxygen concentration between the inlet and outlet
of the coal sample tank can be within the resolution range of the gas chromatograph used
in mining, the experimental gas supply flow rate should be 41.8–190.0 mL/min. Therefore,
the experimental gas supply flow rate is set to 120 mL/min, and the test is stopped after the
coal is heated to 180 ◦C at a heating rate of 0.3 ◦C/min. The gas produced in the experiment
was analyzed by the SP-2120 gas chromatograph. K-type thermocouples are set at the
center of the coal body and the wall of the coal storage tank to measure the temperature.

2.3. Numerical Model

Coal oxidation reaction involves multiple physical processes, such as fluid flow, heat
transfer, mass transfer, and chemical reaction. To solve the parameter coupling law of
multiple physical fields, the multi-physical field coupling software COMSOL Multiphysics
(COMSOL, Stockholm, Sweden) was applied to solve the reaction process. According to
the actual experimental conditions, the numerical model of programmed temperature rise
of coal spontaneous combustion is established considering the momentum, mass, energy
transfer, and chemical reaction process. For the heat transfer during coal oxidation and
heating, the energy equation is as follows [33,34]:

(ρCp)eff
∂T
∂t

+ ρCp
⇀
u · ∇T +∇ ·⇀q = Q (1)

where ρ is the density of gas, kg/m3; Cp is the specific heat of gas at constant pressure,
Cp = 2.8 T + 50 according to the experiment, J/kg·K; (ρCp)eff is the average effective volume
heat capacity at atmospheric pressure considering the characteristics of solids and gases,
J/m3·K; T is the temperature, K;

⇀
q is heat conduction flux, W/m2;

⇀
u is the velocity vector,

m/s; and t is time, s.
The Brinkman equation is employed to solve the fluid flow in the coal void [35,36]:

(1 − ε)
∂ρc

∂t
= −Vc (2)

∂ερ

∂t
+∇ · (ρ⇀u ) = Qbr (3)

ρ
∂
⇀
u

∂t
= ∇ · [−p

⇀
I + μ

1
ε
(∇⇀

u + (∇⇀
u )

T
)− 2

3
μ

1
ε
(∇ ·⇀u )⇀I ]− Qbr

ε2
⇀
u (4)

where ε is the porosity of the coal sample; ρc is the density of the coal sample, kg/m3; Vc is
the coal oxidation reaction rate, kg/m3·s; Qbr is the mass source, kg/m3·s; and μ and p are
dynamic viscosity and pressure, respectively, kg/m·s, Pa.

Considering the generation and consumption of various substances in the coal oxida-
tion process, Equation (5) is used to solve for the material transfer:

∂(εcj)

∂t
+∇ ·⇀J j +

⇀
u · ∇cj = Vj (5)
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where
⇀
J j is mass flux, kg/m2·s; cj represents gas concentration, mol/m3; and the subscript

j indicates the type of gas.
Table 2 provides the parameter values that need to be assigned to the numerical model

mentioned above. Based on the actual situation on site and corresponding thermophysical
experiments, the physical parameters of coal were obtained, and it is assumed that the
parameters in the table are fixed values and do not change with temperature and other
conditions.

Table 2. Physical parameters used in numerical simulation.

Parameters Description Value

p0 Pressure (atm) 1
T0 Initial temperature (◦C) 30
Rs Specific gas constant (J/kg·K) 287
γ Specific heat 1.4
kc Thermal conductivity (W/m·K) 0.21
ρc Coal density (kg/m3) 1200

Cp,c Specific heat capacity (J/kg·K) 1000

3. Results and Discussion

3.1. Numerical Simulation Verification

To verify the reliability of the numerical simulation method, the simulation results
and experimental data are compared and analyzed. Figure 2 shows the changes in oxygen
and carbon dioxide volume fraction with temperature under the condition that the initial
and boundary conditions of the numerical simulation are consistent with those of the
experiment. By comparing the simulation results of oxygen and carbon dioxide volume
fractions with the experimental results, it is found that the average error is 2.3% and 4.6%,
respectively. Thus, the results of the experiment and simulation are in good agreement,
which demonstrates that the acquisition of numerical simulation parameters and the
numerical simulation method can reasonably characterize the coal oxidation and heating
process. In addition, with the increase in coal temperature, the oxygen volume fraction at
the outlet gradually decreases and the carbon dioxide volume fraction gradually increases,
which indicates that the oxygen consumption gradually increases with the increase in
temperature [37].

Figure 2. Changes of oxygen and carbon dioxide at the outlet with temperature during coal oxidation.
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3.2. Influence of Inlet Air Volume on Coal Spontaneous Combustion Characteristics

As is well known, air leakage in the working face has a significant impact on the
spontaneous combustion of coal in the goaf and is the main cause of coal spontaneous
combustion in the goaf [38]. To further study the influence of inlet air volume on the
coal spontaneous combustion process, the inlet air volume was changed in the numerical
simulation, and the programmed heating rate was set to 0.375 ◦C/min. Figure 3 shows
the oxygen volume fraction and its change rate at the outlet under different air volume
conditions. As can be seen from Figure 3a, with the increase in air supply, the oxygen
volume fraction at the outlet also shows an increasing trend, which is due to the slow
oxidation reaction of coal at low temperature and the small consumption of oxygen. Take
the fourth hour as an example, the oxygen gas integral value at 144 mL/min is 1.77 times
higher than that without ventilation. Figure 3b shows that the peak value of the oxygen
volume fraction change rate at the outlet is “hysteresis” with the increase in air volume.
The “hysteresis” feature is that the increase in air supply promotes the heat loss inside the
coal body, and the peak value of the coal oxidation reaction is delayed. The above results
prove that heat is the main factor that dominates the reaction of coal at the initial stage of
low-temperature oxidation [39].

 

Figure 3. Oxygen volume fraction and its change rate at the outlet under different air volumes:
(a) oxygen volume fraction; (b) oxygen volume fraction change rate.

Figure 4 gives the relationship between the peak time of the oxygen volume fraction
change rate at the outlet and the flow rate. With the increase in flow rate, the peak time of
the change rate increases. Further, based on the method of numerical fitting, Equation (6)
shows the relationship between them.

y = −1.36e−x/64 + 5.38 (6)

With the further increase in the flow rate, it can be predicted that the peak time of the
change rate will not change, which highlights the leading role of oxygen, that is, under
a certain low-temperature oxidation rate of coal, temperature dominance will change to
oxygen dominance.

Figure 5 shows the maximum coal temperature and its change rate under different
air supply conditions. It can be seen from Figure 5a that the maximum coal temperature
before 7.5 h is always lower than the leading temperature of programmed temperature rise.
Except for air volume of 0 and 24 mL/min, the maximum coal temperature under other
air supply conditions exceeds the leading temperature of programmed temperature rise
after 7.5 h. This shows that the oxidation reaction of coal after 7.5 h is the main reason for
the temperature increase, and sufficient oxygen supply promotes the rapid coal oxidation

62



Sustainability 2023, 15, 8286

reaction, while the heat release of coal oxidation at air volume of 0 and 24 mL/min is less
than the heat dissipation, so their heat cannot be accumulated.

Figure 4. The relationship between the peak time of oxygen volume fraction change rate at the outlet
and flow rate.

From Figure 5b, it can be seen that except for the air volume of 0 and 24 mL/min, the
maximum temperature change rate of coal under other air supply conditions exceeds the
temperature change rate adjusted by the programmed temperature rise system within 4
h, and as time goes on, the larger the air supply volume is, the more obvious the increase
is. This reflects that after 4 h, the oxidation heat release of coal is greater than the heat
dissipation, resulting in heat accumulation. Furthermore, it also shows that the greater the
air supply, the more intense the chemical reaction of the spontaneous oxidation process of
coal, and the greater the heat production. However, the oxidation heat release of the coal
sample at air volume of 0 and 24 mL/min is lower, and its temperature change rate changes
slightly with the increase in time, which is mainly due to the insufficient air supply and
the inability to provide sufficient oxygen for the coal oxidation reaction. Therefore, oxygen
conditions are a key factor in the occurrence of coal spontaneous combustion [40,41]. Only
by minimizing air leakage and oxygen supply in the goaf can we prevent the occurrence of
coal spontaneous combustion in the goaf.

In order to more intuitively reflect the relationship between coal spontaneous com-
bustion temperature and air supply flow, Figure 6 shows the maximum coal temperature
at 10 h under different air supply conditions. The maximum coal temperature under the
condition of air volume of 0 and 24 mL/min is lower than the leading temperature of
programmed temperature rise. With the increase in air supply volume, the maximum coal
temperature shows an upward trend, and the two are positively correlated as a whole.
Equation (7) is obtained by linear fitting of the maximum coal temperature at 10 h with
different air supply conditions.

y = 0.675x + 288 (7)

When the air volume is less than 24 mL/min, the result does not conform to a linear
change. The air volume exceeds 24 mL/min, and the result conforms to the characteristics
of linear change. The internal reason for this different trend is that the oxygen content
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determines the completeness of the coal oxidation reaction. Therefore, in the process of
prevention and control of coal spontaneous combustion in the mine goaf, the control of air
leakage in the goaf is crucial, which is the key measure to prevent the occurrence of coal
spontaneous combustion [42].

 

Figure 5. Maximum coal temperature and its change rate under different air supply conditions:
(a) coal temperature; (b) coal temperature change rate.

 
Figure 6. Maximum coal temperature at 10 h under different air supply conditions.

Figure 7 displays the cloud diagram of oxygen volume fraction and temperature
distribution under different air flow conditions at the 10th hour. With the increase in air
flow, the area with high oxygen volume fraction moves upward, for example, the line
representing 1% oxygen volume fraction moves upward, as shown in Figure 7a. The
distribution of oxygen volume fraction reflects that with the migration of oxygen in coal,
oxygen is consumed due to the low-temperature oxidation reaction of coal. Obviously, the
higher the air flow, the higher the oxygen volume fraction in the coal body. The distribution
of oxygen volume fraction in the coal body presents stratified characteristics.
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Figure 7. Cloud diagram of oxygen volume fraction and temperature distribution under different air
flow conditions: (a) oxygen volume fraction; (b) coal temperature.

From Figure 7b, with the increase in air flow, the internal temperature of coal is getting
higher and higher. Interestingly, the area with a higher temperature in the coal body is
located at the inlet of the air. This is because the low-temperature oxidation reaction of
coal and oxygen is related to the concentration of oxygen (see Equation (2)). The higher
the oxygen, the more intense the coal oxidation reaction. Due to the influence of thermal
buoyancy and air flow, the temperature in the coal body shows an ellipse, the center of the
high-temperature area is upward, as shown in the example of 144 mL/min.

3.3. Effect of Heating Rate on Coal Spontaneous Combustion Characteristics

The thermal environment outside the coal body also has a great influence on the coal
spontaneous combustion process. Therefore, the effect of heating rate on coal spontaneous
combustion characteristics is investigated by numerical simulation. The heating rate is
taken as a variable and the air supply for programmed heating is controlled to 120 mL/min.
Figure 8 presents the outlet oxygen volume fraction and its change rate under different
heating rates. It can be seen from Figure 8a that with the increase in heating rate, the
decrease in oxygen volume fraction at the outlet is intensifying. The oxygen volume
fraction at a heating rate of 0 ◦C/min has little change with time, which is 20.63% at 10 h,
but it is only 0.16% when the heating rate is 0.45 ◦C/min. Moreover, from Figure 8b that
with the increase in heating rate, the peak value of the change rate of oxygen volume
fraction increases, it is characterized by “early appearance”, that is, the higher the heating
rate, the earlier the peak of oxygen volume fraction change rate appears, which indicates
that increasing the heating rate will promote the low-temperature oxidation intensity
of coal. This is mainly because coal spontaneous combustion is originally an oxidative
exothermic process, and the increase in heating rate further reduces the reaction threshold
at the low-temperature stage of coal spontaneous combustion, thereby accelerating the
oxidation reaction.
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Figure 8. Oxygen volume fraction and its change rate at the outlet under different heating rates:
(a) oxygen volume fraction; (b) oxygen volume fraction change rate.

Furthermore, Figure 9 presents the relationship between the peak time of the oxygen
volume fraction change rate at the outlet and the heating rate. Since the peak value of
outlet oxygen volume fraction change rate corresponding to 0, 0.075, and 0.15 ◦C/min does
not appear within 10 h, only the temperature rise rate greater than 0.225 ◦C/min is listed.
From Figure 9, with the increase in heating rate, the peak time decreases, reflecting the
characteristic of “early appearance”, and Equation (8) is obtained by exponential fitting.

y = 17.6e−x/0.15 + 3.63 (8)

Figure 9. The relationship between the peak time of the outlet oxygen volume fraction change rate
and the heating rate.

Figure 10 shows the maximum temperature value and its change rate of coal under
different heating rates. On the whole, the higher the heating rate, the faster the temperature
rises, indicating that the external thermal environment promotes the coal oxidation process.
Meanwhile, except for heating rate 0 ◦C/min, under other heating conditions, the maximum
coal temperature and its change rate always change from lower than the programmed
temperature to higher than the programmed temperature, and in the later stage of coal
oxidation, the change rate of temperature rise increases and the coal temperature rises
faster. This indicates that under the effect of programmed temperature rise, the heat
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accumulation of coal low-temperature oxidation exceeds the heat dissipation, and the
net heat of coal is positive. Therefore, in the process of prevention and control of coal
spontaneous combustion disaster in the mine, the early low-temperature stage is the key to
treatment [43]. Once the coal temperature exceeds a certain critical value, usually the dry
crack temperature, its oxidation reaction increases rapidly, and spontaneous combustion
may occur in a very short time.

 

Figure 10. Maximum coal temperature and its change rate under different heating rates: (a) coal
temperature; (b) coal temperature change rate.

Figure 11 shows the maximum coal temperature at different heating rates at 10 h. With
the increase in heating rate, the maximum coal temperature value presents a linear increase
trend, and the linear fitting result is shown in Equation (9). Therefore, in the process of
mine production, attention should be paid to controlling the ventilation temperature to
prevent it from intensifying the coal oxidation reaction.

y = 774.5x + 14 (9)

 
Figure 11. Maximum coal temperature at 10 h under different heating rates.

Figure 12 gives the cloud diagram of oxygen volume fraction and temperature distri-
bution under different heating rate conditions at the 10th hour. According to Figure 12a, the
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oxygen volume fraction in the coal storage tank decreases with the increase in the heating
rate. As the air enters the coal body from the inlet and then is discharged from the outlet,
this process consumes a large amount of oxygen due to the influence of coal oxidation,
resulting in the lowest oxygen volume fraction at the outlet. Especially when the heating
rate is 0.45 ◦C/min, the oxygen volume fraction in the coal body is less than 4%, and the
higher oxygen volume fraction area is located in the inlet gas buffer zone.

With the increase in heating rate, the coal temperature in the coal storage tank is getting
higher and higher, as shown in Figure 12b. The coal temperature distribution corresponding
to the heating rate of 0 and 0.15 ◦C/min is relatively uniform, which indicates that the
oxidation reaction inside the coal is weak under the above conditions, and the change of
the coal temperature depends on the external heat transfer. The temperature distribution
of coal corresponding to the heating rate of 0.3 and 0.45 ◦C/min is uneven, and the high-
temperature zone is located at the air inlet. This is because the oxygen volume fraction
here is high, which can fully meet the demand of coal oxidation reaction, and the oxidation
reaction here is more full and intense. In addition, due to the rapid consumption of oxygen
in the coal body at the entrance, the temperature distribution in the upper part of the
coal body is characterized by a high surrounding area and low center at the heating rate
of 0.3 and 0.45 ◦C/min. This reflects that under the conditions of heating rates 0.3 and
0.45 ◦C/min, the temperature of the upper part of the coal body is mainly affected by heat
transfer rather than coal oxidation.

Figure 12. Cloud diagram of oxygen volume fraction and temperature distribution under different
heating rates conditions: (a) oxygen volume fraction; (b) coal temperature.

4. Conclusions

(1) A programmed temperature rise model of coal spontaneous combustion is established
using the multi-physical field coupling method to study the characteristics of coal
spontaneous combustion under different external air supplies and temperature con-
trols. The average error between simulation results of oxygen and carbon dioxide
volume fractions and experimental results is only 2.3% and 4.6%, respectively. The
acquisition of numerical simulation parameters and the numerical simulation method
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can reasonably characterize the coal oxidation process. The research results have
important practical significance for the prevention and control of coal spontaneous
combustion in goaf.

(2) With the increase in air supply volume, the oxygen volume fraction at the outlet
increases, and the peak value of the change rate of oxygen volume fraction at the
outlet presents the “hysteresis” characteristic. As the air flow increases, the area with
high oxygen volume fraction moves upward and the internal temperature of coal
is getting higher, and linearly related to the air supply flow. After the air supply
flow is greater than 24 mL/min, the maximum coal temperature exceeds the leading
temperature of the programmed temperature rise after 7.5 h, its change rate exceeds
the programmed temperature rise rate after 4 h, and the oxidation reaction is further
intensified.

(3) As the heating rate increases, the decrease in oxygen volume fraction at the outlet
intensifies, and the peak value of the oxygen volume fraction change rate presents
the “early appearance” characteristic. The maximum coal temperature and its change
rate always change from below the programmed leading temperature (heating rate)
to above the programmed leading value, and in the later stage of coal oxidation, their
values increase rapidly, and the risk of coal spontaneous combustion also increases
further.
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Abstract: To study the law of gas transportation in mining areas, Fluent numerical simulation software
was applied to examine the influence of different pseudo-slope lengths (PSL) on gas concentration in
a U-ventilated working area under no-extraction conditions. Based on this, numerical simulation
experiments were conducted on the buried pipe extraction arrangement parameters. The simulation
found that when there was no extraction, the PSL had an impact on the airflow in the extraction area,
which caused the airflow in the extraction area to be disordered, causing gas to accumulate locally
at the working area. When the buried pipe depths (BPDs) and PSLs of the working area worked
together, the gas concentration of the working area was lower when the inlet air influence zone and
the extraction influence zone were through; otherwise, gas concentration accumulation occurred
at the working area. The research results showed that when the PSL was at 25 m and BPD was at
20 m, the gas concentration at the working area was not abnormal, and the gas concentration in the
upper corner was lower. By adjusting the PSL and BPD of the test working area, the maximum gas
concentration in the upper corner was reduced to 0.46% and the maximum gas concentration in the
return air outlet was reduced to 0.41%. The experimental and practical results provide important
reference values for coal and gas co-mining.

Keywords: buried pipe extraction; inclined thick coal seam; pseudo-slope length; u-shaped ventilation;
upper-corner gas concentration

1. Introduction

China is one of the few countries in the world where coal is the main energy source.
Currently, the coal mined underground accounts for 81.8% of the total coal [1,2]. Coal seams
generally have high gas content and low permeability. The rapid increase in frequent min-
ing disturbances and unloading gas emission intensity is caused by the continuous increase
in the mining intensity. This led to frequent gas overrun problems in the return airway
and upper corner. It hindered the safety production of the mine [3–5]. The concentration
of gas extracted during coal mine production is less than 30%. This value is lower than
the national standard for gas use. Many coal mines still adopt direct emptying treatment,
resulting in more than 20 billion cubic meters of gas being discharged into the atmosphere
every year during coal mining operations. The amount of gas pollution discharged into
the atmosphere is tens of times more than that of CO2. At present, the rapid development
of clean coalbed methane resources to replace the demand for coal energy has become
increasingly urgent. After more than ten years of development, the theory of coal and gas
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co-mining has achieved a more comprehensive technical standard. However, the geological
environment of the coal seams in China is complex. The existing theoretical technology
still cannot support the safe and efficient co-mining of coal and coalbed methane.

To ensure safe and efficient production in mines, scholars had established different
experimental models for various factors inside the mining area based on different research
purposes, and have researched the evolution of laws related to wind volume, tempera-
ture field, and pressure field [6–9], etc. Using computational fluid dynamics simulation,
Chang et al. [10] studied the amount of air supply to the working area and the negative
ventilation pressure used for gas discharge in the roof channel to obtain the most suitable
ventilation pressure. Shao et al. [11] simulated the gas control effect of “U + L” and “Y + L”
ventilation modes and optimized the main ventilation factors of the “U + L” ventilation
mode by orthogonal test and fuzzy evaluation method. The results showed that the gas
concentration of the “U + L” ventilation mode was lower than that of the “Y + L” mode.
The optimized “U + L” ventilation mode effectively reduced the gas concentration in the
upper corner and returned it to the air tunnel. Yang et al. [12] investigated the effect of
the gas concentration distribution pattern of the “Y + HLDR” ventilation method under
different air supply conditions with the help of COMSOL. The results showed that with
an increase in the air supply, the gas concentration near the working area decreased, and
the high-concentration gas was directed to the deeper part of the mining area. Li et al. [13]
simulated the gas concentration and flow field under different wind speeds by constructing
a cavity collapse rock model in the mining area. Liang et al. [14] built a two-dimensional
distribution model of permeability in the mining area based on different collapse patterns.
Wang et al. [15] combined FLAC3D and Fluent simulation methods to obtain the flow field
of air leakage in the mining area. Wang et al. [16] studied the flow field distribution and air
leakage in the extraction zone under different conditions for the long-walled working area.
As for field tests, Zhu et al. [17] qualitatively analyzed the non-synchronous correlation
characteristics of gas transport in the direction of airflow at the working area and proposed
an algorithm for identifying gas monitoring data anomalies based on spatiotemporal corre-
lation analysis. Yu et al. [18] studied the asymmetry of the flow field in the mining area.
The location of the gas aggregation zone varies with the ventilation parameters, which
can be used as an evaluation index to study the degree of air leakage in the mining area.
Zhang et al. [19] analyzed the development height of fracture zone in an inclined coal
seam by using FLAC and used Fluent simulation to optimize the arrangement parameters
of a high-level directional long borehole, instead of a high extraction lane, for efficient
extraction. Brigida et al. [20] processed the dynamic data of gas concentration by using
an optimization algorithm to obtain the cyclic nonlinear distribution of mine gas subject to
perturbation. Dzhioeva et al. [21] studied the relationship between mine longwall distance
and gas as a function of distance and used polynomial regression to analyze the results in
order to improve the prediction reliability of the dynamic distribution of gas.

Concerning the problem that gas concentration in the upper corner of high gas mines
easily exceeds its limit, many scholars have analyzed the possible causes from different
angles and have carried out field verifications [22,23]. Li et al. [24] established the physical
model of the mining area and have proposed a combined drainage technology of buried
and sprinkled pipes in the upper mine corner, proving the effectiveness of the technology
through Fluent simulation experiments. Chen et al. [25] studied the effects of air intake
and advancement speed on the gas concentration in the upper corner and obtained the best
airspeed of 2 m/s for the air intake lane and the best speed of 3 m/d for the working area
mining. Liu et al. [26] compared the gas pressure distribution and methane concentration
distribution under the conditions of no extraction measures, buried pipe extraction in the
upper corner, and gas extraction holes at different locations with the help of numerical
simulations. The results showed that the gas extraction hole can be used to discharge
a large amount of gas and can effectively control gas transport. Chai [27] established
different arrangement parameters of high extraction lanes for the problem of gas over-limit
in the upper corner during the rapid advance of the extra-thick coal seam. In addition, based
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on a field verification, we realized the safety requirements of gas control at the working area.
Xiong et al. [28] proposed secondary extraction under double stress interference and divided
the coal body of the working area into three zones based on extraction concentration: high
efficiency zone, effective zone, and original extraction zone. Among them, the average
extraction concentration in the high-efficiency zone exceeded 20%.

With a shortage of oil and natural gas, China relies heavily on coal for energy. The
coal demand would be more than 50% of the total energy consumption in the long term.
Moreover, the energy demand is increasingly aggravated as China is in the stage of rapid
development. The demand for coal is bound to increase further if the vigorous development
of clean energy is not accelerated. At the same time, the safety problems in the process
of coal production have not been effectively curbed. These problems have become an
important obstacle to the healthy development of ecological civilization in China [29]. With
the westward shift of China’s coal mining center of gravity, the proportion of mining of
thick coal seams is gradually increasing. The Xinjiang region is rich in coal resources,
featuring large coal seam thickness, large coal seam inclination, and high gas content. Due
to the limitation of mining technology, a large amount of coal remains in the mining area,
easily leading to the abnormal accumulation of gas in the mining area. As an essential
means to adjust the movement of the hydraulic bracket in the large inclination coal seam,
the PSLs performed a decisive role in the wind flow diameter and flow field distribution
at the working area. Meanwhile, as an essential means to solve the gas anomaly in the
upper corner, buried pipe extraction has the advantages of a small engineering volume,
short working period, simple technology, and sound effects. When the amount of gas
gushing from the mining area was small, the buried pipe extraction method could be used
alone. When the amount of gas pouring out from the mining area is large, it can be used in
combination with other extraction methods. Liuhuanggou Coal mine in Changji area of
Xinjiang Province is selected as the research background. In this study, Fluent numerical
simulation software was used to study the influence of the length of the slope and the depth
of the buried pipe on the gas concentration in mining area and working area. The optimal
pseudo-slope length and buried pipe depth were determined and verified in the field. The
research results provide important theoretical guidance for gas disaster prevention and
control in the upper corner of inclined thick coal seam comprehensive release mining.

2. Experimental Design

2.1. Overview of the Experimental Working Area

The experimental area used in this study was located in Liuhuanggou Coal Mine,
Changji City, Xinjiang Uygur Autonomous Region. Coal was mainly extracted from
4-5 seams. The test working area was mined by the method of long-walled backward
caving. The maximum and minimum depth of the orbiting groove on the working area
was 557 m and 435 m, respectively. The top and minimum depth of the belt chute was
662.5 m and 486.1 m, respectively. The strike length of the test area is 3250 m, the width of
the working area is 180 m, the average coal seam inclination is 24◦, and the average mining
height is 6.15 m. The mining of inclined coal seams was often accompanied by the problem
of upward movement and downward movement of the conveyor. When the slippage was
severe, it caused the bracket to dump and could not effectively control the roof, which
deteriorated the working area conditions and even caused roofing accidents. At the same
time, it also caused the safety exit width of the lower chute to be insufficient, which brought
safety risks. The upward movement of the conveyor will cause overload with the conveyor
and, in severe cases, will cause the upper chute to be pedestrian. Generally, the PSL is
increased to ensure the normal movement of the hydraulic support and to provide more
functional space for the headstock. However, the increase in the PSL will affect the gas
change between the frames and the upper corner, resulting in abnormal gas concentration
at the working area. According to the actual conditions of the test working area, the PSL
was adjusted between 18 m and 37 m, respectively. Four groups of 20 m, 25 m, 30 m, and
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35 m PSLs were selected for the study. The PSL layout of different working areas are shown
in Figure 1.

2.2. Model Building
2.2.1. Geometric Modeling

The dimensions of the working area at the site served as the basis for the model for
the numerical simulation. The working area inclination length is 180 m. The coal seam
inclination angle is 24◦. The relic coal seam height is 2 m. The thickness of the direct top
was used to compute the theoretical height of the fall zone. Calculate the height of the fall
band according to Equation (1).

mz =
h−Δ

Np−1
(1)

where mz is the height of the bubble fall zone, m; h is the thickness of the coal seam, m; Δ
is the filling thickness due to coal relics, Δ = h × (1 − v)× Nm, m; c is the total extraction
rate, taken as 85%; Nm is the coefficient of coal breakage and swelling of the fallen top coal,
taken as 1.1; and Np is the coefficient of fragmentation and expansion of coal rock seam,
taken as 1.2.

Combining with Equation (1), according to the lithological characteristics of the leading
mining area, the theoretical bubble fall zone height of this working area was calculated at
22.8 m. According to Table 1, the range of the fissure zone was 92–130 m, and the height of
the fissure zone was taken as 110 m.

Table 1. Table of equations for the maximum height of the rift zone.

Lithology Applicable to “3 m<∑M≤12 m” Coal Seam

Hard (40~80 MPa, quartz sandstone, limestone,
conglomerate) HL = 100 ∑ M

0.15 ∑ M+3.12 ± 11.18

Medium-hard (20~40 MPa, sandstone, muddy
tuff, shale) HL = 100 ∑ M

0.23 ∑ M+6.10 ± 10.42

Soft (10~20 MPa, mudstone, muddy shale) HL = 100 ∑ M
0.31 ∑ M+8.81 ± 8.21

Note: M is the mining height, m; HL is the height of the rift zone, m.

According to the lithological characteristics of the main mining area, the height of the
theoretical bubble fall zone in the mining area was calculated at 22.8 m and the height of
the fissure zone was 110 m, using the above equation.

The workbench-Design Modeler was used to build the geometric model. The mesh
module was used to unstructured the model, and the tetrahedral mesh was used to delineate
the fluid domain. The geometric model is shown in Figure 2. The model was divided into
three different densities of meshes for mesh validation. The total number of grid 1 was
81,371, and the number of working area grids was 7162. The total number of grid 2 was
1,947,318, and the number of working area grids was 400,709. The total number of grid
3 grids was 14,148,963, and the number of working area grids was 3,111,898.

Figure 3 shows the wind speed distribution of nine measurement points arranged
along the working area tendency under different grid densities. As the grid density
increased, the difference between the results calculated for the density of grid 2 and that
of grid 3 was small. Grid extraneous verification showed that the medium-density grid
satisfies the irrelevance requirement of the calculation results. The PSLs of 20 m, 30 m, and
35 m were computed using the same mesh-partitioning method.
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Figure 2. Geometric model diagram.

Figure 3. Wind speed along the inclination direction of the working area at different grid densities.

2.2.2. Boundary Conditions and Parameter Setting

Several constraints and assumptions must be made to simplify the numerical sim-
ulation analysis while ensuring the reliability of the simulation results in the real world.
Only methane, nitrogen, and oxygen were considered in the species transport model. In
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the computational domain, gas was a continuous and incompressible medium. The flow
process did not consider the energy exchanged, such as heat transfer.

(1) Flow model selection

The Reynolds number was obtained by substituting the field monitoring parameters
into Equation (2). The model RNG-k-ε was chosen because it added a term to the ε equation
to improve the accuracy of the flow. Additionally, it provided an analytical formulation of
the turbulent Prandtl number and allowed for higher accuracy and confidence compared
to the standard k-ε model. The fluid was set as a mixed phase of air and methane.

Re =
ρvd
μ

(2)

where Re is the Reynolds number; v is the flow velocity of the fluid, m/s; ρ is the density
of the fluid, kg/m3; μ is the coefficient of viscosity, kg/(m·s); and d is the characteristic
length, m.

(2) Source item settings

After the advancement of the header workings, the relic coal is the primary source of
gas gushing out from the mining area. Under the influence of mining, the gas gushed out
from the adjacent coal seam under the main mining seam after unloading pressure. Finally,
it diffused and floated through the legacy coal seam to the mining area. Integrate the gas
outflow from the coal deposit, the adjacent seam, and the surrounding rock to the source of
porous media in the bottom 2 m of the model. It was calculated that the total gas outflow
from the mining area was 6.15 m3/min, and the gas quality source term in the mining area
was calculated according to Equation (3).

Qv =
Qgρg

V
(3)

where Qv is the gas mass source term gushing volume, kg/(m3·s); Qg is the absolute gas
gushing volume, m3/s; ρg is the gas density, 0.716 kg/m3; V is the model volume of the
mining area, m3; and Qv = 6.15 × 0.716/(2.7 × 10 − 6) = 1.6e−6kg/

(
m3·s).

(3) Basic flow equations [30,31]

1© Conservation of mass Equation:
Equation (4) depicts the mass conservation equation, also known as the continuity equation.

∂ρ

∂t
+∇(ρν)= Sm (4)

where t is the time, s; and Sm is the mass added to the continuous phase by the dispersive
secondary term and the defined source, kg/(m3·s).

2© Conservation of momentum equation:

∂

∂t
(ρν) +∇(ρνν)= −∇p+∇(τ)+ρg + F (5)

where p is the static pressure, Pa; τ is the stress tensor, Pa; ρg is the gravitational force; and
F is the external force, N.

3© Component mass conservation equation:

∂

∂t
(ρcs) +∇(ρυcs) = ∇(Dsgrad(ρc s))+Ss (6)

where cs is the volume fraction of component s; Ds is the diffusion coefficient, m2/s; and Ss
is the mass of the component produced by the chemical reaction per unit time, kg/(m3·s).
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4© Considered the extraction area as a porous medium and add momentum sources,
which included viscous loss term and inertial loss term.

Si =
3

∑
j=1

Eijμνj +
3

∑
j=1

Fji
1
2

ρνmagνj (7)

where Si is the source of the “i” (x, y, z) momentum equation, N/m3; μ is the molecular
viscosity; vmag is the mode of the velocity vector; vj is the velocity component in the “x, y,
z” direction, m/s; and E and F are predefined matrices.

5© The type of flow in the model is turbulent, and the solution equations are given in
Equations (8) and (9) using the “RNG-k-ε” model in Fluent.

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

(
αuiff

∂k
∂xj

)
+Gk+Gb − ρε − YM+Sk (8)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

(
αεueff

∂ε

∂xj

)
+G1ε

ε

k
(Gk+C3εGb) − C2ερ

ε2

k
− Rε+Sε (9)

where Gk is the turbulent kinetic energy generated by the velocity gradient, J; Gb is the
turbulent kinetic energy generated by buoyancy, J; and k is the turbulent kinetic energy,
J. YM is the contribution of pulsating expansion in compressible turbulence to the total
dissipation rate; αk, αε are the inverse effective Prandtl numbers of “k”, “ε”, respectively;
Sk, Sε are the defined source terms; k source term in kg/m·s3; ε source term in kg/m·s4;
and C1ε, C2ε, and C3ε are constants.

(4) Porosity setting of mining area module

The mining area model was divided into two modules, fracture zone, and fallout
zone. The porosity of the fracture zone was divided according to the “O” circle theory,
and the porosity was calculated according to Equation (10) [32]. The average porosity P0
distribution of the sub-domains was shown in Table 2.

ϕ(x, y) = 1 +

(
1 + e−0.15∗( ly

2 −|y|)
)[

1 − hd

hd+H−(H−hd(Npb−1))
(

1−e−
x
2l
)
]
− 1

1 + σ−1
0 β1γ

(
ly
2 − y

)
sinθ

(10)

where ly is the tendency width of the mining area, m; hd is the thickness of the direct top,
m, take 3 m; Npb

is the coefficient of rock fragmentation and expansion after the direct top
damage, take 1.1; l is the length of the basic fixed broken rock, m, take 15 m; γ is the bulk weight
of the fallen rock, N/m3, the bulk weight of the fallen gangue is generally 2 × 104~3 × 104;
β1 is the regression coefficient, the fallen rock is Mudstone is taken −0.028; and is the coal seam
inclination, 24◦.

Table 2. Porosity assignment table for each part of goaf.

Remaining Coal
Seam

Inbreak Zone

Fractured
Zone

Natural
Accumulation

Area

Influence Area of
Coal Wall on the

Return Wind Side

Compaction
Stabilization

Zone

Inlet Side Coal
Wall Influence

Area

P0(%) 0.2 0.4 0.25 0.13 0.22 0.2

(5) Parameters of the inlet and return air lanes

The airflow was inflowed from the inlet lane. The inlet air speed was 3.5 m/s. The
inlet air mass fraction was 23%, which was converted to a molar fraction for calculation
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purposes. The return air lane was set as a free outlet. The hydraulic diameter was taken as
the equivalent diameter of the lane. The calculation was made according to Equation (11).

de =
2ab

(a + b)
(11)

where de is the equivalent diameter of the roadway, m; and a and b are the geometric length
and width, m, respectively.

2.3. Monitoring Point Layout Program

Gas concentration monitoring at the working area was calculated via grid nodes.
Gas concentration was monitored by arranging to measure surfaces, measuring lines, and
measuring points in the calculation domain. The working area domain was divided into
three measurement surfaces that were parallel to the base plate, and the measurement
points on each surface were organized using the point cloud measurement method. The
number of point clouds was set to 1000. There was a total of 12 measuring lines that were
spaced 0.3 m, 2.8 m, 5.3 m, and 7.8 m from the coal wall, respectively. Each group of
measurement lines was separated into upper, medium, and lower spatial heights. At the
end of the return air tunnel, we set up a 2 m by 2 m by 2 m grid and nine grid measurement
stations to keep an eye on the gas concentration in the upper corner. The measurement
arrangement was shown in Figure 4.

Figure 4. Working area measuring point layout.

3. Gas Concentration Distribution Pattern under Different PSLS

3.1. Variation in the Working Area’s Gas Spewing Location while Using Various PSLs

The flow field vector lines at each location inside the mining region are shown in
Figure 4 under the influence of various PSLs, respectively. Under various PSLs, the flow
field lines in the mining region exhibited significant variances. The wind in the mining
region flowed into the working area from the upper corner when the PSL was 20 m and
25 m. When the PSL was 30 m, two air leakage spots on the working area were visible,
one in the A region and the other in the upper corner. The B area and the top corner of the
working area were the two primary air leakage locations when the PSL was 35 m, with
the B area being closer to the inlet tunnel than the A area, as shown in Figure 5a–d. In
summary, as the PSLs increased to more than 30 m, the air leakage point drifted toward the
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inlet tunnel. The wind transported high gas concentrations from the mining region to the
working area, abnormally concentrated at the wind leakage area.

 
(a) (b) (c) (d) 

Figure 5. Airflow vector map of goaf under different PSLs. (a) PSL-20 m; (b) PSL-25 m; (c) PSL-30 m;
(d) PSL-35 m.

The disorder and uniformity in the arrangement of measurement points characterize
the three-dimensional grid point cloud measurement method. The experimental results
show that the measured gas concentration can reflect the spatial distribution of gas concen-
tration under different PSLs.

Figure 6 shows the analysis of gas concentration distribution in working areas at
different levels. The experimental results showed that PSLs have a great influence on the
location of gas accumulation zone in the working area (concentration of gas accumulation
zone ranges from 0.8% to 1.0%, and over 1.0% of the abnormal gas zone). The overall gas
concentration in the working area was low, and gas concentrated in the upper corner under
PSL-20 m, PSL-25 m, and PSL-30 m. At a PSL of 35 m, gas accumulated in the upper corner
and at the working area. Gas builds up in the PSL’s 20 m and 25 m upper corners at the
middle and upper levels. Gas builds up at the upper corner and central portion of the
working area at PSL of 30 m and 35 m. The working area’s gas concentration gathering
region was moved nearer the input tunnel as the PSLs increased. The gas accumulation
zones (expressed as the distance from the inlet lane, m) and peak gas concentration (%) at
different PSLs’ working areas are shown in Table 3.

Table 3. Distribution of gas anomalous areas and gas concentration peaks in working area under
different PSLs.

PSL 20 m PSL 25 m PSL 30 m PSL 35 m

Gas Con-
centration
Anomaly
Zone (m)

Maximum
Gas Con-

centration
(%)

Gas Con-
centration
Accumula-
tion Area

(m)

Maximum
Gas Con-

centration
(%)

Gas Con-
centration
Anomaly
Zone (m)

Maximum
gas Con-

centration
(%)

Gas Con-
centration
Anomaly
Zone (m)

Maximum
Gas Con-

centration
(%)

Upper
Level 84.9~159.7 1.76% 156.4~160.6 0.98% 64.1~161.1 3.05% 23.6~163.1 4.90%

Middle
Level

- - 160.1~161.1 0.81% 65.3~73.6 1.46% 29.9~126.6 3.28%
149.4~160.1 1.58% 155.4~163.1 2.57%

Lower level - - - - - - 35.2~102.3 2.19%
160.2~161.7 1.88%
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Figure 6. Gas cloud map of the working area under different PSLs. (a1–a4) show the gas concentration
clouds at the high level of the working area at pseudo-slope lengths of 20 m, 25 m, 30 m, and 35 m,
respectively; (b1–b4) show the gas concentration clouds at the middle level of the working area at
pseudo-slope lengths of 20 m, 25 m, 30 m, and 35 m, respectively; (c1–c4) show the gas concentration
clouds at the low level of the working area at pseudo-slope lengths of 20 m, 25 m, 30 m, and
35 m, respectively.

In order to reflect the spatial distribution of gas concentration in the working area,
four groups of measuring lines are arranged according to the working area. According to
Formula (12), the standard deviation of gas concentration at different positions in the tilt
direction of the working area was calculated. The gas concentration error zone diagram in
the working area was drawn, as shown in Figure 7a–d. The gas concentration error band
chart reflected the variation characteristics of the spatial trend average gas concentration
data supported by the comprehensive working area. According to the change rate of
average gas concentration and gas anomaly in the working area, the gas concentration
curve in the working area was divided into three zones. G0 was the gas concentration
area of the working area, G1 was the gas growth area of the working area, G2 was the gas
anomaly area of the working area. Zone G0 was located near one side of the intake tunnel.
As the dip Angle of coal seam was large and the space height of air inlet roadway was low,
the gas in the mining area will be transported to the side of air return roadway under the
action of floating. A small amount of gas overflowing from the mining area to the working
area will be quickly carried away by fresh air with high velocity, so the gas area at the
side of the intake lane was 0. In G1 zone, the spatial height of the working area increased,
resulting in higher gas concentration in the mining area. Due to the influence of ventilation
resistance, the wind speed in the working area decreased and the dilution effect on gas was
weakened, resulting in the increase in gas concentration in the area. In the space 7.8 m away
from the coal wall, there exists the G2 zone, which was an abnormal gas concentration zone
in the working area, and most of the gas gush from the mining area will be diluted by fresh
air and taken out of the working area. However, when a large amount of gas gushing out,
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the flow of wind cannot dilute the gas in time, leading to the occurrence of gas anomalies
in different positions of the working area far from the coal wall.

    

(a)  (b)  (c)  (d)  

Figure 7. Distribution of Gas Concentration in Space with Different PSLs. (a) Distance to coal wall
0.3 m. (b) Distance to coal wall 2.8 m. (c) Distance to coal wall 5.3 m. (d) Distance to coal wall 7.8 m.

Under different PSLs conditions, the working area’s gas distribution pattern differed.
Overall, the G0 zone extended further away from the coal wall. The range of the G0
zone gradually decreased as the PSLs increased, while the scope of the G1 zone gradually
expanded toward the side of the inlet tunnel. Different PSLs factored occasionally had
gas concentration abnormalities at 0.3 m and 2.8 m from the coal wall, but the average gas
concentration value did not exceed 1%. A gas concentration of 0.94% at 5.3 m from the coal
wall, PSL of 35 m, and 56 m, respectively, from the inlet airway. The G2 zone appeared in
the upper corner at 7.8 m from the coal wall and a PSL 20 m. When the PSL was 30 m or
35 m, the G2 zone appeared on the working area, which was 78.1 m and 45.1 m away
from the incoming wind tunnel, respectively. The gas concentration at different heights
in inclined coal seams varied greatly due to the wind flow’s dual action and the gas’s rise
and float. When the PSL was 20 m, 25 m, or 30 m, the vertical distribution of gas was
more stable at 0.3 m, 2.8 m, and 5.3 m from the coal wall, respectively. When the PSL was
30 m, it was 7.8 m from the coal wall, and the vertical distribution of gas in the G1 area
was less stable in the range of 61.6~91.6 m from the inlet airway. When the PSL was 35 m,
the vertical distribution of gas concentration in the G1 area was disordered. An abnormal
area of gas concentration appeared due to severe air leakage from the working area. The
tendency lengths of gas anomalies that appeared in the working area under different PSLs
were fitted to obtain the spatial distribution of gas in the working area under different PSLs,
as shown in Figure 8. The average gas area of the working area was below the curve, and
the mining area’s gas-gushing influence area was above the curve. When the PSL was 20 m
and 25 m, the gas gushing out of the mining area impacted the area dividing the line in line
with the linear distribution, as shown in Equations (12) and (13). When the PSL was 30 m
and 35 m, the high-concentration gas gushed from the mining area to the working area in
advance. At this point, the gas gushing out of the mining area was influenced by the area
dividing line in line with y = y0 + Ae−x/t, as shown in Equations (14) and (15).

Y = 144.66478 − 7.2749X (12)

Y = 130.77093 − 8.5809X (13)

Y = 119.73454exp(−X/5.29068) + 2.82769 (14)

Y = 112.10118exp(−X/1.35962) + 15.60497 (15)
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where Y is the distance from the gas emergence point to the inlet tunnel, m; and X indicates
the distance from the coal wall, m.

Figure 8. Spatial distribution map of the gas-containing area in working area under different PSLs.

When the PSLs were short, the mining area’s air leakage point was on the return
wind side. The wind flow carries away a small amount of gas gushing out from the
working area, and the gas concentration at the working area was 0. The area of the gas
emergence domain at the working area was calculated by integration as W20m = 575.99 m2,
W25m = 719.86 m2, W30m = 965.27 m2, and W35m = 1201.22 m2. The results showed that as
the PSLs increased, as did the area affect by gas gushing from the working area.

3.2. Gas Concentration Distribution in the Upper Corner at Various PSLs

Most of the fresh air used in coal mining operations entered the working area from
the inlet roadway and carried the coal wall and support overflow gas out from the return
air side. The high concentration of gas was brought into the work by the small air flow
from the return air side, and the small air flow entered the mining area from the intake
side. In the working area, the fluid domain was turbulent, so it was easy to generate
eddy currents at the angle between the working area and the road surface. In the upper
corner, the vortex created an airflow blind spot, encouraging the gas to build up, causing
gas anomalies. Under different PSLs, the upper corner gas concentration fluctuated more
obviously, as shown in Figure 9. Figure 9 shows the error bands for gas concentrations
determined by nine measuring points located on different PSLs in the upper corners of
the layout. The solid line at the top corner shows the average gas concentration. The
dashed line was the fitting curve of upper corner gas concentration increasing with PSLs.
Error tape was the shaded area. With the increase in PSLs, the upper corner gas con-
centration decreased gradually. The average gradient of gas concentration in the upper
corner of PSLs was 0.0856%/m, 0.010%/m, and 0.0066%/m, respectively, in the range of
20~35 m. The inflection point of airflow of different PSLs was different in mining area. The
results showed that the leakage area and the upper corner vortex intensity vary with the
pressure difference. In other words, with the increase in PSLs, the size of the shadow region
gradually increased, and the concentration of each measuring point fluctuated obviously.
As mentioned above, the upper corner gas concentration gradually decreased as the PSLs
increased. However, at 35 m PSL, the average gas concentration in the upper corner still
reached 0.89%, and the gradient of the decrease in the upper corner gas concentration
decreases gradually. Therefore, there is an effective range for PSLs to reduce the upper
corner concentration. The increase in PSLs would increase the length of the working area,
reduce the area of the extraction area, increase the gas concentration in the extraction area,
and leads to gas gushing out of the working area. The effect of reducing the upper corner
gas concentration became progressively worse. Therefore, it was of great significance to
find the optimal PSLs for gas disaster management in the working area.
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Figure 9. Gas concentration in the upper corner under different PSLs.

4. The Effect of the Coupling Mechanism of the BPDs of the Extraction Port and PSLs
on the Gas Concentration Distribution in the Working Area

4.1. Influence of BPDs and PSLs on the Gas Concentration Distribution in the Extraction Zone

The gas concentration on the return side of the “U” ventilation of the inclined coal
seam was high. The working area might have had abnormal gas concentration. Although
increasing the air volume at the working area can reduce the gas concentration to a certain
extent. Due to site conditions, equipment and operation costs, and wind speed limitations,
the air volume cannot be increased indefinitely. Therefore, if wind discharged alone cannot
solve the problem of gas overload, effective extraction measures must be taken. Buried
pipe extraction, as an auxiliary gas extraction method, was used to solve the problem of
gas overload in the upper corner. The specific practice was to lay a large diameter steel
pipe in the outer helper of the return airway near the bottom plate. A tee containing
a combination of valves was installed on the pipe at regular intervals. The gas extractor
was connected when the working area was advanced to a certain distance. The top of the
extractor was inserted vertically into the roof plate. When it was in the best extraction
position in the extraction area, the valve of the extraction port was opened to extract gas
from the extraction area. When the extraction port continued to penetrate deeper into
the extraction zone, the next three-way valve was opened so that the extraction port was
always in the best extraction position. The gas in the upper corner was often abnormal for
the high gas concentration on the return side of the “U” ventilation. The effect of BPDs and
PSLs on the gas concentration distribution in the extraction area was simulated by Fluent.
Figure 10 shows the geometric model of the extraction zone for buried pipe extraction.
According to the site situation, the buried pipe extraction pipe was proposed to be a 0.4 m
cylindrical pipe. The height of the BPD was 2.6 m from the roof, and the negative pressure
of the buried pipe extraction port was 8 kPa.

Figure 10. Geometric model of the extraction zone under buried pipe extraction.
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To study the influence of BPDs and PSLs on gas concentration distribution, Fluent was
used to simulate BPDs of 10 m, 20 m, 30 m, and 40 m at PSLs of 20 m, 25 m, 30 m, and 35 m,
respectively. The complete results are shown in Figure 11a–d.

 

 
(a) 

 

 
(b) 

Figure 11. Cont.
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(d) 

Figure 11. Cloud map of gas concentration distribution in the extraction zone under the coupling
effect of different PSLs and BPDs: (a) BPD—10m; (b) BPD—20m; (c) BPD—30m; (d) BPD—40m.

Figure 12 shows the simulation results of gas concentration distribution at different
PSLs and BPDs in the roof height of the return air tunnel. When the PSL was 20 m, the
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influential zone of the inlet airway and the suitable location of the buried pipe extraction
under different BPD conditions were all through in the mining area, forming a low gas area
channel. When the PSL was 25 m, the influential area of the incoming wind lane and the
adequate size of the buried pipe extraction failed to form a penetration when the BPD was
40 m, and the high concentration gas area in the mining area spread to the working area.
When the PSL was 30 m and 35 m, the influential zone of the inlet airway and the suitable
location of the buried pipe extraction failed to form a penetration under different BPDs,
and the high gas concentration area in the extraction area tended to spread to the working
area. With the increase in BPDs, the low-concentration gas area within the extraction radius
in the A (buried pipe influence area) area gradually increased. However, influenced by the
PSLs, the location of low gas concentration in the B (wind-influenced place) area gradually
decreased. When the PSL was 25 m and the BPD was 40 m, the penetration of the air
inlet influence zone and buried pipe extraction influence zone in the mining area was
interrupted, and high gas appeared in the middle of the two zones and gathered near the
working area. A measuring line was arranged at the height of the top plate in the return
tunnel to monitor the gas concentration distribution along the return side direction.

 

Figure 12. Gas concentration distribution pattern on the return side.

When comparing the gas concentration extraction on the inlet and return side of the
mining area under the joint action of PSLs and BPDs, the results showed that the extraction
port was closer to the working area, affected by air leakage, and could not maximize the
negative pressure, and it was easy to form a vortex on the return side. When the buried
pipe extraction port was 10 m from the working area, the gas concentration on the return
wind side decreased rapidly in the range of 22~58 m and slowly in the field of 58 m~270 m.
In the case of the same burial depth of the extraction port, the gas concentration on the
return wind side decreased, then increased when the PSL increased. The negative pressure
of the buried pipe has limited influence on the deep part of the compacted mining area.
It can only extract gas locally, so its concentration remained unchanged within a certain
distance. With the increased PSLs and the BPDs, the joint action of the leakage wind flow
and damaging pressure extraction wind flow tended to be smooth, and the low-concern gas
forms a penetration near the working area. The unloaded gas was transported to the return
wind side under the influence of wind flow and discharged by the negative pressure of the
BPD. As the extraction port’s depth increased, the buried pipe extraction’s guiding effect
decreased. The low gas penetration area formed by the negative extraction pressure and
the leakage wind flow gradually disappears, and the high concentration gas accumulates
near the working area. Although the gas concentration in the direction of the return wind
side was low, the gas management of the upper corner has yet to play a noticeable effect.
Therefore, when BPDs and PSLs work together, the PSL was challenging to exceed 25 m,
and the BPD-20 m was more reasonable.
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4.2. Influence of the Combined Effect of BPDs and PSLs on the Distribution Pattern of Gas
Concentration in the Upper Corner

To study the pattern of high-concentration gas gushing out from the mining area
to the working area under different PSLs and BPDs. The fourth set of measurement
lines monitored the gas concentration distribution at the working area near the extraction
zone. The test results were shown in Figure 13a–d, where different colors were blocked to
represent different gas concentration intervals.

    
—CH4 ≥ 1% —0.8% ≤ CH4 < 1% —0.8% < CH4 

(a) (b) (c) (d) 

Figure 13. Distribution of gas concentration in the working area of the near mining area. (a) BPD—10 m;
(b) BPD—20 m; (c) BPD—30 m; (d) BPD—40 m.

Gas exhibits significant variability in the spatial height of the working area under
the action of rising floats. When the extraction port was 10 m from the working area, the
high concentration of gas in the deep part of the extraction area gathered near the working
area under the influence of the negative pressure of buried pipe extraction. Under the
intervention of air leakage, the gas in the extraction area gushed out to the working area.
With the increase in PSLs, the gas concentration at the working area also increased gradually,
and there were more gas concentration abnormalities at the working area when the PSL
was 35 m. When the extraction port was buried 20 m deep, gas did not accumulate at the
working area when the PSL was 20 m. With the increase in the extraction opening depth,
the extraction effect of the upper corner gradually decreased. Due to the guiding influence
of wind flow, gas accumulation occurs in the upper corner under different working area
PSLs and gas accumulation occurs in the working area.

Figure 14 shows the effect of different PSLs and BPDs on the concentration of extracted
gas. Due to the low concentration of gas gathering on the return side at the PSLs of 25 m
and the influence of air leakage, the air leakage diluted and carried away. Therefore, the
extraction concentration was the lowest at the PSLs of 25 m for different extraction opening
depths. When the extraction port was buried 10 m deep, the extraction effect was poor,
and the concentration of extracted gas was low, about 13%. The extraction port in this area
was shallow and influenced by the leakage wind flow, so the gas was diluted and carried
away, which led to low extraction concentration and could not effectively prevent the gas
in the mining area from gushing out to the working area. When the extraction port was
buried 20 m deep, the extraction concentration reached 17%. The effect of managing the
abnormal gas accumulation in the corner of the working area was remarkable. The gas
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concentration in the upper corner was the lowest, about 0.43%, as shown in Figure 15. When
the extraction port was 30 m inside the extraction area, the extraction gas concentration
was more significant, about 20%. Although the gas extraction concentration was higher
in the extraction area, the effect of extracting gas on the corner angle on the working area
was gradually reduced. When the extraction port was just 40 m inside the extraction area,
the extraction concentration was as high as 28%. However, there was an abnormal gas
concentration in the upper corner because the extraction port was far from the working
area. Although the extraction concentration was high, it had less effect on the gas control
of the working area. The results were consistent with Liu. Z’s [33] on the effect of BPD on
gas concentration in the upper corner.

Figure 14. Variation pattern of extracted gas concentration.

Figure 15. Change pattern of gas concentration in the upper corner.

In sum, at PSL 25 m and BPD 20 m, the influencing area on the inlet side was connected
with the influencing area of buried pipe extraction. There was no gas accumulation in
the working area at this time, and the gas concentration in the upper corner was low. By
adjusting the PSLs and BPDs, the gas accumulation at the working area and upper corner
can be effectively prevented during mining and meet the safety production standards.
Research on the PSL effect of cooperative extraction, including parameters of high drilling
arrangement, buried pipe extraction arrangement, and high extraction lane arrangement,
will be carried out in the follow-up study to improve the safety and efficiency of coal and
gas co-mining.
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5. Engineering Practices

In light of the recent abnormal increase in gas concentration in the main mining area,
the effect law of PSLs distance on gas gushing out was investigated. Before the 25th day,
the PSLs were at most 30 m. The peak gas concentration was in the upper right-hand
corner, with an average gas concentration of 0.89%. As the PSLs increased, the angle
between the working area and the inlet and outlet lane changed, affected the flow of
wind at the working area. It took time for the gas to rise and float and for the airflow to
change. As a result, changing the PSLs did not immediately change the gas concentration
at the working area and upper corner. The change in gas concentration had hysteresis.
The 13th day saw a change as the PSLs gradually increased. On the 17th day, the corner
gas concentration gradually decreased, and the PSL was 25 m. As the PSL continued to
grow, the rate of gas concentration reduction in the upper corner decreased. The high gas
concentration in the extraction area entered the working area earlier. From day 33 onwards,
the gas concentration at the working area increased. On the 40th day, the length of the
PSL increased to 35 m, and the high concentration of gas in the mining area continued to
enter the working area earlier, reaching its peak at this time. After the 45th day, the PSLs
decreased, as did the gas concentration at the working area. Figure 16 shows the pattern
of change.

Figure 16. Curve of PSLs Distance and Gas Concentration.

The variation pattern shown in Figure 17 was obtained by conducting continuous field
observations of gas concentration along the working area. As the PSLs increased, the gas
anomaly area gradually shifted from the 122 #–124 # bracket to the incoming wind side.
When the PSLs reached 35 m, the gas anomaly zone appeared slowly at the 103 #–108 #
frame. When the PSLs gradually decreased after 44 days, the working area’s gas anomaly
area shifted back to the backwind lane side.

The buried pipe was buried in the extraction area to extract gas from the upper
corner, combined with the numerical simulation experiment results to reduce the prob-
lem of local gas accumulation. The PSL was controlled on-site to be about 25 m, and
two trips of ϕ219 mm steel pipes were laid along 700 mm of the bottom plate of the return
tunnel. Each journey of steel pipe was connected with the main line in the return wind
tunnel, and valves were installed on each BPD to control them, respectively. We installed
an upward tee in the pipeline every 12 m and started pumping when the first trip of buried
pipe entered 12 m into the mining air. When the first buried pipe entered 24 m into the
mining area, we disconnected this buried pipe and started pumping the second buried
pipe. We continuously extended the connection forward to ensure that the burial depth of
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the pumping port was around 20 m, and constantly monitored for 180 days. The buried
pipe plan of the working area is shown in Figure 18. As shown in Figure 19, the monitoring
results shown that after optimizing the buried depth parameters of the extraction port and
the PSLs conditions, the average gas concentration in the upper corner was 0.26%, and
the average gas concentration in the return wind tunnel was 0.22%. The maximum gas
concentration in the upper corner was 0.46%, and the highest in the return airway was
0.41%. As stipulated in the Coal Mine Safety Regulations, it was far below the warning line
of 1% gas concentration in the upper corner, return air tunnel, and tail shaft. By applying
the experimental results of numerical simulation to optimize the PSLs of the working area
and the BPD in the mining area, the maximum gas concentration in the upper corner and
return wind lane can be effectively controlled below 1%. It was practical and feasible for
gas prevention and control of the test working area and realizing the efficient production
of the tilted coal seam extended release working area.

Figure 17. Distribution law of gas concentration along working area from day 41 to day 46.
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Figure 18. Plan view of buried pipe extraction in the extraction area.

 

Figure 19. Change the pattern of gas concentration in the upper corner and return the air tunnel
after optimization.

6. Conclusions

Through this study, three conclusions were reached:

(1) The influence law of PSLs on the wind flow in the mine area was obtained by Fluent
simulation. With the increased PSL, the air leakage area gradually changed from the
upper corner to the middle of the working area and the upper corner. The abnormal
gas concentration area shifted to the inlet side. In contrast the gas concentration in the
upper corner gradually decreased. The numerical simulation results showed that the
optimal PSL was 25 m when there was no extraction measure.

(2) When PSLs and BPD work together, the gas concentration in the corner of the working
area can be effectively reduced. When the extraction opening was buried shallowly,
the negative pressure formed by extraction would form a low gas concentration zone
with air leakage. With the increase in BPD, the effect of BPD on the control of gas
concentration in the upper corner gradually decreased. The results show that when
PSL was 25 m and BPD was 20 m, it had the best effect on the gas control in the
upper corner.
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(3) The change of PSLs and the depth of the extraction port significantly affected the
gas concentration distribution on the working area. When the PSLs exceeded 25 m,
the measured gas concentration in the field caused a gas anomaly at the 122# frame,
and when the PSLs increased to 35 m, the measured gas concentration in the area
caused a gas anomaly at the 108# frame. Therefore, the PSLs should be, at most,
25 m. Combined with the numerical simulation results, the gas concentration in the
upper corner gradually decreased with the increase in the PSL. Therefore, the best PSL
should be 25 m. When the gas concentration in the upper corner was low, no abnormal
gas zone appeared in the working area. Based on the numerical simulation results,
the maximum gas concentration in the upper corner was 0.46%, with the extraction
port of BPD-20 m arranged in the return air tunnel. The numerical simulation was
consistent with the engineering practice results. The gas concentration at the working
area was effectively controlled by adjusting the PSLs and BPDs to realize the efficient
production of the inclined coal seam extended release working area.
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Abstract: In order to research the creep deformation characteristics of frozen soil and the effect of
various influencing factors on creep, indoor uniaxial creep tests were carried out on frozen soil
specimens at temperatures of −5, −4, −3 and −2 ◦C under loads of 0.25, 0.5, and 0.75 σt, respectively.
The creep deformation characteristics of frozen soil under different temperatures and load conditions
are analyzed under unconfined conditions. The results show that under the uniaxial creep test
conditions, when the load is low, there is no accelerated creep stage in the creep curve, which belongs
to the decaying type creep; when the load is 0.75 σt, the creep curve enters the stage of accelerated
creep, and the creep turns non-attenuated; temperature is the most important external factor affecting
permafrost soil creep, and the proportion of ice is the key internal factor for affecting permafrost
soil creep, the temperature is negatively correlated with the proportion of ice and the sensitivity of
creep rate to temperature and load increases with the decrease of the proportion of ice; the damage
variable D is introduced to modify the creep constitutive equation of the frozen soil, the creep process
of frozen soil is well described by the modified creep constitutive equation for frozen soil.

Keywords: frozen soil; creep properties; decay creep; creep constitutive equation

1. Introduction

The Qinghai-Tibet Plateau is the largest high-altitude permafrost region on earth [1].
In the negative temperature environment, the water in the soil pores condenses and freezes
into ice, resulting in frost heave deformation of the soil. When it comes to engineering
construction in permafrost regions, changes in the mechanical properties of frozen soil
and their consequences must be considered [2,3]. The most essential difference between
frozen soil and conventional thawed or unfrozen soil is the rheological properties of ice and
unfrozen water [4,5]. The existence of ice makes the soil change from a three-phase system
to that of four phases consisting of solid mineral particles, poly crystalline ice, unfrozen
water and gas. Creep is one of the most important mechanical behaviors of frozen soil and
is defined as the change in deformation with time when the stress is constant.

Research on the creep of frozen soil has always been a frontier topic in the mechanics
of frozen soil mechanics. Many scholars have observed microstructure changes during
uniaxial creep of frozen soil. The results show that the creep process is the result of the
combined action of the development of micro-cracks in the frozen soil, the destruction of
the skeleton particle structure and the evolution of other defects under the action of external
loads [6–8]. Through systematic experimental research, Zhu [9,10] found that when the
temperature of frozen soil is higher than −1 ◦C, the axial strain lowers sharply with rising
soil temperature, and a small temperature change can also cause a large change in strain,
and the time for deformation stabilization of frozen soil is usually long, if ever, such as
tens of days or even months. Possibly this is due to a large amount of unfrozen water in
the frozen soil, and the unfrozen water under pressure in the soil undergoes slow phase
changes, migration, infiltration and recrystallization. Mcrobert et al. [11] analyzed the
stable creep rate of frozen soil with high ice content in the range of −0.8~−4.0 ◦C through
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experiments, and found that under the same conditions, the higher the ice content, the
greater the creep rate of frozen soil. Ma et al. [12] studied the creep characteristics of frozen
soil with high ice content. The test results show that no matter how much stress and how
long the action time is, the creep process of uniaxial compression of frozen clay with high
ice content has attenuation characteristics. In order to make the test conditions more in line
with the deformation conditions of permafrost soil under climate warming, Zheng et al. [13]
carried out a constant load heating test of permafrost soil indoors. It is found that the
compressibility of frozen soil at higher temperature is much larger than that at lower
temperature, and temperature is the main factor for affecting the compressibility of frozen
soil. Eckardt et al. [14] carried out uniaxial creep test research by means of hierarchical
loading and obtained the functional relationship between the mechanical parameters of the
frozen specimen and soil temperature. Yao et al. [15] carried out uniaxial compression and
graded loading creep tests on clay in deep mines under negative temperature conditions.
Liu et al. [16] conducted in-depth research on the permafrost layer of Niangmute coal mine
and pointed out that the permafrost layer has special creep characteristics. Shang et al. [17]
revealed the law of structural deformation and fracture of the overlying permafrost through
the stope “thin plate” theory. The above studies have well revealed the creep properties of
frozen soil but the research on the creep properties of frozen soil under various influencing
factors is far from adequate.

In this study, the overburden frozen soil of Jiangcang coal mine in the permafrost
region on the Qinghai-Tibet Plateau was taken as the specimen, and the creep deformation
characteristics of frozen soil in the high temperature range and their relationships with
various influencing factors were investigated by conducting indoor uniaxial creep tests. A
new permafrost creep model was established based on the revised Nishihara model. The
distribution characteristics of frozen soil and underlying coal seams in Jiangcang Coal Mine
are shown in Figure 1. The research results can provide a theoretical basis for the mining
of underlying coal in the Jiangcang coal mine and green mining and reclamation in Muli
coalfield mining area.

Figure 1. Distribution characteristics of permafrost and underlying coal seams in Jiangcang Coal
Mine in the upper Datong river valley, Qinghai Province on the southern flank of the eastern Qilian
Mountains on the Qinghai-Tibet Plateau.

2. Experimental Design

2.1. Sample Preparation

The experimental frozen soil was collected from the overlying permafrost layer of
Jiangcang Mine in the Muli Coalfield in the headwater area of the Daton River on the east
Qinghai-Tibet Plateau. The main components are gravels, loamy sands and ice crystals.
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The retrieved soil samples were air-dried, rolled, and passed through the 2.0 mm sieve. A
cylindrical standard specimen of Φ50 × 100 mm was prepared, with the moisture content
at 23%, and dry density at 2.1 g/cm3. The production process of frozen soil specimens
strictly follows the frozen soil uniaxial compression test method standard for frozen soils. A
total of four groups of cylindrical frozen soil specimens were processed in this experiment,
and the experimental temperatures were −5, −4, −3 and −2 ◦C, respectively, to ensure
that there are not less than three frozen soil samples under the same conditions. The frozen
soil sample used for creep test is named FSCi-j, where i and j are the absolute value of test
temperature and specimen number respectively (For example, the number of the second
test piece at −3 ◦C is FSC3-b).

2.2. Experimental System

We used the TAW-1000 microcomputer-controlled single-triaxial creep testing machine
(Zhongqiao Bolian Instrument Equipment Co., Ltd., Beijing, China). As shown in Figure 2,
for the low temperature control, we adopted (Zhejiang Danfu Environmental Technology
Co., Ltd. Hangzhou, China) TMS8019-E5000-R40 low temperature circulation device, with
the temperature range at −60 to −40 ◦C, the accuracy of temperature fluctuation is ±0.1 ◦C.
The maximum axial load of the loading system is 1000 kN, and the accuracy is ±1% [18].
The suitable sample size is Φ50 × 100 mm, and the accuracy of deformation measurement
is ±0.005 mm.

Figure 2. Apparatus and devices for the creep testing of frozen soils.

2.3. Experimental Program

First, a conventional uniaxial compression test was carried out on the frozen soil
specimens at −5~−2 ◦C, and the mechanical parameters of the frozen soil specimens were
obtained to provide a basis for determining the creep loading level. The average uniaxial
compressive strengths of the four frozen soil specimens at different temperatures are 4.58,
5.18, 5.47 and 6.53 MPa, respectively (Table 1).
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Table 1. Results of permafrost uniaxial compression test.

Sample No. Soil Temperature (◦C) Average Compressive Strength (MPa)

FS1-1,2,3 −2 4.58
FS2-1,2,3 −3 5.18
FS3-1,2,3 −4 5.47
FS4-1,2,3 −5 6.53

The creep test was carried out on the frozen soil under four different temperature
conditions by the method of graded loading. The test load was divided into three grades.
The creep loading grades were 0.25, 0.5 and 0.75 σt and keep it at 0.75 σt until the frozen
soil sample is destroyed. The graded loading stress values under different stress states are
shown in Table 2.

Table 2. Frozen soil creep test design.

Sample No. Sample Temperature (◦C)
Axial Loading Stress (MPa)

0.25 σt 0.5 σt 0.75 σt

FSC2-a,b,c −2 1.15 2.29 3.43
FSC3-a,b,c −3 1.30 2.59 3.89
FSC4-a,b,c −4 1.37 2.74 4.10
FSC5-a,b,c −5 1.63 3.27 4.90

3. Creep Test Results and Analysis

Due to the limited space, Table 3 only lists a set of typical creep curves under each test
condition for description. The creep behavior of frozen soil can be regarded as the external
macroscopic manifestation of the microscopic damage evolution of the internal structure
of the sample. In general, the crack development of frozen soil is relatively slow when it
is in the initial creep and stable creep stages, and the increase rate of cracks in frozen soil
is very rapid when it is in the accelerated creep stage. The soil temperature has a great
influence on the failure mode of the frozen soil sample. When the soil temperature is −2 ◦C,
a main oblique crack appears in the frozen soil sample, and some small cracks, around it.
At −5 ◦C~−3 ◦C, the damage cracks of the frozen soil samples also gradually increased,
and tiny cracks appeared. The crack spacing of the samples gradually formed, and the
tensile characteristics appeared [19].

In the case of the same soil moisture content and axial stress, the soil temperature of
the frozen soil specimens at −5, −4, −3 and −2 ◦C, respectively, the creep deformation
increases with the decrease of soil temperature and the lowest, the creep strain (0.54) at
−5 ◦C increased by 59.26% compared to the highest soil temperature −2 ◦C (0.86). The
higher the temperature, the shorter the specimen in the stable creep stage during the creep
process, and the larger the slope of the soil curve in the accelerated creep stage.

As shown in Table 3, when the axial stress is 0.25 σt, the axial stress at this stage
is mainly borne by the pore pressure of the specimen, and the pores and cracks in the
frozen soil are compacted and closed. The lower the temperature, the larger the proportion
of ice and the smaller the unfilled porosity. The smaller the compressible space of the
sample, the smaller the deformation. When the axial stress is 0.5 σt, the initial cracks of
the specimen expand and new cracks sprout, and the external load is transferred from the
pore pressure to the soil particle skeleton. As soil temperature decreases, the effective stress
of the specimen increases. The coupling effect of effective stress is complex, resulting in
an insignificant regularity of creep deformation. When the axial stress is 0.75 σt, the crack
breaks rapidly at this stage, and the axial stress is mainly borne by the soil particle skeleton.
When entering the accelerated creep stage, the creep rate of the specimen increases; the
lower the temperature is, the later it enters the accelerated creep stage, and the greater the
deformation after entering the accelerated creep stage.
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Table 3. Creep deformation characteristics under different conditions.

Sample
Number

Destruction
Form

Binarization Creep Curve Brief Description

FSC2-b

 

(1) The number of tensile failures increases;
(2) The shear failure of the main oblique

fissure dominates the failure of the
specimen, and a few small fissures
appear around it;

(3) The maximum axial deformation is 0.54.

FSC3-c

  

(1) Increased number of tensile and shear
failures;

(2) The mixed failure of tension and shear
leads to the failure of the specimen, and
the distribution of cracks is complex;

(3) The maximum axial deformation is 0.63.

FSC4-a

  

(1) The distribution area of cracks
increased, concentrated in the middle of
the specimen, and the number of shear
failures increased significantly;

(2) The mixed failure of tension and shear
leads to the failure of the specimen;

(3) The maximum axial deformation is 0.78.

FSC5-b

  

(1) The average track length of cracks
increased, concentrated in the middle
and upper part of the specimen, and the
number of shear failures increased
significantly;

(2) The mixed failure of tension and shear
leads to the failure of the specimen, and
the failure form of the specimen is
complex;

(3) The maximum axial deformation is 0.86.

4. Creep Constitutive Equation of Frozen Soil

The classic Nishihara model is mainly composed of two parts in series: the generalized
Kelvin body and the viscoplastic body (Figure 3). This model can describe the visco-elastic-
plastic change characteristics during the creep process of frozen soil and can be used for
featuring the creep characteristics of geotechnical materials.
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Figure 3. Classical Nishihara model.

The following Formula (1) is the creep equation of this model.

ε =

⎧⎨
⎩

σ
E0

+ σ
E1
(1 − e−

E1
η1

t
) σ < σs

σ
E0

+ σ
E1
(1 − e−

E1
η1

t
) + σ−σs

η2
t σ ≥ σs

(1)

In the formula: E0 represents the elastic modulus of the Hooke elastomer; η1 and E1
represent the viscous coefficient and elastic modulus in the Kelvin model; η2 represents the
viscous coefficient in the viscoplastic body; σ represents the Creep stress; σs represents the
yield stress.

4.1. Modification of Frozen Soil Creep Constitutive Model

The creep of frozen soil is nonlinear, and the current classical creep models are basically
composed of linear elements. The obvious disadvantage is that it can only describe the
primary and stable stages of the frozen soil creep process; the accelerated creep phase is
not well described. Therefore, some scholars suggest introducing nonlinear elements or
damage variables into the creep model for model improvement. By borrowing this method,
as shown in Figure 4, this is corrected based on the classical Nishihara model, and the
viscous coefficient in the viscoelastic element in the model is corrected as a function of
creep time and stress level. The damage variable is considered in the plastic element, and a
modified frozen soil creep model is thereupon established [20].

 
Figure 4. Modified permafrost creep model.

(1) Viscoelastic part

The viscoelastic part of the frozen soil model is mainly composed of nonlinear viscous
elements and a spring in parallel. In the creep process of frozen soil, its nonlinear character-
istics are significant, and the nonlinear characteristics are affected by the magnitude of the
load and its duration at the same time. In this paper, by referring to the relevant literature
on the frozen soil creep model [21], the viscosity coefficient is modified as a function of
creep time and stress level, which can be expressed as the following expression:

η1(t, σ) = η10

(
2σ0 − σ

σ

)
(t/t0)

1/3[
(t/t0)

1/3 + 1
] (2)

In the formula: σ0 represents the compressive strength of the frozen soil at the same
temperature; σ represents the creep stress; η10 represents the initial viscosity coefficient of
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the viscoelastic body; t0 represents the frozen soil creep time reference value, the unit is h,
and t0 = 1 for this frozen soil test.

Derivative of the time in Equation (3), we can get:

.
η1(t, σ) = η10(

2σ0 − σ

σ
)

1
3 (t/t0)

−2/3[
(t/t0)

1/3 + 1
]2 ≥ 0 (3)

Thus, the constitutive equation of the modified Kelvin style can be obtained as:

σ = E1ε(t) + η1(t, σ)
dε(t)

dt
(4)

The above Formula (4) can be obtained by definite integration of the separated vari-
ables under the condition of constant stress (t = 0, ε(t) = 0), and finally the creep equation of
the unsteady Kelvin body can be obtained as:

ε(t) =
σ0

E1

[
1 − e(−αt− 3

2 α(t/t0)
2/3)

]
(5)

In the above expression:

α =
E1

η10

(
σ

2σ0 − σ

)
(6)

Therefore, the Kelvin style after the above correction can be well-used to describe the
decay creep process of frozen soil.

(2) Viscoplastic part

The relevant permafrost creep test research [22] shows that there is a damage effect
in the frozen soil. When the stress is greater than a certain critical value, the damage
effect of the frozen soil will occur. When it is dominant, the frozen soil will be damaged.
Non-attenuated creep occurs. Introducing the damage variable D into the frozen soil creep
model can better describe the stable and accelerated creep stages in the permafrost creep
process. On the basis of the damage mechanisms, the damage variable D in the frozen soil
is defined [23]:

E(σ, t) =

{
E0, σ − σ∞ < 0
E0e−ctR

, σ − σ∞ ≥ 0
(7)

D(σ, t) = 1 − E(σ, t)
E0

(8)

D(σ, t) =

{
0, σ − σ∞ < 0
1 − e−ctR

, σ − σ∞ ≥ 0
(9)

where D(σ,t) is the damage variable of the frozen soil; E(σ,t) is the function of the elastic
modulus changing with time; E0 is the initial elastic modulus; c, R are the material param-
eters related to the damage degree of the frozen soil; σ∞ is the long-term strength of the
frozen soil.

According to the definition of effective stress [24]:

σ′ = σ

1 − D
(10)

σ′ =
{

σ, σ − σ∞ < 0
σectR

, σ − σ∞ ≥ 0
(11)

where σ′ is the effective stress and σ∞ is the creep stress.
The accelerated creep stage of frozen soil is described by adopting a viscoplastic

element in which the unsteady cohesive body and the plastic body are connected in parallel.
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When σ < σ∞, the plastic body will not deform; when σ ≥ σ∞, the plastic body will yield.
Therefore, the viscosity coefficient of an unsteady viscous body is expressed as:

η2(t, σ) = η20

[
1 +

2σ∞

σ

(
1 − e−t/t0

)]
(12)

where η20 represents the initial viscosity coefficient of the viscoplastic element.
According to the establishment method of the creep model method, the modified

frozen soil creep constitutive equation is obtained as follows:

ε =
σ

E0
+

σ

E1

[
1 − e(−αt− 3

2 α(t/t0)2/3)
]

σ < σ∞ (13)

ε =
σ

E0
+

σ

E1

[
1 − e(−αt− 3

2 α(t/t0)2/3)
]
+

σ′ − σ∞

η2(t, σ)
σ < σ∞ (14)

4.2. Creep Model Parameters

According to the uniaxial creep test results, the modified frozen soil creep model is
used for fitting analysis, as shown in Figure 5. The correlation coefficient R2 ≥ 0.89 obtained
from the fitting is 0.94 on average. The fitted curve is in good agreement with the measured
curve as a whole. The initial creep stage is in good agreement with the stable creep stage,
and in poor agreement with the accelerated creep stage. At the beginning of the 0.75 σt
loading stage, with the increase of time, the coefficient of fitting was significantly improved.
It shows that the modified creep constitutive model can better describe the decaying and
non-attenuating creep processes of frozen soil well.

  
(a) (b) 

  
(c) (d) 

Figure 5. Frozen soil creep test curve fitting, (a) FSC2-b fitted curve; (b) FSC3-c fitted curve; (c) FSC4-a
fitted curve; (d) FSC5-b fitted curve.
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The initial elastic modulus E0 represents the deformation resistance at the moment
of loading. Table 4 shows that E0 increases with the decrease of rising temperature but
increases with the elevating of the loading level. The progressive elastic modulus E1
represents the deformation resistance of the soil in the initial creep stage, which is very
close to the change trend of E0. The values of η10 and η20 represent the initial viscosity
coefficient of viscoelastic bodies and viscoplastic body, respectively, which can reflect the
deformation rates of soil.

Table 4. Frozen soil creep model parameters.

Sample Number Temperature/◦C Stress/MPa c R E0 E1 η10 η20 R2

FSC2-b −2
1.15

1.7658 0.3496
2.2188 1.3763 2.0852

8.6866
0.8945

2.29 2.6575 1.9158 1.8960 0.9909
3.43 2.4864 1.5326 1.5266 0.9950

FSC3-c −3
1.30

1.4622 0.1039
3.0760 1.1810 3.9870

14.7524
0.9482

2.59 3.5324 1.3213 3.5333 0.9971
3.89 3.1660 1.4639 3.2542 0.9845

FSC4-a −4
1.37

1.3493 0.0808
3.3755 2.2417 6.2449

20.5709
0.9846

2.74 3.8462 2.7647 5.9199 0.9594
4.10 3.6132 2.4076 5.6791 0.9941

FSC5-b −5
1.63

0.7620 0.0571
4.2981 2.8563 8.7446

26.4141
0.9805

3.27 5.3059 3.1279 7.4421 0.9964
4.90 5.1398 3.0202 6.2154 0.9948

5. Discussion

In the early stage of this study, many frozen soil basic tests were done to determine
the physical and mechanical parameters of the frozen soil specimens. After they were
consistent with the frozen soil field specimens of Jiangcang Coal Mine, the permafrost creep
test was carried out. Aiming at the deformation and failure characteristics of the overlying
frozen soil in the coal mine, the failure characteristics of frozen soil specimens with different
stress states, different creep types and different creep stages are mainly studied.

The deformation properties of frozen soil are comprehensively affected by factors such
as soil temperature, proportion of soil ice content and load. No matter what the conditions are,
the creep type of the final creep curve can be divided into attenuated creep and non-attenuated
creep. Attenuated creep only goes through the initial stage and the stable stage, and there is
no acceleration stage. The creep rate of the initial stage gradually decreases with elapsing time,
and the stable creep curve gradually develops into an approximately straight line, showing
a slowly decaying state; the non-attenuated creep can be divided into three stages: initial,
stable and accelerating creep stages [25]. In the initial stage, the creep rate gradually decreases
with elapsing time until its nadir. In the stable stage, the creep rate remains unchanged at this
minimum value. At the accelerating creep stage, the creep rate increases until the frozen soil
column fails. When the axial stress is 0.25 σt and 0.5 σt, the creep curve shows obvious initial
and stable creep stages, respectively. The creep deformation rate decreases with passing time,
and the creep curve smooths out. The creep type is decaying when the axial stress is 0.75 σt,
the creep curve goes through the initial creep stage, the stable and the accelerating creep stage,
and the creep deformation rate shows a trend of first decreasing and then increasing, showing
a curve of a typical non-attenuated creeping.

Temperature, soil ice content and graded load have great influences on the creep
properties and failure modes of frozen soil. The higher the soil temperature, the smaller
the proportion of soil ice content, the greater the load, the more unstable the mechanical
properties of the frozen soil, the greater the creep deformation, the greater the stable creep
rate, and the smaller the peak stress of the frozen soil. The lower the soil temperature, the
greater the proportion of soil ice content and the smaller the load. As the soil temperature
decreases, the proportion of soil ice content and the load increase, the time in the stable
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creep stage becomes longer, and the specimen enters the longer accelerated creep stage,
and the accelerated creep stage is longer. The greater the slope of the curve, the greater the
peak value of the frozen soil stress. The above basic research is consistent with the results
of most permafrost studies.

However, most scholars believe that the non-attenuating creep of frozen soil has an
important influence on the settlement of the foundation and the attenuating creep is ignored.
However, both attenuated creep and non-attenuated creeps have a significant impact on
the safe production of coal mines. Therefore, this paper analyzes the movement of the
coal mine overlying rock and the occurrence of rock pressure according to the mechanical
behavior and fracture law of the overlying frozen soil in the coal mine. It goes as follows:
The lower the soil temperature, the greater the proportion of soil ice content, the greater
the peak stress, the more complex the failure patterns of frozen soil and the more complex
the crack evolution path.

With the increase of stress peak value, the failure mode of frozen soil changed from
simple shear failure to complex mixed failure, the larger the expansion capacity. At the same
time, it shows that temperature is an important factor affecting the mechanical properties
and failure form of frozen soil.

6. Conclusions

In order to study the creep deformation characteristics of high-temperature frozen soil
and the influence of factors such as temperature and load, this study carried out indoor
uniaxial creep tests and the main conclusions are as follows:

(1) Soil temperature is the most important external factor for affecting frozen soil creep,
and the proportion of soil ice content is the key internal factor affecting permafrost to the
creep. The lower the soil temperature, the higher the proportion of soil ice content in the
specimen, the lower the creep rate of frozen soil and the smoother the curve. The greater
the number of cracks and the trace length of the specimen, the more complex the failure
type. The sensitivity of creep rate to soil temperature and load increases as the proportion
of soil ice content decreases.

(2) For the frozen soil specimen under load, the external load in the early stage is
mainly borne by the pore pressure and the pores and cracks of the specimen are compacted.
With the increase of external load, cracks expand and germinate and the structure bearing
external load transfers from pore pressure to soil particle skeleton. The coupling effect
of pore pressure and effective stress is complex, leading to the non-obvious regularity
of creep deformation. At 0.75σt, the structure bearing the external load transforms into
the soil particle skeleton, enters the accelerated creep stage and the failure speed of the
specimen increases.

(3) Based on the classical Nishiplasma model, the modified permafrost creep model is
obtained, which can better describe the decaying creep and non-attenuating creep processes
of frozen soil. The model is relatively simple and has relatively fewer parameters. It can
provide a theoretical basis for the mitigation and control of surface subsidence in the mining
of underlying coal seams in Jiangcang Coal Mine.
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Abstract: This paper introduces an engineering case history of the prevention and remediation of
sinkholes induced by limestone quarrying in Longmen county, Huizhou city, China, through karst
groundwater-air pressure monitoring, the design and construction of a grouting curtain, and grouting
effect detection. Based on hydrogeological surveys, the location of the main karst development zones
and faults can be accurately delineated by combining geophysical exploration with drilling, providing
a basis for curtain setting. According to the interpretation results of geophysical exploration, the
monitoring boreholes of groundwater-air pressure were set up, which provided support for mine
construction, optimization of prevention and remediation of the sinkhole scheme, and reduction
of sinkhole risk. In order to prevent the further expansion of sinkhole hazards, grouting curtain
technology was used for engineering treatment of the water inflow points of the quarry. After
construction of the grouting curtain was completed, comprehensive detection methods were used
to evaluate the grouting effect of the curtain. The results showed that the inflow rate reduced from
3500 to approximately 500 m3/day, the water plugging effect was significant, and the occurrence
of sinkhole hazards was effectively reduced. The monitoring boreholes can capture the changes of
groundwater-air pressure within karst conduit systems, and the purpose of monitoring and warning
of sinkholes can be achieved by setting an appropriate warning threshold.

Keywords: sinkholes; groundwater-air pressure monitoring; grouting effect detection; monitoring
and warning

1. Introduction

With the acceleration of urbanization and infrastructure construction, the demand for
cement has increased sharply. As the main raw material of cement production, the demand
for limestone has also increased synchronously. However, frequent unreasonable open-pit
mining activities have destroyed the ecological environment around mines, and sinkholes
have become the main geological environment problem linked with mine construction.

In karst areas, the high anisotropy of carbonate rocks means that drilling data are
unable to truly reflect the karst development characteristics of the mining area and may
lead to the wrong conclusion of hydrogeological conditions [1,2]. When the quarrying
operation exposes the karst conduits or fracture zones, it is accompanied by many water
inflow phenomena. When the groundwater table is lowered around the mining area, local
instability of the soil produces soil caves, which eventually leads to the occurrence of
sinkholes and other hazards [3]. Since the 1940s, there have been many sinkhole events
induced by limestone quarries, and the affected area changes with the water inflow of
the quarry. In May 1949, a limestone quarry in Hershey, Pennsylvania, with an average
drainage of 6500 gpm, altered groundwater levels over an area of 10 square miles, and
about 100 sinkholes formed in the area [4]. In 1986, a limestone quarry in Valley and Ridge
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Province was mined to a depth of 60 m below the original groundwater level, resulting in a
wide range of groundwater depression cones. The groundwater level at 0.8 km from the
quarry was lowered 18 to 24 m, and multiple sinkholes were generated within 1.6 km of
the quarry, threatening the operation of local railways [5]. From 1992 to 2008, 353 sinkholes
occurred in Chini Village, Huadu District, Guangzhou City, mainly caused by limestone
quarrying and large groundwater pumping [6]. Eighty-six sinkholes occurred in the Hejing
mining area of Pingnan County, Guangxi Province, China. The zone of dewatering influence
was about 9.36 km2, and the maximum influence radius was about 2.1 km [7]. During 2017
and 2018, more than 30 sinkholes formed in an agricultural region that is located adjacent
to a limestone quarry in northeast Thailand, which affected the local agricultural activities
and power transmission towers [8]. With the increasing demand for cement materials and
the expansion of limestone quarries, the occurrence of sinkholes induced by limestone
quarrying is becoming increasingly serious.

In order to effectively protect the ecological environment of the mining area and
ensure the safe mining of the quarry, a grouting curtain is often used in mine water inflow
treatment engineering. The hydraulic connection on both sides of the curtain is cut off by
filling the cracks and karst conduits with cement and other materials. Since the 1960s, the
curtain grouting technique has been gradually adopted in mine water inflow treatment
engineering. This has promoted the development of the curtain technique and grouting
theory, with excellent results [9,10]. Cement–sodium silicate, hot bitumen, coal slurry,
modified clay, and polyurethane foam mortar are often used as grouting materials for
curtains [11]. The curtain technique mainly includes drilling, grouting, and grouting
in special strata [12–16]. Determining the grouting effect of a curtain mainly consists of
geophysical analysis, verification boreholes, Lugeon tests, pumping tests, and groundwater-
air pressure monitoring on both sides of the curtain [17].

At present, the research on sinkhole hazards induced by limestone quarries mainly
focuses on the evolution of the groundwater seepage field and engineering treatment
methods, while research on the monitoring and warning of sinkhole hazards in limestone
quarry is limited. In addition, quarries usually adopt a negative treatment for sinkholes,
without considering the change of groundwater dynamic fluctuations during quarrying,
and grouting programs to prevent water inflow often use a single method to detect the
grouting effect. This paper introduces the prevention and remediation of sinkholes induced
by limestone quarrying through a case study, which provides a reference for similar projects
in the future.

2. Research Background

Longmen County is located in the central part of Guangdong Province, with rich min-
eral resources, mainly including limestone, lead-zinc, and geothermal resources (Figure 1).
Longmen County has Guangda, Huarun, Tapai, and other cement enterprises, and is one
of the largest cement production bases in Guangdong Province. In 2020, the annual cement
output was 15.5453 million tons, accounting for 83.96% of the annual cement output of
Huizhou City. There are many expressways in the territory, which are closely connected
with the cities in the Pearl River Delta.

The quarry assessed in this paper is located in Longmen County, Huizhou City, China,
where limestone is mined for cement. The mining elevation is +231.4 to −30 m, and the
mining area consists of 2.6011 km2. The quarry is divided into north and south pits, which
are mined to an elevation of 0 m. The carbonate rocks in the mining area consist of Car-
boniferous Liujiatang (C1ylj), Shidengzi (C1ds), and Huanglong (C2h) formations. The
upper unit (C2h) is thick-layered crystalline dolomite, which is partially intercalated with
dolomitic limestone, and the lower unit consists of thick-layered crystal limestone. The
lithology of the Shidengzi Formation is mainly in the form of thick-layered argillaceous
limestone, thick-layered carbonaceous limestone, thick-layered crystalline limestone, and
thin–medium-layered micritic limestone. The exposed thickness is about 276 m, whichias
the main stratum with karst development. Additionally, most of the Liujiatang Formation
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is covered by Quaternary deposits with a thickness of about 120 m. The upper unit (C1ylj)
contain medium–thick-layered carbonaceous limestone, bioclastic limestone, dolomitic
limestone, and calcareous dolomite. The lower unit is mainly composed of argillaceous
limestone, calcareous mudstone, argillaceous siltstone, and siltstone, and is locally inter-
calated with bioclastic limestone. The mining area is located in the uplift end of the axial
NE-trending anticline, and the stratigraphic occurrence changes significantly, mainly due
to the NNE-trending fault structures (Figure 2).

Figure 1. Geographic location of Longmen County.

In mid-October 2018, in the northeastern corner of the south pit of the quarry, the
karst fissure zones accidentally broke through and water inflow occurred at a water inflow
rate of about 3500 m3/day. Since 12 November 2018, 17 sinkholes have formed around the
mining area, the largest of which is 8 m in diameter and 6 m in depth. Furthermore, many
water wells in the nearby village have dried up, and 107 houses have fractured due to mine
water inflow (Figure 3). In March 2019, we conducted an emergency investigation, and the
results showed that the northeastern corner of the south pit was in the intersection area
of faults F1 and F6, and this area was characterized by relatively broken rocks and strong
karst development.
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Figure 2. Geologic map of the mining area.

 

Figure 3. Sinkhole caused by mine water inflow.

3. Karst Groundwater-Air Pressure Monitoring

When the sinkholes formed around the quarry, the quarry companies often ignored
the impact of the changes in the groundwater dynamics on the sinkholes. Jiang and Lei
proposed a new technique for groundwater-air pressure monitoring in karst fissures and
pipeline systems, which could fully reflect the changes in the groundwater-air pressure in
karst pipeline fissure systems, as well as explain the sudden changes in karst groundwater-
air pressure, and the reasons for these changes [18].

Through the collection of regional geological data and early drilling information from
the site, the stratigraphic lithology, geological structures, and hydrogeological conditions
were determined. Furthermore, the depth of the monitoring borehole was determined based
on the type of exposed karst aquifer, along with its depth and thickness. The boreholes
were designed to pass through the karst fissure zones or karst conduits to monitor the
dynamic changes in groundwater-air pressure. After the monitoring borehole was drilled,
a steel casing was used to isolate the soil aquifer from the karst aquifer. After the sensor
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was installed, sealing materials were used to seal the borehole orifice to restore the original
geological conditions (Figure 4).

Figure 4. Technique for monitoring the karst groundwater-air pressure.

Groundwater-air pressure monitoring boreholes continuously monitored the abnormal
fluctuations in groundwater-air pressure at 10-min intervals during the mining process.
Figure 5 shows the monitoring results of the groundwater-air pressure of borehole JC28. It
can be seen from Figure 5b that the fluctuation velocity of groundwater pressure caused by
rainfall was generally less than 0.5 cm/min, which was not significantly different from that
without rainfall.

There were three abnormal fluctuations of groundwater-air pressure, and the sinkhole
event could be divided into three stages. Initial stage: the quarry uncovered water-filled
karst pipes, which led to the rapid decline of the groundwater level, a large difference in
groundwater head was generated, and an initial soil cave was formed. Development stage:
under the effect of groundwater head difference, the groundwater flow rate increased, and
the soil cave gradually expanded, forming a short-term plugging in the karst pipes, causing
abnormal fluctuations in the groundwater-air pressure. Forming stage: under the influence
of rainfall during the flood season, the groundwater level rose significantly, the soil was
saturated and softened, the seepage pressure increased, and the soil was destabilized,
resulting in a sinkhole.

Abnormal groundwater-air pressure fluctuations before and during the sinkhole
formation could be captured, and the abnormal values were significantly different from
the normal fluctuations; in particular, the abnormal groundwater-air pressure fluctuations
during the sinkhole formation could reach tens of times the normal fluctuation values.
However, the abnormal groundwater-air pressure fluctuations were not clearly reflected in
the monitoring curves of sinkhole hazards induced by loading.

113



Sustainability 2023, 15, 2808

  
(a) (b) 

Figure 5. Groundwater-air pressure monitoring curve of borehole JC28. (a) Groundwater elevation
curve of borehole JC28. (b) Groundwater-air pressure fluctuation velocity curve of borehole JC28.

4. Design of Grouting Curtain

4.1. Location of the Curtain

A grouting curtain was used to seal the groundwater runoff zones at the bottom of the
quarry, ensuring the safe mining of the quarry, as well as the safety of the local residents and
their property. According to the site survey, the locations of the sinkholes, disappearance
of surface water, and house cracks occured in the northern part of the quarry. Thus, the
supply sources for the water inflow points could be preliminarily determined. Based on
the geophysical test results, and considering the irrigation water of the local residents, the
approximate position of the grouting curtain was determined. However, the final location
of the curtain was somewhat limited by the terrain, farmland, and houses.

The curtain was constructed perpendicular to the NNE-trending fault, with a length
of about 200 m, and the eastern boundary of the curtain was embedded in the sandstone of
the Longjiang Formation.

4.2. Grouting Borehole Parameters

A total of 513 sets of borehole data were collected in the study area, and 258 of
the boreholes encountered exposed the karst caves (Figure 6). The statistical results of
the karst cave development elevation showed that 75% of the karst cave development
elevations were between 40 and 70 m, and mainly 20 m below the bedrock surface. The deep
karst formations were also mainly developed in the contact zone between the Liujiatang
Formation (C1ylj) and the Shidengzi Formation (C1ds).

Considering the development elevation of the karst caves and the fact that the quarry
will be mined to an elevation of −20 m at a later stage, the bottom elevation of the grouting
boreholes was set to −60 m. The grouting boreholes were designed in a single row, with a
spacing of 10 m, with 22 grouting boreholes, and a single borehole depth of about 120–150 m.
The opening borehole diameter was 130 mm, and the final borehole diameter was 91–75 mm.
The designed slurry radius was also at least 7.07 m, and the solid permeability coefficient was
0.06 m/d, forming a 10 m thick curtain wall.
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Figure 6. Development elevation of the karst caves.

The karst caves were exposed in grouting boreholes K22, K23, and K24 at roughly the
same elevation, and they consisted of filled or semi-filled caves. Water leakage occurred
during drilling, and the adjacent boreholes channeled each other during grouting, indicat-
ing that the karst caves exposed along the curtain axis were interconnected and were the
main runoff zones for groundwater. Additionally, during drilling, two major void zones
were discovered. The formations of the west void zones were closely related to the fault
position, and the east void zones were developed at the stratigraphic boundary (Figure 7).

Conventional cement grouts were used in the curtain, and the concentration of the slurry
was based on the rock permeability obtained from the Lugeon test. The water–cement weight
ratios of the grouts were 2:1, 1.5:1, 1:1, and 0.8:1. The additive in the grout was sodium silicate.
In order to make the grouts quickly and reduce the influence on the later strength of concrete,
the proportion of sodium silicate in the grouts was 1%. Two percent sodium silicate was added
in areas requiring large amounts of grouting. The fineness of the cement used for the grouting
was such that the sieve allowed for no more than 10% to pass through 80 mm diameter holes.
The modulus of the sodium silicate was 2.8–3.4, and the relative density was 1.357–1.453. The
grouts were concentrated in the pulping station, pumped to the secondary mixing barrel, and
then finally poured into the borehole using a grouting pump.

Once the borehole orifice was closed, the grouts were circulated in the borehole, and
the upward and downward directions were connected with segmented grouting. This
grouting technique achieved a constant grouting pressure and effectively controlled the
diffusion radius of the grouts. The segmented grouting process was conducted as follows.
Grouting was carried out after drilling one section, and the next section was drilled after
grouting. The above process was conducted in cycles until the designed borehole depth
was reached. When large void zones or karst conduits were encountered, the seif−flow
grouting method was adopted.

115



Sustainability 2023, 15, 2808

Figure 7. Profile of grouting curtain.

The designed final pressure of the bedrock after grouting was 1.2 MPa, and the curtain
grouting was changed by increasing the grout concentrations, step by step. When the
injection volume for a certain proportion of grout reached 25 m3, and the grouting pressure
did not increase significantly, nor did the injection rate decrease, the grout concentration
was increased. If the grouting pressure did not increase significantly when the grout with
the largest specific gravity was used, the amount of sodium silicate was increased from 1%
to 2%. Thus, intermittent grouting was needed when the grouting pressure still did not
increase. The grouting volume of the intermittent grouting was approximately 150 m3, and
the intermittent time was generally 8 h.

Therefore, the stopping criteria for segmented grouting met the following two criteria:

(1) When the grouting pressure increased uniformly and continuously reaching the
designed final pressure, and the slurry suction of the borehole was less than 10 L/min,
grouting was conducted for 20–30 min.

(2) After grouting, the Lugeon test was carried out, and the unit permeability was less
than 3 lu.

4.3. Implementation of the Data Statistics of the Grouting Curtain

A total of 22 grouting boreholes were used for curtain construction, with a total footage
of 2793.28 m. The total thickness of the limestone was 2254.05 m. Nineteen of the boreholes
contained karst caves. Thirty-six karst caves were exposed, the total height of the karst caves
was 253.08 m, and the average karst rate was 11.23%. The maximum height of the karst cave
was 22.5 m, which was exposed in borehole K21, with a maximum karst rate of 37.3%.

This grouting engineering was conducted as an emergency measure to stop the water
inflow, and drilling was divided into two sequences for grouting. The total grouting volume
of the grouting boreholes was 15,477.46 m3, and the average unit grouting volume was
7.207 m3/m. The statistical results of the grouting in each sequence are presented in Table 1,
showing that the unit grouting volume of sequence II was significantly lower than that
of sequence I. This indicated that the borehole spacing was reasonable, the slurry was
effectively diffused, and the sequence grouting effect was significant.
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Table 1. Statistical results of the grouting volume.

Sequence

Number of
Grouted
Sections

Grouting
Length (m) Statistical Data

Elevation Distribution (m)
AUGV
(m3/m)< 60 60–40 40–20 20–0 0–−20 −20–−40 >−40

I 61 1206.81
AUGV (m3/m) 4.91 3.59 9.24 11.85 10.38 9.46 5.11

8.521
Grouting length (m) 44.93 175.03 220 220 220 193.25 133.6

II 56 940.75
AUGV (m3/m) 1.86 3.08 4.64 4.34 8.01 9.07 0.15

5.521
Grouting length (m) 28.7 165.9 180 180 180 172.65 33.5

Total 117 2147.56
AUGV (m3/m) 3.72 3.34 7.17 8.47 9.31 9.28 4.12

7.207
Grouting length (m) 73.626 340.93 400 400 400 365.9 167.101

AUGV refers to the average unit grouting volume.

5. Evaluation of the Grouting Effect of the Curtain

5.1. High-Density Resistivity Method

The high-density resistivity method is based on the differences in electrical conductiv-
ity between the rock and the soil, and a stable current field is artificially applied to study
the distribution of the conduction current [8,19–21]. By comparing the apparent resistivity
section maps before and after grouting, it was found that the apparent resistivity of karst
development areas after grouting was lower than before grouting. Thus, the apparent
resistivity curve of the original low resistivity anomaly in the horizontal direction became
flattened (Figures 8–10).

Figure 8. Location of boreholes and survey line for high-density resistivity method.

Figure 9. Apparent resistivity section map before grouting.
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Figure 10. Apparent resistivity section map after grouting.

5.2. Verification Boreholes

Verification boreholes are the most direct method of checking the cross-linking state
between the grouting boreholes, specifically to check for the presence of permeable cracks
and caves, as well as to assess their filling conditions and distribution in the grouting
areas. Based on analysis of the sinkhole locations, karst development distribution, grouting
amount, and apparent resistivity section maps, verification boreholes JCK1, JCK2, and
JCK3 were drilled between grouting boreholes K20 and K21, K23 and K24, and K30 and
K31, respectively. According to the photos of the cores from the verification boreholes,
cement slurry stones were found in the fracture zones and karst caves at different depths in
the boreholes, and a thin layer of cement was found on many fracture surfaces, indicating
that the grout filled the void zones effectively (Figure 11).

 

Figure 11. Photos of the cores from the verification boreholes.

5.3. Lugeon Test

The Lugeon test uses high pressure to inject water into the borehole to obtain the
fracture development and permeable rate of the rock masses based on the water absorption
calculation results. The test results provide basic data to evaluate the quality and effect of
the grouting curtain. Lugeon tests were carried out in the verification boreholes and the
adjacent grouting boreholes.

According to the longitudinal distribution of the permeable rate obtained from the
Lugeon tests, the upper rock masses had relatively high permeable rates due to the present
of faults, and this was the layer where corrosion cracks and karst caves developed. The
permeable rates of the lower rock masses were relatively low, and fractures did not develop,
thus allowing it to serve as an aquifuge. The weighted average permeable rates of the veri-
fication boreholes were significantly lower than the adjacent grouting boreholes, indicating
that the grouts in the grouting areas had a good karst fissure filling effect (Table 2).
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Table 2. Lugeon test results of boreholes.

Verification
Borehole

Burial Depth of
Test Section (m)

q
(Lu)

q̄
(Lu)

Grouting
Borehole

Burial Depth of
Test Section (m)

q
(Lu)

q̄
(Lu)

JCK1

29.00–60.00 2.445

2.170

K19

20.50–40.00 61.939

20.114

40.00–52.30 30.700

60.00–80.00 2.534
52.30–60.50 43.089
59.00–82.00 11.008

80.00–100.00 2.303
82.00–110.00 2.770
112.00–137.03 3.632

100.00–120.00 1.940
K20

29.60–45.00 128.563

25.847
45.00–80.00 17.841

120.00–142.95 1.567
80.00–100.00 8.436
100.00–138.97 1.383

JCK2

32.00–60.00 1.717

1.481

K23

40.00–47.20 17.845

6.980

47.20–63.00 21.408

60.00–80.00 1.905
63.00–71.00 6.262

71.00–100.00 2.936

80.00–100.00 1.933
100.00–120.00 2.739
120.00–140.74 2.238

100.00–120.00 1.722
K24

40.00–59.00 19.390

5.175
59.00–76.00 2.757

120.00–140.74 0.783
76.00–100.00 4.190
100.00–141.67 0.247

JCK3

29.60–47.00 4.814

2.643

K30

25.00–45.00 29.450

8.915
45.00–60.00 2.817

47.00–67.00 3.962
60.00–91.00 0.878

90.00–120.20 14.309

67.00~87.00 2.178
120.00–149.77 0.729

K31

32.70–60.00 3.457

3.63787.00~107.00 2.710
60.00–91.00 1.239

91.00–106.00 12.024

107.00~125.83 0.722
102.00–126.13 1.104

q refers to the permeable rate, and q refers to the weighted average permeable rate.

5.4. Groundwater-Air Pressure Monitoring on Both Sides of the Curtain

There were four groundwater-air pressure monitoring points on both sides of the curtain;
SK2 and SK3 were located in the northern part of the curtain, while SK1 and SK4 were located
in the southern part of the curtain. The monitoring data showed that (Figure 12):

(1) The groundwater level on both sides of the curtain were obviously different before
and after grouting, and the groundwater level on the north side of the curtain was
significantly higher than that on the south side. After the curtain grouting was
completed, the groundwater level of borehole SK1 rose by 4.2 m, while boreholes SK2
and SK3 rose by 11.2 m and 11.9 m, respectively. The groundwater level difference on
both sides of the curtain increased from 8.0 m to 14.9 m.

(2) The response of the groundwater level on both sides of the curtain to the drilling
construction was obviously different. In October 2019, the borehole SK4 drilling
construction on the south side of the curtain had a great impact on groundwater; the
groundwater level of the adjacent monitoring borehole SK1rose and fell sharply, with
a maximum variation of 5.3 m, while the groundwater level at the north side of the
curtain was nor disturbed.

(3) The response of groundwater level on both sides of the curtain to rainfall were
obviously different. After being recharged by rainfall infiltration, the recharge range
on the north side of the curtain was large, and the groundwater level had risen, while
the groundwater level on the south side of the curtain has slowly decreased due to
the drainage of the quarry.

In summary, the curtain cut off the groundwater runoff channel and changed the
groundwater recharge conditions on both sides of the curtain, resulting in different dynamic
changes in the groundwater level on both sides of the curtain.
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Figure 12. Monitoring curves of groundwater level on both sides of the curtain.

5.5. Water Plugging Effect at Inflow Points

After completion of the curtain, the water channel connected to the main water inflow
point was filled with grout, and the soil contained cement slurry (Figure 13). At the
remaining two water inflow points, water still flowed out of the fracture flow channels, but
the water inflow was reduced from 3500 to 500 m3/day.

 
(a)

 
(b) 

Figure 13. Photos of water inflow points in different periods. (a) Photo of water inflow points exposed
after pumping in mining pit. (b) Photo of main water inflow point after grouting.

6. Discussions

We conducted some seepage deformation tests on the soil of the monitoring borehole and
found that the fluctuation velocity of groundwater-air pressure during sinkhole formation has
a certain correlation with the critical water flow velocity of soil seepage deformation. We will
carry out further research on the direct correlation between these two values, and expect to
obtain the setting law of sinkhole monitoring and early warning threshold.

7. Conclusions

The following conclusions were drawn in this paper.

(1) Groundwater-air pressure monitoring is an effective method for monitoring sinkhole
hazards, and can capture the abnormal groundwater-air pressure fluctuations before
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and during the process of sinkhole formation. The abnormal values of groundwater-
air pressure fluctuation velocity can reach tens of times the normal fluctuation values,
which can be used as a monitoring index for the monitoring and early warning of
sinkhole formation.

(2) Grouting curtains are an effective means of controlling water inflow in quarries, as they
can effectively control the hazards posed by water flowing through fractures during
the quarrying process and greatly reduce damage to the surrounding geological
environment. After the curtain construction was completed, the grouting effect was
checked by the variation of the curve shape of the high-density resistivity method
physical property parameters before and after grouting, and the permeability of
the curtain could be verified by combining the results of verification boreholes and
Lugeon test.

(3) The evaluation results show that the curtain cut off the groundwater runoff channel
and changed the groundwater recharge conditions on both sides of the curtain, re-
sulting in different dynamic changes in the groundwater level on both sides of the
curtain; a significant water level difference formed on both sides of the curtain, and
the inflow rate reduced from 3500 m3/day to approximately 500 m3/day. However,
groundwater will penetrate the karst environment and widen the existing flow paths
and create new ones. It is recommended to strengthen groundwater monitoring and
make remediation measures based on monitoring results.
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Abstract: To reveal the deformation and failure law of the gob-side roadway (GSR) and the main
influencing factors in close extra-thick coal seams, the research methods of field monitoring, theoreti-
cal analysis, and numerical simulation are adopted in this paper. Field monitoring data shows that
microseismic events occur and accumulate frequently in the surrounding rock and some overlying
key layers of the GSR. Large deformation is experienced in the middle part of roadway near the solid
coal side, the middle and upper parts of the roadway near the coal pillar side, and the roadway floor.
The overlying strata of the GSR are fractured to form a composite structure as “low-level cantilever
beam and high-level masonry beam”. The coal pillar is squeezed and effected by the composite beam
structure and the rotation moment M, causing serious bulge in middle and upper part of the coal
pillar side. The stability of the solid coal side of the roadway is affected by the stress transferred from
gangue contact point. Numerical simulation shows that the immediate roof and key layer breakage
are induced by the mining of the 30,501 working face. Shear and tension failures happen in the GSR
due to overburden subsidence and rotary extrusion. The stress and displacement at the middle and
upper of the roadway on the coal pillar side are larger than the other area. Compared with the solid
coal side, the coal on the coal pillar side is obviously more fractured, with a lower bearing capacity.
The peak stress in the coal pillar shows up 2 m away from the roadway, which is close to the length
of bolt support. The mining-induced stress and the stress transferred from gangue contact point are
the direct reasons for solid coal bulge beside the roadway. The peak stress on the solid coal side is
located 7 m away from the roadway, at the gangue contact point where overburden fractures. The
overburden strata loads and the transferred stress near the gangue contact point are transferred from
the sides to the roadway floor. Their coupling effect with the in situ horizontal stress acts as the force
source for the plastic floor heave.

Keywords: near coal seams; gob-side roadway; microseismicity; overburden fracture; roadway
deformation

1. Introduction

With the increasing demands of coal resources and the construction of resource-saving
coal mines, the implementation of narrow coal pillars to arrange working faces has become
a more popular choice of more mines [1–3]. However, large deformation and damage of
the GSR has also become a large problem, plaguing safe production in mines, especially for
close extra-thick coal seams.

Researchers have carried out a lot of research on the deformation and damage laws of
GSRs and achieved fruitful results. Yang et al. [4] studied the bearing capacity of narrow
coal pillars in the GSR during the process of mining by combining SMP criterion and
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numerical simulation. Wang et al. [5] studied the fracturing law of overburden during the
process of multi-coal mining to determine the relationship between overburden structure
failure and GSR deformation using UDEC simulation. Xu et al. [6] analyzed the damage
characteristics of the GSR during fully-mechanized caving mining. They concluded that
the non-uniform stress distribution during mining is the direct reason for the asymmetric
roadway deformation and damage. Liu et al. [7] analyzed the failure mechanism and
control technology of the GSR retaining in a short-distance coal seam. The damage and
separation of the roof are the main causes of roadway instability. He et al. [8] researched
the surrounding rock deformation mechanism during reuse of the gob side entry, and
concluded that the surrounding rock failure is mainly affected by the advance abutment
pressure. Shi et al. [9] researched the stability of surrounding rock in GSR driving in a deep
and thick seam and concluded that the displacement and plastic zone of the surrounding
rock of the straight wall semi-circular arch roadway are smaller than the corresponding
deformation value of the surrounding rock of the rectangular roadway. Xiong et al. [10]
put forward a concept of cyclic damage of the GSR in inclined coal seams, which was
verified using numerical simulation. Wang et al. [11], Ma et al. [12], and Gao et al. [13]
simulated the stress field, displacement, and plastic zone distribution of rock surrounding
roadway when mining coal pillars with different widths. Wang et al. [14] analyzed the
relationship between GSR damage and the basic roof fracturing location. They proposed
that the roadway stability has a direct relationship with the breaking location of the key
block. Additionally, the breaking laws of key blocks were analyzed with the roadway
arranged at different positions during the face mining. Mo et al. [15] considered that the
strength difference of the surrounding rock would impact the roadway and proposed that
the displacement and failure mode of the surrounding rock were sensitive to deformation
modulus. Li et al. [16] studied the relationship of in situ stress with roadway deformation
and failure and proposed that the roadway layout should be parallel to the maximum
horizontal stress. They believed that the concentrated stress at the top corner of the working
face should be reduced in advance and the coal seam should be reinforced immediately
after excavation. Zhao et al. [17] established a mechanical model of overburden strata
on the GSR at the full-mechanized caving face in extra-thick coal seams. The mechanical
source of the asymmetric failure of the GSR roof was obtained. Hua et al. [18] reported the
mechanical connection between the roadway roof and the gob side roof and obtained the
roadway stability mechanism and main roof stability criterion under the dynamic static
coupling effect. Zhang et al. [19] studied the deformation and failure law of the GSR in
deep mining condition and determined that the face mining and the coal damage are the
direct causes of roadway deformation and damage. Guo et al. [20] studied the deformation
characteristic of surrounding rock in GSR retaining formed automatically, and determined
that the length of roof suspension is the main factor for stress distribution and deformation
of the surrounding rock. Zha et al. [21] analyzed the deformation and failure characteristics
of the rock surrounding the GSR with narrow coal pillars. The reasonable coal pillar
size and roadway excavation time after mining were obtained. They also put forward
surrounding rock control technology and effective roadway-side sealing technology. Zhou
et al. [22] aimed at the stability of the floor, established a mechanical model to analyze
the stability of the roadway floor heave by analogy with the basement heave of the deep
foundation pit. It provides a model reference for analyzing the problem of roadway floor
heave. Li et al. [23] researched the distribution of in situ stress in a deep roadway by
adopting the combination of the stress measurement and comprehensive experimental
research method and concluded that the horizontal stress is the key factor for determining
the failure depth of the floor. Li et al. [24], Liu et al. [25], Zhang et al. [26], and Xue et al. [27]
pointed out that the high stress, low bearing capacity of surrounding rocks and the existing
support system are not effective to restrain the rock weathering, which are direct reasons
for strength weakening in the deep roadway during the mining process. They proposed
that using grouting and high-strength anchor support is an effective measure to ensure
roadway stability.
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To sum up, our predecessors carried out a lot of research on the deformation and
damage laws of GSRs. However, the deformation and failure laws of GSRs and the main
influencing factors in close extra-thick coal seams are not clearly revealed.

In this study, a typical GSR of the 30,503 working face in Tashan Coal Mine was inves-
tigated to determine deformation and failure characteristics of the GSR via field measure-
ment, theoretical analysis, as well as numerical simulation. The structural characteristics of
overburden and its influence on the stress and displacement fields of surrounding rock are
obtained. The deformation and failure laws of the GSR and the main influencing factors
are revealed. The research results could lay a theoretical foundation for the stability control
of the GSR in similar mining conditions.

2. Engineering Background and Roadway Deformation Characteristics

2.1. Temporal and Spatial Evolution Laws of Microseismic Events

#3–5 coal seam of Tashan Coal Mine is extra-thick coal seam, with an average burial
depth of 435 m. The Coal Mine is located in Yungang District, Datong City, Shanxi Province,
China. The mine field area is 8.146 km2. The layout of the working face and roadway is
shown in Figure 1 (for more details about engineering background please refer to Zhao
et al. 2022 [28]). The 30,503 working face passed through the filled roadway on 19 January
2021. To determine the damage characteristics of the GSR before and when the working
face passed through the filled roadway, the microseismic monitoring data during these
periods were analyzed. The temporal-spatial distribution law of microseismic events near
the GSR are shown in Figures 2 and 3. Orlecka-Sikor reported that the concentration area
of microseismic events is mainly the stress concentration area [29]. It can be seen from
the plan distribution of microseismic events in Figure 2 that the frequency and energy of
microseismic events increase significantly as the working face is near the filled roadway,
and they are more concentrated near the GSR. This indicates that mining towards the filled
roadway area led to the increasing of stress concentration and damage on the gob side.
The sectional distribution of microseismic events is shown in Figure 3; the events increase
significantly and their range expands along the strike obviously as the work faces get closer
to filled roadway, indicating higher mining-induced stress when the working face passed
through the filled roadway.

Figure 1. Layout of the 30,503 working face [28].

The overlying microseismic events of the GSR are mainly concentrated in the range
100 m above the coal seam floor. The key layer with thickness of 51 m has frequent fracturing
events. The accumulation and frequency of microseismic events in the surrounding GSR,
roof, and floor of the adjacent roadway indicate that the area is in a high stress concentration
area, which could be the direct cause of large deformation of the roadway.
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(a) November 2020 (b) December 2020 (c) January 2021 

Figure 2. Microseismic events distribution before and during the working face passes through the
filled roadway.

   
(a) November 2020 (b) December 2020 (c) January 2021 

Figure 3. Microseismic events distribution before and during the working face passes through the
filled roadway. Blue dotted line is the location of filled roadway.

2.2. Deformation and Damage Characteristics of the Roadway

As shown in Figure 4, the on-site observation shows that the 30,503 working face of
the GSR is severely affected by mining. The deformation of the middle part of the solid
coal side, the middle and upper part of the coal pillar side, and the bottom of the roadway
are considerably large. During mining the 30,503 working face, the GSR received relatively
serious deformation and damage. Floor heave begins to appear on the floor within 200 m
in front of the working face, reaching 0.5–0.7 m relevant height, causing the concrete laid
on the floor to crack. After the roadway floor is repaired, the amount of heave on the floor
continuously increases as the working face gets closer. Both sides of the roadway have
serious bulge, and the deformation for the middle and upper part of the coal pillar side is
more dramatic compared with the solid coal roadside. Although the roadway is supported
by bolts, the large pressure still causes the roadway sides to fracture, and embeds bolts and
anchor cable trays in the coal seam.

The 30,503 working face of Tashan Coal Mine was mined to the filled road area on
19 January 2021. The deformation data of the two roadsides before and after the working
face passes through the filled roadway were monitored to reveal the influence of the filled
roadway on the deformation and damage of the GSR, and the results are shown in Figure 5.
The maximum deformation of the two sides of GSR is 200 mm before the working face
passes through the filled roadway, and the maximum deformation of the GSR is 660 mm
when mining to the corresponding area of the filled roadway. It means that the existence of
the filled roadway affects the stability of the GSR in the process of coal seam mining. The
support strength should be increased in the area where the filled roadway exists.
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(a) Coal pillar side bulge 

 
(b) Solid coal side bulge 

Figure 4. Deformation and damage characteristics of GSR.

(a) Before mining to filled roadway (b) Mining to filled roadway 

Figure 5. Displacement of two sides of the GSR at different monitoring days.

3. Mechanical Analysis of the Influence of Overburden Structure on the
Roadway Stability

3.1. Fracturing Law of Overburden Structure of GSR under Repeated Mining

#3–5 coal seam of the Tashan Coal Mine is typical close extra-thick coal seams. Its
distance to the gob of overlying #2 coal seam is only 4.6 m. Since the mining thickness of
#3–5 coal seams in one step is 14 m, the gob is greatly increased compared with the #2 coal
seam. Therefore, the structural stability of strata overlying the GSR under repeated mining
needs to be explored.

There is a 7.9 m thick low-level old roof and a 51.2 m thick high-level old roof overlying
the Tashan Coal Mine from borehole histograms. After the #2 coal seam was mined, the low-
level old roof was fractured to form a masonry beam structure. After the 30,501 working
face is mined, whether the low-level old roof can form a stable structure can be assessed
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by Formula (1). When the condition is met, the structure can be formed as a cantilever
beam [30]:

Δ > Δmax (1)

where Δ is the rotation amount after the rock strata is broken, Δmax is the limit rotation
required for the breaking block of the key layer to be hinged to form a stable “masonry
beam” structure.

Δ = M1(1 − μ)− ∑ hi(Kp − 1) > Δmax = h − ql2

khσc
(2)

where ∑ hi is immediate roof thickness, Kp is rock fragmentation expansion coefficient, h
is the thickness of broken rock stratum, k is dimensionless coefficient, l is periodic step
distance of rocks, σc is compressive strength of rock, μ is coal caving loss rate, M1 is coal
seam thickness, q is overburden load, q = λH, λ is unit weight of rock, H is burial depth
of rock.

According to the measured data of Tashan Coal Mine, M1 is 14 m, ∑ hi is 18.19 m, Kp
is 1.2, μ is 15%, the periodic step distance of the low-lever old roof is measured to be 19.8 m,
q is 10,625 KN/m3 and σc is 76 MPa. The above parameters are substituted to Formula (1),
Δ = 6.44 m, Δmax = 5.33 m. It shows Δ > Δmax to satisfy Formula (1). Therefore, the low-
level old roof is broken to form a cantilever beam structure when the #3–5 coal seams are
mined. The same theoretical calculation is used to get the rotation amount of the high-level
old roof is 2.3 m, which is less than the maximum rotation amount of 3.6 m, forming a
hinged masonry beam structure. From this, when the #2 coal seam and the 30,501 working
face are mined, the overlying strata of the 30,503 GSR will form a “low-level cantilever
beam and high-level masonry beam”.

The breaking law of overlying rocks when the #2 and #3–5 coal seams are mined
separately is analyzed to further determine the fracture law of the overlying high and low
old roofs in the GSR under the influence of repeated mining. Firstly, the limit equilibrium
theory is used to calculate the distance X0 between the broken position of the low-level old
roof and the coal wall of the working face, when the #2 coal seam is mined [31]:

X0 =
M2 A

2 tan ϕ0
ln[

KγH′ + C0/ tan ϕ0

C0/ tan ϕ0 + P0/A
] (3)

where, M2 is coal seam mining height, γ is unit weight, A is coefficient of lateral pressure,
ϕ0 is internal friction angle, K is stress concentration coefficient, C0 is cohesion, H′ is mining
depth. P0 is the support resistance of the support on the upper section level roadway to the
lower side.

Combined with the field measured data and Formula (3), it is calculated that the
breaking position of the low-level old roof after mining the #2 coal seam is 4.6 m away from
the coal wall of the 10,201 gob. The corresponding position of gangue contact point after
the breaking of the key block B on the low-level old roof is 15.2 m away from the remaining
coal pillars, 26.8 m horizontally away from the 30,501 gob, and 13.8–18.8 m away from
the 30,503 GSR. The remaining coal pillar is 28 m away from the narrow coal pillar of the
GSR. The broken length of the low old roof is 19.8 m. When the key block of the low old
roof fails, the failure position between block C and the adjacent block is 7 m away from
the 30,501 gob, located 1 m above the narrow coal pillar with width 8 m and close to the
roadway side. The remaining rock blocks with a distance of 12.8 m or shorter will form a
cantilever beam structure. Because the narrow coal pillar is affected by the fracture position
of the low cantilever beam, stress concentration can be formed on the coal pillar, which will
lead to greater damage to the coal pillar. The schematic diagram of the broken structure of
the low-level old roof is shown in Figure 6.
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Figure 6. Sectional diagram of the rock layer overlying the GSR after the low-level old roof is broken.

The same calculation method is used to calculate that after mining the 30,501 working
face, the periodic breaking length of the high-level old roof is 45.2 m, and the breaking
position is 22 m away from the coal wall of the 30,501 gob. The corresponding position of
the gangue contact point is 20 m away from the remaining coal pillar and 7–12 m away
from the 30,503 GSR after the key block of the high-level old roof is broken. The distance
between the breaking point of the high-level old roof and the gangue contact point on
the low-level old roof is only 4.8m, according to theoretical calculation results. After the
high-level rock beam breaks and sinks, part of the load acts on the gangue contact point,
and the other part acts on the coal pillar, roof, and solid coal of the GSR. The load acting
on the coal pillar will cause the roadway to deform. The stress around the gangue contact
point will be concentrated and transferred to the #3–5 coal seams. The schematic diagram
for the overlying rock layer of the GSR after the high-level old roof is broken is shown in
Figure 7.

 

Figure 7. Schematic diagram of rock structure overlying GSR under repeated mining.

When the high-level old roof breaks and sinks on the lower cantilever beam, the
cantilever beam will rotate under compressive stress and transfer a part of stress to the
lower coal pillar. Combined with the research results of Qu et al. [32], when the high-level
old roof breaks and sinks, the coal pillar is not only squeezed by overlying strata, but also
is acted upon by the rotational moment M, as shown in Figure 7. The middle and upper
part of the coal pillar are more obviously affected by the moment M, which is an important
reason for the bulge of the middle and upper part of the coal pillar beside the GSR.

3.2. Stress Transfer Characteristics of Contact Gangue Point under the Action of
Overburden Structure

According to the breaking law of overlying stratum of the GSR, the surrounding rock
of the adjacent roadway is subject to the compressive stress of the high and low level old
roof breaking on the coal body at the solid coal side and the high stress at the gangue
contact point after the high and low level old roof breaking. The maximum transferred
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stress at the contact gangue point where the old roof is broken can be calculated by the
following formula [32]:

σmax =

{
γ(4H − 2L)[2L tan α + (H − L/2) tan α] + 2γL2 tan α

4(a + h cos ϕ tan(θ + ϕ)− h sin ϕ) tan2 α
(4)

where, a is the width of the coal pillar, h is the thickness of the middle layer between the
#2 coal seam and the #3–5 coal seams, ϕ is the inclination angle of the coal seams, α is the
gangue angle, L is the inclination length of the gob, and θ is the stress transferring angle.

The length of the stress transferring area at the gangue contact point is r. Taking the
coal wall of the 30,501 gob on the right as the starting point, the stress transfer angle θ is
shown in Figure 8. The transferred stress continues to increase from 0 on both sides of the
contact gangue point and reach to the maximum value σmax at the contact gangue point.
The length r can be calculated through the model.

r = a + h cos ϕ tan(θ + ϕ)− h sin ϕ (5)

Figure 8. Sectional diagram of the stress transfer model at the contact gangue point.

According to the actual situation of the Tashan Coal Mine, the vertical distance between
the #2 coal seam and the #3–5 coal seam is 4.6 m, the width of the narrow coal pillar is 8.0 m,
θ is 30◦, the dip angle of the coal seam ϕ is 2◦. According to existing research results [32],
the gangue angle α is 75◦ and the rock fracture angle β is 84◦. The above data are substituted
into Equations (4) and (5) to obtain σmax at the contact gangue point is 23.74 MPa and r is
10.5 m. Combined with theoretical analysis, the breaking position of the old roof is 7–12 m
away from the GSR, and the influence range of the contact gangue point stress is 10.5 m.
Therefore, the transfer stress of the contact gangue point can affect the stability of the GSR
after the high-level old roof breaks and touches the gangue.

Section 2.1 concluded that microseismic events occur frequently in the high and low-
level old roof area above the GSR. The failure area of the high and low-level old roof
obtained from the theoretical analysis is basically consistent with the microseismic event
gathering area monitored on site, which verifies the accuracy of the theoretical analysis
results. Simultaneously, the field monitoring shows that the upper and middle part of the
coal pillar side of the roadway are seriously bulged compared to other areas, which further
verifies the theoretical analysis that the composite structure of low-level cantilever beam
and high-level masonry beam squeezed these areas. The stress transferring at the gangue
contact point is the main reason for side wall bulge on the solid coal side in the field.

4. Numerical Simulation Research on Deformation and Damage Law of GSR in Close
Extra-Thick Coal Seams

4.1. Model Construction and Research Plan

The numerical model is established in FLAC3D modelling software, taking the geo-
logical conditions of the Tashan Coal Mine as the engineering background, as shown in
Figure 9. The model size is 640 m × 400 m × 130 m (XYZ), with 530,504 grids. The model
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uses hexahedral mesh. For more details about numerical model and boundary conditions,
please refer to Zhao et al. 2022 [28].

p

(a) Numerical model 

(b) Sectional view of the model 

Figure 9. Numerical model.

The Mohr-Coulomb constitutive model [33] is used to reveal the deformation and
damage law of the GSR in the close extra-thick coal seams. The physical and mechanical
parameters used in the numerical model are from the experimental results of the coal and
rock sample in the Tashan Mine [28].

To reflect actual mining conditions, the following mining sequence is simulated: (1) the
30,501 working face is mined with the historical mining sequence of the working face. The
stress field and plastic zone of surrounding rock of the GSR of the 30,503 working face
are analyzed before mining. (2) The impact of mining on the 30,503 working face stability
is studied.

4.2. Distribution Laws of Stress Field and Plastic Zone Surrounding Roadway after
GSR Excavation

Modelled excavation is carried out according to the actual mining sequence. The
modelled roadway supports are consistent with the actual mine support method. The
distribution laws of the stress field and plastic zone for rocks surrounding the GSR after
GSR excavation are shown in Figures 10 and 11. As can be seen in Figure 10, the stress in
the remaining coal pillar area of the overlying #2 coal seam is highly concentrated, and
transferred the stress to the low-level coal mass and upper overlying stratums, with a
maximum value of 47 MPa. The main reason for the stress concentration in the coal pillar
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area is that after the coal masses on the left and right sides of the coal pillar are mined, the
overlying strata are in a suspended state, and the overlying stratum is mainly supported
by the remaining coal pillars. It can be seen from Figure 11, under the compressive stress
of overlying strata, the coal pillar undergoes obvious shear failure, which extends to the
lower coal seams. The coal and rock mass near the GSR is affected by the overlying #2 coal
seam. The mining of the right side of the 30,501 working face led to obvious pressure relief.
Simultaneously, due to the mining of the 30,501 working face on the right side of the GSR,
the 4.6 m-thick immediate roof collapsed and drove waste rocks from the mining settlement
of the #2 coal seam to further collapse. Moreover, overlying sandstones with 51 m thick also
fractured integrally to act on gob and narrow coal pillar. At this time, narrow coal pillars are
the main support point of the overlying strata. Under the overlying rock subsidence and
rotary extrusion, the stress in the narrow coal pillar area of the #3–5 coal seams increases
with a maximum of 17 MPa in the junction area between the cantilever beam and the
coal mass. The stress extends to the middle and upper area of the GSR. Shearing and
tensioning damage occurred in the GSR due to the subsidence and rotary extrusion of
overlying strata. The subsidence and extrusion of overlying key blocks on the coal pillar
side is the main reason for the plastic failure of the side, as well as an important cause for
the heave occurring in the middle and upper part of the coal pillar side, as obtained in
Section 3.1. The vertical stress transmitted by the key blocks acts on the solid coal and coal
pillars, which becomes a crucial cause of the floor heave. Based on the above analysis, it
can be seen that after the adjacent working faces are mined, the squeezing effect after the
key blocks above the GSR sank and broke is an important reason for the deformation and
failure of the surrounding rock of the roadway.

Figure 10. Stress contour of surrounding rocks after GSR excavation.

4.3. Influence Law of Mining Action on Stability of GSR in 30,503 Working Face
4.3.1. Variation Law of Advanced Support Pressure under the Influence of Mining

The field measurement shows that the advanced support pressure is one of the main
reasons for the deformation and damage of the rock surrounding the GSR. Figure 12a shows
the advanced support pressure distribution in the middle of the coal seams under different
mining distances of the 30,503 working face. Figure 12a indicates that there are three stress
peaks. The left and right peaks correspond to the stop mining line of overlying coal seam
#2 and the open-off cut corresponds to the remaining coal body area, and the middle is the
advanced support pressure peak area. When the 30,503 working face is mined 60 m, 80 m,
90 m, 100 m, and 110 m, respectively, the peaks of the advanced support pressure were
20 MP, 28 MPa, 31.2 MPa, 31 MPa, and 29 MPa, respectively. Stress peaks basically occur at
the position 20 m ahead of the working face. When the working face is mined to 90–100 m,
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the advanced support pressure reaches the peak value, which means the working face has
been fully mined. When mining to 100 m, the peak value in vertical stress distribution
(Figure 12b) and the plastic zone distribution (Figure 12c) are also basically located at the
position of 20 m ahead of the working face.

 

Figure 11. Distribution of plastic zone surrounding the GSR.

 
(a) Advance support pressure at different mining lengths 

  
(b) Distribution of stress field (c) Distribution of plastic zone 

Figure 12. Distribution of stress and plastic zone.
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A total of six monitoring lines were arranged along the working face on the solid
coal and coal pillar sides of the GSR, to further reveal the influence of mining the 30,503
working face on the surrounding rock stability of the GSR. The monitoring lines on the
solid coal side are arranged 2 m away from the roadway with an interval of 2 m as lines 1,
2, and 3 sequentially from inside to outside. The coal pillar side is arranged similarly, as
shown in Figure 13.

 

Figure 13. Layout of monitoring lines in two sides of the GSR. Different colors represent different
coal and rock beds.

The vertical stress distribution of two roadway sides at different mining distances is
simulated as shown in Figures 14–16:

  
(a) Stress distribution on the solid coal side (b) Stress distribution on the coal pillar side 

Figure 14. Vertical stress distribution when mining at 60 m.

  
(a) Stress distribution on the solid coal side (b) Stress distribution on the coal pillar side 

Figure 15. Vertical stress distribution when mining at 80 m.
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(a) Stress distribution on the solid coal side (b) Stress distribution on the coal pillar side 

Figure 16. Vertical stress distribution when mining at 100 m.

The advance support pressure on the solid coal side of the roadway changes with the
continuous advance of the mining face. When the working face is at 60 m, 80 m, and 100 m,
respectively, the peak values of the advance support pressure are 21.6 MP, 29.3 MPa, and
39.1 MPa, respectively. With the advance of the working face, the stress peaks basically
appear about 20 m in front of the working face, and the stress peaks also increase with the
mining length. This is mainly due to the mining of the working face in the proximity of
the 30,501 gob. Under the coupling action of the advanced bearing pressure and the lateral
bearing pressure, the stress peak value increases continuously.

Comparing supporting pressures on the coal pillar side of the roadway under different
mining distances, it can be seen that when the working face is at 60 and 80 m, the distri-
bution trend of the supporting pressure is similar. The peak value of the bearing pressure
on the coal pillar is stable at 12.1–15.2 MPa. However, when the working face is mined to
100 m, the peak support pressure is 18.5 MPa. The support pressure on the monitoring line
6 near the gob basically does not change, indicating that the coal in this area is very broken.
The supporting pressures along the survey line 4 and line 5 have the increase of 2.77 MPa
and 3.7 MPa, respectively, compared with that when the mining is at 80 m. This indicates
that the compression effect from the overlying strata on the coal pillar near the gob is more
dominant due to mining, which is in line with the theoretical analysis results.

The advanced support pressure variation in two sides of the roadway during mining
shows that the peak value basically appears at about 20 m ahead of the working face. Also,
the coal on the coal pillar side is significantly more broken than the solid coal side with
lower carrying capacity. Within 8 m of the solid coal side, the coal body is more broken as
it is closer to the roadway side and the coal pillar is more fragmented as it is closer to the
gob. This is an important cause for roadway side walls bulging during mining.

4.3.2. Stress Distribution around the Roadway during Mining

Monitoring lines are arranged surrounding the roadway to further quantify the stress
changes of the two sides and the floor of the roadway during mining. The length of the
two-side monitoring lines is 8 m. Line A starts parallel to the roof. A total of eight lines are
arranged with 1 m interval. Four 6 m long monitoring lines are arranged in the floor with
an interval of 1 m. The layout of the monitoring lines is shown in Figure 17. The simulated
working face is mined 100 m forward and the stress distribution law on the monitoring
section at 0, 20, and 30 m ahead of the working face is extracted. The results are shown
in Figure 18.

135



Sustainability 2023, 15, 2710

Figure 17. Sectional layout of the roadway monitoring lines.

 

 

(a)  

(b) (c) 

Figure 18. Monitored vertical stresses around the GSR. (a) 0 m ahead of the working face, (b) 20 m
ahead of the working face, (c) 30 m ahead of the working face.

Figure 18 shows when the distance of mining to the working face is 100 m, the stress
changing trend within 20 m ahead of the working face in solid coal side is basically the
same, and its bearing capacity increases as it moves away from the roadway and its peak
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shows up at 7 m away from the roadway. The peak position is close to the theoretical
calculation result in Section 3.1 located at the gangue contact point. The rise of the stress
in solid coal side at an advance of 30 m is significantly lower than that within 20 m. It
can be seen that the range of 20 m ahead of working face is the main mining affected area.
Figure 18 shows that the peak stress on the coal pillar side within 30 m of the working
face appears at 2 m near the roadway. 2.2 m bolts have been used for the two sides of
roadway. The protection range is just in the peak stress range of the coal pillar side, which
is an important reason for the damage and the bulge of bolts on the coal pillar side. The
breaking position of the low-level old roof is 1 m away from the coal pillar, as calculated in
Section 3.1. The numerical simulation is similar with the theoretical results. It can be seen
from the stress distribution within 30 m, the peak stress in the roadway sidewall on the
coal pillar side always appears at the position of monitoring lines A, B, and C. This stress
distribution characteristic can explain the phenomenon for the heave and serious damage
of the middle and upper coal pillar side onsite.

The stress of the solid coal side is significantly larger than that of the coal pillar side
within 20 m ahead of the working face. The stress of the coal pillar side is larger at 30 m.
This is because the coal pillar within the mining-influenced range is disturbed by repeated
mining, yielding a reduced bearing capacity. The mining causes the high-level rock beam
to break and in contact with the waste rock. In this case, the solid coal becomes the main
bearing structure after the overlying key block is broken with a high stress concentration
area appearing on the side. In the area not affected by mining, the coal pillar is relatively
complete with the coal pillar as the main bearing structure after the overlying key block is
broken. Thus, the stress increases under the compression of broken key block.

Figure 19 shows the monitoring results of the horizontal stress at each monitoring
line in the two sides of the roadway. The measured horizontal stress of the solid coal at
20 m and 30 m ahead of the working face is greater than that on the coal pillar side of the
roadway. The horizontal stress peaks appear at 2 m from the roadway on the coal pillar side
and at 7 m on the solid coal side, which is consistent with the vertical stress peak position.
The high horizontal stress on the solid coal side of the roadway is the direct cause for the
heave on the solid coal side.

 
(a) 20 m ahead of the working face (b) 30 m ahead of the working face 

Figure 19. Horizontal stress distribution of two sides of GSR.

When simulated 30,503 working face is at 100 m, the vertical stress distribution of each
survey line within 4 m of the roadway floor at 0, 20, and 30 m ahead of the working face
is shown in Figure 20. When mining the working face, the stress under the floor presents
a “U-shaped” distribution. The stress value on the solid coal side is higher within the
mining influence range, while the stress value on the coal pillar side is higher away from
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the mining influence. The overlying load is transmitted to the roadway floor through the
two sides of the roadway, and the high vertical load on the floor is the direct cause for the
continuous occurrence of the floor heave.

 

 

(a)  

  
(b) (c) 

Figure 20. Vertical stress distribution at GSR floor. (a) 0 m ahead of the working face, (b) 20 m ahead
of the working face [28], (c) 30 m ahead of the working face.

4.3.3. Displacement Distribution around the Roadway Affected by Mining

When 30,503 working face is at 100 m, the horizontal displacement changes along
each survey line in the roadway sides within 30 m ahead of the working face is shown
in Figure 21. The changing trend within 30 m is basically the same on two sides of the
roadway. The maximum deformation on the solid coal side is 0.69 m, located at 1 m away
from the sidewall. The deformation on the gob side increases continuously in coal pillar
with a maximum displacement of 1.4 m. The deformations along the monitoring line B
and C are larger than that along line D on the coal pillar side, which is basically consistent
with the roadway deformation characteristics on site. Based on the above analysis, it can
be concluded that the large deformation of the deep coal is an important cause for the
occurrence of bulging on coal pillar side of the roadway. Also, there are only 2.2 m bolts for
the coal pillar, which cannot control the heave effectively.
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(a)  

  
(b) (c) 

Figure 21. Horizontal displacement distribution of the roadway two sides. (a) 0 m ahead of the
working face, (b) 20 m ahead of the working face [28], (c) 30 m ahead of the working face.

According to the research results obtained from the study. The middle part of roadway
near the solid coal side, and the middle and upper of the roadway on coal pillar side within
20 m in front of the working face shall be strengthened on the basis of the existing support.
Improving the rock bearing capacity on the coal pillar side and using longer bolts could be
effective measures to ensure the stability of the GSR.

The vertical displacement changes in the roadway floor within 30 m ahead of the
working face when 30,503 working face is at 100 m is shown in Figure 22. The maximum
floor heave of 0.41 m appears in the middle roadway 20 m ahead of the working face. Due
to high vertical stress in side walls, the roadway continues to heave, and the displacement
gradually decreases with increasing distance from the floor. When it is 4 m away from the
roadway floor, the displacement is basically negligible. Under the high unbalanced load, the
floor is prone to heave plastically under the coupling action of the horizontal compression
and the vertical stress. Meanwhile, the vertical stress generated by the breaking of the high
and low old roofs acts on rocks surrounding the 30,503 GSR, and the load of overlying
rocks is transmitted to the floor through the two sides of the roadway. Under the high
stress, two corners of the floor displace downward, and hereby the roadway is squeezed
and heave. When the high stress exceeds the ultimate strength of the floor, the floor will be
squeezed out and fractured in the roadway.
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(a)  

  
(b) (c) 

Figure 22. Vertical displacement distribution of the roadway floor. Two black line in (a) used to
explain the location of roadway. (a) 0 m ahead of the working face, (b) 20 m ahead of the working
face [28], (c) 30 m ahead of the working face.

5. Conclusions

(1) The fracturing and subsidence of the key layers accompanied by dense microseismic
events have an important impact on the stress field surrounding the GSR. The deformation
of the middle roadway on the solid coal side, the middle and upper roadway on the coal
pillar side and the bottom of the roadway are relatively large.

(2) Under the influence of mining, the overlying strata of the GSR are broken to form
a composite structure as “low-level cantilever beam and high-level masonry beam”. The
breaking and subsidence of the structures are the main cause for the stress and instability
increase in the roadway. The breaking position of the low-level old roof is 1 m away from
the coal pillar. The maximum transferred stress at the contact gangue point is 23.7 MPa.

(3) Shear and tension failure happen in the GSR due to overburden subsidence and
rotary extrusion. The stress and displacement at the middle and upper coal pillar side
of the roadway are relatively large. The peak stress in solid coal side is about 1.8 times
that of the coal pillar side. The peak stress on the coal pillar side appears 2 m away from
the roadway, which is close to the length of the bolt support. The maximum horizontal
displacement on the coal pillar side is about 2 times that of the solid coal side.

(4) The mining-induced stress and the stress transferring at the gangue contact point
are the direct reasons for side wall bulge on the the solid coal side. The peak stress in solid
coal is 7 m away from the roadway, which is at the gangue contact point where overburden
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breaks. The coupling effect of the overburden stress, the transferred stress near the gangue
contact point, and the horizontal stress is the force source for the floor heave. The research
results are of great significance to guide the targeted roadway support of similar mines.
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Abstract: Understanding the response law and mechanism of weak currents stimulated from coal
under an impact load is significant for the prediction of coal bumps in deep coal mines. In this paper,
the system for the weak current measurement of coal under an impact load is established and the
response characteristics of weak currents induced by the deformation of coal under an impact load are
investigated. Physical models are established to describe the process of charge transfer and explain
the generation mechanism of those currents. The results show that a transient current is stimulated
from the coal sample when an impact load is applied, and then, the current decays slowly, tending
to be a stable value that is slightly greater than the background current. The weak current flows
from the loaded volume to the unloaded volume of the coal and increases with the impact velocity
in a negative exponential form. Analysis of weak currents using non-extensive entropy shows that
the attenuation of the weak current obeys non-extensive statistical mechanics and the non-extensive
parameter q is greater than 2. The carriers are mainly electrons, of which the distribution obeys
the tip effect that electrons tend to enrich towards the tip of a crack. The generation mechanism
of those weak currents induced by coal deformation is the instantaneous movement of electrons
under a density difference caused by the tip effect. Research results can provide a new perspective to
understand the electric phenomena of coal under an impact load as well as a new method for coal
bump prediction.

Keywords: coal bump; transient current; impact load; mechanism; carriers

1. Introduction

Coal bumps, a kind of underground dynamic disaster induced by the sudden release
of elastic deformation energy accumulated in coal mass during mining [1,2], usually cause
serious casualties and property loss [3]. A coal bump is closely related to the deformation
aggravation of coal mass [4–6], of which the process is always accompanied by the emission
of various physical signals, such as acoustic emission (AE), electromagnetic radiation
(EMR), surface potential, and charge induction, which can reflect the damage evolution of
coal [4,7,8]. Therefore, the measurement of the physical signals emitted from coal during
deformation is an important basis for coal bump prediction and early warning [9].

Applying a mechanical load on coal and rock materials can stimulate a weak cur-
rent [10–16], which is also called the pressure stimulated current (PSC). Stavrakas et al. [11]
studied the characteristics of PSC from marbles through laboratory experiments, which
showed that an obvious weak current can be generated after the stress reaches 0.6σf (σf
is the peak stress), and the peak current is considered to be proportional to the loading
rate. Afterward, Triantis et al. [13] obtained a more general conclusion on the relationship
between PSC and the mechanical behavior of loaded marble specimens: obvious weak
currents can be observed only when the applied load exceeds the yield stress, and the
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generation of weak current from rocks is mainly induced by the change in Young’s modulus.
Kyriazopoulos et al. [17] believe that the PSC is directly proportional to the strain rate, and
the occurrence of fracture is accompanied by the sudden increase in PSC. The experimental
results from a study by Freund et al. [14,15,18,19] on weak currents from igneous rocks
(granite, anorthosite, gabbro, etc.) show that a weak current is generated the moment a load
is applied, and it can increase rapidly to a peak even at a very low stress level. Li et al. [16]
believe that PSC response characteristics are closely related to the deformation stages of
rock; they also found that the precursors of rock failure based on the PSC response are
different for various stress states, such as under progressive loading and during a creep
process. In recent years, the weak current technique has been introduced to study the
deformation and damage process of coals. He et al. [20,21] measured weak currents of
nanoamps on the surface of coal samples under uniaxial compression, confirming that weak
currents can also be stimulated from loaded coal. Li et al. [22] investigated the response
laws of weak currents stimulated from large-scale coal samples under a concentrated load
and proposed the principles of predicting coal bumps using the weak current method. To
verify the feasibility of the weak current method in coal bump prediction, Li et al. [23] also
conducted field tests in a deep underground coal mine using their self-developed weak
current measuring device, filling the gap in the application of the weak current technique
in underground engineering. The field test results show that the weak current responds
well to mine seismicities and the weak current technique has a broad prospect in coal and
rock dynamic disaster prediction due to its advantages of strong anti-interference ability
and sensitive response.

Previous research on the weak current stimulated from stressed coals provides a new
idea and theoretical basis for coal bump prediction and early warning, but almost all of these
studies are focused on the static load condition. In underground mining, the catastrophic
failure of coal under the disturbance induced by excavation blasting, mechanical drilling,
and roof fracture is becoming one of the major safety risks [24,25]; thus, investigations
on the measurement of the physical signals of coal under an impact load are vital for the
further understanding of the coal bump evolution process. Liu et al. [26] investigated the
burst characteristics of coal under impact loading using an AE system and analyzed the
development of fractures in coal samples through an AE count. Feng et al. [27] studied the
fracture characteristics of coal and its AE response under dynamic loading, revealing the
“double peak” pattern of the dynamic strength of coals. Yang et al. [28] studied the damage
evolution characteristics of coal samples under impact loading under different surrounding
pressures by measuring the change in ultrasonic wave velocity, through which the internal
damage of coal samples was quantitatively characterized. Xu et al. [29] investigated EMR
characteristics during the dynamic fracturing progress of gas-bearing coal under impact
loadings through laboratory experiments.

So far, the research on the weak current response characteristics of coal under an
impact load is still lacking, which limits the improvement of the weak current technique
for coal bump prediction and early warning. In the present work, an experimental system
for the weak current measurement of coal under an impact load is established, laboratory
experiments on coal samples under various impact loads are conducted, and the weak
currents are measured synchronously. The response characteristics of the weak current are
analyzed and its generation mechanism is investigated, by which the physical models are
established to describe the processes of charge transfer and weak current generation.

2. Experimental Details

2.1. Material

Coal blocks were collected from the Zhangminggou coal mine in Shaanxi, China.
Cuboid samples measuring 50 × 80 × 200 mm3 were cored and cut from these blocks
in strict accordance with the standards specified by the International Society for Rock
Mechanics [30]. The surfaces of each sample were ground flat so that the surface roughness
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did not exceed ±0.02 mm, and the end face was perpendicular to the axis; the maximum
deviation was not greater than 0.25◦.

2.2. Experimental System

The experimental system consists of a loading system, a weak current measurement
system, and an electromagnetic shielding system (Figure 1). The impact load is supplied
by a DK-5621 falling ball impact tester, with the drop height ranging from 0 to 2000 mm,
with a minimum scale of 10 mm. The drop of the ball is controlled by a DC solenoid valve
with an infrared positioning function. The weak current measurement system consists of a
Keithley 6517B electrometer (Tektronix (China) Co., Ltd., Shanghai, China), a computer,
a tri-coaxial cable, and two electrodes. The range of this electrometer is from 1 fA to
20 mA, with a minimum resolution of 1 fA. The independently developed data acquisition
software, based on the LabVIEW system design platform (National Instruments, Austin,
TX, USA), is installed on a personal computer running Windows 10 to acquire, display, and
store the current data. To diminish the interference of surrounding electrical noise to the
weak currents generated from the coal samples, the experiments were conducted in an
electromagnetic shielding room.

Figure 1. Diagrammatic sketch of impact loading and electrode arrangement. (1) Computer; (2) elec-
trometer; (3) triaxial shielded cable; (4) solenoid valve controller; (5) Teflon sheet; (6,7) copper
electrode; (8) stainless steel piston; (9) coal specimen; (10) DC solenoid valve; (11) steel ball; (12) fixed
support; (13) electromagnetic shielded room.

2.3. Experimental Scheme

As shown in Figure 1, the sample measuring 50 × 80 × 200 mm3 is put on a steel piston
of 80 mm in diameter that is electrically insulated from the tester by a 3-millimeter-thick
Teflon sheet. An oblong copper electrode (80 mm long, 50 mm wide) is attached to the
end surface of the unstressed volume, and another copper electrode (30 mm long, 20 mm
wide) is attached to the steel piston. The HI (high) side of the electrometer is connected
to the electrode attached to the end side of the unstressed volume, while the LO (low)
side is connected to the electrode attached to the piston, which is also connected to an
electromagnetically shielded room that is grounded. The sampling frequency of 3 Hz for
the current measurement has been chosen in the experiments.

Five specimens numbered CIL01, CIL02, CIL03, CIL04, and CIL05 were prepared for
impact loading tests. A steel ball weighing 225 g was used for the tests, and eight falling
heights of 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0, and 1.5 m were set to investigate the influence of
impact velocity on the magnitude of transient currents. Three groups of parallel tests on
Specimens CIL01, CIL02, and CIL03 were carried out; Specimens CIL04 and CIL05 were
held in reserve.
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3. Results and Discussion

3.1. Weak Current Response Characteristics

Figure 2 shows the variation of weak currents stimulated from Specimen CIL02 with
time. It can be seen that before an impact load is applied to the coal sample, the weak
current is stable at a certain value, which is called the background current. The moment
an impact load is applied, the weak current increases instantly to the peak value; the
phenomenon is known as a transient current. After that, the current decreases gradually,
tending to be a certain value (marked by the dashed line), which is named the stable current.
As shown in Figure 2, after an attenuation of hundreds of seconds, the current seems to be
still greater than the stable current, which is verified by the data listed in Table 1. Previous
research shows that the weak currents from rock and coal under a static load also decay
when the applied load no longer increases or remains constant [12,13,16,19,22], and the
decay trend is similar to that shown in Figure 2. The difference is that the stable current is
much higher than the background one for the static load condition, while the two are very
close for the impact load condition (see Table 1). Due to the fact that the applied load is the
driving force of the generation of weak current, the current can also be stimulated, although
the load applied on the coal/rock is maintained, making the current stable at a value much
higher than the background one. In our experiments, the application of the impact load on
the coal samples can be considered instantaneous and is removed subsequently, making the
transient current decay without any driving force. Essentially, the weak current stimulated
by an impact load tends to be the background value, but this process will take a long time,
so the stable current is only a little higher than the background current.

Table 1. Typical currents stimulated from Specimen CIL02 under various impact loadings.

Drop Height/m Background Current/nA Peak Current/nA Stable Current/nA

0.1 0.5 5.4 0.7
0.2 0.6 8.1 1.0
0.4 0.6 10.7 1.0
0.5 1.0 11.9 1.1
0.6 0.4 12.4 0.6
0.8 0.6 15.3 0.6
1.0 1.0 16.4 1.2
1.5 0.5 17.6 0.5

Figure 2. Cont.
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Figure 2. Variation of weak currents with time for Specimen CIL02 for different ball falling heights.
(a) 0.1 m; (b) 0.2 m; (c) 0.4 m; (d) 0.5 m; (e) 0.6 m; (f) 0.8 m; (g) 1.0 m; (h) 1.5 m. The dashed line marks
the stable current.

It can be seen from Figure 2 that the variation law of weak currents stimulated from
coals under an impact load is consistent, but the peak currents are different. Therefore, it
is necessary to investigate the relationship between the falling height of the ball and the
intensity of a transient current, which can be calculated by the following formula:

Itr = Ip − Ib (1)

where Itr is the intensity of a transient current, Ip is the peak current, and Ib is the back-
ground current. The intensity of transient currents for the three groups of experiments
is listed in Table 2, and the error bar curve is shown in Figure 3. The fitting results of
the scatter of the average transient current show that the intensity of transient currents
increases exponentially with the falling height of the ball.
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Table 2. Intensity of transient current from coal samples under an impact load.

Drop Height/m
Transient Current/nA

CIL01 CIL02 CIL03 Average

0.1 3.8 4.9 4.3 4.3
0.2 9.4 7.5 7.4 8.1
0.4 13.1 10.1 10.6 11.5
0.5 14.4 10.9 12.1 12.5
0.6 13.5 12.0 14 13.2
0.8 15.6 14.7 14.8 15.0
1.0 14.7 15.4 17.2 15.8
1.5 19.5 17.1 16.3 17.6

Figure 3. Error bar curve of transient currents with the falling height of the ball (h) for the three
groups of tests.

Previous studies show that the weak current stimulated from coals under a static load
increases with strain rate [22,30], so it is reasonable to investigate the relationship between
the transient current and the strain rate of coal under an impact load.

According to the law of conservation of energy [31], the gravitational potential energy
before the ball begins to fall is equal to the kinetic energy the moment it hits the coal sample
without considering the effect of air resistance; hence, the energy relationship is

1
2

mv2 = mgh (2)

where m is the mass of the ball, g is gravitational acceleration, h is the height the ball falls
from, and v is the speed of the ball when hitting the coal sample. Then

v =
√

gh (3)

The strain rate caused by the impact load is positively correlated with the speed of the
ball when striking the coal sample [24], that is

dε

dt
∝ v (4)

From Equations (3) and (4), we can derive Equation (5):

dε

dt
∝ h1/2 (5)
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In order to investigate the relationship between the transient current and the strain
rate, the relationship between the transient current and h1/2 needs to be determined first;
hence, the error bar curve of the transient current, corresponding to the h1/2 of Specimens
CIL01, CIL02, and CIL03, is drawn in Figure 4. The fitting results to the scatters show that
the transient current increases negatively and exponentially with the height that the ball
falls from. The relation can be expressed as:

Itr ∝ −e−h1/2
(6)

Figure 4. Error bar curve of the transient currents with h1/2 for the three groups of tests.

From Equations (5) and (6), we can derive Equation (7):

Itr ∝ −e−dε/dt (7)

Equation (7) indicates that the weak current stimulated from coals under an impact
load increases negatively and exponentially with the strain rate, which is consistent with
that for coals under a static load [22,32].

The application of an impact load on the coal is completed in a very short time, which
can be regarded as instantaneous, so the strain rate reaches its maximum instantly. The
weak current increases with the strain rate, so the weak current reaches its peak value
instantly, generating a transient current. After the application of the impact load, the coal
deformation gradually recovers, so the weak current attenuates gradually and, finally,
tends to be stable.

3.2. Attenuation Laws of Transient Currents

As depicted in Figure 2, the currents exhibit almost an identical attenuation trend. In
order to facilitate the analysis of the unity of the attenuation law of the weak current, the
time when the current begins to decay is zeroed. As shown in Figure 5, the weak current
curves flatten out gradually, indicating that the decay rate of the current decreases. In
addition, after hundreds of attenuations, these currents are still greater than the background
one, indicating that the attenuation of currents is a slow dissipation process.
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Figure 5. Curves of current attenuation for different ball falling heights for Specimen CIL02.

In 1988, Tsallis C proposed a non-extensive entropy (Tsallis entropy), which is defined
as [33]:

Sq = kB

1 − W
∑

i=1
Pi

q

q − 1
(8)

where kB is Boltzmann’s constant, Pi is a set of probabilities, q is the non-extensive parameter,
and W is the total number of possible microscopic configurations. There is a normalization

condition where
W
∑

i=1
Pi = 1. This kind of statistical mechanics, based on Tsallis entropy, is

called non-extensive statistical mechanics, and it will be used to analyze the attenuation
laws of the transient current.

Because both the transient currents and the stable currents are different for different
ball falling heights, in order to unify the attenuation law of these currents, the decay
currents are first normalized using the following formula:

ξ(t) =
It − Is

Ip − Is
(9)

where ξ(t) is the normalized current, It is the real-time current in the relaxation phase, and
Is is the stable current.

If the current relaxation was of the exponential type, then the normalized current ξ(t)
would satisfy the following equation [34–36]:

dξ

dt
= −β·ξ (10)

Considering the involvement of multi-fractality, a more general equation holds:

dξ

dt
= −βq·ξq (11)

where βq is the decay factor that is related to the internal energy of a system.
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Equation (11) leads to a generalized q-exponential function:

ξ(t) = [1 − (1 − q)·βq·t]1/1−q = exp(−βq·t) (12)

The normalized currents after the withdrawal of the impact load on Specimen CIL02
are calculated by Equation (9). The scatters of ξ, corresponding to different heights, are
depicted in Figure 6 and are fitted by using Equation (12). Figure 6 shows that all the fitting
curves correspond well to the scatters of current measured in our experiments, and the
coefficients of determination, R2, are all greater than 0.95, showing that the fitting results
are very good [37]. In addition, by non-extensive statistical mechanics, q < 1 enhances the
rare events, while q > 1 enhances the frequent events. As shown in Figure 6, the q values are
all greater than 2, indicating that the relaxation of these currents obeys the non-extensive
statistical mechanics.

Figure 6. Cont.
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Figure 6. Normalized decaying currents from Specimen CIL02 for different falling heights of the ball.
(a) 0.1 m; (b) 0.2 m; (c) 0.4 m; (d) 0.5 m; (e) 0.6 m; (f) 0.8 m; (g) 1.0 m; (h) 1.5 m.

3.3. Mechanism of Weak Current from Loaded Coals
3.3.1. Carriers in Coal

The fact that the weak current can be stimulated from coals under an impact load
shows that there must be carriers in the coal. According to the dielectric conduction theory,
there are only three forms of carriers: ions, electrons, and holes [38].

Ionic conductivity is the conductive process of the directional movement of positive
and negative ions, so the necessary condition for ionic conductivity is the presence of ions
that can move freely [38]. The basis to judge whether there are ions that can move freely in
a substance are: (1) whether there are ions and (2) whether there are conditions for ions to
move freely. In our experiments, there is neither solution nor molten minerals in the dry
coal sample at room temperature, so there is no condition for the free movement of ions.
Therefore, it is inferred that the carriers of the weak current generated in the coal samples
are not ions.

Freund et al. [18,19] proposed that the p-holes formed by the loss of an electron by the
oxygen atom of silicate minerals are the main carriers in igneous rocks. Li et al. [22] intro-
duced the p-hole theory to explain the generation mechanism of weak currents stimulated
from coals under a static load and believed that the p-holes are induced by the breaking of
covalent bonds within coal molecules. P-hole theory can well illustrate the directionality
of weak currents, but there are still some limitations in using this theory. It holds that the
p-holes in coals are not primary holes but are generated due to the fracture of chemical
bonds. The existing research shows that a weak current can be generated the moment a
load is applied to the coal/rock material, and it can still increase rapidly to a peak value
even at a low stress level [14–16,18,22]. Considering that current is defined as the quantity
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of charge passing through the cross-section of a conductor per unit of time [38], the sudden
increase in current requires a large quantity of charge in a very short time. If the carriers of
those currents are p-holes, then a large number of chemical bonds, such as –O–O–, –C–OH,
–C–SH, –C–CmHn, in coals need to be broken quickly. However, the breaking of chemical
bonds absorbs high energy, but the energy of the ball falling from a height of 0.1 m is too
small to provide enough energy to break a large number of chemical bonds, so few p-holes
can be activated and the transient current is impossible to stimulate. Therefore, p-holes are
not the main carriers of the weak currents from stressed coals.

Based on the above analysis, the carriers of the weak current from loaded coal are
electrons. Except for the free electrons that naturally exist in the coal, a large number of elec-
trons can also be generated by friction, stress-induced polarization, and crack propagation,
which will provide sufficient carriers for the weak currents from coals [32].

3.3.2. Mechanism and Physical Models

For the electrometer used in our experiments, the sign of the measured current is
positive if it flows to the HI side. Our experimental results show that the weak currents
measured are all positive, indicating that the current flows to the HI side of the electrometer.
Accordingly, the diagram of the equivalent circuit, composed of the coal sample, copper
electrodes, wires, and the electrometer, can be obtained, as shown in Figure 7. Considering
that the flowing direction of electrons is opposite to that of the current [38], the electrons
flow out from the HI side. Due to the movement of electrons being continuous in this
circuit, the path that the electron moves along can be depicted in Figure 7, indicating that
the electrons flow from the unstressed volume to the stressed one.

 

Figure 7. Equivalent circuit diagram showing the flow of the current and the movement of electrons
in the coal.

Our previous research shows that the charge distribution in the coal and rock materials
obeys the tip effect, which holds that electric charges tend to concentrate at the tip of a
crack [30]. Therefore, the charge distribution on the coal surface is illustrated in Figure 8.
The distribution of charges is closely related to the surface topography of the coal, and the
surface of coal is rough, especially at the friction interface or surface of new cracks, so the
charges cannot be evenly distributed. In fact, the negative charges are distributed on the
surface of a “sunken” crack, while the positive charges are on that of a “bulge”. In addition,
under the action of the tip effect, the charges tend to concentrate at the tip location of the
coal surface, so the electron density increases along the path to the tip of a “sunken” crack
or a “bulge”.

153



Sustainability 2023, 15, 2605

Figure 8. A physical model showing charge distribution on coal surfaces.

The coal is in the thermal equilibrium state when it is not loaded, so the free electrons
are in a chaotic motion, representing electrical neutrality. As shown in Figure 9a, before
the coal is loaded, the free electrons are evenly distributed in the coal, but when an impact
load is applied to the coal (Figure 9b), the primary crack will be closed quickly, which is
accompanied by the generation of a large quantity of charges due to friction electrification.
Under the action of the tip effect of charges, the original and newly generated free electrons
flow to the tip of the fracture space, leading to the reduction of free charge density in the
loaded volume of the coal. Because of the charge density difference between the stressed
volume and the unstressed one, the electrons in the unstressed volume will diffuse to the
stressed volume through the conductive channel to reach a new charge balance in the coal.
The diffusion path is depicted by the arrow in Figure 9b.

Figure 9. Schematic diagram showing the generation mechanism of currents induced by coal defor-
mation. The coal is (a) unloaded and (b) loaded.
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By definition, the current is calculated by [38]:

I =
dq
dt

(13)

where I is the current, q is the charge quantity that flows from a cross-section of a conductor,
and t is the time of charge flow.

The application of an impact load on coal can be regarded as instantaneous, making
the primary cracks close in a very short time. Under these circumstances, the charge density
difference is formed instantly, and the electrons flow instantaneously, so a transient current
can be stimulated when an impact load is applied.

4. Conclusions

The contributions of this study can be summarized as follows:

(1) The moment an impact load is applied to coal, a weak current, increasing instantly
to the peak value (transient current), is stimulated, and the current flows from the
loaded volume to the unloaded one through the coal. The intensity of the transient
current increases with impact velocity, which is positively related to the falling height
of the ball.

(2) The transient current decays slowly after the withdrawal of the impact load, tending
to be a stable value that is slightly greater than the background current before the load
application. The attenuation of the transient current lasts hundreds of seconds and
obeys non-extensive statistical mechanics, with the non-extensive parameter q greater
than 2.

(3) The main carriers of the stimulated weak currents are free electrons. The generation
mechanism of the weak currents induced by coal deformation is the instantaneous
movement of electrons under a density difference. The closure of primary cracks
makes electrons flow toward the tip of the shuttle fracture space under the action of
the tip effect, leading to a charge density difference, which makes the electrons in the
unloaded volume move to the loaded one to reach a new charge balance, generating
the transient currents.
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Abstract: Overburden strata fracture evolution is critical to dynamic disaster prevention and gas-
relief drainage, so it is important to accurately determine the evolution relationships with mining
disturbance. In this paper, experiments and numerical simulation were adopted jointly to characterize
the time-varying fracture area of overlying strata. The experimental results showed that the roof strata
gradually broke and collapsed with coal mining, which indicated the fractures of overburden strata
developed in an upward direction. The fracture development causes were explained by numerical
simulation, which showed that stress increase exceeded the strength of coal and rock strata, and
fractures were formed and expanded. Both experiments and numerical simulation results showed the
two sides and the top of fracture areas provided channels and spaces for gas migration and reservoir,
respectively. In addition, the breaking angle of overburden strata and the height of fracture areas
were analyzed quantitatively. Through microseismic monitoring at the mining site, the fracture scales
and ranges of overburden strata were verified by the energy and frequency of microseismic events,
which were consistent with the support of maximum resistance. The position of drainage boreholes
was considered based on the results of overburden strata fracture evolution. Our study is aimed at
promoting coal mining in safety and improving gas drainage with a sustainable approach.

Keywords: fracture evolution; mining disturbance; experimental analysis; numerical simulation;
microseismic response

1. Introduction

During coal mining, the overburden strata gradually bend, sink and break [1]. Along
the direction of formation height, there are collapse zones, fracture zones and bending
subsidence zones formed in overburden strata. Especially in fracture zones, this provides
space for gas storage [2–6]. To prevent a gas disaster, it is necessary to conduct gas
drainage in this area. The extracted gas can be used as clean energy, which can improve
resource utilization efficiency and avoid disasters [7–9]. However, it is a difficult problem
to determine the exact location of the overburden fractures caused by mining disturbance.

The processes of fracture initiation, propagation and penetration of coal and rock
specimens under different loading conditions have been studied [10–14]. Yang et al. (2020)
studied deformation characteristics and fracture evolution of a jointed rock mass, and
the relationship between these and joint angles [15]. Li et al. (2022) investigated fracture
evolution and failure behavior of granite samples with cross-joints in uniaxial loading
experiments, and found that cross-joints affected strength and deformation properties [16].
In cyclic loading experiments, Wang et al. (2022) explored fatigue damage and fracture
evolution of red sandstone, and concluded that crack propagation was dominated by
tensile cracks [17]. Pirzada et al. (2021) discussed contact area and aperture evolution of
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natural fractures during the shearing process of rock [18]. Due to the discrete properties of
specimens, a large number of tests are required in studies to determine common processes
in the evolution of fractures [19–21].

With respect to discrete properties of samples, numerical simulations have been used
in the study of coal and rock fracture evolution [22,23]. Han et al. (2020) divided the
shearing process of rock-like materials into four stages, including the linear elastic stage,
crack strengthening stage, plastic softening stage, and residual strength stage, based on
the simulation results [24]. Ju et al. (2019) analyzed stress field evolution during the
fracture development process using a numerical solution with discrete elements, which
indicated mining effects could be predicted [25]. A large deformation in the mining space
was discovered. Vazaios et al. (2019) found that pre-existing joints in the rock mass
govern the fracturing mechanism [26]. Further, Park et al. (2022) explained that stress
redistribution was the cause of damage evolution and fracture formation [27]. Based on rock
slope engineering, Bouissou et al. (2012) investigated fracture evolution and deformation
characteristics [28].

To reveal overburden fracture evolution, Yin et al. (2016) built a multi-field coupling
coal mine dynamic disaster simulation test system, from which the morphology of fractures
in different overburden layers was obtained [29]. Due to different mining conditions, the
processes of fracture evolution in overlying rock strata are different. Qiao (2017) researched
crack evolution of overlying strata during fully mechanized top-coal caving at a site with
a high mining height, and built an empirical formula for the development height of fracture
zones [30]. Zhao et al. (2021) studied fracture evolution of overlying strata in a shallow-
buried underground mining site with an ultra-high working face (8.8 m), and investigated
crack formation mechanisms based on energy dissipation theory [31]. During multi-seam
mining conditions, a coal seam with low risk is preferred as the first protective layer for
mining [32]. Jiao et al. (2017) analyzed overburden strata movement and fissure evolution in
a lower protective mining layer, and found that mining disturbance would affect fracturing
of the overburden coal seam [33]. Therefore, fractures of the overlying strata, resulting
from repeated mining, would become more developed. With respect to repeated mining
of coal seams that are close together, Yang et al. (2022) used fractal dimensions, fracture
entropy and fracture rate to quantitatively reflect spatial and temporal characteristics of
overburden fractures [34]. With the improvement of support equipment, the mining of
extra thick coal seams is taking place, especially in Shaanxi Province, China. Li et al. (2022)
summarized the relationship between overburden fractures, mining heights, advancing
speeds and dip angles, and established a mathematical model of a compacted area in an
elliptical belt affected by the above factors [35]. However, how to determine overburden
fracture evolution under these conditions it is not completely clear.

In terms of overburden fracture evolution in an extra-thick coal seam, experiments
and numerical simulations were used jointly to characterize the fracture development area.
By experiments, the spatial distribution processes of overburden fractures were analyzed
across different mining distances, then stress changes were investigated to explain the
causes of fracture evolution by numerical simulation. Concerning fracture evolution anal-
ysis, Xiao et al. (2022) studied the microseismic responses during overburden fracture
evolution, and dense cracks areas were monitored by the energy and frequency of micro-
seismic events [36]. Microseismic monitoring methods were also used to analyze fracture
evolution around the mining space in this study. At the mine site, spatial and temporal
measurements of microseismic events confirmed the results of experimental and numerical
simulations. Our research results will improve determination accuracy of fracture areas,
which will provide the basis for gas extraction borehole layout.

2. Engineering Background

In the Shaanxi Binchang Xiaozhuang Mining Co., Ltd., Binzhou city, Shaanxi, China,
the main coal seam is 0.8~35.22 m thick, and the average thickness reaches 18.01 m. During
coal mining large amount of gas may be emitted. Gas flow into the mining space leads to
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possible serious gas explosions and other accidents. Therefore, it is necessary to drain gases
during coal mining. To improve gas drainage efficiency, it is important to determine the
position of extraction boreholes that are closely related to cracks area of overburden stratum.

In terms of this engineering problem, the evolution of cracks in the overburden of
an extra-thick coal seam was studied, and the test location was selected at the working face
(No. 40205) in Shaanxi Binchang Xiaozhuang Mining Co., Ltd. The strike and dip length of
the test working face are 2007 m and 196 m, respectively. This is adjacent to the mined area
(No. 40204 working face) at south side, while the north side is the working face of No. 40207,
is undisturbed. During coal mining at this site, a fully mechanized top coal caving method
was adopted, and the roof was managed by the full caving method. The floor elevation
of the coal seam is +370 m~ +386 m. In geological engineering, the strength of the coal
and rock strata, and the gas within them, influence mechanical properties, related to the
lithology and thickness of overburden strata [37,38]. The lithology and thickness of the
upper and lower strata of the coal seam are shown in Table 1, and are decisive factors of
overburden fracture evolution.

Table 1. Rock stratum distribution and their ratios of geology and experimental model.

No. Lithology
Actual

Thickness/m
Model

Thickness/cm
Ratio

Sand
/1 cm

Gypsum
/1 cm

Large White
Powder/1 cm

Coal
Ash/1 cm

33 Conglomerate 52.13 26.0 955 8.66 0.48 0.48
32 Sandy mudstone 14.80 7.5 955 8.65 0.48 0.48
31 Sandy mudstone 20.20 10.0 955 8.65 0.48 0.48
30 Sandy mudstone 33.59 16.5 955 8.65 0.48 0.48
29 Sandy mudstone 3.6 2.0 955 8.65 0.48 0.48
28 Coarse gravelly sandstone 3.80 2.0 828 7.69 0.19 0.77
27 Siltstone 3.95 2.0 837 7.69 0.29 0.67
26 Coarse gravelly sandstone 0.8 0.5 828 7.69 0.19 0.77
25 Siltstone 3.95 1.5 837 7.69 0.29 0.67
24 Siltstone 5.80 3.0 837 7.69 0.29 0.67
23 Mudstone 3.00 1.5 828 7.69 0.19 0.77
22 Fine grained sandstone 2.10 1.0 828 7.69 0.19 0.77
21 Coarse grained sandstone 5.72 2.5 828 7.69 0.19 0.77
20 Sandy mudstone 9.40 4.5 955 8.65 0.48 0.48
19 Mudstone 1.84 1.0 828 7.69 0.19 0.77
18 1# Coal 3.24 1.5 946 4.33 0.38 0.58 4.33
17 Mudstone 1.84 1.0 828 7.69 0.19 0.77
16 Sandy mudstone 9.10 4.5 955 8.65 0.48 0.48
15 Sandy mudstone 10.55 5.0 955 8.65 0.48 0.48
14 3# Coal 1.85 1.0 946 4.33 0.38 0.58 4.33
13 Sandy mudstone 10.55 5.0 955 8.65 0.48 0.48
12 Sandy mudstone 6.15 3.0 828 7.69 0.19 0.77
11 Siltstone 3.20 1.5 837 7.69 0.29 0.67
10 Fine grained sandstone 7.00 3.5 828 7.69 0.19 0.77
9 Mudstone 1.00 0.5 828 7.69 0.19 0.77
8 4–1# Coal 1.15 0.5 946 4.33 0.38 0.58 4.33
7 Mudstone 1.00 0.5 828 7.69 0.19 0.77
6 Fine grained sandstone 3.97 2.0 828 7.69 0.19 0.77
5 Sandy mudstone 4.00 2.0 955 8.65 0.48 0.48
4 Coarse gravelly sandstone 2.80 1.5 82 7.69 0.19 0.77
3 Fine grained sandstone 2.48 1.5 828 7.69 0.19 0.77
2 Sandy mudstone 2.87 1.5 955 8.65 0.48 0.48
1 4# Coal 15.00 7.5 946 4.33 0.38 0.58 4.33

3. Experiments

3.1. Experimental Parameters

A test platform (3000 × 200 × 1250 mm) was selected for the coal mining experiments.
Based on similarity theory, similar conditions need to be determined by comparison with
actual geological conditions in the mine (Table 1). The constants in our experiments are
shown in Table 2, and the materials (sand, gypsum, large white powder and coal ash)
proportions of the rock strata and coal seams in the experimental model as shown in
Table 1.
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Table 2. Similarity constants of the model.

Along Coal Seam
Direction

Model Size
mm × mm × mm

Similarity Constant

GeomeTry/αL
Time

/αt

Bulk
Density

/A  

Poisson’s
Ratio
/A

Stress
/ασ

Strength/αE

Strike 3000 × 200 × 1250 200 14.14 1.5 1.0 300 300

3.2. Experimental Model

The similar experimental materials used in the experiments mainly included sand,
gypsum, white powder, and coal ash. When producing the model, mica was evenly spread
on each layer as a weak surface layer. The steps for constructing the model were as follows:
(1) According to the calculated amount of each layered material in the experimental model,
the corresponding ingredients were weighed and loaded in a mixing device. (2) The dry
materials were mixed evenly, and then an appropriate amount of water was poured into
the prepared materials and mixed immediately to prevent agglomeration. (3) Next, the
evenly mixed material was poured into the model support, and tamped with iron blocks to
maintain the required bulk density. (4) A wall knife was used to mark natural cracks on the
surface of the simulated rock stratum at an interval of about 10–20 mm, and a layer of mica
powder was evenly sprinkled on the surface to simulate the layer level, and then smoothed
by the wall knife again. (5) The other rock layers were paved in sequence in a similar way
until all rock layers were prepared on the test platform. (6) The model was erected and left
standing for 2–3 days, then U-shaped steel on the surface of model was removed and the
model was placed in a ventilated and dry place. After about 20–30 days, the preliminary
treatment of model surface was carried out before coal seam mining experiments. (7) When
the thickness of rock stratum on the top boundary could not be simulated, a counterweight
was added.

3.3. Experimental Procedure and Results

To eliminate the boundary influence on coal seam excavation, coal pillars (20 cm) were
reserved at the left and right sides of the model. Near the left coal pillar, the open-off
cut (4.5 cm) was dug and mined at intervals of 3 cm. When the mining was advanced
to 65 m, the self-weight of rock stratum and the uncollapsed part of the roof formed
a cantilever beam that transmitted pressure on the basic roof, which would otherwise break
and collapse under the initial weigh [35,36]. A collapsed morphology is shown in Figure 1a,
from which it can be seen that the caving height is 12.9 m, and the left and right breaking
angle reach 70.9◦and 64.4◦, respectively. After coal mining advanced to 95 m, the first
periodic weighting occurred on the overlying strata with a weighting step distance of 30 m.
From Figure 1b, it can be seen that the caving height was 30 m from the coal seam floor,
and the cavity height was 13.1 m, which would act as gas storage area. In addition, the
left and right breaking angle decreased to 52.4◦and 51.9◦, respectively. When the working
face was advanced to 131 m, the second cycle of weighting occurred with a weighting
step distance of 36 m. The caving height was 53.7 m away from coal seam floor, and the
parting fractures tended to develop in an upward direction. In Figure 1c, the breaking
angles of the working face side and the cut side were 54.1◦and 54.3◦, respectively. There
were still large parting fractures above the middle of goaf, and the temporary gas storage
area reached 10.1 m high. At a mining distance of 161 m, the overall movement of overlying
strata produced the third periodic weighting, as shown in Figure 1d. The height of the
crack zone reached 64.3 m, when, and the height of caving zone was 37.1 m. Overburden
movement caused the central goaf to collapse and become compacted, while the fractures at
the cut-off side and the working face side were highly developed, to become the dominant
channel of gas migration. With coal mining, the collapse of the overburden rock and the
formation of the fracture zone changed regularly and periodically. For example, the fourth
periodic weighting occurred at a mining distance of 191 m (Figure 1e) and the fifth cycle
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of weighting occurred at a mining distance of 239 m (Figure 1f). Fracture evolution, gas
migration channels, and storage space, gradually changed with time [2,3].

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Cont.
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(e) 

 
(f) 

Figure 1. Fracture evolution, gas migration and storage area formation of overburden strata in
experiments. (a) Mining distance of 65 m, (b) mining distance of 95 m, (c) mining distance of 131,
(d) mining distance of 161 m, (e) mining distance of 191 m, (f) mining distance of 239 m.

4. Numerical Simulation

Experimental results can provide basic data for studying fracture evolution in the
mining overburden, but a large-scale prototype simulation cannot be achieved. To further
investigate the evolution of coal mining fractures from large-scale tests, discrete element
numerical simulation software was used to study fracture processes [39–42]. In our study,
3DEC was used to establish a numerical model to study spatial fracture distribution and
stress characteristics during coal mining.

4.1. Geometric Model, Boundary Conditions and Parameter Setting

Based on the actual geology condition of the coal seam, a geometric model
(300 m × 1 m × 300 m) was built. To simulate the weight of rock stratum above the
coal seam, 10.94 MPa was exerted on the top boundary. The left and right boundaries of
model were set at an equivalent confining pressure of 5.47 MPa. The mechanical parameters
of rock and coal stratum, including bulk modulus and shear modulus, are shown in Table 3.
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Table 3. Mechanical parameters of rock and coal strata.

Lithology

Rock Stratum Cleats

Density
kN/m3

Bulk
Modu-

lus/GPa

Shear
Modu-

lus/GPa

Internal
Friction
Angle/◦

Cohesion/
MPa

Tensile
Strength

/MPa

Bulk
Modulus

/GPa

Shear
Modu-

lus/GPa

Internal
Friction
Angle/◦

Cohesion/
kPa

Tensile
Strength

/kPa

Coarse grained
sandstone 2410 14.44 12.22 32.00 11.80 6.03 4.55 3.58 32.00 0.01 0.02

Fine grained
sandstone 2640 18.60 18.27 28.00 21.13 10.15 4.84 3.11 28.00 0.23 0.20

Mudstone 2420 8.33 5.74 22.00 8.87 4.32 2.06 2.06 22.00 0.10 0.47
Aluminous
mudstone 2420 8.33 5.74 22.00 8.87 4.32 2.06 2.06 22.00 0.10 0.47

Sandy mudstone 2220 13.68 12.03 26.00 14.76 7.52 17.78 13.68 26.00 0.45 0.41
4# Coal 1350 0.48 0.23 23.00 4.65 3.01 0.24 0.36 23.00 0.07 0.05
Siltstone 2530 8.06 7.63 31.00 16.77 7.12 16.52 16.12 31.00 0.06 0.08

Conglomerate 2630 16.52 15.25 30.00 16.47 8.09 4.70 3.34 30.00 0.12 0.11

4.2. Simulation Results

(1) Fracture evolution

The results of overburden fracture evolution during coal mining are shown in Figure 2.
From Figure 2a, it can be seen that the direct roof collapsed at a mining distance of 29 m,
which might be different from the result of experiments. However, the fracture development
process was similar to that in experiments. Therefore, the numerical simulation could also
reflect overburden movement. When mining continued to advance to 41 m, roof fractures
developed and expanded, causing the basic roof of the rock stratum to break and collapse
with the initial weighting. As shown in Figure 2b, fracture development layer continued to
increase, and the overburden separation space enlarged and further collapsed in a greater
range. At a mining distance of 89 m, the overlying rock stratum collapsed again at a larger
scale (Figure 2c). With the working face continuing to move forward gradually, it was rare
to see widespread collapse, such as at mining distances of 101 m and 165 m (Figure 2d,e).
Before the mining distance of 201 m (Figure 2f), the collapse step was maintained at 12~16 m,
which was smaller than the result of experiments.

  
(a) Mining distance of 29 m (b) Mining distance of 69 m 

  
(c) Mining distance of 89 m (d) Mining distance of 101 m 

Figure 2. Cont.
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(e) Mining distance of 165 m (f) Mining distance of 201 m 

Figure 2. Fracture evolution of overburden strata in a numerical simulation.

(2) Stress distribution

The fundamental reason for the evolution of overlying rock fractures was stress
accumulation, so stress distribution was analyzed during coal mining, as shown in Figure 3.
In the mining process of the 40,205 working face, the stress balance of the overburden
influenced by the working face was destroyed and redistributed in real time. After the
cut-off of the working face was formed, stress occurred on the front and rear coal wall,
as shown in Figure 3a. With the advance of the working face, the stress in the goaf
gradually decreased. Before the initial weighting, the roof was not broken, so the overlying
strata did exert pressure on the floor. The first weighting occurred when the working
face was advanced to 41 m, and the overlying strata began to collapse. Then, the goaf
was gradually compacted, and the floor stress in the middle of goaf began to increase, as
shown in Figure 3b. Comparing the stress results with fracture evolution, stress increase
led to fracture development, which decreased stress in its turn. Therefore, stress in the
overburden presented alternating cycles of pressurization, relief, and recompression with
mining distance (Figure 3c–f). Stress in the goaf behind the working face tended to be stable.

  

(a) Mining distance of 29 m (b) Mining distance of 69 m 

  

(c) Mining distance of 89 m (d) Mining distance of 101 m 

Figure 3. Cont.
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(e) Mining distance of 165 m (f) Mining distance of 201 m 

Figure 3. Stress distribution of overburden strata in numerical simulation.

5. Microseismic Response Characteristics

To improve the accurate location of rock fracture development in overlying layers
during coal seam mining, microseismic monitoring was adopted. Multiple methods were
used to characterize jointly the development of coal seam mining fracture channels.

5.1. Layout of on-Site Microseismic Sensors

The mine had a KJ551 microseismic monitoring system, and four seismic geophones
were laid in the 40,205 working face. The arrangement of the seismic geophones was as
uniform as possible in the plane, and their positions were not arranged in one straight line.
The layout position moved forward during face mining.

During the installation of seismic geophones, a 2.8 m anchor bolt (one end of the
anchor bolt was processed into M20 screw) was used to drill holes in the vertical roadway
roof and the sensors fixed with a resin anchoring agent.

5.2. Microseismic Events along the Strike of the Working Face

Abnormal stress leads to fracture evolution, and the process of fracture formation
causes microseismic events. What is more, microseismic events within different energies
indicated cracks of different scale. At the mine site, microseismic measurements in the
mining space were made to determine the fracture range. As shown in Figure 4a, the
microseismic response was mainly concentrated between 400 m and 550 m in front of the
working face. In the vertical direction, microseismic events occurred about 10–20 m above
the roof. Along the dip direction, they were distributed about 20–90 m away from the
transport roadway. On 3rd July 2021, the microseismic response changed slightly, but the
basic response was consistent. As shown in Figure 4b, the microseismic responses were
mainly concentrated between 400–500 m in front of the working face, 7–21 m above the roof,
and 0–100 m away from the transport roadway. On 5 July 2021, the microseismic responses
were mainly concentrated between 250–550 m in front of the working face, 8–20 m above
the roof and 0–100 m away from the transport roadway, as shown in Figure 4c. These
results show that the position of microseismic events of high energy indicate instability of
the overburden structure, which, due to the influence of advanced stress concentration, was
vulnerable to damage. If the working face advanced to this point, the overburden would
collapse with mining, and was more likely to form a dominant channel for pressure-relief
gas migration. This phenomenon was demonstrated by the microseismic responses on
7 July 2021. On this day, the microseismic events with high energy intensity were mainly
concentrated 400–550 m in front of the work face, 7–22 m above the roof, and 0–100 m away
from the transport roadway.
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(a) 1 July 2021 

 
(b) 3 July 2021 

 
(c) 5 July 2021 

 
(d) 7 July 2021 

Figure 4. Microseismic events along the strike of the working face. (a) Microseismic events distri-
bution on 1 July 2021; (b) Microseismic events distribution on 3 July 2021; (c) Microseismic events
distribution on 5 July 2021; (d) Microseismic events distribution on 7 July 2021. The size of the ball
indicates the magnitude of energy values related to microseismic events.
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5.3. Microseismic Events along the Dip of Working Face

The distribution of microseismic events in the stope space of the working face can
reflect the extent of fracture development. By plotting microseismic events along the
dip of working face, the position of fractures can be more accurately ascertained. For
example, the microseismic responses were concentrated between 20 and 90 m along the
dip of working face, which was consistent with the curve of maximum support working
resistance on 1st July 2021, as shown in Figure 5a. It was speculated that due to the mining
effects, the support resistance near transportation roadway was than that of the air return
lane. The larger stress resulted into more cracks of larger scale, which led to intensive
microseismic responses. Figure 5b shows that the maximum support resistance reached
a peak 80–90 m away from the transportation roadway, coinciding with the greater energy
of the microseismic response at this point. Therefore, microseismic signals may indicate
crack ranges and the position of dominant channels. The microseismic events distribution
along the dip of working face and support maximum resistance curve were identical on
5 July 2021, as shown in Figure 5c. What is more, the observations were verified by the
phenomena on 7 July 2021, as shown in Figure 5d. Intensive and strong microseismic
responses are generated in areas severely affected by mining activities. Based on the
microseismic monitoring data, distribution of resistance in the support in the working
face can be predicted, and the range of dense roof fractures estimated. if the working
face advanced to this location, a dynamic disaster would need to be prevented. For gas
extraction, it is profitable to determine drilling level, where gas migration channels ensure
gas drainage at high concentration.

 
(a) 1 July 2021 

 
(b) 3 July 2021 

Figure 5. Cont.
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(c) 5 July 2021 

 
(d) 7 July 2021 

Figure 5. Microseismic events along the dip of the working face. (a) Microseismic events distribution
on 1 July 2021; (b) Microseismic events distribution on 3 July 2021; (c) Microseismic events distribution
on 5 July 2021; (d) Microseismic events distribution on 7 July 2021. The size of the ball indicates the
energy magnitude of microseismic events.

6. Discussion

Based on prediction of overburden fracture evolution, gas drainage boreholes can be
designed and arranged in advance. With mining distance, the gas migration channels and
storage space change with time, so different drainage methods, such as a buried pipeline,
a low level borehole, a high level borehole, a high level suction roadway and directional
long drilling maybe recommended at different mining stages (Figure 6), as suggested by
Lin et al. (2022) [43]. At the initial stage of mining, there are few overburden cracks, and
the gas is close to the bottom of the goaf (Figure 1). Therefore, a pipeline method could be
used in this stage. With coal mining, fractures form in overburden strata (Figures 1 and 2),
and the drainage boreholes need to be arranged in the roof. As overburden strata develop
upward, low-level and high-level boreholes may be adopted successively. For thick coal
seam mining, the height of the fractures area are higher than in general coal seam mining.
What is more, there is a large amount of gas desorbed by mining fracture in coal seams.
This requires a drainage method with pumping capacity. A high-level suction roadway can
be applied to decrease gas concentration in a short time. Due to longer service cycles and
more secure performance, directional long drilling may be used in gas drainage.
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Figure 6. Design and layout of extraction boreholes.

7. Conclusions

To investigate overburden fracture evolution caused by mining disturbance, experi-
ments and numerical simulations were adopted to characterize the development process,
and verified by microseismic monitoring. The main conclusions are as follow:

(1) During coal mining, the roof of the coal seam collapses regularly, and overburden
fractures developed in an upward direction. With mining distance increasing, the
range and height of the overburden fracture areas enlarge, as observed in numerical
simulation. From the numerical simulation, stress distribution indicates the stress
increases to exceed the bearing capacity of the rock mass, and the overlying strata
breaks and collapses, explaining fracture evolution.

(2) Fracture areas near the working face wall and goaf side provide gas migration chan-
nels, while the top fractures area of the overlying strata creates a reservoir space for
gas. Therefore, overburden fractures can be used to guide drainage borehole design
and construction.

(3) Microseismic responses in the mining space display the spatial distribution of over-
burden fractures, and verified experimental and numerical simulation observations.
Energy and frequency characteristics of the seismic sensors reflect fracture scale
and range.
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Abstract: The energy supply effect caused by the stiffness difference between roofs and sidewalls
is an important factor that induces strain coal bursts. In order to quantitatively reveal the energy
supply mechanism of strain coal bursts, this paper first establishes a coal burst energy model of the
rock–coal system and proposes the calculation formula of coal burst kinetic energy considering supply
energy and the stiffness ratio of rock to coal. Then the whole energy evolution law of the rock–coal
system with different stiffness ratios is researched by using the numerical simulation method, and the
whole process is divided into three stages. With the decrease in the stiffness ratio, the elastic strain
energy of the coal changes little, while its kinetic energy is negatively correlated with the stiffness
ratio in a power function. Meanwhile, the elastic strain energy and kinetic energy of the rock have
power function relations with the stiffness ratio, too. When the rock–coal system is fractured, the
kinetic energy of the coal comes from the release of elastic strain energy from the coal and the energy
supplied from the rock. The energy supply rate is between 22% and 35% when the stiffness ratio
changes from 3.0 to 0.5, and they show a linear relationship, while the supplied energy has a negative
power function relationship with the stiffness ratio.

Keywords: coal burst; rock–coal system; stiffness; energy evolution; energy supply

1. Introduction

A coal burst is a typical dynamic disaster in underground coal mining. Its frequency
and intensity increase with the mining depth, which seriously threatens the safety and
production of underground workers [1–3]. In the next five years or even ten years, the
prevention and control of coal bursts will be the focus of much research and poses an urgent
problem to be solved in mining engineering.

According to the mechanism of coal bursts, scholars have put forward more than ten
theories and described several types of coal bursts from different angles [4–6]. Among
them, a typical type is a strain coal burst caused by high static stress. A strain coal burst
is a sudden event induced by energy accumulation and release, as well as the loss in the
dynamic balance of the combined coal and rock mass composed of a roof, sidewall, and
floor [7,8]. For a strain coal burst, when the elastic strain energy stored in the coal is greater
than the failure dissipation energy, the residual energy will be released in the form of a
coal burst [9,10]. However, dynamic damage is unlikely to occur only through the elastic
strain energy stored by the coal itself; the surrounding rock mass is required to supply its
energy to the coal. According to the stiffness theory [11,12], some experts point out that
when the stiffness of the surrounding rock is less than that of the coal, the surrounding
rock will supply energy to the damaged coal, thus causing a coal burst [13,14]. Li et al. [15]
proposed two concept models to illustrate the energy conversions in a rockburst event, and
studied the role of the elastic strain energy released from the surrounding rock mass in
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rock ejection. Cai et al. [16–18] developed one brittle hard rock testing system with a super
high and variable loading stiffness, and studied the influence of loading stiffness on the
post-peak stress–strain curves and failure modes of rocks. Zhao et al. [19] developed a rock
testing system with changeable stiffness, and researched the mechanical behaviors of rock
specimens and testing machines under different loading stiffnesses. The above research
reveals the influence mechanism of stiffness on the dynamic failure of the coal (or rock)
from the stress–strain curve and the failure characteristics.

A coal burst is a dynamic failure phenomenon driven by energy. Therefore, it is
better to reveal the essential characteristics of coal bursts by studying the energy evolution
law [20–23]. In the research on the stiffness theory of coal bursts, limited by the test methods,
the research on the energy parameters in the current stage is less and generally only involves
the analysis of the storage and release of elastic strain energy in the two states of the peak
strength point and post-failure [19]. The energy evolution law of the whole process of coal
bursts and the energy supply of surrounding rock to the coal are difficult to determine
quantitatively, which creates certain limitations for coal burst mechanism research.

In order to quantitatively reveal the stiffness effect on coal burst from the perspective
of energy, a rock–coal system model is established by means of numerical simulation,
and the energy evolution law and energy supply characteristics of rock and coal under
different stiffness combinations are studied. The quantitative relationship between energy
parameters and stiffness is obtained.

2. Theoretical Analysis

2.1. Stiffness Theory

The load–deformation curve during the loading process of the testing machine spec-
imen system is shown in Figure 1. When the specimen is damaged after the peak point,
the load of the testing machine and the load of the specimen decrease synchronously, the
specimen continues to compress, and the deformation of the testing machine recovers.
When the stiffness km1 of the testing machine is greater than the slope ks of the post-peak
curve of the specimen, the released elastic strain energy of the testing machine is less than
the dissipation energy that causes the fracture of the specimen. In order to fracture the
specimen, the testing machine needs to continue to input energy to the specimen. At this
moment, the loading process is controllable, and the specimen is statically damaged [24].
When the stiffness km2 of the testing machine is less than the slope ks of the post-peak curve
of the specimen, the released elastic strain energy of the testing machine is greater than
the dissipation energy that causes the fracture of the specimen, and the residual energy
will be converted into kinetic energy of the specimen, thus causing the dynamic failure of
the specimen.

u

k
k

F

O

k

Figure 1. Load–deformation curve of the testing machine specimen system.
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2.2. Coal Burst Model of Rock–Coal System

According to the stiffness theory, the sidewall coal of the roadway is the main burst
body in the process of coal burst, and the low-stiffness roof supplies energy to the coal.
According to the load and deformation relationship between the roof rock and sidewall
coal [25,26], it can be simplified as a series-connected rock–coal system model, as shown
in Figure 2. The roof stiffness is kr and the sidewall stiffness is kc, then the relationship
between the sidewall deformation xc and the roof deformation xr is:

xr =
kc

kr
xc (1)
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W W

k

xx
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Figure 2. Rock–coal system and their loading–deformation relation.

When the overburdened strata load onto the surrounding rock of the roadway, part
of the external input energy is stored in the roof rock, and the other part is stored in
the sidewall coal. The elastic strain energy Wcs and Wrs of the sidewall and roof are,
respectively:

Wcs =
1
2

kcx2
c (2)

Wrs =
1
2

krx2
r =

1
2

k2
c

kr
x2

c (3)

The total elastic strain energy Wts of the rock–coal system is:

Wts =
1
2

(
kc +

k2
c

kr

)
x2

c (4)

The extreme value of elastic strain energy is certain for the same sidewall coal. The
smaller the stiffness kr of the roof, the greater the extreme value of the elastic strain energy
Wts in the rock–coal system. When the rock–coal system transforms from the equilibrium
state to the unstable equilibrium state, more elastic strain energy Wts will be released and
the coal burst risk will increase.

When the coal reaches the ultimate strength, it will be fractured under the external
load, and its stored elastic strain energy Wcs will be released. When the sidewall coal is
considered separately, part of the elastic strain energy Wcs is released in the form of fracture
dissipation energy Wcd, and the residual energy is converted into kinetic energy Wck [9],
which is calculated as:

Wck = Wcs − Wcd (5)

For the coal, the greater the elastic strain energy Wcs, the smaller the post-peak fracture
dissipation energy Wcd, and more energy will be released in the form of kinetic energy Wck,
showing a strong coal burst tendency.

For the rock–coal system, when the coal is fractured, the elastic strain energy Wrs of
the roof rock will also be released and a certain amount of energy will be supplied to the
coal. Since the strength of rock is generally greater than that of coal, it is assumed that
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plastic deformation does not occur on the rock. Part of the elastic strain energy Wrs released
by the rock is released in the form of kinetic energy Wrk, and the residual energy is the
supply energy Wr-c to the coal. The ratio of the supply energy Wr-c to the elastic strain
energy Wrs of rock is defined as the energy supply rate α, so the kinetic energy Wck of coal
in the rock–coal system is:

Wck = Wcs − Wcd + αWrs =

(
1 + α

kc

kr

)
Wcs − Wcd (6)

α = Wr-c/Wrs (7)

For the rock–coal system, when the stiffness kr of the roof decreases, the elastic strain
energy Wrs stored in the rock increases, and more energy in the rock can be supplied to the
coal, which causes greater risk of coal burst.

3. Numerical Simulation

The above theoretical analysis qualitatively reveals the energy supply behavior of
the low-stiffness roof to the failure of the sidewall coal, and the energy and stiffness
influence mechanism of coal burst. In the following, the numerical simulation method is
used to quantitatively study the energy evolution law of rock–coal system under different
stiffness combinations.

3.1. Simulation Scheme

The instability and failure of rock–coal system were simulated by Abaqus software.
The numerical model of rock–coal system is shown in Figure 3. The lower part of the
model is the sidewall coal, which is a rectangular standard specimen with a size of
50 mm × 50 mm × 100 mm. Drucker–Prager failure criterion and shear damage model
were selected to simulate the damage and failure process of the coal [27]. The parameters
were determined by comparing the stress–strain curve of the coal model with the laboratory
test by using trial-and-error method [28]. The specific parameters are listed in Table 1. The
stiffness of the coal specimen is 42.5 MN/m.

Table 1. Parameters of the coal.

Density/kg·m−3 Elastic
Modulus/GPa

Poisson’s Ratio
Angle of
Friction/◦ Flow Stress Ratio Dilation Angle/◦

1263 1.7 0.21 60 0.778 60

Yield Stress/MPa Abs Plastic Strain Fracture Strain Shear Stress Ratio Strain Ratio
Displacement at

Failure/mm

20 0.02 0.015 0.33 0.0001 0.001

The roof rock is above the coal, which is a rectangular specimen with a size of
70 mm × 70 mm × 100 mm. In a roadway coal burst, coal sidewall is the main burst
body, and the roof rock is the main loading body [29,30]. The strength of rock is greater
than that of the coal, and the rock remains in the pre-peak stage when the coal is fractured.
Therefore, in the simulation process, the failure of rock was not considered, and the elastic
property was applied to the rock with a density of 2000 kg/m3 and a Poisson’s ratio of
0.25 [31]. This paper focuses on the energy evolution law of rock–coal system under differ-
ent stiffness ratios kr/kc of rock to coal, and performs loading tests for different stiffness
ratios by changing the elastic modulus of rock. The stiffness ratios kr/kc of rock to coal
designed in the simulation are 0.5, 1.0, 2.0, and 3.0.
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Figure 3. Numerical model of the rock–coal system.

Between the rock and coal, the tangential behavior and normal behavior of the contact
surface are defined in the simulation. In order to eliminate the influence of end-face friction
on the test results [32], the friction coefficient in the tangential direction is set at zero. In the
normal direction, it is set as the “Hard” contact to ensure that there is no model penetration
when the rock model and the coal model are in contact with each other.

C3D8R eight-node linear hexahedral element was selected as the finite element mesh
type of the model, and Abaqus dynamic display solver was used for calculation. Vertical
downward axial displacement was applied to the top of the model for loading, and the
rigid plate under the model is fixed. The total axial deformation u of the rock–coal system
was recorded.

3.2. Energy Monitoring

The energy involved in the whole process of rock–coal system failure includes: elastic
strain energy Wcs; dissipation energy Wcd and kinetic energy Wck of coal; and elastic
strain energy Wrs and kinetic energy Wrk of rock. According to theoretical analysis, the
increase in strain energy Wcs of coal and elastic strain energy Wrs of rock aggravates the
dynamic damage degree of the coal [33], while the increase in dissipation energy Wcd of
coal weakens its dynamic damage degree. The magnitude of kinetic energy Wck of coal is
directly related to its dynamic damage degree. Elastic strain energy Wcs of coal and elastic
strain energy Wrs of rock are superposed and transformed into dissipation energy Wcd and
kinetic energy Wck of coal and kinetic energy Wrk of rock. Therefore, the simulation mainly
monitors the energy parameters, such as elastic strain energy Wcs, dissipation energy Wcd
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and kinetic energy Wck of coal, and elastic strain energy Wrs and kinetic energy Wrk of rock.
The supply energy Wr-c of rock to coal can be calculated by the following formula:

Wr-c = Wcd + Wck − Wcs (8)

In Abaqus, various energy output quantities are provided, such as recoverable strain
energy (ALLSE), as well as energy dissipated by rate-independent and rate-dependent
plastic deformation (ALLPD) and kinetic energy (ALLKE). In these energy output quantities,
ALLSE is the elastic strain of coal or rock, ALLPD is the dissipation energy of coal, and
ALLKE is the kinetic energy of coal or rock.

4. Results and Analysis

4.1. Failure Mode

The failure modes of the coal specimens under different stiffness ratios kr/kc are
shown in Figure 4. When the stiffness ratio kr/kc is 0.5, the fragments falling from the
specimen are ejected quickly and show obvious burst characteristics. When the stiffness
ratio kr/kc increases to 1.0, the ejecting velocity of the fragments obviously decreases. When
the stiffness ratio kr/kc is 3.0 or 2.0, cracks on the post-peak coal specimen are generated
slowly, the progressive stripping of the fragments occurs locally in the model, and the
failure process is stable. The failure mode and variation law of coal under different loading
stiffnesses are similar to those of laboratory testing results [30].

(a) (b) (c) (d)

Figure 4. Failure mode of coal specimen under the stiffness ratios of (a) 3.0, (b) 2.0, (c) 1.0, and (d) 0.5.

4.2. Strain Energy of Coal and Rock

The evolution curves of the elastic strain energy of coal under different stiffness ratios
kr/kc are shown in Figure 5a. Under different stiffness ratios kr/kc, the extreme value of the
elastic strain energy Wcs of coal is between 34.2 J and 34.6 J, with little change. When the
rock stiffness kr changes, the extreme value of the elastic strain energy Wcs of coal will not
change, and the rock stiffness kr has little effect on the energy storage property of the coal
itself. When the elastic strain energy Wcs of the coal reaches the extreme value of energy
storage, the elastic strain energy curve tends to flatten. At this time, the plastic deformation
of the coal occurs and the elastic strain energy Wcs does not increase. Under the constant
displacement loading speed, when the stiffness ratio kr/kc decreases, the duration of the
flattened section of the elastic strain energy Wcs is shortened. For example, when the
stiffness ratio kr/kc is 3, the flattened section of the elastic strain energy Wcs needs to be
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continuously loaded by 0.5 mm, and when the stiffness ratio kr/kc is 0.5, it is reduced to
0.1 mm.
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(a) (b)

Figure 5. Elastic strain energy evolution curves of (a) coal and (b) rock.

The elastic strain energy evolution curves of rock are shown in Figure 5b. Combined
with the analysis of the elastic strain energy evolution law of coal, when the coal is fractured
and its internal elastic strain energy Wcs is released, the elastic strain energy Wrs of the
rock is also released; that is, the deformation rebound phenomenon of the rock occurs [19].
There is an obvious difference between the elastic strain energy Wrs of rocks under different
stiffness ratios kr/kc. When the stiffness ratio kr/kc is 0.5, the extreme value of the rock
elastic strain energy Wrs is about 80 J. When the stiffness ratio kr/kc increases to 3.0, the
extreme value of the rock elastic strain energy Wrs decreases to 13 J. There are also obvious
changes in the release rate of rock elastic strain energy. When the stiffness ratio kr/kc is 3.0,
the release rate of rock elastic strain energy is 11.7 J/s, and when the stiffness ratio kr/kc is
0.5, it increases to 21.5 J/s. Compared with rock with high stiffness, rock with low stiffness
can accumulate more elastic strain energy, and its energy release rate is faster. According to
the stiffness theory, in a rock–coal system, low-stiffness rock will generate a stronger energy
supply. The higher elastic strain energy and faster energy release rate of low-stiffness rock
are the manifestations of this energy supply.

4.3. Dissipation Energy of Coal

The evolution curves of dissipation energy of coal are shown in Figure 6. Compared
with the evolution of coal elastic strain energy in Figure 5a, the dissipation energy Wcd starts
to increase before the coal elastic strain energy Wcs reaches the extreme value, indicating that
there are micro-cracks generating in the coal before its failure, and some energy is dissipated.
When the elastic strain energy Wcs of the coal is fully released and is reduced to 0, the
dissipation energy Wcd reaches the maximum value, and the coal is completely fractured.
With the decrease in the stiffness ratio kr/kc, the increasing rate of the dissipation energy
Wcd of the coal changes little, but the total dissipation energy Wcd decreases gradually.
When the stiffness ratio kr/kc is 3.0, the dissipation energy Wcd of coal is 73.8 J, and when
the stiffness ratio kr/kc is 0.5, the dissipation energy Wcd is reduced to 43.3 J. When the roof
stiffness kr decreases, the dissipation energy Wcd of coal decreases, which indicates that the
rapid rebound of the roof rock leads to a decrease in the coal’s plasticity and an increase
in brittleness.
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Figure 6. Dissipation energy evolution curves of coal.

4.4. Kinetic Energy of Coal and Rock

The kinetic energy evolution curves of coal and rock are shown in Figure 7. The
laboratory tests show that [19,30] the deformation rebound phenomenon obviously occurs
when the specimen is fractured, and the rebound speed is negatively correlated with the
stiffness of the testing machine; that is, the smaller the stiffness of the testing machine, the
faster the deformation rebound speed of the testing machine. For a rock–coal system, the
rock is equivalent to a testing machine, and the coal is equivalent to a specimen. When the
coal is fractured, the elastic strain energy Wrs of the rock is released, and its deformation
rebounds. Part of the elastic strain energy Wrs is converted into its kinetic energy Wrk, and
the other part of the elastic strain energy Wrs is supplied to the coal specimen and converted
into the kinetic energy Wck of the coal. With the decrease in the rock stiffness kr, the elastic
strain energy Wrs released by the rock increases when it rebounds, and its kinetic energy
Wrk increases. The kinetic energy Wck of the coal increases too. When the stiffness ratio
kr/kc is 3.0, the kinetic energy Wrk of the rock is about 11.11 J, and the kinetic energy Wck of
the coal is 24.52 J. When the stiffness ratio kr/kc is 0.5, the kinetic energy Wrk of the rock is
47.69 J and the kinetic energy Wck of the coal is 30.90 J. There is an obvious difference in the
energy supply of the rock to coal under the loading of the two kinds of rock stiffnesses. The
increase in the kinetic energy Wrk of the rock indicates that the rebound speed of the rock
is accelerated when the coal is fractured, the loading speed of the deformation rebound
of the rock to the coal is faster, and the energy supply is stronger. After the rock stiffness
kr decreases, the dissipation energy Wcd of the coal decreases and the kinetic energy Wck
increases, indicating that the energy dissipated by the coal decreases under the condition
of low-stiffness loading, and more energy is converted into its own kinetic energy Wck.
The kinetic energy Wck is a manifestation of the ejecting velocity of coal fragments. The
greater kinetic energy Wck of the coal, the faster the ejecting speed of the fragments. The
coal shows stronger burst failure characteristics.
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Figure 7. Kinetic energy evolution curves of (a) coal and (b) rock.

4.5. Energy Evolution Law of Rock–Coal System

When the stiffness ratio kr/kc is 0.5, the energy evolution curves of the coal and rock
are shown in Figure 8. The energy evolution process can be divided into three stages. In the
stage I, the coal and rock bear the load together, and their strain energy gradually increases,
converting the external input energy into internal elastic strain energy. The dissipation
energy Wcd of the coal is zero. In the stage II, before the internal elastic strain energy Wcs
of the coal reaches its storage limit, the coal will undergo plastic deformation, and part of
the external input energy will be dissipated in the form of plastic deformation energy. At
this time, the internal elastic strain energy of the coal and rock will continue to increase.
In the stage III, the internal elastic strain energy Wcs of the coal reaches its energy storage
limit and begins to decrease (i.e., energy release). The internal elastic strain energy of the
coal and the rock is released synchronously. Part of the elastic strain energy Wrs of the
rock is converted into its own kinetic energy Wrk, and the other part is supplied to the
coal. The elastic strain energy Wcs of the coal is released in the form of kinetic energy Wck
and dissipation energy Wcd until the elastic strain energy Wcs drops to zero and the coal is
completely fractured.

W
W
W
W
WW

u
Figure 8. Energy evolution curves of coal and rock.
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The relationship between the energy and stiffness ratio is shown in Figure 9. It should
be noted that, in order to visually show the changing law of energy parameters of the rock–
coal system when the stiffness ratio kr/kc is decreased, the stiffness ratio kr/kc decreases
along the x-axis.
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Figure 9. The energy of (a) coal and (b) rock changing curves with stiffness ratio.

The change in the rock stiffness kr mainly affects the dissipation energy Wcd and
kinetic energy Wck of the coal as well as the elastic strain energy Wrs and kinetic energy Wrk
of the rock, and has little effect on the elastic strain energy Wcs of the coal. With the decrease
in the stiffness ratio kr/kc, the dissipation energy Wcd of the coal decreases gradually, while
the kinetic energy Wck of the coal, the elastic strain energy Wrs, and the kinetic energy Wrk
of the rock increase gradually, all of which have power function relationships with the
stiffness ratio kr/kc. Compared with other energy, the kinetic energy Wck of coal is more
sensitive to the change in the stiffness ratio kr/kc. When the stiffness ratio kr/kc is greater
than one, the kinetic energy Wck of the coal changes slowly, and the influence of the stiffness
change on the failure form of the coal is weak. When the stiffness ratio kr/kc is less than
one, the kinetic energy Wck of the coal increases sharply with the decrease in the stiffness
ratio kr/kc. When the rock stiffness kr is less than the coal stiffness kc, the rock deformation
rebound speed is faster and more energy is released, resulting in the accelerated failure
speed of the coal after the peak point. The micro-cracks in the coal rapidly expand into the
fracture zone in a very short time. The energy dissipated by the coal is reduced, and its
kinetic energy Wck is increased.

With the decrease in the stiffness ratio kr/kc, the difference between the elastic strain
energy Wrs and kinetic energy Wrk of the rock increases, and more energy is supplied to
the coal. The changing curves of the supplied energy Wr-c and energy supply rate α are
shown in Figure 10. The supplied energy Wr-c and energy supply rate α increase with the
decrease in the stiffness ratio kr/kc. The supplied energy Wr-c and the stiffness ratio kr/kc
have a power function relationship, and the energy supply rate α and the stiffness ratio
kr/kc have a linear relationship. The lower the rock stiffness kr, the more energy supply to
the coal [19,30].
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Figure 10. Changing curves of (a) supplied energy and (b) energy supply rate.

5. Discussion

In the previous research on the energy mechanism of coal bursts, the strain energy
release of coal is the main energy resource. The effect of the surrounding rocks on the coal
is mainly reflected in the kinetic energy of the fractured overburdened rock. The commonly
used energy criterion is [4]:

Wcs + Wk > Wcd (9)

where Wk is the kinetic energy of the fractured overburdened rock.
Based on the stiffness theory and the simulation research above, the roof’s energy

supply plays an important role in coal bursts. When the stiffness ratio kr/kc is 3.0, 2.0, 1.0,
and 0.5, the roof’s energy supply Wr-c is 1.822 J, 3.871 J, 8.459 J, and 20.293 J. The ratios of
the supplied energy Wr-c to the coal elastic strain Wcs are 5.30%, 11.25%, 24.59%, and 58.9%,
respectively. When the stiffness ratio kr/kc is less than the critical value, the roof’s energy
supply is the key energy source affecting the coal failure mode. Therefore, in the coal burst
mechanism, the roof stiffness and energy supply should be considered. Based on Equation
(6) and Figure 10b, the coal burst energy criterion can be modified as:

kr/kc ≤ λ, (1 + a·kc/kr)Wcs + Wk > Wcd (10)

kc/kr > λ, Wcs + Wk > Wcd (11)

The above criterion comprehensively takes into account the stiffness theory and energy
theory, and is suitable for coal burst risk assessments of roadways.

6. Conclusions

According to the stiffness theory, one coal burst energy model of a rock–coal system
is established, and the numerical simulation method is used to quantitatively reveal the
energy supply mechanism of the roof to the sidewall under different stiffness ratios. The
main conclusions are as follows:

(1) The stiffness ratio of rock to coal has little effect on the extreme value of the elastic
strain energy of the coal, and mainly affects its dissipation energy and kinetic energy.
With the decrease in the stiffness ratio, the dissipation energy of the coal after the
peak point decreases in a power function, the plasticity decreases, and the brittleness
increases. The kinetic energy of coal is negatively correlated with the stiffness ratio
in a power function. When the stiffness ratio is less than one, the sensitivity of the
kinetic energy of coal to the change in the stiffness ratio increases sharply.

(2) When the coal is fractured, the low-stiffness roof instantaneously generates deforma-
tion rebound and kinetic energy, which applies the dynamic load and energy supply
behavior to the coal. With the decrease in the stiffness ratio, the release amount
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and release rate of the rock elastic strain energy gradually increase. The rock elastic
strain energy and kinetic energy have power function relations with the stiffness ratio,
respectively.

(3) When a rock–coal system burst failure occurs, the kinetic energy of the coal comes
from the release of the elastic strain energy of the coal and the energy supply from the
rock. The supplied energy and energy supply rate of the rock to the coal increase with
the decrease in the stiffness ratio. The supplied energy and the stiffness ratio have
a power function relationship. The energy supply rate and the stiffness ratio have a
linear relationship.
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Abstract: The prediction and prevention· of mine disasters are crucial to identifying the stress
and strain state of coal using ultrasonic response characteristics. In this study, ultrasonic testing
experiments of primary structure coal samples under uniaxial loading were conducted using a
low-frequency rock physics measuring device. Based on the experimental results, the study focused
on analyzing the relationship of the stress–strain state of coal samples with the ultrasonic velocity
and quality factor of coal samples during stress loading, and exploring the influence mechanism of
ultrasonic propagation in coal during stress loading. The results demonstrated that the stress-loading
process of coal samples falls into the elastic deformation stage and the plastic deformation stage.
In the elastic deformation stage, the ultrasonic velocity and the quality factor of the coal sample
increased with the increase in the coal axial strain. In the plastic deformation stage, the ultrasonic
velocity and quality factor of coal samples decreased as the axial strain of coal samples increased.
Coal porosity was the fundamental factor affecting the coal wave velocity variation and the coal
quality factor variation. In the elastic deformation stage, increased coal axial stress was accompanied
by decreased coal porosity, contributing to the increase in coal wave velocity and coal quality factor.
In the plastic deformation stage, the increase in the coal axial strain increased coal porosity and
thus curtailed the wave velocity and quality factor of coal. Significant differences were observed
in ultrasonic response characteristics of coal under various stress and strain states. The research
results can lay a theoretical foundation for the safe and efficient development of coal resources and
the prevention and control of mine disasters.

Keywords: coal porosity; stress loading; ultrasonic velocity; axial strain; quality factor; stress-strain state

1. Introduction

Coal stress and its change are one of the main causes of accidents such as rib spalling,
roof fall, rock burst, and coal and gas outbursts. Obtaining the stress–strain state and its
variation law of coal can greatly help to reduce various mine disasters in the process of coal
mining and realize safe and efficient coal mining.

The ultrasonic detection method mainly focuses on the exploration of geophysical
properties. This method mainly emits ultrasonic waves into a coal medium and uses the
parameters such as wave velocity, amplitude, and waveform collected after the ultrasonic
wave passes through the medium to reversely infer the physical properties of the coal
medium [1]. Much research has been done on the relationship between ultrasonic waves
and physical properties of coal. Mahmood Karimaei et al. [2] established an exponential
relationship between compressive strength and ultrasonic pulse velocity. The research
results of Wang Bo et al. [3] show that the ultrasonic velocity is negatively and linearly
related to the gas pressure. Kim Wonchang [4] obtained the correlation coefficient be-
tween ultrasonic pulse velocity and residual elastic modulus through an ultrasonic pulse
experiment. Marta Krzesin’ska [5] applied the ultrasonic velocity measurement method to
their study and found that the log (density/velocity) value of bituminous coals is closely
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related to elastic properties. The above research results provide theoretical support for
obtaining the physical properties of coal and play an active role in ensuring coal mining.
However, with the increase of coal mining depth, the influence of stress on the physical
characteristics of coal is more and more significant, and the influence on coal mining is
more and more serious.

Under stress loading, the stress and its changes have a significant effect on the physical
properties exhibited by coal and rock mass, affecting the ultrasonic propagation law of
the coal. Therefore, investigating the ultrasonic response characteristics of coal can help
to identify the coal stress state [6,7], laying a foundation for the prevention and control of
mine disasters.

Researchers have conducted many studies to explore the correlation between ultra-
sonic response characteristics and coal stress [8]. In 1988, Shea and Hanson [9] studied the
structural failure law of loaded coal samples in different stages through the test of elastic
wave velocity of coal samples. Through a uniaxial loading test, Tiedemann et al. [10], Zhai
Xiaojie [11], and Zhao Mingjie et al. [12] revealed that the coal elastic modulus, the density
of coal samples, and the compressive strength were obviously and linearly related to their
longitudinal wave velocity (LWV) and transverse wave velocity (TWV). They believed that
the closing of micro-cracks was the major factor that impacted the axial acoustic charac-
teristics of rocks. Guo Deyong [13], Zhou Feng [14], and Tong Jiqiang et al. [15] suggested
that increasing the confining pressure boosted coals’ LWV and TWV through ultrasonic
detection experiments. Yan Lihong [16] and Wu Jiwen [17] analyzed the relevance of wave
velocity to mechanical parameters under tensile conditions through experiments, revealing
a good power function correlation between the wave velocity and the tensile strength.
Li Qiong et al. [18] paid attention to the impact of pressure on LWV and TWV through
experiments, demonstrating that coal samples’ LWV and TWV increased with the increase
in pressure, and there was a quadratic correlation between them. During loading, rock or
coal samples’ internal strain exhibited relaxation properties, and the ultrasonic velocity vari-
ation could indicate the rock stress relaxation [19]. Engelder and Plumb [20] investigated
the changing law of ultrasonic wave velocity under uniaxial loading and performed wave
tests for describing the wave velocity–stress relationship. Nur [21] researched the response
characteristics presented by ultrasonic wave velocity to the loading stress level. Zheng
Guiping et al. [22] confirmed a correspondence relationship of the wave velocity with
rock damage variable under uniaxial compression. Liu Xiaofei [23] investigated the laws
by which ultrasonic signals propagated through a coal material under different loading
conditions, as well as analyzed the changes in ultrasonic parameters such as amplitude,
dominant frequency, and velocity. Chen Zhuo [24] explored the response characteristics
of coal stress–strain and ultrasonic waves under different confining pressure conditions
through triaxial loading of the coal in the laboratory, discovering that the variations of LWV
can more accurately reflect the change characteristics of coal pore fissure under different
confining pressure conditions compared to TWV.

In conclusion, many studies have focused on the relevance of ultrasonic velocity to the
stress of coal, while few paid attention to the relationship between the coals’ stress–strain
state and their ultrasonic response characteristics during the stress-loading process. Addi-
tionally, most of the coal ultrasonic experimental studies only consider the characteristics
of acoustic kinematics and only use the acoustic velocity to reflect the coal properties while
ignoring the characteristics of its dynamics. Moreover, there are few studies on acoustic
attenuation under different loading stress conditions. The stress of underground coal is
in different stress and strain states, and the mine disaster is closely associated with the
coal stress and strain state. It is particularly critical to obtain the stress and strain state of
coal as well as its change trend for predicting and preventing mine disasters. Therefore,
the ultrasonic response characteristic experiment under uniaxial loading was performed
with the primary structure coal as the research object to obtain the ultrasonic response
characteristic law of coal under different stress states. Besides, the ultrasonic velocity
variation law and energy attenuation law of coal under uniaxial loading were analyzed
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considering the experimental results. The study demonstrates the association between
ultrasonic kinematics (LWV and TWV), dynamic characteristics (attenuation), and stress
and strain under the consideration of the coal anisotropy and lays a theoretical foundation
for back calculating the stress–strain state and its changes in coal.

2. Materials and Methods

2.1. Ultrasonic Propagation Theory of Coal during Stress Loading

The physical characteristics exhibited by coal determined the propagation law of
ultrasonic waves in coals. The stress and loading process of coal can change their physical
properties, thereby affecting the above mentioned propagation. Therefore, the change in
the ultrasonic propagation law is the result of the response to the change in the physical
properties of coal.

Close et al. believed that coal is a dual structural medium constituted of matrix
pores and fractures [25]. Pores in coal include micropores, small pores, mesopores, and
macropores, according to their pore size [26]. Following its genesis, the fractures in coal
include endogenous, exogenous, and inherited fractures. Generally, the wave velocity
and its attenuation characteristics of coal exhibit a close association with the development
degree of coal pore fissures. That is to say, the more developed the pores and fissures of
coal, the lower the coal wave velocity, and the greater the attenuation coefficient.

The stress–strain relationship of coal during stress loading involves four stages: pore
compaction(OA stage), linear deformation(AB stage), micro-fracture propagation(BC stage),
and coal failure(CD stage) (Figure 1) [27]. Among them, the coal in the pore compaction
and linear deformation stage belongs to elastic deformation, and the coal in the micro-
fracture propagation and coal failure stage belongs to plastic deformation. The law and
mechanism of the change in pore and fissure in coal caused by elastic deformation and
plastic deformation are different, and so is the mechanism of wave velocity change and
attenuation characteristics of coal. Therefore, the study analyzed the coal wave velocity
change and its attenuation characteristics during stress loading from the perspective of
elastic deformation and plastic deformation.

Figure 1. Stress–strain curve of coal.

2.1.1. Theory of Ultrasonic Velocity Change

Coal is a dual structure system composed of matrix pores and fractures which are
usually regarded as pores to facilitate the study. Experiments revealed that the relationship
between LWV and porosity of coal conforms to the following laws [28,29]:

ϕ = beaVp (1)

where ϕ denotes porosity; a and b are constants; Vp refers to the LWV, i.e., the wave velocity
in Equation (1). Since the longitudinal wave and transverse wave had similar propagation
laws during stress loading, Equation (1) was also applicable to the transverse wave.
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In the elastic deformation stage, the porosity equation expressed in volume strain can
be obtained from the definition of porosity [30]:

ϕ = 1 − (1 − ϕ0)

1 + εV
(2)

where ϕ0 represents the initial porosity, and εV indicates the volume strain (negative for
volume compression and positive for volume expansion).

Additionally, the volumetric strain–stress relationship of coal is based on the volu-
metric compressibility coefficient and defined according to the definition of volumetric
compressibility coefficient [31]:

1 + εV = exp(−Cf Δσ′) (3)

where Δσ’ indicates the change of effective stress, Cf denotes the volumetric compressibility
coefficient of coal, Cf = 3(1 − 2v)/E, v represents the Poisson’s ratio, and E represents the
elastic modulus.

By substituting Equation (3) into Equation (2), the relation between porosity and stress
can be obtained:

ϕ = 1 − 1 − ϕ0

exp(−Cf Δσ′) (4)

It can be obtained by substituting Equation (4) into Equation (1) to calculate Vp that

VP =
1
a

ln

{
1
b
[1 − 1 − ϕ0

exp(−Cf Δσ′) ]
}

(5)

Then,

VP =
1
a

ln

{
1
b
[1 − 1 − ϕ0

exp[− 3(1−2v)
E Δσ′]

]

}
(6)

Considering that the experiment in this paper was a uniaxial loading test, the change
in effective stress during stress loading is Δσ′ = 1

3 Δσx and Δσx = σ1 − σ0; then:

VP =
1
a

ln

{
1 − (1 − ϕ0) exp[ 1−2v

E (σ1 − σ0)]

b

}
(7)

where σ0 and σ1 respectively denote the initial stress and the current stress.
In the plastic deformation stage, the change in coal porosity is related to coal damage.

The equation below describes the relationship between coal porosity and the coal damage
variable [32]:

ϕ = ϕ1eβD (8)

where ϕ1 represents the porosity at the beginning of coal damage, ϕ indicates the porosity,
β denotes the damage parameter of coal which can be obtained by parameter fitting, and D
signifies the damage variable.

The plastic variable is defined as the damage variable [33]:

D =
εp − ε

p
0

ε
p
f − ε

p
0

(9)

where ε
p
0 denotes the threshold value of damage strain, that is, the plastic strain when the

coal starts to damage; εp represents the current plastic strain; ε
p
f stands for the plastic strain

at the residual strength of coal. ε
p
0, εp, and ε

p
f are positive. Considering that the experiment

in this paper was a uniaxial stress loading test, various plastic strains were replaced by
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various axial strains. Specifically, ε
p
0, εp, and ε

p
f are the axial strains at the beginning of

plastic deformation, during plastic deformation, and after the failure of coal, respectively.
By substituting Equation (8) into Equation (1), LWV Vp at the plastic deformation

stage is calculated as:

VP =
1
a

ln[
ϕ1eβD

b
] (10)

2.1.2. Ultrasonic Wave Propagation Energy Attenuation Theory

The main forms of energy attenuation included diffusion attenuation, absorption at-
tenuation, and scattering attenuation when the ultrasonic wave propagated in the medium.
Among them, diffusion attenuation is correlated with the distance of ultrasonic propa-
gation [34], and absorption attenuation mainly comprises heat conduction attenuation
and viscous absorption attenuation [35]. In the experiment of this study, the coal samples
have the same length and same structure type. Meanwhile, the influence of diffusion
attenuation and absorption attenuation on ultrasonic is small and thus can be ignored.
Hence, the energy attenuation of ultrasonic wave propagation in coal is primarily reflected
in scattering attenuation. According to the research results of Urick R J, the scattering
attenuation coefficient of ultrasonic wave propagation in coal is [36]:

αs = ϕ
1
6
(

2π f
v

)
4
r3 (11)

where αs denotes the scattering attenuation coefficient of ultrasonic, ϕ is the coal porosity, r
indicates the effective radius of pores and fractures in coal, f represents ultrasonic frequency,
and v refers to ultrasonic velocity.

According to Equation (11), the scattering attenuation coefficient αs is majorly associ-
ated with the porosity of coal, the effective radius of pores and fractures, and the ultrasonic
velocity. During the experiment, the ultrasonic velocity of coal has been measured, the
porosity of coal has been obtained in the elastic deformation stage and plastic deformation
stage, and the effective radius of pores and fractures in coal is difficult to be directly ob-
tained. The existing research confirms that the porosity and effective radius of coal have
the following relationship [37]:

ϕ =
12
π

ξrN (12)

where ζ denotes the linear density exhibited by cracks in the coal sample, and N represents
a coefficient related to the shape of the crack.

Substituting Equation (12) into Equation (11) yields:

αs = ϕ4 1
6
(

2π f
v

)
4
(

π

12ξN
)

3
(13)

Considering that the energy attenuation regarding ultrasonic wave propagation in
coal is mainly scattering attenuation, the attenuation coefficient can be obtained as:

α = αs = ϕ4 1
6
(

2π f
v

)
4
(

π

12ξN
)

3
(14)

Thus, the quality factor of coal during ultrasonic propagation is:

Q = 1/α =
1

ϕ4 1
6 (

2π f
v )

4
( π

12ξN )3
(15)

The parameters ξ and N in Equation (15) are not easy to measure and cannot be
effectively verified directly through the laboratory data. Hence, the comparison method is
used for verification. During comparison and verification, the ratio of a quality factor at
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different stages to that at the initial stage is expressed as M with the ultrasonic attenuation
coefficient at the beginning of this stage as the standard. The calculation method of M is:

M =
Qb
Qa

=
v4

b ϕ4
a

ϕ4
bv4

a
(16)

where M is the ratio of quality factor, Qb indicates the quality factor of the current state, Qa
denotes the quality factor in the initial state, and vb and va represent the wave velocity in
the current state and in the initial state, respectively. ϕb and ϕa denote the porosity in the
current state and in the initial state, respectively.

In the elastic deformation stage, substituting Equation (4) into Equation (16) yields:

M1 =
v4 ϕ4

0{
1 − (1 − ϕ0) exp[ 1−2v

E (σ1 − σ0)]
}4

v4
0

(17)

where M1 indicates the ratio of quality factor in the elastic deformation stage.
In the plastic deformation stage, substituting Equation (8) into Equation (16) yields:

M2 =
v4 ϕ4

1
ϕ4v4

1
=

v4 ϕ4
1(

ϕ1eβD
)4v4

1

(18)

where M2 denotes the ratio of quality factor in the plastic deformation stage.

2.2. Experiment
2.2.1. Experimental Equipment

The ultrasonic experiment adopted a rock physics measurement device under low
frequency during the stress loading process. Its working principle is illustrated in Figure 2.
The device is equipped with a core sample testing system (System 1) and a data acquisition
system (System 2).

Figure 2. Working principle of low-frequency rock physics measurement device.

System 1, as an essential part of the device, has a semiconductor strain gauge, ul-
trasonic transducer, standard aluminum sample, servo vibrator, and epoxy resin sheet.
System 1 can transmit and receive ultrasonic waves through ultrasonic transducers to
realize the ultrasonic measurement of coal media. The frequency range of the ultrasonic
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measurement is 5 Hz–1 MHz. The axial pressure measurement is realized by applying
stress to the test coal sample through a servo vibrator.

System 2, taking charge of recording the change in coal strain and ultrasonic velocity
during the experiment, is adopted mainly to achieve high-precision data acquisition, which
consists of a control software, signal generator, 12-channel high-precision differential
amplifier, servo vibration amplifier, pulse generator receiver, digital oscilloscope, digital
acquisition board, embedded computer, and analog-to-digital input board.

Additionally, auxiliary tools such as balances and vernier calipers are also needed
during the experiment.

2.2.2. Measurement Principle

The measurement of ultrasonic wave velocity in low-frequency rock physics measure-
ment systems primarily adopted the pulse transmission method [38,39]. Specifically, the
measurement was conducted using the polarization filtering method to pick up the initial
transverse wave, and then its wave velocity was calculated. Due to the constraints of exper-
imental conditions, the propagation of the ultrasonic transverse wave in the anisotropic
thin layer is accompanied by the propagation of fast and slow transverse waves in the
medium in the way of orthogonal polarization, so as to weaken the time difference between
them reaching the receiver. The detector can only identify the time point of receipt of the
transverse wave fast wave, and it is difficult to identify the time point of arrival of the
transverse wave slow wave. Therefore, this experiment only focuses on the shear wave
velocity given the influence of realistic conditions.

(1) Measurement of wave velocity.

The pulse transmission ultrasonic system was adopted in the experiment. The computer
can directly read out the sound wave velocity. The principle of test is expressed as:

{
Vp = L/(tp − t0)
Vs = L/(ts − t0)

(19)

where Vp and Vs denote the LWV and TWV, respectively. L represents the distance between
the transmitting and receiving transducers, tp stands for the longitudinal wave propagation
time, ts is the transverse wave propagation time, and t0 signifies the zero delay of the
instrument system.

(2) Measurement of quality factor.

Due to the existence of pores and fissures in coal, ultrasonic waves will inevitably
undergo attenuation in coal. The distribution law and structural characteristics of coals’
internal microstructure and the ground stress state in the coal can be effectively obtained
by studying the attenuation law of ultrasonic waves after passing through the coal sample.
Their attenuation characteristics are generally measured by quality factors. A larger quality
factor indicates smaller pore and crack size in coal, and slower attenuation. The quality
factor is calculated by 2π times the ratio of the energy consumed by ultrasonic propagation
attenuation to its own energy within a wavelength [40]:

Q =
2πE
ΔE

(20)

where Q denotes the quality factor, E represents the energy it has, and ΔE indicates the
decayed energy.

The main methods for determining the quality factor are the time domain method
and the frequency domain method. The study employed the amplitude decay method
in the time domain to determine the quality factor. The key to this method was the
determination of the main frequency and the initial arrival time. The specific steps were
detailed as follows. Firstly, the ultrasonic wavelet waveform of the failed coal sample
and the ultrasonic waveform passing through the coal sample obtained by the experiment
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were derived. Then, the more complete transmission wave waveform was intercepted by
the first arrival pickup and was subjected to broadband filtering to remove other clutter.
Afterward, the frequency point corresponding to the maximum amplitude in the first
arrival pickup intercepted waveform was picked up as the main frequency. Next, the root
mean square amplitude of the ultrasonic wavelet of failed coal samples and the ultrasonic
wavelet passing through coal samples were calculated, respectively. Finally, the obtained
main frequency, first arrival time, amplitude, and other parameters were substituted into
the formula to obtain the corresponding quality factor value.

The process of determining quality factors by amplitude attenuation method is:

A(x) = A0 · e−αx (21)

where A0 denotes the wavelet amplitude without passing through the coal sample, A(x)
indicates the ultrasonic amplitude passing through the coal sample, α represents the
attenuation coefficient, and x refers to the length of the medium.

Among them, the attenuation coefficient α can be expressed as:

α =
π f
QV

(22)

where f and V denote the main frequency and the wave velocity, respectively.
Substituting Equation (22) into Equation (21) yields:

A(x) = A0e
−π f x

QV (23)

From the first arrival time of ultrasonic wave t = x/V, it can be obtained that

A(x) = A0e
−π f t

Q (24)

After taking logarithms on both sides, Q can be obtained as:

Q = −π f t/ ln[
A(x)
A0

] (25)

2.2.3. Coal Sample Collection and Preparation

With the underground raw coal as the research object in the experiment, coal samples
were collected per the provisions of Methods for Taking Coal Rock Samples [41] and
Classification of Coal Structure [42]. The collected raw coal was primary structural coal. The
strike orientations of the fractures in the coal seam are different, suggesting the influence of
the anisotropy of the coal seam on the transmission of ultrasonic waves. Hence, attention
should be paid to indicating coal samples’ strike, tendency, and vertical bedding direction
in the coal seam upon the collection of the coal samples on site.

The sampling site was located at 31004 working face of Shanxi Xinyuan Coal Co., Ltd.
of Yangmei Group (Jinzhong, China). The working face was located in the Hanzhuang
sub-district and mainly mined 3# coal seam. Its coal quality was high-quality lean coal
with medium ash and low sulfur. The coal seam was majorly bright coal with developed
endogenous fractures. The coal seam contained 1–2 layers of argillaceous gangue, and
the thickness was in the range of 0.01–0.04 m (0.02 m on average). The 3# coal seam
mined in this working face had steady occurrence and simple structure, and the coal
firmness coefficient was 0.51–0.82, meeting the requirements of coal sample collection in
this experiment.

The coal with a large volume and relatively complete structure preservation should
be picked up as the master sample when coal samples are collected. After picking up
the master sample, it should be put into the pre-prepared woven bag. Concurrently, the
structure type and direction of the collected coal samples should be indicated on the bag
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surface. After the master sample was collected, it was transferred to the laboratory and
processed into a 100 mm-high cylindrical standard coal sample (50 mm in diameter) by
drilling equipment. Additionally, the coal core obtained by drilling was polished to make
its flatness less than 0.02% to enable the transducer of the ultrasonic tester to form better
contact with the coal core.

The total processing completed three experimental coal samples, including one in the
strike, inclination, and vertical bedding direction. The coal sample number is specified as
follows for contributing to the statistics and analysis. The direction of the parallel plane
cleat, vertical plane cleat, and vertical bedding is defined as the X, Y, and Z direction,
respectively, as shown in Figure 3. According to the classification standard of coal structure
type, the primary structure coal is class I coal. Hence, experimenters name the three coal
samples IX1, IY1, and IZ1 in turn.

Figure 3. Schematic diagram of coal cleat and bedding.

The coal sample obtained after processing is exhibited in Figure 4. The specific
parameters of the coal sample are presented in Table 1.

 
Figure 4. Physical drawing of coal sample.

Table 1. Statistics of parameters of processed coal samples.

Coal
Sample
Number

Coal
Structure

Type

Length
(mm)

Diameter
(mm)

Fracture
Development

Ro,max
Vdaf
(%)

Bulk
Density
(t/m3)

Porosity
(%)

Modulus of
Elasticity

(MPa)

Poisson’s
Ratio

IX1 Primary
structural

coal

100.0 50.1 The bedding is
clear without

obvious cracks.
1.86 15.7 1.43 3.5 1500 0.3IY1 99.9 49.9

IZ1 100.1 50.1

2.2.4. Experimental Scheme and Steps

In this experiment, there were three coal samples; stress loading was in the form of
uniaxial compression; pressure was maintained 5 min after every certain value until the end
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of the coal failure experiment. Each coal sample experiment’s specific steps are described
as follows.

1. Clean the sticking position of the coal sample’s strain gauge, firmly stick the strain
gauge on the coal sample surface with glue, and press it hard to ensure full contact.
After the glue is dry and firmly connected, the resistance value is checked with a
strain gauge to ensure no open circuit or short circuit.

2. In order to improve the measurement accuracy, the coupling agent is applied to the
coal sample and the ultrasonic transducer probe, and put the coal sample into the
loading test system. Thus, the coal sample is consistent with the central axis of the
transducer probe to ensure stable placement.

3. Connect the outgoing line of the strain gauge with the strain measurement instru-
ment, and obtain the strain of the coal through the output of the strain measurement
instrument.

4. Connect the ultrasonic testing instrument following the experimental setting, turn on
the computer control terminal and digital oscilloscope power, and debug to assure
the normal use of the instrument.

5. Adjust the loading system for controlling axial pressure change, and load the coal
sample by stages until it breaks. Stabilize the voltage for 5 min after each new stress
value is loaded, read out the corresponding ultrasonic wave velocity, record the first
wave amplitude, and export the waveform data on the oscilloscope.

6. Record the loading stress value, axial strain, and ultrasonic response characteristic
parameters, and repeat step 5 until the coal sample is broken and the experiment
is completed.

3. Results

3.1. Experimental Results

Table 2 lists the experimental results of coal samples in terms of the ultrasonic velocity,
quality factor, and axial strain during uniaxial stress loading.

Table 2. Test results of ultrasonic velocity, axial strain, and quality factor of coal samples under
uniaxial stress loading.

Loading
Step

Axial Stress
(MPa)

P-Wave Velocity
(m·s−1)

S-Wave Velocity
(m·s−1)

Axial Strain
(10−4)

Quality Factor Qp Quality Factor Qs

X, Y Z X Y Z X Y Z X Y Z X Y Z X Y Z

1 0 0 1925 1886 1623 1056 959 807 0 0 0 0.2954 0.2846 0.2541 0.2541 0.2489 0.2182
2 0.4 0.5 2114 2013 1785 1129 1131 1056 8.5621 8.1562 10.3216 0.4823 0.4124 0.4015 0.4765 0.4795 0.3695
3 0.9 1 2236 2205 1973 1150 1262 1174 10.5689 9.1564 13.1684 0.6569 0.6386 0.5912 0.6071 0.6025 0.6128
4 1.5 1.5 2280 2342 2003 1296 1364 1203 13.6415 12.6156 14.1235 0.7614 0.7783 0.6962 0.7215 0.7054 0.7218
5 2.2 2.1 2312 2341 2016 1304 1352 1222 15.9501 14.8204 16.2605 0.7962 0.7893 0.7316 0.7428 0.7199 0.7356
6 2.9 2.8 2356 2364 2053 1356 1379 1218 16.7851 16.6925 17.3694 0.8124 0.8201 0.7356 0.7594 0.7259 0.7398
7 3.6 3.7 2392 2368 2123 1375 1378 1230 18.9654 17.1651 18.2068 0.8238 0.8158 0.7465 0.7816 0.7467 0.7695
8 4.2 4.1 2385 2395 2073 1362 1396 1201 19.6258 16.2609 19.2654 0.8417 0.8196 0.7256 0.8119 0.7692 0.7512
9 4.9 4.2 2399 2384 2048 1396 1403 1182 20.6041 17.1656 24.3654 0.8514 0.8214 0.7026 0.8364 0.7697 0.7435

10 5.8 4.3 2416 2399 2046 1381 1399 1174 22.2354 18.1561 27.3691 0.8632 0.8309 0.5865 0.8516 0.7927 0.5216
11 6.6 1.7 2434 2412 1508 1408 1416 765 23.6351 20.1656 35.3614 0.8863 0.8218 0.1369 0.8632 0.7983 0.1689
12 6.8 — 2415 2356 — 1327 1375 — 27.6248 20.2518 — 0.7312 0.7269 — 0.7415 0.6662 —
13 6.9 — 2387 2310 — 1305 1343 — 28.0695 23.6325 — 0.6124 0.6214 — 0.6589 0.5918 —
14 7.2 — 2347 2296 — 1321 1300 — 28.9562 25.1659 — 0.5164 0.514 — 0.5321 0.5238 —
15 1.5 — 1743 1695 — 893 864 — 35.8601 34.8661 — 0.1984 0.1541 — 0.1631 0.1578 —

3.2. Relationship between the Ultrasonic Velocity and Axial Strain of Coal Sample during
Stress Loading

Table 2 explains the ultrasonic velocity–axial strain relationship of the coal sample
during stress loading (Figure 5).

198



Sustainability 2023, 15, 1093

 
(a) 

(b) 

Figure 5. Relationship between coal sample wave velocity and axial strain during stress loading: (a)
X and Y directions; (b) Z direction.

With Figure 5, the analysis on the above relationship assists in drawing the following
conclusions:

1. As the loading step increases, the axial strain of the coal sample will be on a rise, while
the LWV and TWV will present an increase-to-decrease trend.

2. The wave velocity exhibits strong anisotropy. The coal sample possesses higher LWV
than TWV, and the LWV in the Z direction is lower than that in the X and Y directions.
Through numerical analysis, the Pearson correlation coefficient of the TWV in the X
and Y directions is 0.96501, indicating that the TWV in the X and Y directions is similar.
During the whole process of stress loading, the TWV in the X and Y directions of the
coal sample showed a change trend of “increase-slow increase-slow decrease-sharply
decrease”. The TWV in the X direction increases from 1056 m/s to 1296 m/s in the
stress range of 0–1.5 MPa. Then, with the increase of axial stress to 6.6 MPa, the TWV
in X direction increases slowly from 1296 m/s to 1408 m/s. Then, it slowly decreases
to 1321 m/s, and the axial stress is 7.2 MPa. After the coal sample is damaged, the
stress value drops sharply to 1.5 Mpa, and the TWV in the X direction decreases
sharply to 893 m/s. The TWV in the Y direction increases from 959 m/s to 1364 m/s
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in the stress range of 0–1.5 Mpa. Then, with the increase of axial stress to 6.6 MPa,
the TWV in Y direction increases slowly from 1364 m/s to 1416 m/s. Subsequently, it
slowly begins to decrease to 1300 m/s, and the axial stress is 7.2 MPa. After the failure
of the coal sample, the stress value drops sharply to 1.5 MPa, and the TWV in the Y
direction decreases sharply to 864 m/s. The Pearson correlation coefficient of the LWV
in the X and Y directions is 0.98241, indicating that the LWV in the X and Y directions
is similar. In the whole process of stress loading, the LWV of coal samples in X and Y
directions showed the change trend of “increase-slow increase-slow decrease-sharply
decrease”. The LWV in the X direction increases from 1925 m/s to 2280 m/s in the
stress range of 0–1.5 MPa; then, as the axial stress increases to 6.6 MPa, the LWV in the
X direction slowly increases from 2280 m/s to 2434 m/s, and then slowly decreases to
2347 m/s, and the axial stress is 7.2 Mpa. After the coal sample is destroyed, the stress
value drops sharply to 1.5 Mpa, and the LWV in the X direction decreases sharply to
1743 m/s. The LWV in the Y direction increases from 1886 m/s to 2342 m/s in the
stress range of 0–1.5 Mpa. Then, with the increase of axial stress to 6.6 Mpa, the LWV
in the Y direction increases slowly from 2342 m/s to 2412 m/s, and then decreases
slowly to 2296 m/s, and the axial stress is 7.2 Mpa. After the coal sample is destroyed,
the stress value drops sharply to 1.5 Mpa, and the LWV in the Y direction decreases
sharply to 1695 m/s.

3. According to the stress loading process of coal samples, the changes in axial strain,
LWV, and TWV fall into the initial stage, the middle stage, the late stage, and end
stage of stress loading.

4. In the early stage of stress loading, the LWV, TWV, and axial strain of coal samples
increase. In the middle stage of stress loading, the LWV, TWV, and axial strain of coal
samples increase slowly. In the late stage of stress loading, the axial strain of coal
samples showed a significant increase trend, and the LWV and TWV of coal samples
began to decrease slowly. At the end of the stress loading, the coal sample is broken,
the axial strain of the coal sample increases sharply, and the LWV and TWV of the
coal sample decreases sharply. The reasons for these trends are as follows: in the early
stage of stress loading, the coal structure is compressed, the size of pores and cracks
in the coal decreases, the axial strain increases, and the acoustic wave velocity of the
coal increases. In the middle of stress loading, with the increase of axial pressure, the
compression amplitude of coal structure decreases, so the LWV, TWV, and axial strain
of coal sample increase slowly. In the late stage of stress loading, the coal enters the
plastic stage, the internal cracks of the coal sample begin to increase, the size of the
pores and cracks increases, the axial strain of the coal sample increases, and the LWV
and TWV of the coal sample begin to decrease slowly. At the end of the stress loading,
because the load of the coal sample exceeds its maximum bearing capacity, a large
number of cracks appear in the coal, the axial strain increases sharply, and the wave
velocity decreases abruptly.

5. In the initial and middle stages, the ultrasonic velocity and axial strain of coal samples
present an uptrend and have a good positive correlation. In the late stage and at the
end of stress loading, the axial strain continues to increase, while the wave velocity
significantly decreases. The ultrasonic velocity of coal samples shows a negative
correlation with the axial strain.

3.3. Relationship between the Axial Strain and Quality Factor of Coal Sample during
Stress Loading

Similarly, the relationship between the coal sample quality factor and axial strain
during stress loading can be obtained according to Table 2 (Figure 6).
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(a) 

 
(b) 

Figure 6. The axial strain-quality factor relationship of coal sample during stress loading: (a) X and Y
directions; (b) Z direction.

Analysis on the above relationship assists in drawing the following conclusions, as
shown in Figure 6:

1. The quality factors of coal samples also demonstrate strong anisotropy. The quality
factors of coal samples in the Z direction are less than those in the X and Y directions.
The quality factors of coal samples in the two directions are similar, and the varia-
tion law is the same. In other words, coal samples present a higher wave velocity
attenuation amplitude in the Z direction relative to the X and Y directions.

2. The variation trend of coal sample quality factors during stress loading also falls into
the initial stage, the middle stage, the late stage, and the end stage of stress loading.
In the initial stage, the coal sample quality factor significantly increases. In the middle
stage, the quality factor slowly increases. In the late stage, the quality factor signifi-
cantly decreases. At the end of stress loading, the quality factor sharply decreases.

3. In the initial and middle stage of stress loading, the coal sample quality factor increases
as the axial strain increases, indicating that the attenuation amplitude of energy during
ultrasonic propagation decreases as the axial strain increases. In the late stage and at
the end of stress loading, the axial strain of coal samples keeps increasing, while the
quality factor of coal samples sharply decreases, implying that the attenuation range
of energy during ultrasonic propagation increases as the axial strain increases.
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3.4. Relationship between Coal Sample Wave Velocity and Quality Factor during Stress Loading

Based on Table 2, the coal sample quality factor-wave velocity relationship of coal
sample during stress loading can be obtained (Figure 7).

 
(a) 

 
(b) 

Figure 7. Relationship between coal sample wave velocity and coal sample quality factor during
stress loading: (a) X and Y directions; (b) Z direction.

As revealed in Figure 7, the quality factor-wave velocity relationship of the coal sample
during the stress loading process can be concluded as follows. The two parameters have
significant stage characteristics, and their variation laws are the same.

4. Discussion

4.1. Analysis of Influencing Factors of Coal Ultrasonic Velocity Change during Stress Loading

Equations (7) and (10) are used to calculate ultrasonic wave velocity in the elastic
deformation stage and plastic deformation stage, respectively. Whether Equations (7) and
(10) are reliable is further verified with the longitudinal wave data in the X direction as
an example.

According to the longitudinal wave data in the X direction in Table 2, Equation (26)
can be obtained by fitting according to Equation (1):

ϕ = 0.044741915e−0.000126133VP (26)
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where a = −0.000126133, and b = 0.044741915; Vp refers to the LWV, m/s.
The coefficient of Equation (26) is fitted based on the measurement results of this

experiment. However, due to the limitation of test conditions, the number of coal samples
in this experiment is small, which may lead to a certain error of the coefficient. Therefore,
we will focus on improving this problem in subsequent research. The variation data of
LWV with stress can be obtained by substituting coal mechanical parameters and fitting
parameters a and b into Equation (7). Figure 8 displays the comparison diagram between
the calculated value of LWV in the X direction and the experimental value in the elastic
deformation stage in combination with the experimental data in Table 2. In Figure 9,
the LWV in the X direction demonstrates a linear increase with stress during the elastic
deformation phase of the stress loading process, revealing the increase in stress in the
elastic deformation stage, the decrease in coal porosity, and the increase in wave velocity.
This conclusion is consistent with Yale’s research results. Yale [43] also proposed in the
research results that the porosity of rock decreases with the increase of stress, which leads
to the increase of wave velocity transmitted in rock mass. Therefore, the internal factor
affecting the change of coal wave velocity in the elastic deformation stage is porosity, which
theoretically explains the root cause of the change of coal wave velocity.

Figure 8. Experimental and calculated values of LWV of coal in the X-direction during the elastic
deformation stage.

Figure 9. Experimental and calculated values of LWV of coal in the X-direction during the plastic
deformation stage.

After calculation, the error rate between the experimental value and the calculated
value of the LWV in the X direction of the elastic deformation stage is 1.14% (loading step 1),
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and the maximum is 10.75% (loading step 4), which shows that it is feasible to calculate the
LWV in the elastic deformation stage by this formula.

With the longitudinal wave data in the X direction in Table 2, β = 0.05 can be obtained
by fitting according to Equation (8). Then, the coal mechanical parameters are substituted,
and parameters a and b are fitted into Equation (10), so as to acquire the variation data of
LWV with strain. With respect to the experimental data in Table 2, the comparison diagram
between the calculated value of LWV in the X direction in the plastic deformation stage and
the experimental value can be depicted (Figure 9). As observed in Figure 9, the LWV in the
X direction decreases exponentially with the strain in the plastic deformation stage during
stress loading. Thus, in the plastic deformation stage, the coal axial strain, the damage
variable, and the porosity increase, leading to weakened wave velocity. After calculation,
the error rate between the experimental value and the calculated value of the LWV in the X
direction of the plastic deformation stage is 7.36% (loading step 13), and the maximum is
11.9% (loading step 15), which shows that it is feasible to calculate the LWV in the plastic
deformation stage by this formula.

Equation (7) illuminates that the main factor affecting the change of coal wave velocity
in the elastic deformation stage is stress, and the wave velocity increases linearly with
the increasing stress. This research result is in line with the research results of Meng
Zhaoping [44], Zhou Feng [14], and Li Qiong [45]. In addition, Dong Shouhua et al. [46]
focused on the measurement of the ultrasonic wave velocity of anthracite samples under
triaxial stress. The research found that the confining pressure increase was accompanied
by the increase in ultrasonic wave velocity, and the wave velocity increased slowly and
became stable when it exceeded the critical value of confining pressure. Sun Xiaoyuan [47]
found that the P-wave velocity of briquettes was positively correlated with its pressure;
Zhang Long [48] and others found a logarithmic relationship between ultrasonic LWV
and stress. Yu Hongyan [49] and others found that effective stress increase resulted in
obviously increased P-wave and S-wave velocities of fractured shale. Cao Anye et al. [50]
found that the P-wave velocity was exponentially positively correlated with the applied
stress through laboratory experiments. The research results of these scholars show that the
change of wave velocity is related to stress, but the influence of stress on wave velocity is
different, which shows that there are different variation rules of wave velocity in different
stress change stages. Therefore, according to the stress–strain characteristics of coal, the
stress loading process is divided into the elastic stage and plastic stage. In these two stages,
the variation law of wave velocity is studied respectively, which can reflect the response
characteristics of the ultrasonic wave more truly.

Equation (10) suggests that the primary factor that impacts the change of coal wave
velocity in the plastic deformation stage is strain. As the strain is on a rise, the wave velocity
exhibits an exponential decrease, consistent with the research results of Zhao Mingjie [51].
Zhao Mingjie established an exponential relationship between rock strength and ultrasonic
velocity based on damage mechanics. In addition, the results of Yang Sen [52] and Li
Jian [53] show that the LWV decreases with the development of coal and rock damage.
Zhang Zhibo et al. [54] also found through experimental research that the wave velocity
decreases with the increase of stress, and the important factor affecting the change of UTV
is the change of microcrack structure. This shows that the wave velocity of coal decreases in
the propagation stage of micro-cracks, and the reason for the decrease of wave velocity can
be caused by damage or stress increase. In this paper, the reason for the decrease of wave
velocity is summarized as strain, which is due to the fact that the increase of coal damage
and the propagation of micro-cracks are two expressions of the same result in the plastic
deformation stage. Using strain can describe the change of wave velocity more realistically,
and it is also easy to quantify the change of wave velocity.

According to Equations (7) and (10), the main influencing factors of wave velocity
change of coal in the elastic deformation stage and plastic deformation stage are different.
However, further analysis by combining Equations (7) and (10) unveils that porosity is
still the fundamental factor influencing the wave velocity change of coal in the process
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of stress loading. Moreover, a good mathematical relationship exists between the change
in coal porosity and the coal stress in the elastic deformation stage, confirming the stress
as the primary factor that impacts wave velocity change in the elastic deformation stage.
However, a relationship can be hardly established between the coal porosity change and
stress in the plastic deformation stage, while a strain can establish a good relationship
with the coal porosity change. Hence, the primary factor influencing coal wave velocity
change in the plastic deformation stage is strain. This is the influence mechanism of the
ultrasonic wave velocity change during the stress loading process. Equations (7) and (10)
reveal the variations of ultrasonic velocity during coal stress loading more deeply and
comprehensively, with better accuracy and applicability.

4.2. Analysis of Influencing Factors of Ultrasonic Propagation Energy Attenuation

Equations (17) and (18) describe the change in coal quality factor in the elastic defor-
mation stage and plastic deformation stage, respectively. The calculated value of the quality
factor is compared with the experimental value in Table 2 with the X-direction longitudinal
wave as an example to verify the reliability of Equations (17) and (18). Meanwhile, the
changing trend of the ratio of the quality factor in the process of stress loading is obtained
(Figures 10 and 11).

Figure 10. Experimental and the calculated values of quality factor ratio in the elastic deformation stage.

Figure 11. Experimental and the calculated values of quality factor ratio in the plastic deformation stage.

As observed in Figure 10, the ratio of the coal quality factor increases in the form of a
power function with the increase in stress in the elastic deformation stage. At the end of
the elastic stage, the coal quality factor ratio is about three times the initial time, and the
calculated value meets the experimental value, reflecting the changing trend of the quality
factor. Equation (17) reveals that the quality factor ratio shows relevance to the porosity
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and coal wave velocity. In the elastic deformation stage of stress loading, the wave velocity
of coal increases, together with the decrease in porosity.

In Figure 11, the coal quality factor ratio decreases as the parabola forms with increas-
ing loading steps during the plastic deformation phase. The coal quality factor ratio at the
time of rupture is about 20% of that at the beginning of the plastic deformation phase. The
calculated value conforms to the experimental value, implying the changing trend of the
quality factor. Equation (18) illuminates that the quality factor ratio of coal is correlated
with the coal porosity and wave velocity. In the plastic deformation stage of stress loading,
the coal wave velocity decreases, and the porosity increases. Consequently, the quality
factor ratio of coal decreases in the form of the parabola function.

Equation (17) suggests that the change of coal quality factor in the elastic deformation
stage of coal during stress loading is related to stress. The reason is presented as follows.
The porosity decreases with the increase in stress, and there is an acceptable mathematical
relationship between the change in coal porosity and coal stress. This implies that the main
factor influencing the coal quality factor in the elastic deformation stage is stress. Equation
(18) demonstrates that the change in the coal quality factor in the plastic deformation stage
is derived from strain. The reason is that the change in stress in the plastic deformation
stage is difficult to reflect the change in porosity, and a good mathematical relationship can
be established between strain and coal porosity. It is revealed that the main factor affecting
the coal quality factor in the plastic deformation stage is strain.

As discovered by combining Equations (15)–(18), coal quality factor Q is inversely
proportional to coal porosity ϕ4, and the fundamental factor affecting the coal quality factor
is coal porosity. The change in coal porosity in the two stress loading stages are expressed
by stress and strain, respectively. This is the influence mechanism of energy attenuation
during ultrasonic propagation during stress loading.

Zhao Qiufang [55] and Zhang Pingsong [56] reported that the attenuation coefficient of
the coal seam presented a logarithmical association with the porosity. Liang Yanxia et al. [57].
revealed that the quality factor presented a negative linear relationship with the porosity,
while the coal quality factor (Q) is inversely proportional to the coal porosity (ϕ4) in
our study. In other words, different researchers have different research results on the
coal quality factor–coal porosity relationship. However, the general trend is consistent.
Specifically, larger coal porosity indicates a smaller coal quality factor. Generally, the model
established in the study based on the ultrasonic wave propagation theory covers the whole
process of coal loading and has been verified by the experimental results with high accuracy
and reliability.

Since the influence mechanism of ultrasonic dynamic parameters of coal is relatively
complex, the relationship model between the ultrasonic attenuation coefficient and stress
under loading conditions established in this paper is not perfect. The research results only
reflect the variation law of the coal quality factor somewhat. Therefore, the attenuation law
of coal ultrasonic should be further investigated in the future.

4.3. Relationship between the Stress–Strain State of the Coal and Ultrasonic Response
Characteristics during Stress Loading

The relationship between the coal stress–strain state and ultrasonic response charac-
teristics (ultrasonic velocity and quality factor) can be obtained (Figure 12) by analyzing
the influencing factors of coal ultrasonic propagation during stress loading. Figure 12
illustrates that the stress–strain state of coal during stress loading falls into the elastic
deformation stage and the plastic deformation stage. In the elastic deformation stage, the
wave velocity and coal quality factor exhibit an increasing trend. They increase faster in
the pore compaction stage, but increase more slowly in the linear deformation stage. In
the plastic deformation stage, the two parameters decrease. They decrease slowly in the
microcrack growth stage, but decrease rapidly in the coal destruction stage. Thus, the
change in ultrasonic velocity and attenuation of energy have a significant corresponding
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relevance to the coal stress state, laying a theoretical foundation for the inversion of the
stress state and its change trend through the change and attenuation of ultrasonic velocity.

Figure 12. Relationship between the stress–strain state of the coal and the ultrasonic response
characteristics.

The following is an application scenario. The working face is an area that possesses
a high coal and gas outburst risk in coal mine production, and the high risk is obviously
associated with the coal stress state. During the production process of the working face,
the ultrasonic characteristics in the coal in front of the working face can be continuously
monitored by drilling. The stress state and its change trend of coal are inversed by using
the change and attenuation of ultrasonic velocity following the previous research results of
this paper. When the ultrasonic speed slows down, the quality factor is reduced, and the
stress has not reached the peak stress. Thus, the safety production status of the working
face shall be analyzed, and necessary safety protection measures shall be taken to prevent
the occurrence of coal mine safety production accidents.

Although the research conclusion of this paper is obtained under the condition of
coal with a primary structure, it is also applicable to coal with other structure types. The
difference is that the stress and strain process for the primary structure coal is significant
during stress loading, and the process is gentle for the fragmented coal and mylonitic coal.
As a result, the change in ultrasonic speed and the attenuation of energy are relatively
weak, leading to the increased difficulty and requirements of identification. The research in
this area will be strengthened in the future. Generally, the method proposed in the paper
has a relatively broad application prospect and provides a new idea for inferring the stress
state and change trend of coal in the working face, contributing to a positive significance
for predicting and preventing the occurrence of mine disasters. Due to the limitation
of experimental conditions, the number of coal samples and the range of coal samples
selected in this paper are small, which have certain limitations. The ultrasonic response
characteristics of loaded coal analyzed in the experiment are only general statistical laws. It
is necessary to carry out experimental analysis on more coal samples in order to reduce
accidental errors and obtain more accurate general ultrasonic response laws. This is also
the direction that the author needs to work hard towards in the future.

5. Conclusions

(1) The coal stress-loading process falls into the elastic deformation stage and the plastic
deformation stage. In the process of stress loading, the ultrasonic velocity and the
quality factor of the coal sample have the same variation law. In the elastic deformation
stage, the ultrasonic velocity and quality factor of the coal sample increase as coal axial
strain elevates; in the plastic deformation stage, coal samples’ axial strain continues to
increase, while the ultrasonic velocity and quality factor significantly decline.
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(2) In the process of stress loading, the ultrasonic velocity and quality factor of the coal
sample demonstrate strong anisotropy, and are smaller in the Z direction than those
in the X and Y directions. The ultrasonic velocity and quality factor of the coal sample
in the X and Y directions are similar and present the same variation law.

(3) Coal porosity is the fundamental factor influencing the change in the coal wave
velocity and coal quality factor. In the elastic deformation stage, the coal stress
increases, and the porosity decreases; the coal wave velocity and coal quality factor
both increase, and the coal attenuation coefficient decreases. It is revealed that the
primary factor that impacts the coal wave velocity and coal quality factor is stress.
In the stage of plastic deformation, the porosity increases as the coal strain is on a
rise, the coal wave velocity and coal quality factor decreases, and the coal attenuation
coefficient increases, suggesting that the main factor affecting coal wave velocity and
coal quality factor was strain.

(4) The wave velocity and coal quality factor rapidly increase in the pore compaction
stage and slowly increase in the linear deformation stage. The wave velocity and coal
quality factor slowly decrease in the stage of microcrack propagation, while the wave
velocity and coal quality factor rapidly decrease in the stage of coal destruction. The
stress–strain state of coal corresponds well to the ultrasonic response characteristics
during the loading process.
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Abstract: The key parameters of high-level boreholes in high drainage roadways affect the gas
treatment effect of the working face directly. Therefore, the layout parameters of high-level boreholes
in the lateral high drainage roadway (LHDR) are determined and optimized as necessary. Based
on the LHDR layout on the 2-603 working face of the Liyazhuang coal mine, the key technological
requirements on high-level borehole parameters were analyzed and the distribution characteristics
of the gas volume fraction in the coal roof were studied. The gas migration law in the mined-out
areas was obtained and the layout locations of high-level boreholes were determined finally. The
research demonstrates that the high-level boreholes lag the 2-603 working face distance and the
position of the final borehole (the position of the final borehole in this paper refers to the distance
between the final borehole and the roof) influence the stability of boreholes and the gas extraction
effect. The distribution of the gas volume fraction from the intake airway to the return airway can
be divided into the stable stage, slow growth stage, and fast growth stage. Influenced by the flow
field in the mined-out areas, the mean volume fraction of the borehole-extracted gas has no obvious
relationship with the gas volume fraction at the upper corner. According to the final optimization,
the high-level borehole is determined as having a 15 m lag behind the working face and the position
of the final borehole is 44 m away from the coal seam roof. These have been applied successfully in
engineering practice.

Keywords: lateral high drainage roadway; high-level boreholes; gas extraction; numerical simulation;
flow field

1. Introduction

Coal bed methane (CBM) is a valuable resource and the disasters (e.g., gas explosions
and coal-gas outbursts) affect the safety production in the process of coal mining [1–3]. The
overlying rock of the working face will migrate and break after mining. The overlying strata
will experience a significant number of fractures, providing pathways for gas storage and
flow [4,5]. The gas reserve law in coal mines in China shows the feature of three high (high
plasticity structure of coal seam, high gas adsorption ability of coal seam, and high gas
content of coal seam) and three low (low gas pressure of coal seam, low gas saturation of coal
seam, and low rate of gas permeability of coal seam), which causes the effect of pre-mining
gas extraction to be ineffective. Many scholars combine the development characteristics of
mining-induced fissures with the migration law of pressure relief gas [6–8] and use high
drainage roadways and high-level boreholes to extract pressure relief gas [9–12].

Among them, Li et al. [13] adopted the technology of setting super large diameter
(0.3 m) boreholes on the roof to ensure the safety production of high gas and outburst mines.
Zhang et al. [14] selected the boreholes parameters reasonably through the observation
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and trajectory measurement of gas drainage boreholes. Zhou et al. [15] conducted the
theoretical analysis on the evolution law of mining-induced overlying strata fracture. The
technique of gas extraction in different enrichment areas using different level boreholes was
proposed. Shang et al. [16] proposed high directional long borehole drainage technology to
control the gas concentration in the upper corner under the safety index of the mined-out
areas. Li et al. [17] determined the key parameters of the (LHDR) by analyzing the mining
stress. Yu et al. [18] studied the distribution and evolution characteristics of the stress and
displacement field in the surrounding rock of the roadway and arranged the floor gas
drainage roadway to control gas. Hu et al. [19] proposed a technique of a large-diameter
blind shaft joined to the high-level gas drainage roadways to control gas. Many scholars
have performed a detailed study on the gas extraction methods in the mined-out areas,
among which the high-level boreholes and high drainage roadways are the most frequently
employed. Fan [20] and Zhang [21] have also studied the key problems of arranging drilling
holes for gas extraction.

Some scholars studied the gas extraction method (e.g., high-level boreholes extraction
and high drainage roadway extraction) in the mine-out areas after mining [22,23]. Among
them, high-level boreholes extraction is an efficient gas extraction method to control gas
over the limit. However, the relationship between the lag working face distance and the
boreholes stability is not clear. The influence law of the different layers of the final location
of the high-level boreholes on the gas flow field migration is not clear. To study the law of
gas flow field migration in the mined-out areas affected by the distance between high-level
boreholes lagging working face and the position of the final borehole, UDEC2D was used
to simulate the overburden fissures zone after mining and separation zone in the overlying
strata of mined-out areas. The distance between high-level boreholes lagging working
face and the final borehole position was determined. FLUENT was used to analyze the
thermal characteristics of gas volume distribution in the coal seam roof and the distribution
characteristics of the coal seam roof gas affected by mine-out areas flow field under the
influence of drainage boreholes were obtained, to determine the drainage effect of different
layers of high-level boreholes on the coal seam roof. The simulated high-level boreholes
layout parameters were used to control gas over the limit in the upper corner of the
Liyazhuang coal mine.

To prevent gas over-runs in the Liyazhuang coal mine, the pressure relief gas ex-
traction technology (i.e., two adjacent working faces share the external staggered high
drainage roadway) is proposed: vertical (vertical 2-603 working face) and lateral (vertical
2-605 working face) high drainage roadways are placed at the roof along the return airway
on the 2-603 working face. In the early service stage of high extraction roadways, pressur-
ized gas extraction technology was applied to the 2-603 working face through high-level
boreholes. In the late service stage of high drainage roadways, pressurized gas extraction
technology was used to the 2-605 working face through high drainage roadways directly.
Based on the development characteristics of mining-induced overburden fissures and the
reasonable position of high drainage roadways on the working face, the key position pa-
rameters of the final high-level borehole are analyzed to realize high-efficiency pressurized
gas extraction in the overburden fissure zone of the 2-603 working face in the early service
stage of LHDR.

2. Layout of LHDR

2.1. Determination of Key Parameters

The LHDR layout is proposed based on geological conditions and gas control mea-
sures in the Liyazhuang coal mine (Figure 1). Vertical and LHDR are placed at the roof
along the return airway on the 2-603 working face. In the early service stage of high
drainage roadways, pressurized gas extraction technology is applied to the 2-603 working
face through high-level boreholes. In the late service stage of high drainage roadways,
pressurized gas extraction technology is used to the 2-605 working face through high
drainage roadways directly.
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(a) (b)

Figure 1. Surrounding rock structure mechanical model of high-level boreholes: (a) planar graph;
(b) I-I section drawing.

The final borehole position directly affects the drainage effect of pressure relief gas in
overlying rock mining fissures of the 2-603 working faces in the early stage. Because the
high-level boreholes are arranged in the outer staggered high drainage roadway, which is
affected by the mining of 2-603 working faces in the early stage, the layer position of the
high drainage roadway directly affects the layout parameters of high-level boreholes. The
position of the LHDR will influence the surrounding rock stress environment in the roadway
directly. Therefore, the technological key of the LHDR layout is to determine parameters for
the LHDR and the high-level borehole. Based on previous research results [17], the position
parameters of LHDR are determined as follows: roof strike high drainage roadways are
arranged along the 2-603 working face, which is 25 m away from the 2-603 working face
horizontally and 25 m away from the 2# coal roof vertically. The position parameters of the
high-level boreholes are analyzed in the following text.

2.2. Requirements for High-Level Boreholes Parameters in LHDR

From the layout of the LHDR, the high-level boreholes are mainly for pressurized gas
extraction in mining-induced overburden fissures on the 2-603 working face. The position
parameters of high-level boreholes are the key factors to early extraction pressure relief
gas efficiency in the layout of the LHDR. Some requirements on the parameters of the
high-level boreholes are provided below:

(1) Overburden mining-induced fissures determine the migration pathways and stor-
age spaces for pressure relief gas directly. Therefore, it is necessary to master the distribution
characteristics of overburden mining-induced fissures along the 2-603 working face. The
position of final boreholes must be placed at the pressure relief gas enrichment region with
consideration to pressure relief gas characteristics.

(2) Three horizontal areas (i.e., coal wall support area, separation area, and re-compaction
area) will be formed along the advancing direction of the working face after mining. At the
same time, three vertical zones (i.e., bending sagging zone, fracture zone, and caving zone)
will be formed from the upper to the lower parts of the overburden areas [24,25], as shown
in Figure 2.

From Figure 2, one sees that when the gas extraction boreholes are in the coal wall
support area, the supporting stress for advanced mining of the working face will influence
the borehole stability and cause the collapse or deformation of boreholes. When boreholes
are in the separation area and re-compaction area, the mining-induced overburden fissures
will become the gas migration pathways with pressure relief. The arrangement of boreholes
in the re-compaction area slightly influences the pressure relief gas flow field on the
working face and is easy to cause an exceeding gas concentration at the upper corner.
The final high-level boreholes must be placed at the intersection of the fissure zone and
separation area.
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Figure 2. The horizontal zones and vertical zones after working face mining. (A—coal wall support
area (a–b); B—separation area (b–c); C—re-compaction area (c–d); I—caved zone; II—fractured zone;
III—bending zone).

(3) When high-level boreholes are behind the working face, the LHDR is disturbed
by mining the 2-603 working face and the loosing zone of surrounding rocks close to the
2-603 working face increases accordingly. Therefore, the sealing length and strength of
the final high-level boreholes must be increased to ensure negative pressure extraction
and efficiency.

(4) The high-level boreholes are arranged in the common area of the fractured zone
and the separation zone. It is necessary to ensure the stability of the high-level boreholes to
achieve efficient gas extraction. The high-level boreholes should not be in the peak stress
area [26]. It reduces the influence of mining stress on the stability of the boreholes and
ensures the gas extraction effect of the boreholes.

To sum up, when high-level boreholes are behind the working face, the final boreholes
must be in the separation area of the fracture zone, and the sealing strength of the high-level
boreholes must be increased. At the same time, the mining stress will cause the boreholes
to collapse when the working face continues to advance, so it is necessary to strengthen the
sealing strength of high-level boreholes and the high-level boreholes should not be in the
peak stress area. As a result, the high-level boreholes lag the working face distance as well
as the position of the final borehole must be optimized to improve the boreholes stability
and achieve a better extraction effect.

3. Distribution Characteristics of Mining-Induced Overburden Fracture Zone and
Separation Area

3.1. Overburden Fissure Distribution Range

Figure 3 shows the distribution of the mining-induced fractures after mining. The
mining-induced fissures distribution area of the overlying strata at the end of the working
face is within 62◦ of the uphill mining angle. The fissures in the vertical direction are
concentrated in two main areas: (1) the first area: 13–25 m away from the floor at the height,
12 m away from the stope boundary, and 65 m in width, and (2) the second area: 38.6–50 m
away from the floor at the height, 28 m away from the stope boundary, and 50 m in width.
The first place is closer to the working face, the air leakage is more serious. Since they
are affected by the ascending characteristics of the gas, the extraction boreholes should be
positioned above the second zone.
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Figure 3. Distribution characteristics of overburden fissures after mining.

3.2. Distribution Characteristics of Separation Area

A numerical model was constructed according to the geological conditions of the 2-603
working face. The model parameters are shown in [17,27,28]. The distribution characteris-
tics and extent of the mining overburden fissures after excavation of the 2-603 working face
were simulated. The first pressurization and periodic pressurization occur with the advanc-
ing of the working face. The distribution characteristics of mining-induced overburden
fissures when the working face advances by 95 m are shown in Figure 4.

Figure 4. Distribution characteristics of mining-induced overburden fissures.
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Figure 4 shows that the stress supporting area, separation area, and compaction area
are developed on the working face after mining. There are few mining-induced overburden
fissures in the stress supporting area and the compaction area, which limit pressure relief
gas storage and migration. Since two layers of thick sandstones play a key role in controlling
the overburden activities, the mining-induced fissures are mainly distributed in two areas,
which are consistent with the distribution characteristics of mining-induced fissures on
inclined overburden. The main storage pathways of pressure relief gas are mainly 15–41 m
away from the working face horizontally and 37–50 m away from the roof vertically.
Therefore, boreholes are set 15–41 m away from the working face and the final borehole is
37–50 m away from the roof.

4. Parameters of High-Level Boreholes Layout

4.1. Theoretical Basis of the Numerical Model

Gas flow in the mining-induced fracture zone is very complicated and can be simpli-
fied as a seepage in porous media, including the laminar region, transition region, and
turbulence region. Generally, there is large air leakage in small mined-out areas range
close to the working face, but air leakages in other regions are similar with seepage of a
small Renault coefficient [29]. Hence, gas migration in the mining-induced fracture zone
conforms to the continuity equation, momentum equation, and mass conservation equation
of fluid flow in porous media [30,31].

(1) Equations of laminar flow and turbulence flow
Laminar flow and turbulence flow of pressure relief gas in the mining-induced overbur-

den fissures on the working face using borehole extraction were designed. The RNGk − ε
model with high and low Reynolds numbers was applicable.

1© Equation of turbulent kinetic energy

∂

∂t
(ρk) +

∂

∂xi
(pkui) =

∂

∂x

[
ak(u + ul)

∂k
∂xj

]
+ Gk + Gb − ρε − YM + SK (1)

where t is time (s); ρ is air density (kg/m3); k is turbulent kinetic energy (m2/s2); ui is the
temporal average velocity (m/s); ak is the number of turbulence flow; u is the dynamic
viscosity of the fluid (Pa · s); ul is turbulence viscosity (Pa · s); Gb = −gi

ut
ρprt

∂ρ
∂xi

(gi is the

acceleration of gravity (m/s2) and prt is Prandtl number of turbulence); YM = 2ρεMt
(Mt is Mach number of turbulence, Mt =

√
k/a2 and α is the sound velocity (m/s )); ε is

dissipation rating (m2/s3); GK = ul

(
∂ui
∂xi

+
∂uj
∂xi

)
∂ui
∂xj

; and SK is the source item (kg/
(
m · s3)).

2© Diffusion equation of the dissipation rating of turbulent kinetic energy (ε)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi

[
aε(u + ut)

∂ε

∂xi

]
+ C1ε

ε

k
(Gk + CvGb)− C2ερ

ε2

k
− Rε + Sε (2)

where aε is the Prandtl number of turbulence; C1ε, C2ε and Cv are dimensionless constants of

the model; Rε =
0.0845ρη3(1− η

4.377 )
1+0.012η3 · ε3

k ; kg/
(
m · s4); η =

(
2Eij · Eij

)1/2 k
ε ; Eij =

1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
,

s−1; and Sε is the source item (kg/
(
m · s4)).

Moreover, the model equation of effective velocity and eddy modification gram mark
was involved to adapt to the influences of the eddy on low Reynolds number, near-wall
flow, and modified turbulence flow in the laminar flow:

d
(

ρ2k√
utε

)
= 1.72

∧
ν√

∧
v

3
− 1 + Cv

d
∧
v (3)
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where
∧
v = (u + ut)/u; ut differs for different liquid states. Turbulence flow and eddy are

determined according to Equation (4).

ul = 0.0845ρk2/εut = ut0 f (as, Ω, k/ε) (4)

where ut0 is a non-revised value of viscosity (Pa · s); as is constant; Ω is the estimated value.
(2) Mass conservation equation of gas
In the mining-induced fracture zone, gas transmission in the air must meet obey the

mass conservation law.

∂

∂t
(
ρcg

)
+

∂

∂xi

(
ρcgui

)
= − ∂

∂xi

(
Jg
)
+ Sg (5)

where cg is the volume fraction of gas, m3/m3; Jg is gas diffusion flux (kg/
(
m2 · s

)
); laminar

flow and turbulence flow are determined by Equation (6). Sg is the additional productivity

of the gas source item ( kg
(m3·s) ).

Jg = −Dρ
∂

∂xi

(
cg
)
, Jg = −

(
Dρ +

ut

Sct

)
∂

∂xi

(
cg
)

(6)

where D is the diffusion coefficient of gas (m2/s) and Sct is Schmidt number of turbulence flow.
(3) Equation of continuity
According to the mass conservation law of gas in mining-induced fissures, the equation

of continuity of gas migration is gained:

∂ρ

∂t
+

∂

∂xi
(ρui) = Sg (7)

where Sg is the gas source item (kg/
(
m3 · s

)
).

(4) Momentum conservation equation
The momentum conservation equation of porous medium on the direction i in the

inertial coordinate system is:

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
=

∂τij

∂xj
− ∂p

∂xi
+ ρgi + ∑3

j=1 Dij(μ + μi)qj + ∑3
j=1 Cij

1
2

ρ
∣∣qj
∣∣qj (8)

where P is the pore pressure (Pa); qj is the seepage velocity (m/s); Dij and Ci j are specified

matrixes; τij is the stress tensor (Pa); τij = (μ + μi)
[(

∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
∂ui
∂xi

δij

]
and δij is the

Kronecker mark.
Equations (1), (2), (5), (7) and (8) form the mathematical model of gas migration in

the mining-induced fracture zone. If variables, time-varying terms, convective terms,
and diffusion terms in all equations are expressed in standard forms, the general forms
could be gained (Equation (9)). In the application, only the solver of Equation (9) is
programmed, thus enabling to solve gas migration in the mined-out areas under different
boundary conditions.

∂

∂t
(ρφ) + div(ρφu) = div(Γgradφ) + S (9)

where φ is the universal variable; Γ is the generalized diffusion coefficient and S is the
generalized source item.

4.2. Parameter Setting

The permeability of the coal seam and overlying rock is the main factor that controls
gas outburst on the working face. The mining-induced stress distribution influences
the permeability of both the exploitation bed and the adjacent bed. The permeability is
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determined by the fissure development in the strata in front of the working face as well
as the stress relief behind the working face. The stress distribution caused by mining
influenced the permeability of both mining and adjacent layers. Based on analysis of
stress distribution law in the goaf and previous experiences on FLUENT simulation study,
permeability distribution in the goaf was determined. Permeability changes in different
regions were 10−4–10−6 m2 and the maximum viscosity permeability in the goaf was about
10−10 m2 [17,32].

Other parameters of the model are: intake airway is 5 × 3 m; the net fracture surface is
15 m2; return airway is 4.8 × 3.8 m; the net fracture surface is 18.24 m2. The inclined length,
width, and height of the mining working face are 200 m, 5 m, and 3.5 m, respectively. The
dip angle is 8◦. The strike length and height of goaf are 250 m and 100 m, respectively.
The model uses a local grid subdivision and the grid quantity of the whole model is
about 1.12 million. The reference pressure of the model is set at 101.325 KPa. The simulated
calculating pressure is the relative pressure value. The inlet of the intake airway is set
free and the outlet of the return airway is set as a pressure outlet. The negative pressure
ventilation is employed. The extraction borehole is pressure out and the negative pressure
for extraction is 30 KPa.

4.3. Scheme Settings

To verify the reasonability of the established model, the working face open-off cut
when no gas extraction in the mined-out areas and the distribution characteristics of gas
volume fraction in the return airway were analyzed (Figure 5).

(a) (b)

Figure 5. Gas distribution characteristics on the working face without extraction: (a) Contour of gas
volume fraction at the roof; (b) Regions with gas volume fraction>1% on the working face.

Distribution characteristics of gas volume fraction (>1%) at the upper corner of the
working face under the ventilation conditions are shown in Figure 5b. This region is mainly
in the position that is 180–200 m away from the intake airway. The gas volume fraction
at the joint between the working face and the return airway reaches 1.45–2.10% and the
gas volume fraction on the working face exceeds the limit. Furthermore, practices have
proved that increasing the ventilation quantity alone is difficult to solve excessive gas
volume fraction at the upper corner of the working face. On one hand, increasing the
ventilation quantity will discharge the gas into the working face and roadways. On the
other hand, it will intensify air leakage in the goaf and more gases in the goaf will rush
into the upper corner of the working face. Therefore, borehole gas extraction in the goaf
must be considered when increasing the ventilation quantity fails to improve gas extraction.
Combined with practical distribution characteristics of gas volume fraction on the working
face, the established model is proved reasonable.

Combined with the distribution characteristics of mining-induced overburden fissures
on the working face in Section 2.1, the periodic weighting step on the working face is about
15 m and the angle of mining-induced fissures at end of the 2-603 working face is 62◦.
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High-level boreholes are placed behind the working face and the experimental scheme is
presented in Table 1. According to the line pressure for extraction in LHDR, 20 high-level
boreholes were set at an interval of 2 m.

Table 1. Experimental Scheme of the different positions of the final boreholes.

Distance from
Working Face/m

35 m away from Coal
Seam Roof

45 m away from Coal
Seam Roof

55 m away from Coal
Seam Roof

10 Scheme1 Scheme2 Scheme3
15 Scheme4 Scheme5 Scheme6
20 Scheme7 Scheme8 Scheme9

4.4. Analysis of Simulation Results

Influenced by floating diffusion, pressure relief gas mostly concentrates in the top of
the fissure region. Distribution characteristics of gas volume fraction close to the roof can
represent the pressurized gas extraction effect of high-level boreholes to some extent. In
the following text, reasonable parameters of high-level boreholes are analyzed from the
distribution characteristics of gas volume fraction on the roof, the distribution law of gas
volume fraction on the working face, and the average extracted gas volume fraction of
high-level boreholes.

1. Distribution characteristics of gas volume fraction on the roof;

Figure 6 shows that the distribution characteristics of gas volume fraction on the
roof vary for high-level boreholes located at different positions. The region with low gas
volume fraction close to the working face is A area (1.30% > gas volume fraction > 0) and
the region with high gas volume fraction close to the working face is B area (gas volume
fraction > 1.30%) (Figure 6a).

When boreholes are 10 m away from the 2-603 working face, the A area increases
significantly with an increase in the height of the final borehole. B area expands to the return
airway gradually, indicating the flow field close to the roof is beneficial for reducing gas
discharge on the working face when the final borehole is 55 m away from the working face.
When boreholes are 15 m away from the working face, the area of A decreases gradually
with the increase in height of the final borehole, while the area of B remains the same. In
addition, the B area gradually moves away from the return airway and develops to the deep
part of the mining area on the side of the intake airway; when the boreholes lag behind
the working face by 20 m, the area of the A area gradually decreases with the rise of the
final hole position of the high drilling hole, and the B area gradually moves away from the
return airway and moves to the deep part of the mining area on the side of the itay.

2. Distribution characteristics of gas volume fraction on the roof;

The distribution law of gas volume fraction on the side of the coal seam roof will change
under the influence of the mined-out areas flow field after extraction, which is reflected by
the distribution characteristics of gas volume fraction on the coal seam roof. The distribution
law is the macroscopic display of the flow field in the goaf. The distribution characteristics of
gas volume fraction on the working face are closely related to this distribution law. To reflect
the distribution law of gas volume fraction on the working face intuitively, the monitoring
line of gas volume fraction is set between the intake airway and return airway, which is
3.0 m away from the bottom board of the coal bed. Distribution laws of gas volume fraction
on the working face under different schemes are presented in Figure 7.
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(a) (b) (c) Legend

(d) (e) (f) Legend

(g) (h) (i) Legend

Figure 6. Distribution characteristics of gas volume fraction in different schemes: (a) scheme1; (b)
scheme2; (c) scheme3; (d) scheme4; (e) scheme5; (f) scheme6; (g) scheme7; (h) scheme8; (i) scheme9.

In Figure 7, the gas volume fraction at the upper corner under extraction schemes
decreases significantly compare with non-extraction schemes. The maximum gas volume
fraction at the upper corner is 2.2% for no extraction scheme. For the borehole extraction,
Schemes 3, 6, and 9 are over 1% gas volume fraction at the upper corner and the maximum
gas volume fraction is 1.5%. This reflects that the borehole extraction can change the flow
field for gas migration in the goaf and change distribution characteristics of gas volume
fraction on the working face effectively.

The gas volume fraction on the working face is positively correlated with the distance
increase from the position of the final borehole to the inlet airway. The growth of gas volume
fraction is divided into three stages: the stable stage, slow growth stage, and fast growth
stage. The variation laws of gas volume fraction on the working face under non-extraction
and borehole extraction are different. Under the non-extraction technique, three stages are
0–26 m, 26–180 m, and 180–200 m in the intake airway, and the corresponding variation
ranges are 0.0–0.012%, 0.012–1.00%, and 1.00–2.10%, respectively. Under borehole extraction
technique, three stages are 0–110 m, 110–180 m, and 180–200 m, and the corresponding
variation ranges are 0–0.10%, 0.10–0.41%, and 0.41–1.49%, respectively.
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Figure 7. Distribution of gas volume fraction in mining working face.

Figure 7 shows that position parameters of boreholes influence the distribution law of
gas volume fraction on the working face directly. According to schemes 1, 4, and 7, boreholes
at the lower part of the fracture zone are conducive to gas extraction when the final borehole
is 35 m away from the roof. The mining-induced overburden fissures are the main pathways
for migration of pressure relief gas rather than the concentration area of pressure relief
gas. The maximum gas volume fraction at the upper corner is 0.68%, 0.63%, and 0.84%,
respectively. For schemes 2, 5, and 8, boreholes at top of the fracture zone can effectively
extract pressure relief gas accumulated in this area when the final borehole is 45 m away
from the roof. The maximum gas volume fraction at the upper corner is 0.81%, 0.47%, and
0.61%, respectively. It can be known from schemes 3, 6, and 9 that the borehole negative
pressure cannot guide the gas flow field effectively when boreholes are 55 m away from the
roof and the pressure relief gas volume fraction at the lower part rather than migrating to
the 55 m, thus resulting in excessive gas volume fraction on the working face. The maximum
gas volume fraction at the upper corner is 1.49%, 1.37%, and 1.20%, respectively.

3. Average drainage gas volume fraction of high-level boreholes and gas volume fraction
at the upper corner.

The gas volume fraction of high-level boreholes influences the late use and extraction
effect of gas directly. The gas volume fraction at the upper corner of the working face can
reflect the gas control efficiency on the working face directly. Hence, position parameters
of high-level boreholes for gas extraction must be determined by combining distribution
characteristics of gas volume fraction on the roof and the distribution law of gas volume
fraction on the working face. The gas volume fraction of high-level boreholes and gas
volume fraction at the upper corner of the working face is shown in Figure 8.

Figure 8 shows that when the position of the final borehole is at different positions,
the average drainage gas volume fraction of the high-level boreholes is different from that
at the upper corner of the working face. The gas volume fractions at the upper corner in
schemes 3, 6, and 9 exceed the limit (the safety concentration is below 1% at the upper
corner), while those in schemes 2 and 7 are close to the safety warning line (0.81% and
0.84%, respectively), which are neglected in this paper. Only schemes 1, 4, 5, and 8 are
feasible. The corresponding gas volume fraction at the upper corner is 0.69%, 0.63%, 0.47%
and 0.61%, and the average drainage gas volume fraction of boreholes are 66%, 60%, 64%,
and 55%, respectively. Therefore, the maximum variations of gas volume fraction at the
upper corner and the average drainage gas volume fraction of boreholes in these 4 schemes
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are 0.22% and 11.00%, respectively. The gas volume fraction of borehole extraction changes
slightly. Combined with Figure 6, scheme 1 achieves the highest gas volume fraction at
the same position 120 m behind the intake airway, followed by scheme 4, scheme 8, and
scheme5 successively. This reveals that scheme 5 is more reasonable compared to the
rest schemes.

Figure 8. Average gas concentration of drainage borehole and gas concentration in the upper corner.

To sum up, gas extraction effect of high high-level boreholes represented by scheme 5
is best. In other words, when boreholes are 15 m away from the working face and the final
boreholes are 45 m away from the coal roof, the average drainage gas concentration of
boreholes is 64.00% and the gas volume fraction at the upper corner of the working face is
within the limit, meeting the gas control requirements of the working face.

5. Engineering Application

5.1. Layout Parameters of Test Boreholes and Effect Analysis

1. Layout parameters of test boreholes:

To determine the reasonable position of the final borehole, the final borehole will be
15.0 m away from the working face and six boreholes are placed in the sector pattern close
to the 115# borehole. The borehole diameter is 0.113 m and the interval of boreholes is set
to 5.0 m. The construction position of boreholes are 1.0 m from roadway floor. The detailed
borehole parameters and fissures distribution are shown in Figure 9.

The high-level boreholes are placed behind the working face. Based on the dis-
tribution characteristics of the mining-induced overburden fissures, the boreholes are
connected with the mining-induced overburden fissures. Each borehole is sealed imme-
diately after finishing the construction. Self-plugging pocket sealing technology (it uses
polyurethane/polyurea composite material) is applied and the sealing length is determined
as 10 m [26,33]. At this moment, high-level boreholes are mainly distributed in the sepa-
ration area. The LHDR and borehole walls are affected by mining-induced stress on the
working face slightly. The polyurethane/polyurea composites material is adequate to meet
the sealing requirements. However, the distance from the external obstruction of the metal
casing pipe to the internal mouth must be no less than 0.5 m to avoid air leakage caused
by the connection between boreholes and the surrounding rock loose zone in the LHDR.

222



Sustainability 2022, 14, 16908

The orifice plate flowmeter and tailrace were connected outside the metal casing pipe. The
buried pipelines were connected with the branching units on the gas drainage pipe through
the air outlet of the tailrace.

Figure 9. Specific parameters of test boreholes.

2. Sealing technology and key parameters of test boreholes:

To improve the connectivity and sealing quality of the high-level boreholes, the pond-
ing and rock debris in the boreholes must be cleaned before the sealing. Due to timely
sealing, the water on the borehole wall or mining-induced overburden fissures have not
been eliminated in time, thus requiring irregular water drainage during the borehole extrac-
tion and protecting the high-level borehole efficient gas extraction of the pressurized gas.

3. Analysis of test borehole extraction effect:

The monitoring results of the gas volume fraction of six testing boreholes are shown
in Figure 10. The effective gas extraction days of the boreholes 1-1 and 1-2 are 42 days
and 39 days, respectively, with the corresponding average gas volume fractions of 52.4%
and 43.0%, respectively. There are 12 and 13 days with gas drainage concentrations higher
than 80%. The effective gas extraction days of the boreholes 2-1 and 2-2 are 23 days and 36
days and the corresponding average gas volume fraction is 12.6% and 17.8%, respectively.
The gas drainage concentration mainly ranges between 10% and 30%, lasting for 17 days
and 25 days. The effective gas extraction days of the boreholes 3-1 and 3-2 are 26 days and
32 days and the corresponding average gas volume fraction is 11.0% and 8.0%, respectively.
The gas drainage concentration mainly ranges between 10% and 30%, lasting for 17 days
and 21 days. To sum up, the position parameters of boreholes 1-1 and 1-2 are reasonable,
which contribute to the large gas drainage concentration of boreholes and the long duration.
They are capable of meeting the requirements for gas extraction in high-level boreholes.

4. Stability analysis of test borehole:

To analyze the borehole fissure morphology, the theoretical design borehole trajectory
is expressed in two dimensions, the distance from the working face to the drilling field is
represented by the horizontal axis, and the distance from the boreholes to the coal roof is
represented by the vertical axis; the graphics represent the development of borehole fracture.
The original fracture is represented by and the new fracture is represented by ,, where the
bubble size is the crack size. Among them, the bubble size of 0.20 represents small fracture,
0.35 represents soft rock, 0.45 represents obvious fracture, 0.60 represents small-scale hole
cutting, 0.65 represents small-scale hole collapse, 0.75 represents large-scale hole collapse,
0.80 represents complete hole cutting, and 1.00 represents borehole bottom. The fracture
morphology of each borehole is shown in Figure 11.
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Figure 10. Test boreholes extraction gas volume fraction characteristics.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 11. Classification of borehole observation fissures: (a) Small fissure; (b) Soft rock; (c) Obvious
fissure; (d) Small-scale hole cutting; (e) Small-scale hole collapse; (f) Large-scale hole collapse;
(g) Complete hole cutting; (h) Borehole bottom; (i) Complete hole collapse.

According to the analysis of the gas volume fraction characteristics of the test boreholes,
it is known that the drainage effect of boreholes 1-1 and 1-2 are the best. According to the
fracture evolution characteristics of the above two boreholes, the above two boreholes are
analyzed in stages when the working face is advanced by 15 m and 30 m.

(1) Working face advancing 15 m:

Figure 12 shows that there is a slight hole collapse phenomenon in the borehole
between 12 m and 18 m. The fracture in the other borehole section is unevenly released
and the borehole forming quality is poor. There is no fracture development and obvious
deformation and the bottom of the hole is complete because the borehole has not received
the influence of mining pressure at this time. Because the 2-603 working face is far away
from the drilling sites, the end of the borehole has not yet fallen the square of the mined-out
area. Combined with the borehole observation, it can be seen that the microfracture in the
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hole section is mainly caused by the damage in the borehole forming process, borehole
disturbance, water immersion, and the influence of pre-mining abutment pressure.
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Figure 12. Distribution characteristics of borehole fissures when the working face is advanced 15 m:
(a) Distribution characteristics of fissures in No.1-1 borehole; (b) Distribution characteristics of fissures
in No.1-2 borehole.

(2) Working face advancing 30 m:

Figure 13 shows that the final high-level borehole position is directly above the mined-
out area at this time and the fracture development of each borehole has changed signifi-
cantly. The fractures of the No. 1-1 borehole are dense at 24–36 m, they are obvious fractures
and hole collapse, and there are cuts at the end of the borehole, which indicates that the
end of the borehole is in the fracture zone; the situation of the No.1-2 borehole is similar to
that of borehole 1-1. The results show that the high-level borehole stability is enough to
ensure the extraction effect.
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Figure 13. Distribution characteristics of borehole fractures when the working face is advanced 30 m:
(a) Distribution characteristics of fissures in the No.1-1 borehole; (b) Distribution characteristics of
fissures in No.1-2 borehole.

5.2. Late Engineering Applications

1. Borehole layout parameters:

The extraction boreholes are arranged 15 m behind the 2-603 working face with a
spacing of 1.8 m and an orifice of 1.0 m from the LHDR bottom board. The distance is about
17–29 m from the bottom of the high drainage roadway to the working face. The extraction
drilling angle should be adjusted in real time to ensure the final borehole is 44 m above the
roof of the 2-603 working face and the projection length of the borehole in the goaf is at
least 28 m.

225



Sustainability 2022, 14, 16908

2. Layout parameters of test boreholes:

During the mining at the 2-603 working face, the gas volume fractions of the branch
pipelines, LHDR boreholes, and the upper corner of the working face are monitored daily.
The results show that the extraction branch is connected with from 15 to 20 boreholes,
the extraction time can reach 20–40 days, and the gas volume fraction varies between
10% and 65%. The average flow rate of the pure gas is 22.3 m3/min. The gas concentra-
tions varied from 0.50–0.95% for the production shift and 0.47–0.89% for the maintenance
shifts, respectively.

6. Conclusions

1. Key technological requirements for the high-level borehole layout are proposed based
on the early service of the high-level boreholes in the layout of the two adjacent
working faces sharing the LHDR. Specifically, the high-level boreholes are placed
behind the working face and the position of the final borehole is in the overburden
fracture zone and the separation area. The sealing strength of the gas extraction
boreholes must be enhanced.

2. Gas migration in the mining-induced fracture zone is composed of equations of
laminar flow and turbulence flow, continuity equation, momentum equation, and
mass conservation equation. The FLUENT numerical simulation model is established
according to the distribution law of the mining-induced overburden fissures on the
2-603 working face.

3. The layout parameters of high-level boreholes influence the gas distribution char-
acteristics in the mined-out area directly, thus resulting in different gas migration
characteristics on the roof, different gas volume fraction distribution patterns on the
working face, and different average drainage gas volume fractions of high-level bore-
holes in nine schemes. According to the test results on the gas drainage concentration
of boreholes, it concludes that the high-level boreholes must be 15.0 m away from the
2-603 working face and the final borehole must be 45 m away from the roof.

4. In engineering practice, the high-level boreholes are behind 15 m away from the
working face and 15–20 boreholes are placed (enhancing sealing strength) at an
interval of 1.8 m. The final borehole is located at 44.0 m away from the coal roof.
According to the application effects, the average flow rate of pure gas is 22.3 m3/min,
which controls the gas volume fraction at the upper corner within the limit and thereby
ensures safety and high-efficiency mine of the working face.
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Abstract: To investigate the influence of coal pillar width on the stress variation of narrow coal pillar
(NCP) in the gob-side tunnel in an inclined thick coal seam, theoretical analysis, numerical modeling,
and field monitoring are performed to determine the optimal width of the narrow coal pillars in
inclined coal seams. The mechanical characteristics of the NCP for varying widths were investigated.
Furthermore, vertical and horizontal stress were calculated for various widths of the NCP. The
results revealed that with the rise in the width, the vertical stress initially increased dramatically and
then stabilized, whereas the mean horizontal stress increased gradually. The mathematical relation
between stress and NCP widths was represented by two fitting equations. The evolution process
of the plastic zone in the NCP under various widths and the damage form of various widths were
obtained; that is, when the width was small, the position of the roadway near the shoulder corner
of NCP was inclined to the top of NCP. The field monitoring data revealed that the optimum NCP
width was 4 m. This NCP width could stabilize the roadway and improve the loss prevention of the
NCP at the gob-side tunnel of similar mines.

Keywords: narrow coal pillar; inclined thick coal seam; optimal width; damage form; loss prevention

1. Introduction

Coal energy occupies the main position in the Chinese energy structure. With the
increase of mining years, the reserves of horizontal coal seams and gently inclined coal
seams are dramatically reduced. At present, the focus of mining in China is gradually
shifting to inclined coal seams [1,2]. The main reasons for the low recovery rate of coal
resources are the limitation of mining technology and the unreasonable width of the
protective coal pillar, which causes great waste of coal resources. In addition, compared
with the gently inclined coal seam, the inclined coal seam is often accompanied by complex
geological conditions, which is easy to cause problems such as roof stress concentration,
rock burst, serious roadway deformation, and a more serious waste of coal resources [3–5].
In order to solve these problems, domestic and foreign scholars have carried out a lot
of research on the theory and technology of narrow coal pillar retention to improve the
resource recovery rate.

In view of the characteristics of the NCP size, position, stress change, and the cor-
responding roadway support technology, researchers conducted in-depth and extensive
research using various methods [6–9]. Wu et al. [10] studied the characteristics of defor-
mation and stress distribution of the NCP under advanced abutment pressure, and the
results showed an acceleration in the deep zone of the NCP is larger than that in the shallow
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zone. Wang et al. [11] found that with the decrease in the distance between the monitoring
region and the working area, the shape of the vertical stress core area of the NCP changed
from an ellipse to a rectangle. Yang et al. [12] performed a conversion of the double-yield
constitutive model, and the results revealed that increasing the NCP size could result
in a gradual transformation of the peak stress from the solid coal side to the NCP side.
Bai et al. [13] further established the roof destruction criteria and studied the roof bending
deformation behavior model. Qi et al. [14] provided a method to support the steadiness
of the roadway by using the roof fracture and collapse filling effect, which successfully
solved the large deformation problem of the roadway in the process of excavation and
panel retreat. Moreover, Some scholars [15–17] established models of fracture mechanics
and elastic-plastic mechanics to study the stress distribution of strip pillars and the dis-
placement and stress distribution of small pillars in a horizontal coal seam, which provided
a theoretical foundation for the NCP stability and control technology of adjoining rock.

In recent years, with the development of DEM models and computational resources,
DEMs have been used by scholars to study the crack/damage behavior of the coal
pillar [18–20]. Zhu et al. [21] used PFC to study the deformation characteristics, failure
behavior, and stress distribution of the combined support column (CSP) of the residual coal
pillar and filling body, and evaluated its stability. Fu et al. [22] revealed the influence of axial
load width and direct roof thickness on the failure mechanism of a notched roof in chamber-
pillar mining through experimental tests and numerical simulation. Sarfarazi et al. [23]
studied the influence of non-persistent joints and holes on the failure behavior of rock
pillars under the uniaxial compression test by using the discrete element method, which
provides a reference and method for studying the failure mode strength of NCP in gob-side
entry tunnel. Fan et al. [24] and Wang et al. [25] studied the NCP widths of the gob-side
tunnel in a horizontal coal seam and established a numerical model for revealing the dam-
age characteristic of the NCP. Fan et al. [26] investigated the weak adjoining rock roadways
under substantial mining deformation and established a creep model of anchored adjoining
rocks. Zhang et al. [27] combined the support control technique and non-symmetrical
control technique for evaluating the gob-side tunnel.

In summary, the current research primarily concentrates on the stability of adjoining
rocks and the determination of NCP width along the empty lane driving in horizontal
coal seams and gently inclined coal seam. However, the research on the stability and
stress features of NCP along the empty lane driving in inclined thick coal seam has not
received much attention. Therefore, this paper takes the (4–5) 06 work-face of Liuhuanggou
coal mine in Xinjiang as the research object, analyzes the stress and plastic zone variation
law under different NCP sizes in inclined thick coal layer, determines the rational NCP
width and the key supporting parameters for the gob-side tunnel in an inclined thick coal
seam, and verifies the experimental results by field engineering practice, so as to provide
guidance for greatly reducing the waste of coal resources and effectively avoiding the
disasters caused by in-situ stress, as well as realize the underground safety production and
the material and energy saving.

2. Engineering Background

The (4–5) 06 working area of the Liuhuanggou coal mine in Xinjiang province is
principally mined in the 4–5 # coal seam in the middle of the lower section of the Xishanyao
Formation. The burial depth of the 4–5 # coal seam is 300–600 m, while the burial depth of
the gob-side tunnel is 490 m. The mean thickness is 6.15 m, and the dip angle of the coal
seam is 24–26◦. The direct roof is dominated by thick carbonaceous mudstone (1.35 m) and
thick fine sandstone (2.89 m). The basic roof is dominated by siltstone (17.39 m). The rock
strata are greyish-white blocks and fine parallel joints, and the upper and middle parts
are silt, fine sandstone and mudstone. The floor belongs to argillaceous siltstone (1.85 m).
(4–5) 06 working area is 20 m away from the boundary of the minefield, while the east is
the protective coal pillar of the auxiliary inclined shaft, the north is the solid coal without
mining, and the south is (4–5) 04 gob.
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As shown in Figure 1, (4–5) 06 working area inclined length is 180 m, and the strike
length is 1850 m. The working area takes once mining full height retreat stoping method.
The spatial representation of the gob-side tunnel arrangement in the (4–5) 06 working area
is illustrated in Figure 2. The RMT–150C rock mechanics test (Figure 3) was performed on
coal and rock to determine the strength of the experimental work face and the lithology
parameters of the top and bottom coal seam 4 (Table 1).

Figure 1. (4–5) 06 working face layout diagram.

 

Figure 2. Schematic of the spatial position of the gob-side tunnel.

 
Figure 3. The RMT–150C rock mechanics test.
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Table 1. 4–5# Roof and floor rock parameters.

Position Lithology
γ

(kN/m3)
E

(MPa)
Poisson

(p)
C0

(MPa)
Dilatancy
Angle (◦)

Internal
Friction

Angle (◦)

Tensile
Strength

(MPa)

Roof

Mudstone 20.8 20,019 0.19 0.93 8 31 0.67
Middle

sandstone 26.6 50,430 0.28 2.27 10 31 0.85

Fine sandstone 26.2 43,020 0.26 1.93 10 31 0.56
Siltstone 20.0 34,739 0.25 1.3 12 35 0.87

Coal seam Coal 14.6 14,142 0.27 0.72 8 20 0.53

Bottom
plate

Coarse
sandstone 26.4 56,767 0.27 1.38 8 34 0.34

Sandy mudstone 26.4 56,767 0.27 1.38 8 34 0.34

3. Experimental

3.1. Analysis of Stress Distribution in Narrow Coal Pillars

The coal seam dip angle and mining thickness are large, and the falling rock refuse
and residual floating coal accumulate on the side of the NCP, resulting in lateral pressure
on the NCP. Excavating the roadway changes the coal and rock layers, and the state of
stress equilibrium will be changed due to both lateral and vertical pressures being acted on
the tunnel. To obtain the optimal NCP width (x in Figure 4), the following assumptions
are made:

• The coal body is a homogeneous continuum.
• The coal strength is the highest in the case of the plain strain.
• The coal body damaged by shear effects is in accordance with the Mohr–Coulomb

criterion [28].

Figure 4. Schematic of the rock structure adjoining the NCP.

To analyze the stress of adjoining rock of the NCP, a mechanical model of the gob-side
tunnel in a thick layer is established, as expressed in Figure 4. In Figure 4, q1 denotes
normal pressure on the top of a coal body, MPa; σB annotates the lateral pinching pressure
of the key block B, MPa; q2 represents the lateral pressure of the overburden rock on the
coal wall in gob area, MPa; θ annotates the rotation angle of the key rock B, ◦; α expresses
the inclination angle of coal layer, ◦; X0 denotes the distance from the point of the maximum
vertical pressure to the coal wall of the gob, m; x indicates the NCP width, m.
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Equation (1) can be obtained by solving the stress balance equation at the yield zone
interface as below: ⎧⎪⎪⎨

⎪⎪⎩
∂σx
∂x +

∂τxy
∂y + X = 0 (x direction)

∂σy
∂y +

∂τxy
∂x + Y = 0 (y direction)

τxy = −(C0 + σy tan ϕ)

(1)

where X and Y represent the volumetric force of the coal in the x and y directions in the
limit equilibrium zone, MPa; C0 denotes the cohesion force at the interface between the coal
layer, roof, and floor, MPa; σx refers to the horizontal stress in the limit equilibrium zone,
MPa; σy refers to the vertical stress in the limit equilibrium zone, MPa; τxy expresses the
shear stress at the interface between roof and floor, MPa; ϕ indicates the angle of internal
friction between coal layer and rock mass of roof and floor, ◦.

The solution to the stress point at any point in the limit equilibrium zone is expressed
as below [29]: ⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

τxy = −
{[

1
A (Px + γx0 sin α) + 2C0−mγ sin α

2 tan ϕ

]
·

e
mAγ cos α−2 tan2 ϕ

2A +
2 tan ϕ

mA +(
2 tan2 ϕ

mA −γ cos α)γ tan ϕ + C0

σy =
[

1
A (Px + γx0 sin α) + 2C0−mγ sin α

2 tan ϕ

]
·

e
mAγ cos α−2 tan2 ϕ

2A +
2 tan ϕ

mA +(
2 tan2 ϕ

mA −γ cos α)γ

(2)

where A represents the constant of lateral pressure; Px denotes the support resistance of the
coal, MPa; γ annotates the mean bulk density of the overburden, kN/m3; m refers to the
thickness of coal layer, m; α denotes the inclination angle of coal layer, ◦.

Considering the effect of the coal seam inclination angle and the gob area, the horizon-
tal distance X0 is expressed as follows:

X0 =
mA

2 tan ϕ
ln
[

A(KγH cos α tan ϕ + mγ sin α)

A(2C0 + mγ sin α) + 2Px tan ϕ

]
(3)

where K indicates the lateral bearing pressure concentration factor.
Based on elastic-plastic limit equilibrium theory, the optimal NCP width is expressed

as follows [30]:
x = (Z3 + Z2 + Z1) (4)

Z1 =
mA

2 tan ϕ
ln

⎡
⎣ kγH + C0

tan ϕ

C0
tan ϕ + Px

A

⎤
⎦ (5)

where Z1 denotes the width of the plastic region in the NCP; Z2 denotes the side bolt’s
effective length in the NCP along the empty roadway: 1.2 m. Considering the stability of
the NCP, Z3 denotes the coal pillars stability coefficient considering the large thickness of
the coal seam (assumed to be 0.2 (Z1 + Z2)); m annotates the thickness of the coal layer:
6.15 m; H refers to the depth of tunnel: 490 m; A represents the constant of lateral pressure:
1.2; K indicates the lateral bearing pressure concentration factor: 2.5; ϕ denotes the angle of
internal friction between the coal layer and rock mass of roof and floor: 12◦; C0 represents
the cohesion force: 6 MPa; γ expresses the mean bulk density of the overburden: 20 kN/m3;
Px refers to the support resistance of coal: 0.3 MPa; and k denotes the safety factor: 1.15–1.45.
The parameters are substituted in Equations (3)–(5) to obtain x (4.5 m) and X0 (10 m).

3.2. Establishment of the Numerical Model

(1) Model establishment
According to the layout of (4–5) 06 working face, a three-dimensional excavation

numerical model is established by using ABAQUS4.0 numerical calculation software to
analyze the stability of coal pillar and gob-side entry and the variation characteristics of
surrounding rock stress under different pillar widths.
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The model is established as shown in Figure 5. The model dimension (length × width ×
height) is determined to be 200 m × 250 m × 180 m, and the dip angle of the coal seam is
25◦. In order to eliminate the influence of the boundary effect on the tunneling process of
the gob-side tunnel, a 50 m protection boundary is set at both ends of the coal seam strike.
The simulated mining length is 100 m, and the simulated dimension (width × height) of
(4–5) 06 gob-side tunnel is 4.5 m × 4 m. The initial ground stress was balanced through the
initial analysis step calculation.

 
Figure 5. Three-dimensional numerical model.

(2) Mesh subdivision and boundary condition setting
Model boundary conditions are calculated by determining the overburden weight.

Based on the actual mining depth of 290 m, a vertical pressure of 106 MPa is applied on
the top of the model. The bottom and the four sides were considered to be fixed ends, and
the initial ground stress was balanced through the initial analysis step calculation. Finally,
the model is meshed, in which the method of over-densification is used to make the mesh
density around the coal seam reach 1.

(3) Calculation method and mining scheme
The material failure in the model satisfies the Mohr–Coulomb criterion, and the

asymmetric solver method is used for the convergence of the calculation results. The
simulation calculation refers to the borehole histogram of the Liuhuanggou coal mine and
some laboratory test results, as shown in Table 1.

The numerical analysis of the model was performed in two steps. The first step was
gob excavation, and the second step was gob-side tunnel excavation. According to the
theoretical width of NPC and the distance from the peak abutment pressure of NPC to the
coal wall in goaf, the design scheme of the coal pillar width of 3, 4, 5, 6, 7, 8, 9, 10, 15, 20 m
was selected to study the stress variation law of coal pillars with different widths.

4. Results and Discussion

4.1. Vertical Stress Distribution

NCP widths of 3, 4, 5, 6, 7, 8, 9, 10, 15, and 20 m were investigated at a yield zone
width of X0 and the NCP width of x (Figure 4). The vertical stress values formed under
various NCP widths during roadway excavation are illustrated in Figure 6.
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(a) 3 m (b) 4 m (c) 5 m 

   
(d) 6 m (e) 7 m (f) 8 m 

   
(g) 9 m (h) 10 m (i) 15 m 

 
(j) 20 m 

Figure 6. Vertical stress distribution of the NCP of various sizes.

Excavation of the gob-side tunnel changed the stress of the rock masses around the
gob area, and a new stress balance state was reached.

The results of numerical analysis, that is, the relation between vertical stress and NCP
widths, are illustrated in Figure 7.
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Figure 7. Vertical stress distribution curves of the NCP of various widths.

When the NCP width was 3 m, the vertical peak stress was only 15.6 MPa, which was
explicitly lower than the primal rock stress. The NCP promptly collapsed under the load
because of the absence of a stable bearing area. When the width was 4 m, the stress reached
its peak point of 22.8 MPa, and an effective bearing area was formed. The vertical stress
was focused at the center of the NCP and was symmetrically distributed. When the width
was between 5 and 10 m, the vertical maximum stress increased with the rise in the width.
The peak stress position was gradually offset from the center position in the NCP. When
the width was 8 m, it reached a maximum of 27 MPa and subsequently stabilized. When
the width was between 15 and 20 m, the vertical stress gradually exhibited an asymmetric
distribution, and the vertical stress shifted toward the adjacent gob.

4.2. Horizontal Stress Distribution

During the excavation of the roadway, because of the influence of the weight of the
overburden and the coal seam pitch, the magnitude, and direction of the force generated
by the horizontal force on the NCP changed. The horizontal stress distribution curves on
the right side of the NCP under various widths of the gob-side tunnel were determined
through numerical calculations (Figure 8).

The following observations were made regarding the horizontal stress distributions
for various widths of the NCP:

• When the width of the NCP increased, the force at both ends of the NCP became more
uniform. Therefore, the mean horizontal stress increased. In the NCP, the stress at the
bottom was greater than the stress at the top, and the horizontal stress at the two ends
was greater than intermediate horizontal stress.

• The horizontal stress of the NCP first decreased from the bottom to the top and then
increased. In the NCP, from the bottom up to one-third of the NCP, horizontal stress
alleviated linearly; from one-third to two-thirds length of the NCP, horizontal stress
remained unchanged. From two-thirds up to the top, the horizontal stress tended to
enhance linearly.
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(a) 3 m (b) 4 m (c) 5 m 

   
(d) 6 m (e) 7 m (f) 8 m 

   
(g) 9 m (h) 10 m (i) 15 m 

 
(j) 20 m 

Figure 8. Horizontal stress distribution curves with the NCP widths of 3, 4, 5, 6, 7, 8, 9, 10, 15, and 20 m.

4.3. Vertical Displacement of the Roof of Adjoining Rock

To obtain the deformation characteristics of adjoining rock of NCP, two rows of
displacement measuring lines were arranged at the roof of the NCP model and 5 m above
it, and 10 displacement measuring points were set in each row. The vertical offset of the
roof on the adjoining rock is displayed in Figure 9. The deformation of the adjoining rock
varied with the NCP widths. Therefore, the NCP width was critical for controlling the
stress and deformation of adjoining rock.
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Figure 9. Vertical displacement of the roof of the adjoining rock with respect to the coal pillar width.

When the width of the NCP increased, subsidence occurred for the roof plate. The
maximum subsidence occurred when the width was 3 m, but the supporting conditions of
the roadway were limited. When the width was 4–10 m, the roadway subsidence varied
between 1200 and 1600 mm, which was in the controllable range. Even though the width of
the NCP was between 15 and 20 m, the NCP was subjected to high vertical stress (Figure 7),
and the subsidence of the roof was not salient.

4.4. Deformation Distribution of Narrow Coal Pillars in the Plastic Zone

The gob-side tunnel destroyed the lateral stress equilibrium state of the gob, and the
NCP was affected by the vertical stress and horizontal stress of the upper strata and the
key rock block B (Figure 4). The stress-focused area was formed at the shoulder angle of
the roadway, which made the coal pillars easy to break. In the inclined thick coal seam,
the plastic zone in the NCP increased with its width, and under the combined action of
shear and tensile, it was continuously distributed from the inclination to both sides of the
NCP. Therefore, it was necessary to accurately grasp the failure scope and distribution
characteristics of the coal pillar’s plastic zone so as to provide a foundation for the selection
of critical parameters of roadway support.

Through the numerical calculation of stress distribution characteristics in NCP and
adjoining rock during gob-side tunnel driving, the distribution characteristics of the plastic
zone in NCP with various widths were obtained, as demonstrated in Figure 10. The graph
showed that when the NCP width was 3 m, the upper end of the NCP was seriously
damaged. The plastic zone formed by the NCP near the upper end of the gob and the
shoulder angle of the roadway runs through the whole NCP, which made the NCP have no
stable bearing area. When the NCP width was 4 m, the stress of the plastic zone tended to
transfer to the bottom plate, which reduced the stress of adjoining rock and the deformation
of NCP. When the NCP width was 5 m, the plastic zone near the gob expanded, indicating
that the stress intensity of coal pillars increased. When the NCP width was 6 m, due to
the gradual decrease of the plastic zone in the center of the NCP, the stress of the NCP
transferred to the two sides, and the roadway support pressure was increased. When the
NCP width was 7 m, the plastic zone appeared completely discontinuous area, and the two
sides were still dominated by shear failure. When the NCP width was 8–20 m, with the
width increased, the range of plastic zone near the NCP side of the roadway shoulder angle
gradually shifted to the lower end of the roadway, and the stress transferred to the roof
and floor roadway. The deformation of the adjoining rock was mainly a shear and tensile
failure, and the adjoining rock was in a high-stress state.
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(a) 3 m (b) 4 m (c) 5 m 

   
(d) 6 m (e) 7 m (f) 8 m 

   
(g) 9 m (h) 10 m (i) 15 m 

 
(j) 20 m 

Figure 10. Cloud distribution of the plastic zone with the NCP widths of 3, 4, 5, 6, 7, 8, 9, 10, 15, and 20 m.

Therefore, considering the resource recovery rate and roadway support pressure, the
NCP width of 4 m was the most reasonable.

5. Coal Pillars Stress and Deformation Analysis

5.1. Vertical Stress of the Coal Pillars for Various Widths

The NCP width had an evident effect on the variation law of NCP vertical stress. To
analyze the association between the NCP widths and the variation of NCP vertical stress,
the variation association between the peak value of vertical stress and the size of NCP was
plotted in Figure 11.
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Figure 11. Vertical stress peak change versus the NCP width.

The interrelation between the peak value of NCP vertical stress and the widths in
Figure 11 was fitted to obtain the relationship shown in Equation (6), and the fitting degree
R2 was 0.986. The peak vertical stress increased when the width increased. Apparently,
the increase in the width was not favorable for roadway support during mining activities.
According to the previous analysis, 3 m NCP had no load-carrying capacity. When the
NCP width was greater than or equal to 3 m, its bearing capacity was unknown. Thus, the
optimal economic width was 4 m.

σv = 26.524 − 24.99

1 + e
xi−1.64

1.34

(6)

where σv denotes the vertical peak stress of the NCP, xi expresses the width of various
NCPs (3, 4, 5, 6, 7, 8, 9, 10, 15, and 20 m).

5.2. Horizontal Stress of Coal Pillars for Varying Widths

The horizontal stress of the NCP for various NCP widths was calculated from previous
numerical analysis. The horizontal stress distribution for various NCP widths is displayed
in Figure 12.

 
Figure 12. Horizontal stress distribution with the NCP widths of 3, 4, 5, 6, 7, 8, 9, 10, 15, and 20 m.
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The interrelation between the mean horizontal stress and the widths in Figure 12 was
fitted to obtain the connection shown in Equation (7), and the fitting degree R2 was 0.971.
The equation revealed that the horizontal stress increased logarithmically when the width
increased. As mentioned, a 3 m wide NCP was the starting point and basic design for
analysis. Thus, 3-m width can not be selected as the optimal width. As depicted in Figure 10,
when the NCP width was 4 m, the mean horizontal stress was the least, and the force had
a limited effect on the NCP during mining activities. Therefore, the 4-m wide NCP was
selected to evaluate if it was a suitable option for the support of roadway mining by using
the following expression:

σH = 1.131 ln(12.2884 ln xi) (7)

where σH is the horizontal peak stress of the NCP; xi is the width of different NCPs (3, 4, 5,
6, 7, 8, 9, 10, 15, and 20 m).

6. Case Study

6.1. Determining the Width of the Narrow Coal Pillars

Figures 11 and 12 indicate that 4 m NCP width is the ideal width because the mean
vertical stress and horizontal stress are minima. Furthermore, when the width was 4 m, its
distribution range of the plastic zone and its overall stability exhibited superior properties
to that of other widths. Therefore, a 4 m NCP width was selected to design the gob-side
tunnel in the (4–5) 06 work face of the Liuhuanggou coal mine in Xinjiang province.

6.2. Anchor Rod and Cable Stress Monitoring

The monitoring of the anchoring force of the anchor rod and cable is shown in Figure 13.
Due to the low bearing capacity of the NCP, the anchor rod of the solid coal side and the
roof anchor cable were generally subjected to high stress. The pressure of the overlying
strata was mainly borne by the solid coal side. The load of the anchor rod varied between
110–200 kN, and the load of the anchor cable varied between 200–230 kN. The specific
parameters of the KMG 500 anchor rod of the solid coal side are shown in Table 2. When the
anchor rod with a diameter of 20 mm was used, some of the anchor rods were broken, while
the anchor cable with a diameter of 22 mm and a strength level of 1860 had an ultimate
load of 448.6 kN and still possessed a large bearing space.

Table 2. Selected parameters for anchors and anchor cables.

Selection Type
Distance
between

Anchors (mm)

Diameter
(mm)

Length (mm)
Resin Roll
Anchoring

Anchors KMG500 800 22 2200 MSCK2370
Anchor
cables KMG800 1600 22 7300 MSCK2335

In summary, the anchor rod and cable of the roof and both sides in the gob-side tunnel
born greater pressure, and some of the anchor rods at the solid coal side corner were
broken, while the anchor cable still had a large bearing space. In the geological structure
and watering section, the adjoining rock of the roadway was seriously deformed, and it was
necessary to strengthen the support in this section and improve the bearing performance of
the corner anchorage.

6.3. Observation

The deformation and stress distribution of the adjoining rock with the NCP on the
(4–5) 06 work face were measured on-site. The cross-point method was used to construct
a hole 28 mm in diameter and 400 mm in length along the vertical direction of the roof
and floor as well as the horizontal direction of both sides. The wooden piles 29 mm in
diameter and 400 mm in length were inserted into the hole. The curved measuring nails
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were installed at the roof, and the flat head measuring nails were installed at the floor. The
arrangement of measuring points is listed in Table 3. The time-varying deformation of the
roof and two-side are recorded, as demonstrated in Figures 14 and 15.

 

 
Figure 13. Anchor rod and cable stress monitoring of rock surrounding the roadway versus duration.

Table 3. Measuring point design.

Measuring Point 1 2 3 4 5 6

Distance from
heading face (m) 200 400 600 800 1000 1200

As demonstrated in Figures 14 and 15, when the NCP width was 4 m, during roadway
excavation, the maximum subsidence of the roadway roof was 85 mm, and the maxi-
mum displacement on both sides of the roadway was 105 mm. During the stable period
of roadway, the roof subsidence and the two-side displacement increased slightly. The
maximum roof subsidence was 91.3 mm, and the maximum two-side displacement was
112.3 mm. After that, the roof subsidence and the two-side displacement remained basically
unchanged, indicating that 4 m pillars of roadway protection could meet the requirements
of the gob-side tunnel in an inclined coal seam.
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Figure 14. Deformation curves for six measuring points.

Figure 15. Top and bottom plate deformation curve for six measuring points.

7. Conclusions

The three primary conclusions of this study are made as below:

1. In the NCP of an inclined coal seam, the vertical stress increases first and then de-
creases, and the horizontal stress decreases first and then increases from bottom to top.
With the rising of the NCP width, the peak values of vertical stress and horizontal
stress increase in logarithmic function form. The quantitative relationship between
pillar size and peak stress is obtained by fitting.

2. Through the numerical simulation method, the relationship between the NCP width
in an inclined coal seam and the stress distribution, the plastic zone distribution, and
the peak stress are calculated, respectively. Combined with the measured values of
the deformation and stress distribution of the adjoining rock, the optimal dimension
mathematical model of the NCP is verified. Therefore, the optimal width of the NCP
in the (4–5) 06 fully mechanized caving face is 4 m.
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3. The NCP of an inclined coal seam is in the form of oblique cutting failure, and it
is necessary to strengthen the support of the roadway shoulder corner. The anchor
rod and cable support system designed according to the theoretical and numerical
calculation results can provide higher support strength and stiffness, which can
effectively control the NCP from slipping to the inside of the roadway, prevent the
serious deformation of NCP, meet the support requirements of adjoining rock of gob-
side tunnel in (4–5) 06 working face, and ensure the overall stability of the roadway.
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Abstract: The rapid and accurate identification of the physical characteristics of coal by means of
ultrasonic detection is of great significance to ensure safe mining of coal and efficient development
of coal seam methane. In this paper, the ultrasonic velocity testing experiments of coal during gas
adsorption and desorption were carried out, utilizing a low frequency petrophysical measurement
device with primary and fractured coal as the research objects. The variations in the elastic mechan-
ical parameters and ultrasonic velocity of coal samples were analyzed to elucidate the influence
mechanism that gas adsorption and desorption have on them. During gas adsorption and desorption,
the longitudinal wave velocity of the primary structure coal varies from 1990 m/s to 2200 m/s, and
the transverse wave velocity varies from 1075 m/s to 1160 m/s, while the longitudinal wave velocity
of the fractured structure coal varies from 1540 m/s to 1950 m/s, and the transverse wave velocity
varies from 800 m/s to 1000 m/s. The elastic modulus and wave velocities, in both directions of the
primary structural coal, were higher than those of the fractured structural coal. In comparison to the
fractured structural coal, the main structural coal had a lower Poisson’s ratio. In addition, the spread
of the elastic mechanical parameters and wave velocities, in both the longitudinal and transverse
directions, was more pronounced in the fracture−structured coal than in the primary−structured
coal. During gas adsorption and desorption, the speed of the coal’s longitudinal waves increased,
and then decreased, due to the combined effect of gas adsorption expansion and pore gas pressure
compression matrix effect. For this experiment, the maximum longitudinal wave velocity of the coal
occurred at a gas pressure of 1.5 MPa. Primary structural coal has a longitudinal wave speed of
2103 m/s, whereas fragmented structural coal has a speed of 1925 m/s. The variation in the shear
wave velocity of the coal is controlled only by the gas adsorption expansion effects. The shear wave
velocity increases during gas adsorption and decreases during gas desorption. With the change of
gas pressure, the longitudinal wave velocity can increase by 23.34%, and the shear wave velocity can
increase by 17.97%. Coal undergoes changes to both its Poisson’s ratio and elastic modulus as a result
of gas adsorption and desorption; these modifications are analogous to the velocity of longitudinal
and shear waves, respectively.

Keywords: gas adsorption; gas desorption; ultrasonic velocity; elastic mechanical parameters;
coal; porosity

1. Introduction

Coal is one of the important basic energy sources, which provides a solid guarantee
for the sustainable and healthy development of society and economy [1–4]. In particular,
China is characterized by a coal−based energy resource endowment, which concludes that
coal will continue to be China’s primary energy source for the foreseeable future [5,6]. Gas,
also known as coalbed methane, is a gaseous medium that is produced with the formation
of coal and exists mainly in the coal seam, in an adsorbed state. Gas is not only an energy,
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but is also the largest source of disaster in coal mining. This is closely related to its degree
of enrichment. The control and utilization of gas is closely related to its enrichment level,
and the enrichment degree and its identification method have become one of the important
technical problems to be solved in coal resources development [7,8].

The ultrasonic detection method is a geophysical exploration technique, which has
the characteristics of good directionality, strong penetration, concentrated acoustic energy,
long propagation distance and being difficult to attenuate, especially for anisotropic and
biphasic media [9,10]. Gas primarily exists in the pores and fractures of coal seams in
the adsorption state, and gas−bearing coals are both an anisotropic and biphasic media;
it is therefore practical to use ultrasonic detection methods to identify the degree of gas
enrichment in coal seams [11–14].

Since 1956, the year Biot first put forward his hypothesis of elastic wave propagation in
saturated porous medium [15], the saturated fluid porous media model has been developed
rapidly. However, the presence of solid medium coal, fluid phase gas and adsorbed phase
gas in gas−bearing coals renders them more complicated than conventional saturated fluid
porous media. The response characteristics of ultrasonic waves in gas−bearing coal have
been studied intensively and extensively by domestic and foreign scientists through field
tests, laboratory tests and theoretical analysis [16–20].

In their field test, Shengdong Liu and Qiufang Zhao [21,22] obtained a good nega-
tive linear correlation between gas content and inherent principal frequency of coal seam
through an in−situ test of coal. Wenlin Liu [23] recognized that adsorption of methane
could reduce the longitudinal wave velocity by 10–16%. Zhijun Wang and Shengdong
Liu [24–26] concluded from field tests that both the longitudinal and shear wave velocities
of seismic activity are reduced when the gas concentration of the coal is high. The coal
seam quality factor Q was thought to be inversely linked to gas concentration, whereas
the attenuation coefficient was found to be positively related to gas pressure. Pingsong
Zhang [27] considered that gas content is logarithmically related to the attenuation coeffi-
cient of coal seam and linearly related to the quality factor through field acoustic detection
tests, and concluded that coal seams with a quality factor less than 1 and an attenuation
coefficient greater than 0.005 are high gas outburst seam.

In laboratory tests, Lixin Jiang [28] believed that saturation had no effect on shear
waves in saturated porous media but had a significant effect on longitudinal waves. Jialin
Hao [29] predicted that velocity of coal samples’ longitudinal and transverse waves initially
increases and then decrease with increasing gas pressure. Hongyi Yu [30] thought that the
wave velocity of the nitrogen−containing gas continues to increase during the gas injection
process. The elastic wave propagation law for gas−bearing coals is theoretically analyzed.

The author [31] concluded that the elastic wave velocity of the non−adsorbed phase
model decreases slightly with increasing gas pressure, which is similar to the elastic wave
velocity of a single−phase medium coal. The elastic wave velocity of the adsorbed phase
model decreases significantly with increasing gas pressure, showing obvious characteristics
of a two−phase medium. The results of existing studies indicate that there is a relationship
between the degree of gas enrichment in coal seams and the wave velocity of coal. However,
due to the limitations of the test environment and test conditions, although gas enrichment
is thought to increase coal’s wave speed, researchers have not reached a consensus on
whether this is really the case or not.

Therefore, during the adsorption and desorption of gases in a laboratory setting, the
ultrasonic response properties of a coal mass are experimentally investigated in great detail.
The examination of coal’s wave speed and elastic mechanical characteristics, in relation to
gas pressure variations, will not only provide a basis for identifying the physical properties
of coal by ultrasonic detection methods, but will also provide important guidance for the
utilization of gas in mines and disaster prevention and control.
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2. Materials and Methods

2.1. Experimental Equipment

The apparatus used in the ultrasonic detection experiments under gas adsorption
and desorption conditions is a low frequency rock physical measurement device. Figure 1
displays the operating principle of the device. The device is primarily made up of a system
for controlling the perimeter pressure, a system for controlling the pore pressure, a system
for testing core samples, and a system for collecting data.

 

Figure 1. Principle of operation of the low frequency petrophysical measurement device.

(1) Perimeter pressure control system.
This technique used a supply of nitrogen to regulate the core sample’s perimeter pres-

sure in order to maintain the coal’s pressure within a reasonable range, and the temperature
adjustment device was added to the experimental system. The heating unit is controlled by
the hot and cold temperature cycle regulation system in the temperature adjustment device
to ensure that the experimental temperature of the coal sample is kept constant. The system
was equipped with temperature and pressure monitors to allow temperature and pressure
values to be read at any time. The main components included a nitrogen cylinder, booster
pump, pressure indicator, pressure reducing valve, hot and cold temperature circulator,
temperature indicator and heating unit.

(2) Pore pressure control system.
The system used a high precision pressure control pump to achieve pore pressure

control and fluid displacement through a fluid rejection reactor. The high precision pressure
control pump maintains a constant pressure and rate. It also allows the remote control and
monitoring of pump details, including parameters such as flow rate, pressure, cylinder
volume and cumulative pumping volume via flow sensors. The main components of the
system are a high precision digital hydraulic pump, pressure transducer, return valve, fluid
supply system and fluid displacement reactor. For this experiment, we decided to use
nitrogen, rather than gas, due to safety aspects, as well as taking into consideration that
coal has an equivalent adsorption effect on nitrogen to meet the experimental requirements.

(3) Core sample testing system.
This system is the core part of the low frequency petrophysical measurement device

and is physically illustrated in Figure 2. The system allows ultrasonic measurements of
coal−bearing gas to be achieved by transmitting and receiving ultrasonic waves through
an ultrasonic transducer. The frequency range for ultrasonic velocity measurements is
1–5 MHz. The axial pressure measurements can be achieved by applying pressure to the
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test coal sample via a servo vibrator. Pore fluid tubes can be used to achieve preheated
aeration of the coal sample to simulate the variation in coal at various gas pressures. The
system’s essential elements include an ultrasonic transducer, servo vibrator, semiconductor
strain gauge, pore fluid tube, standard aluminum sample and epoxy resin plate.

 
Figure 2. Core sample test system.

Nine layers of perforated tinfoil were chosen as the coupling agent, which solves the
coupling problem without affecting the implementation of the gas injection process and
effectively increases the experiment’s accuracy.

(4) Data collection method.
The system mainly realizes high−precision data acquisition, which can record the

strain and ultrasonic velocity changes of coal during the experiment. The main components
of the system include control software, signal generator, 12−channel high−precision
differential amplifier, servo vibration amplifier, pulse generator receiver, digital oscilloscope,
digital acquisition board to place the computer and analogue digital input board.

In addition, auxiliary tools such as balances and vernier calipers are required for
the experiments.

2.2. Principle of Measurement

The pulse transmission method is used to measure the ultrasonic velocities in low−frequency
rock physics measurement systems [32,33], where ultrasonic shear wave velocities are mea-
sured primarily by picking up the first arriving shear wave using polarization cracking
and then calculating its vector position. Due to the experimental conditions, the time dif-
ference between the two arrivals at the receiver decreases when the ultrasonic shear wave
propagates in an anisotropic thin layer, where the fast and slow shear waves propagate in
the medium in orthogonal polarization. The detector can only identify the point in time
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at which the shear wave is received by the fast wave, whereas identifying the point in
time at which the shear wave arrives by the slow wave is difficult. Therefore, consider-
ing the influence of practical conditions, only the speed of the shear wave is studied in
this experiment.

This experiment adopted a pulse transmission ultrasonic system, and the acoustic
wave velocity can be read directly by the computer. The test principle is:

{
Vp = L/

(
tp − t0

)
Vs = L/(ts − t0)

(1)

where Vp is the speed of an ultrasonic longitudinal wave (m/s), Vs is the longitudinal wave
speed of ultrasound (m/s), L is the transmitting and receiving transducer spacing (m), tp is
the duration of a longitudinal wave (s), ts is the duration of the transverse wave (s), t0 is
the zero delay of the instrument system (s).

2.3. Coal Sample Collection and Processing

Coal samples were collected in accordance with the requirements of “Geotechnical
inquiry and testing—Sampling techniques and groundwater measurements—Part 1: Tech-
nical concepts for the sampling of soil, rock, and groundwater”. They were then prepared,
in accordance with international standards, into cylinders that were 50 mm in diameter and
100 mm in length [34]. The raw coal collected for the experiments was mainly primary struc-
tural coal and fractured structural coal. Considering the different orientations of the coal
seam cracks, and in particular, how coal seam anisotropy affects ultrasonic transmission,
care should be taken to mark the orientation, tendency and vertical lamination direction of
the coal samples extracted from the coal seams when collecting them in the field.

The sampling site Is in 31,004 working faces of Shanxi Xinyuan Coal Industry Co.
The coal quality of this working face is medium−ash, low−sulfur, high−quality lean coal,
mainly light coal, with endogenous fissures, containing 1 to 2 layers of muddy gangue,
with a thickness of 0.01 to 0.04 m and an average of 0.02 m. The 3# coal seam mined at this
workface is stable, with a simple structure and a solidity factor of 0.51 to 0.82. The coal
sample collection requirements for this experiment were met.

Coal samples should be taken from structurally well−preserved bulk coal, placed in
a pre−prepared woven bag, and marked with the type of structure and the direction in
which the coal sample was collected. After collecting the primary samples, they are brought
to the lab, where they are drilled into 50 mm−diameter and 100 mm−high cylindrical
samples. The coal cores were ground to a flatness of less than 0.02% to allow better contact
between the ultrasonic sensors and the cores.

To facilitate experimental statistics and analysis, the numbering of the coal samples
was specified as follows: the direction of the parallel face cuttings was designated as the X
direction; the direction of the vertical face cuttings was designated as the Y direction; and
the direction of the vertical layer was designated as the Z direction (Figure 3). The drilling
of this experimental coal sample was carried out in the X direction, and a total of two
experimental coal samples were processed. According to the criteria for the classification of
coal body structure types, primary structure coal is type I coal and fracture structure coal is
type II coal. Therefore, these two coal samples can be named as IX1 and IIX1, respectively,
and Table 1 displays the coal sample’s specification parameters.

Table 1. Statistical table of processed coal sample parameters.

Coal Sample
Number

Type of Coal
Structure

Length
(mm)

Diameter
(mm) Fissure Development R0,max Vdaf (%)

Weight Capacity
(t·m−3)

IX1 Primary structural
coal 99.9 49.9 Clearly stratified, no

obvious fractures 1.86 15.7% 1.43

IIX1 Fractured structural
coal 99.9 50.1 Generally clear lamination,

a few fissures 1.97 16.8% 1.39
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Figure 3. Schematic diagram of coal cuttings and laminations.

2.4. Experimental Protocol and Experimental Steps

To obtain the response characteristics of the ultrasonic velocity of the coal samples
during gas adsorption and desorption, the following experimental scheme was developed,
according to the function of the experimental setup.

Experimental conditions: to ensure accurate experimental findings, the temperature
was maintained at room temperature, approximately 25 ◦C, throughout the experiments.
Taking into account the coal sample’s low compressive strength as a whole, the axial and
circumferential pressures at the beginning of the experiment were set to 3 MPa to ensure
better and sufficient contact between the probe and the coal column. According to the
purpose of the experiment, the experimental process was divided into three stages:

• Evacuation stage (I)
• Gas injection and adsorption stage (II)
• Pressure reduction and desorption stage (III)

Evacuation stage (I): Maintaining the axial pressure 3 MPa and the surrounding
pressure 3 MPa, the coal sample was evacuated to vacuum (0.01 MPa) and the ultrasonic
properties of the coal sample were tested.

Gas injection and adsorption stage (II): The technique of concurrently raising the axial
pressure was used to guarantee that the coal sample’s effective stress remained constant,
surrounding pressure and gas pressure was used in the gas injection and adsorption
stages. The coal samples were left to attain the adsorption equilibrium condition for
six hours, at which point their ultrasonic properties were assessed. At this point, the
injected gas pressure was 0.1 MPa, and the axial and surrounding pressures were 3.1 MPa.
The ambient pressure and axial pressure were successively 3.5 MPa, 4.0 MPa, 4.5 MPa,
5.0 MPa, and 5.5 MPa when the pressure of the methane gas being injected rose to 0.5 MPa,
1.0 MPa, 1.5 MPa, 2.0 MPa, and 2.5 MPa. Subsequently, the samples were allowed to
reach equilibrium by waiting for 6 h at each pressure state before testing the ultrasonic
performance of the coal samples.

Desorption stage (III): The desorption stage is the antithesis of the gas injection and
adsorption stages. For the desorption stage, a simultaneous reduction in shaft pressure,
surrounding pressure, and gas pressure is conducted. This was achieved by reducing the
shaft pressure, surrounding pressure and methane pressure in the gripper by 0.5 MPa,
every 2 h, until the test was completed, at which point the methane pressure in the gripper
was 0.1 MPa. The ultrasonic characteristics of the samples were tested every 2 h during the
decompression process.
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3. Results and Discussion

3.1. Results from Experiments and Determination of Elastic Mechanical Characteristics

The coal sample’s longitudinal wave velocity Vp and transverse wave velocity Vs
during the experiments can be obtained according to the calculation method adopted by
Yun Wang [35]. The dynamic−elastic mechanical parameters Poisson’s ratio (ν) and elastic
modulus (E) may be determined from the known density ρ with Vp and Vs. Tables 2 and 3
show the findings of the evaluation of the coal sample’s elastic mechanical characteristics
and wave velocity.

Table 2. Results of tests on coal sample IX1’s elastic mechanical characteristics and wave velocity.

Test
No.

Shaft
Pressure

(MPa)

Surrounding
Pressure

(MPa)

Absolute
Pressure

(MPa)

Measurement
Time (h)

Dissemination
Time (×10−4 s)

Longitudinal
Wave Velocity

(m s−1)

Dissemination
Time (×10−4 s)

Transverse
Wave Velocity

(m s−1)

Poisson’s
Ratio ν

Elastic
Modulus E

(GPa)

1 3.0 3.0 0.10 - 0.501 1995 0.924 1081 0.292 4.319
2 3.0 3.0 0.01 - 0.492 2031 0.914 1093 0.296 4.429
3 3.1 3.1 0.10 6 0.486 2056 0.906 1103 0.298 4.516
4 3.5 3.5 0.50 12 0.481 2075 0.900 1110 0.300 4.579
5 4.0 4.0 1.00 18 0.478 2092 0.895 1116 0.301 4.635
6 4.5 4.5 1.50 24 0.475 2103 0.891 1121 0.302 4.678
7 5.0 5.0 2.00 30 0.476 2100 0.886 1127 0.298 4.714
8 5.5 5.5 2.50 36 0.477 2095 0.883 1132 0.294 4.742
9 5.0 5.0 2.00 38 0.474 2106 0.884 1130 0.298 4.740
10 4.5 4.5 1.50 40 0.470 2125 0.888 1125 0.305 4.725
11 4.0 4.0 1.00 42 0.473 2110 0.893 1119 0.304 4.671
12 3.5 3.5 0.50 44 0.476 2098 0.896 1115 0.303 4.634
13 3.1 3.1 1.10 46 0.480 2081 0.900 1110 0.301 4.585

Table 3. Test results of wave velocity and elastic mechanical parameters of coal sample IIX1.

Test
No.

Shaft
Pressure

(MPa)

Surrounding
Pressure

(MPa)

Absolute
Pressure

(MPa)

Measurement
Time (h)

Dissemination
Time (×10−4 s)

Longitudinal
Wave Velocity

(m s−1)

Dissemination
Time (×10−4 s)

Transverse
Wave Velocity

(m s−1)

Poisson’s
Ratio ν

Elastic
Modulus E

(GPa)

1 3.0 3.0 0.10 - 0.617 1618 1.181 846 0.312 2.610
2 3.0 3.0 0.01 - 0.580 1722 1.120 892 0.317 2.912
3 3.1 3.1 0.10 6 0.559 1786 1.089 917 0.321 3.088
4 3.5 3.5 0.50 12 0.544 1836 1.066 937 0.324 3.231
5 4.0 4.0 1.00 18 0.531 1882 1.046 955 0.327 3.364
6 4.5 4.5 1.50 24 0.519 1925 1.030 970 0.330 3.478
7 5.0 5.0 2.00 30 0.522 1915 1.014 985 0.320 3.561
8 5.5 5.5 2.50 36 0.525 1902 1.001 998 0.310 3.627
9 5.0 5.0 2.00 38 0.519 1926 1.009 990 0.320 3.598
10 4.5 4.5 1.50 40 0.513 1948 1.019 980 0.331 3.553
11 4.0 4.0 1.00 42 0.523 1910 1.035 965 0.329 3.440
12 3.5 3.5 0.50 44 0.533 1873 1.050 951 0.326 3.335
13 3.1 3.1 1.10 46 0.549 1821 1.072 932 0.323 3.194

3.2. Changes in the Ultrasonic Velocity of Coal Samples during Gas Adsorption and Desorption

According to Tables 2 and 3, it is possible to make the longitudinal and transverse
wave velocity variation law of the coal sample during the test, as shown in Figures 4 and 5.

 

Figure 4. Each sample longitudinal wave velocity varies during the experiment.
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Figure 5. Variations in the coal sample’s transverse wave velocity during the experiment.

From Figures 4 and 5, it is evident that the coal samples’ longitudinal and transverse
wave velocities slightly increase throughout the evacuation stage.

When the gas pressure was increased during the gas adsorption stage, from 0 MPa
to 2.5 MPa, the transverse wave velocity tended to increase along with the increase in gas
pressure, whereas the longitudinal wave velocity exhibited a pattern of increasing and then
decreasing with the increase in gas pressure. The longitudinal wave velocity decreased as
the gas pressure rose from 1.5 MPa to 2.5 MPa.

In contrast to the longitudinal wave velocity, which exhibited a pattern of growing and
subsequently decreasing with the reduction in gas pressure, the transverse wave velocity
showed a declining tendency, as the gas pressure dropped from 2.5 MPa to 0 MPa. The
longitudinal wave velocity dropped along with the reduction in gas pressure, as it went
from 1.5 MPa to 0 MPa.

Compared with the gas injection stage, the longitudinal and transverse wave velocities
of the desorption stage were larger than those of the adsorption process at the same
gas pressure.

In addition, the variance in the longitudinal velocity of the basic structural coal varied
from 1990 m/s to 2200 m/s, as shown by Figures 4 and 5, and the variation in transverse
velocity ranged from 1075 m/s to 1160 m/s, while the variation in longitudinal velocity of
fractured structural coal ranged from 1540 m/s to 1950 m/s and the variation in transverse
velocity ranged from 800 m/s to 1000 m/s. In all stages of the experiment, the variation in
longitudinal and transverse velocities of the primary structural coal was larger than that of
the fractured structural coal. At all stages of the experiment, the main structural coal has
higher longitudinal and transverse wave velocities than the fractured structural coal. At all
stages of the experiment, the changes of longitudinal and transverse wave velocities of the
fractured structural coal were more obvious than those of the primary structural coal.

3.3. Changes in the Elastic Mechanical Parameters of Coal Samples during Gas Adsorption
and Desorption

Based on Tables 2 and 3, the variation patterns of Poisson’s ratio and the elastic
modulus of the coal samples during the test period can be derived. The elastic modulus
and Poisson’s ratio of the coal samples both slightly rose throughout the evacuation stage,
as illustrated in Figures 6 and 7. The elastic modulus exhibited an increasing trend with
the increase in gas pressure in the gas adsorption stage, when the gas pressure rose from
0 MPa to 2.5 MPa, whereas the Poisson’s ratio displayed a variation law of rising and then
falling with the rise in gas pressure. The Poisson’s ratio declined when gas pressure rose
from 1.5 MPa to 2.5 MPa.
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Figure 6. Coal sample Poisson’s ratio ν variation pattern during the course of the experiment.

 

Figure 7. Variations in the coal sample’s elastic modulus E during the course of the experiment.

The Poisson’s ratio exhibited a rise and, subsequently, a reduction with the decrease in
gas pressure, when the gas pressure went from 2.5 MPa to 0 MPa, but the elastic modulus
showed a declining trend with the decrease in gas pressure. The Poisson’s ratio rises when
gas pressure falls from 1.5 MPa to 0 MPa, as seen in the graph.

Additionally, Figures 6 and 7 show that the elastic modulus E of the primary structural
coal is greater than that of the fractured structural coal, whereas Figure 8 shows that the
fractured structural coal’s Poisson’s ratio v is greater than that of the primary structural coal.

 

Figure 8. Schematic diagram of gas action inside coal body.

3.4. The Mechanism of How Gas Adsorption and Desorption Affect the Coal’s Ultrasonic Velocity

Ultrasound is an elastic wave that is generally considered to have the greatest speed
when propagating in solids and the least speed when propagating in liquids. It is generally
believed that ultrasonic waves propagate with the greatest velocity in solids, followed by
liquids, and the least in gases. Transverse waves can go through solids but only in liquids
and gases, while longitudinal waves can move through all three.
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Coal is a dual−structured pore medium consisting of matrix pores and pores [36,37].
Both free gas and adsorbed gas are present in the gas−bearing coal that results from gas
adsorption; the free gas is present as a gas in the matrix pores and in the pores of the coal,
while the adsorbed gas is bound to the solid surface of the coal [38]. The matrix pores, and
pores of the coal that contain gas will be examined in this research to determine how gas
adsorption and desorption affect coal’s ultrasonic velocity when both free and adsorbed
gases are present.

The following basic assumptions have been made to facilitate the study:

• The gas−bearing coal’s pores and cracks were investigated, and their porosity was quantified.
• Gas containing coal underwent linear elastic minor deformation.
• It was a homogenous continuous isotropic medium that included coal.
• Gas containing coal exhibits a stress−strain relationship that abides with the general-

ized Hooke’s law.

The deformation of coal that contains gas can be classified into two types: struc-
tural deformation and intrinsic deformation [39]. Generally, the structural deformation of
gas−bearing coal is negligible because it is in the three−way ground stress field and is
governed by the geological conditions of the surrounding coal seam. In addition, the ex-
perimental results in this work show that the structural deformation of the coal containing
gas was constant when the axial pressure, ambient pressure, and gas pressure all increased
at the same time. As illustrated in Figure 8, the ontogenetic deformation of gas−bearing
coal is caused by the adsorption and desorption of gas, and the parameters influencing this
deformation include gas pressure and adsorption.

The strain in the coal, due to the expansion of the adsorbed gas, is [40]:

εBX =
2aρRT(1 − 2ν)

3EVm(1 − ϕ0)
ln(1 + bp) (2)

where εBX is the strain caused by the expansion of adsorbed gas, ρ is the apparent density
of coal (kg/m3), ν is the Poisson’s ratio, E is the elastic modulus (MPa), a is the ultimate
adsorption capacity at a given temperature (m3/t), Vm = 22.4×10−3 m3/mol, Vm is the
molar volume of gas, b represents half of the pressure corresponding to the pressure at
which the ultimate adsorption capacity is reached (MPa−1), R is the universal gas constant,
T is the temperature (K), p is the gas pressure (MPa), R = 8.3143 J/(mol·K), ϕ0 is the porosity.

Following a shift in the pore gas pressure, coal matrix compression experiences a
linear strain [41]:

εBP =
CS
3

p (3)

where εBP is the linear strain, a result of the coal matrix mass’s compression caused by pore
gas pressure, and CS is the coal matrix mass compression factor.

The coal’s longitudinal and transverse wave velocities were computed using the
following formulas, taking into account the effects of gas adsorption and gas pressure:

vz =
L

L−L(1−ϕ0)(1+εBX+εBP)
vk

+ L(1−ϕ0)(1+εBX+εBP)
vzs

(4)

vh = vhs(1 − ϕ0)(1 + εBX) (5)

where vzs represents ultrasonic longitudinal velocity in the matrix (m/s), L represents
length of the coal unit (m), vk represents ultrasonic velocity in the pore gas (m/s), vz
represents ultrasonic longitudinal velocity in the coal unit (m/s), vh represents ultrasonic
transverse velocity in the coal unit (m/s), vhs represents ultrasonic transverse velocity in
the matrix (m/s).

As gas adsorption and desorption affect the same mechanism of wave velocity varia-
tion in primary and cracked structural coals, the ultrasonic velocity variation during gas
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adsorption is analyzed below as an example for coal sample IX1, and the basic parameters
of coal sample IIX1 are represented in Table 4.

Table 4. Coal sample IX1’s elastic mechanical characteristics and gas seepage parameters.

ρ/(t·m−3) E/MPa ν a/(m3·t−1) b/(MPa−1) ϕ0 T/K CS/(MPa−1) Vp/(m·s−1) Vs/(m·s−1)

1.43 4400 0.296 35.2 0.71 0.06 298 0.016 2031 1093

The calculation regarding the speed of propagation of sound waves in gas gases is
based on the equation [42]:

vk =

√
rRT
M

(6)

where r is the proportion of a gas’s constant−pressure heat capacity to its constant−temperature
heat capacity, for methane 1.33, M is the gas’s molecular weight, for methane 16× 10−3 (kg·mol−1),
and T is the absolute temperature (K).

According to Equation (6), the ultrasonic velocity in the gas vk = 453.94 m/s. According
to Equations (4) and (5), simultaneously, the coal matrix velocity vzs = 2607.9 m/s and
vhs = 1162.8 m/s.

By substituting the combination of Equations (4) and (5) into the elastic dynamics
and gas percolation parameters of different coal samples, the calculated values of the
longitudinal and transverse wave velocities of coal containing gas at different test stages
could be obtained, and the comparison between the experimental values is shown in
Figures 9 and 10.

 

Figure 9. Variation of calculated and experimental values of longitudinal wave velocity of coal
sample during the experiment.

 

Figure 10. Variation of calculated and experimental values of transverse wave velocity of coal sample
during the experiment.
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Figures 9 and 10 show that there is a general agreement between the estimated and
experimental values for the coal’s longitudinal and transverse wave velocities during gas
adsorption and desorption, as well as for their magnitudes.

There is a crucial gas pressure value (1.5 MPa) that produces the greatest longitudinal
wave velocity of coal during the jet adsorption stage, where the longitudinal wave velocity
of coal exhibits a trend of growing and subsequently dropping. As the gas pressure rises
during the jet adsorption step, the coal’s transverse wave velocity also rises. The coal’s
longitudinal wave velocity, similarly, has a tendency to rise and then fall throughout the
stage of decreasing desorption. The greatest longitudinal wave velocity of coal is caused by
a critical gas pressure of 1.5 MPa. The coal’s transverse wave velocity drops when the gas
pressure drops during the downward desorption stage.

Additionally, during the descending desorption stage, the longitudinal wave velocity
of coal, measured experimentally, is a little bit higher than the longitudinal wave velocity
estimated. The coal’s longitudinal wave velocity in the descending desorption stage was
higher, under the same gas pressure circumstances, than it was in the gas injection and
adsorption phases.

The above results indicate that it is feasible to analyze the variation in longitudinal and
transverse wave velocities of coal during gas adsorption and desorption by using factors
such as the adsorption and expansion of gas on the coal matrix and the compression of
the coal matrix by pore gas pressure. The mechanism of coal’s longitudinal and transverse
wave velocity fluctuation will be further explained in the section that follows, from the
viewpoint of how coal’s porosity is affected by gas adsorption and desorption.

The results show that the porosity of coal is the main factor affecting the longitudinal
wave velocity of coal, which will change during gas adsorption and desorption due to
the influence of gas adsorption and desorption, resulting in the coal’s longitudinal wave
velocity changing.

Figure 11 shows the variation of strain in coal with gas pressure. The compression
substrate is subjected to equal−sized stresses. The gas adsorption expansion strain was
larger than the strain on the gas compression substrate when the gas pressure was less
than the critical gas pressure pc, and vice versa when the gas pressure was higher than the
critical gas pressure pc.

 
Figure 11. Variation of strain in coal with gas pressure.

Figure 12 shows the variation in the porosity of the coal with gas pressure, and
combining Figures 11 and 12, it is clear that the coal’s porosity suffered as a result of the
gas adsorption expansion strain, whereas the gas compression matrix strain exhibited a
positive effect on the porosity of coal. When the gas pressure dropped below the critical
gas pressure pc, the gas adsorption expansion strain was greater than the gas compression
matrix strain, thus showing a continuous decrease in coal porosity. When the gas pressure
dropped below the critical gas pressure pc, the gas adsorption expansion strain was less
than the gas compression matrix strain, thus showing a continuous increase in coal porosity.
Therefore, as gas pressure rises, coal porosity exhibits a pattern of falling and then rising.
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Figure 12. Variation of porosity in coal with gas pressure.

It is generally believed that there is a negative correlation between the coal’s porosity
and longitudinal velocities. Whenever there is a drop in gas pressure, to below the critical
gas pressure (1.5 MPa), the negative effect of gas adsorption and expansion strain is greater
than the positive effect of the gas compression matrix strain, and the porosity of coal
de−crumples, leading to an increase in the longitudinal velocity of coal. Additionally, if the
gas pressure exceeds the critical gas pressure (1.5 MPa), the negative effect of gas adsorption
and the expansion strain is smaller than the positive effect of the gas compression matrix
strain, and the porosity of the coal increases, leading to the decrease in the longitudinal
velocity of the coal. If the gas pressure is higher than the critical gas pressure (1.5 MPa), the
negative effect of the gas adsorption expansion strain is smaller than the positive effect of
the gas compression matrix, at which point the porosity of the coal body increases, leading
to a reduction in the coal body’s longitudinal velocity. In the decompression desorption
stage, the positive effect of the gas compression matrix strain decreases more significantly
as the gas pressure decreases, if the gas pressure is higher than the critical gas pressure
(1.5 MPa), at which point the porosity of the coal body decreases, leading to an increase in
the longitudinal velocity of the coal body.

The negative impact of the gas adsorption expansion strain is lessened when the
gas pressure is below the critical gas pressure (1.5 MPa). At this point, the coal body’s
porosity rises, increasing the coal body’s longitudinal velocity. The negative effects of the
gas adsorption expansion strain become less pronounced, and the coal body’s porosity
rises when the gas pressure is below the critical gas pressure (1.5 MPa), which results in a
drop in the longitudinal wave velocity.

The transverse wave can only travel through solids; therefore, the impact of gas
adsorption and expansion is the sole factor affecting the transverse wave velocity of
coal bodies. The coal body’s adsorption and expansion strain rise with the gas pressure,
increasing the transverse wave velocity. The coal body’s adsorption and expansion strain
reduce with a fall in gas pressure, and as a result, so does the transverse wave velocity. The
coal body’s transverse wave velocity is highest when the gas pressure is 2.5 MPa.

3.5. Mechanisms through Which Variations in the Elastic Mechanical Properties of Coal Masses
Are Influenced by Gas Adsorption and Desorption

The elastic mechanical parameters of the coal body are an external reflection of the
physical properties of the coal body. Research shows that gas adsorption and desorption can
affect the mechanical properties of a coal body. Moreover, gas adsorption and desorption
are the result of the combined effect of gas adsorption expansion and gas compression
matrix effect. Therefore, gas adsorption expansion and gas compression matrix effect are
the root causes of the changes to the elastic mechanical parameters of coal body during gas
adsorption and desorption.

During gas injection, if the gas pressure is below the critical gas pressure (1.5 MPa),
the gas adsorption expansion effect of the coal skeleton is greater than the gas compression
matrix effect, and the overall coal body shows rheological characteristics due to the gas
adsorption expansion, and therefore, the Poisson’s ratio increases. The critical gas pressure
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is exceeded when the gas pressure is high, the gas compression matrix effect dominates,
and the overall coal body shows hardening due to the gas compression matrix effect. The
critical gas pressure is exceeded when the gas pressure is high, the gas compression matrix
effect is dominant, and the overall coal body shows hardening due to the gas compression
matrix effect. In the desorption process, the critical gas pressure is exceeded when the
gas pressure is high, the gas compression matrix effect decreases more blatantly, and
the Poisson’s ratio increases again. If the gas pressure drops more and falls below the
critical gas pressure (1.5 MPa), the gas adsorption expansion effect drops more blatantly,
so the Poisson’s ratio diminishes again. Meanwhile, the theoretical formula of Poisson’s
ratio is accurately represented by v =

(
V2

p − 2V2
s

)
/
[
2
(

V2
p − V2

s

)]
. Poisson’s ratio is

positively correlated with the longitudinal and transverse wave velocity ratios. The longer
the ratio of longitudinal to transverse wave speed, the bigger the Poisson’s ratio, which is
inversely proportional to the ratio of wave speed. The same variation rule applies to both
the Poisson’s ratio and the longitudinal wave speed.

A measurement of an object’s resistance to elastic deformation is its elastic modulus.
The expansion rate of the coal skeleton during the process of gas adsorption rises with an
increase in gas pressure, which is represented as a rise in the elastic modulus of the coal
body. As the gas pressure drops during the pressure desorption process, the coal skeleton’s
rate of gas adsorption expands less quickly, which is stated as a reduction in the elastic
modulus of the coal body. Meanwhile, the theoretical equation of elastic modulus can also
illustrate the above conclusion. From μ = ρV2

s , it is known that the larger the transverse
wave velocity is, the larger the shear modulus of the coal sample is; subsequently, according
to E = 2μ(1 + v), the elastic modulus is positively related to the shear modulus, so the
elastic modulus is in line with the trend of the transverse wave velocity.

4. Conclusions

(1) During the gas adsorption and desorption processes, the longitudinal and trans-
verse wave velocities of the primary structural coal are greater than those of the fractured
structural coal, and the change amplitude of the longitudinal and transverse wave velocities
of the fractured structural coal is more noticeable than that of the primary structural coal.

(2) The coal body’s longitudinal wave velocity can only increase beyond a critical
gas pressure threshold, which in this experiment is 1.5 MPa. As a result of the gas ad-
sorption and desorption processes, the coal’s longitudinal wave velocity initially rises
and subsequently falls. The transverse wave velocity and gas pressure have a strong
positive association.

(3) The combined effects of the gas adsorption expansion effect and the gas compres-
sion matrix impact result in the change in the longitudinal wave velocity of the coal body.

(4) The change in the transverse wave velocity is compatible with the changing law of
gas pressure. The variation in the transverse wave velocity of coal is exclusively regulated
by the gas adsorption expansion effect.

(5) During the gas adsorption and desorption process, the coal’s elastic modulus
and Poisson’s ratio both change at the same rates as the longitudinal and transverse
wave velocities.
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Abstract: The issue of water hazards has led to the restriction of safe and efficient coal mine produc-
tion in China. The transient electromagnetic method (TEM) is one of the most effective means of
detecting the hidden dangers of water hazards in coal mines. However, the current understanding of
the whole-space transient electromagnetic response of mine water is only on the general law due to
the late start of the forward research. Therefore, this paper established multiple sets of simulation
models in the whole area in order to study the rules and factors of transient electromagnetic responses.
Subsequently, these laws are used to explain the detection data of TEM in the field. According to
the simulation results, the electric properties, distance, and size had the greatest influence on the
transient electromagnetic response of regular anomalous geological bodies, while the electromagnetic
field projection area also had an impact on irregular ones. Furthermore, field application demon-
strated that the response law and TEM’s affecting factors are acceptable for directing the detection of
transient electromagnetic in coal mines. This research can advance the TEM’s data processing and
interpretation technology and offer a theoretical basis for detailed investigation.

Keywords: transient electromagnetic method; numerical modeling; transient electromagnetic
response; factor; advanced detection

1. Introduction

As the slow decrease and depletion of extractable resources in the shallow strata, the de-
velopment to deep geological resources has become an inevitable strategy for many countries
around the world [1–3]. Nevertheless, as the mining depth increases, the hydrogeological
conditions become more and more complex, such as geological faults, the old cellar water
accumulation and collapse columns [4–6]. Due to the high crustal stress, high surface temper-
ature and high fluid pressure in the deep part of the rock body characteristics change, coupled
with the stratum itself fracture fragmentation zone development and mining-induced water
conductivity fragmentation zone conducts different water sources into the mine, that the
mine occurs sudden water disaster [7,8]. Water disaster prevention and control are based on
the detection of these water-bearing aberrant bodies [9]. The mine transient electromagnetic
method (MTEM) has been employed in tunnel excavation advanced detection, working face
water-rich region detection, and other fields [10,11] because of its benefits, which include
being sensitive to low-resistance body, large anomaly intensity close to the target object, and
convenient construction. The three-dimensional forward research of the MTEM is able to not
only direct data interpretation in practical work and increase the accuracy of interpretation,
but it can also provide the groundwork for three-dimensional inversion, which is still in the
research stage, and play a significant role in advancing this method’s development.
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TEM is a time-domain detection method based on the electromagnetic induction
principle, which first emits a step pulse magnetic field, called a primary field, to the ground
through an ungrounded loop. Subsequently, the time-varying variation of the induced
secondary field in the underground medium is measured during the pause of the primary
field. Finally, by processing, analyzing, and interpreting the generated secondary field
information, detecting various geological details is achieved [12–14] (see Figure 1).

Figure 1. Working principle of TEM.

Transient electromagnetic forward modeling primarily includes the time domain finite
difference method (FDTD), finite volume method (FVM), integral equation method (IEM) and
finite element method (FEM). The full-space transient electromagnetic response of mined-out
water was numerically modelled by Chang et al. [15], utilizing the three-dimensional FDTD.
Sun et al. studied the Crank-Nicolson FDTD 3D forward modeling for the transient electro-
magnetic transition [16]. A 3D forward modeling of loop-source transient electromagnetic
response in biaxial anisotropic formation is proposed through the use of the mimetic finite
volume method (MFVM) [17]. Liu et al. implemented 3D forward modeling and analysis
of the loop-source transient electromagnetic method based on the FVM for an arbitrarily
anisotropic medium [18]. The response properties of the highway-borehole transient electro-
magnetic field under the circumstance of tunnel full space were studied by Chen et al., using
the IEM to create a numerical model [19]. The FEM has the advantages of strong applica-
tion and high precision, and it overcomes the structure-related singularity problem when
compared to other methods [17]. Based on earlier research, Zhang et al. added absorption
boundary conditions to quicken the three-dimensional finite element forward evolution of
the transient electromagnetic technique [20]. The issues of lengthy computation times and
high memory requirements have been significantly reduced in recent years due to the quick
development of computer hardware, and the finite element method is now frequently used
in three-dimensional numerical simulations of transient electromagnetic phenomena [21–24].
Unfortunately, as surface TEM is the main focus of current finite element research, there is
little numerical simulation of mine transient electromagnetic with multiple turns and a small
loop source. In particular, the study on the transient electromagnetic response characteristics
of various water-bearing geological bodies widely present in mines is not ideal, such as
the precise law of TEM response and the factors influencing the propagation of transient
electromagnetic field. Therefore, it is of great significance to study the factors and rules of
the transient electromagnetic response by the TDFEM.

Against the above background, this paper established multiple sets of various numeri-
cal models based on the TDFEM to study the transient electromagnetic response law and
its influencing factors in detail. Finally, the interpretation of field data was successfully
guided by these findings. The main research contents of the following paper are as follows:
the second section introduces the theoretical basis of numerical simulation, the third section
studies the response characteristics of different geological water-bearing anomalies, the
fourth section studies the factors affecting the transient electromagnetic response, and the
fifth section is the field application.
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2. Method

2.1. Time-Domain Electromagnetic Field Equation

The finite element method is a numerical method for solving the approximate solution
of boundary value problems of partial differential equations. The benefits of using the
finite element method are that it offers great freedom in the selection of discretization,
both in the elements that may be used to discretize space and the basic functions. Kuo
et al. first used the two-dimensional nodal FEM to simulate the transient electromagnetic
response of the low resistivity orebody under the low resistivity layer [25]. Following this,
scholars have conducted a lot of research on the three-dimensional time domain finite
element [26–28]. For the electromagnetic field problem, the control equation is primarily
the Helmholtz equation.

∇× H = J + Js (1)

∇× E = −∂B
∂t

(2)

∇·D = 0 (3)

∇·B = 0 (4)

where ∇ is the Hamiltonian operator, H is the magnetic field intensity, E is the electric field
intensity, D is the electric displacement vector, B is the magnetic induction intensity, t is
time, Js is the field source current density, J is the conduction current density excited by the
field source.

The wave equation of electromagnetic field can be obtained by transformation, as follows:

∇2E + k2E = 0 (5)

∇2H + k2H = 0 (6)

where k is the propagation constant.

2.2. Time Discretization

The implicit Euler method, which can be regarded as a backward differentiation
formula, is utilized to discretize the time domain in this study [29]. The calculation
principle is as follows:

dx
dt

= F(x, t) (7)

Assuming that the value of the dependent variable xi is known at an initial value ti,
then a Taylor approximation is used to relate the value of x at t = ti+1, namely x(ti+1) with
h = ti+1 − ti. However, in contrast to the explicit Euler method, the Taylor series around the
point x(ti+1) was used, that is:

xi = x(ti+1)− dx
dt

∣∣∣∣
ti+1

(h) +O
(

h2
)

(8)

Substituting the differential equation into the above equation yields:

xi = x(ti+1)− F(xi+1, ti+1)(h) +O
(

h2
)

(9)

Therefore, as an approximation, an estimate for x(ti+1) can be taken as xi+1, as follows:

x(ti+1) ≈ xi+1 = xi + F(xi+1, ti+1)(h) (10)

Using this estimate, the local truncation error is thus proportional to the square of the
step size, with the constant of proportionality related to the second derivative of x, which is
the first derivative of the given initial-value problem.

265



Sustainability 2022, 14, 15024

2.3. Solving Sparse Equation

The finite element method inevitably reverts to the solution of huge sparse equations
when utilized to calculate complex electromagnetic field issues. The electromagnetic field
problem is solved in this study using the MUMPS parallel solver, a package for solving
linear equations in the form of Ax = b [30].

2.4. Verification of Algorithm Accuracy

To verify the accuracy of the finite unit algorithm, the geoelectrical model proposed
in this paper is based on a 3D sphere model, due to the good symmetry of a sphere. The
sphere model has a radius of 180 m, and the 18 m thick spherical shell at its outermost
edge is set as the infinite-element domain. The procedure is as follows: A circular coil
with a radius of 1 m and a cross-sectional radius of 25 mm is placed at the center of the
sphere, with a coil emission current waveform of 2 A, a shutdown time of 20 μs, a transmit
backline of 60, and a receiving line of 40. Using non-uniform meshing, it is divided into
114,834 tetrahedron meshes. The analogue time starts at 0 s, and the current starts to shut
down at 0.5 ms, with a shutdown time of 20 μs. The 1.5 ms analogue time ends when the
current is switched off. The method of local-refinement time-step sectioning is applied,
where a time step of 2 μs is used in the current shutdown process and in the range of 20 s
before and after, and a time step of 20 μs is used for the rest of the dura-tion. This can also
ensure the calculation accuracy and significantly improve the computational efficiency.

Figure 2a,b compares the numerical values obtained from the full-space model and
the analytical solution. The compared parameter is the induced electromotive force at the
center of the coil. The full-space numerical simulation results agree the analytical solution
in each period, and the relative error in the induced electromotive force is below 4.5%.

 
(a) (b) 

Figure 2. Comparison of numerical and analytical solutions. (a) Comparison of solutions. (b) Rela-
tive error.

3. Simulation of Water-Containing Bodies in Front of the Tunnel

This section develops several geoelectric models, based on the full-space model, for
regular water-bearing bodies, water-bearing faults, sinking columns, and other water-
bearing bodies in front of the roadway in order to study the transient electromagnetic
reaction and compare the effect of the shape on its response.

3.1. Spheres, Cubes, and Cylinders

A layered geoelectrical model is established in this paper, which is divided into three
layers, representing the roof, coal seam, and floor. The specific geometry and geoelectrical
parameters are shown in Table 1. The tunnel’s length and cross-sectional measurements
are set at 100 m and 4 m × 4 m, respectively. The interior area of the laneway is set as air,
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the resistivity of which is 1 × 105 Ω·m. The peripheral surrounding rock resistivity of the
laminated geoelectrical model is set to 100 Ω·m. A wire device serves as the excitation
source, the coil is taken as a circular coil with a radius of 1 m, the emission coil is 60, the
receiving coil is 40, the coil is placed on the digger head, the firing direction is in front of
the digger head in order to be close to the real situation, and the coil and the digging head
have a 25 mm pore. An abnormal geologic body is placed in front of the digger head, with
a resistivity of 1 Ω·m; its parameters are listed in Table 2. The coil emission current is a
square wave with a magnitude of 2 A, and the shutdown time is 20 s. Figure 3 shows the
specific model and meshing results. Figure 4 demonstrates the electromotive attenuation
law curve of three different shape models.

Table 1. Geoelectric parameters of the model.

Toward the
Length (x)/m

Tending Length
(y)/m

Thickness
(z)/m

Apparent
Resistivity (Ω·m)

Clad rock 200 150 80 100
Coal seam 200 150 4 50

Floor 200 150 60 100

Table 2. Geoelectric parameters of the abnormal geologic body.

Radius (Edge Length)/m Height/m Volume/m3

Sphere 30 / 113,097.3
Cube 48 / 110,592

Cylinder 26 52 110,433.3

Figure 3. Overall structure of the model and meshing results.

Figure 4. Electromotive attenuation law obtained using three full-space models.
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3.2. Aquifer Faults

To study the transient electromagnetic response of the aquifer fault in front of the
digger head (see Figure 5), based on the previous location model, the abnormal object is
replaced by a fault with dimensions of 10 m × 50 m × 50 m and an apparent resistivity of
1 Ω·m.

Figure 5. Water-bearing fault model placed in front of the digging head.

As the normal direction of the coil is toward the center of the fault, this section extracts
the electromagnetic field Bx on its horizontal surface to plot the isoline for analysis, as
shown in Figure 6. The induced electromagnetic field is formed in the fault when the
current is shut off for 1 μs, and the peak value of Bx is close to 3 × 10−10 T. The Bx contours
at the two short sides of the fault are dense and concave in the early stages. Over time,
the electromagnetic field gradually spreads to the central area of the fault and decays
continuously. The electromagnetic field becomes concentrated in the fault’s center after
50 μs, and the Bx contour map progressively becomes steady and starts to degrade.

  
(a) (b) 

(c) (d) 

Figure 6. Cont.
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(e) (f) 

Figure 6. Transient electromagnetic field distributions on the horizontal plane of the fault model after
switching off the current. (a) t = 1 μs. (b) t = 10 μs. (c) t = 50 μs. (d) t = 200 μs. (e) t = 500 μs. (f) t = 1 ms.

4. Factors Affecting the Law of Transient Electromagnetic Response

The research in Section 3 demonstrates that the numerical simulation in this work
complies with the fundamental rule of the transient electromagnetic field, which states
that once the current is cut off, the electromagnetic field reaches a maximum value in the
geological anomaly body and then progressively spreads to the center of the anomaly body,
whilst constantly degrading.

4.1. Electrical Characteristics

To investigate the impact of electrical characteristics on the transient electromagnetic
response law, models with cylinder resistivity values of 0.1, 0.5, 1, 2, 5, and 10 Ω·m
were created based on the cylinder model in Section 3.1. The computation’s findings
are displayed in Figure 7. The coil picks up the response of the adjacent strata at first,
therefore the curve’s attenuation speed is higher early on. After the cylinder generates the
electromagnetic field and is received by the coil, the curve shows a significant difference:
the attenuation rate of the 0.1 Ω·m model is the slowest, and then, from slow to fast, is 0.5,
1, 2, 5, 10 Ω·m. In particular, the 10 Ω·m model is attenuated to a less convergent stage
after receiving an induced electromotive force of 1.47 × 10−14 V/m at the center of the coil,
at 710 s, which is seven orders of magnitude lower than that of the 0.1 Ω·m model.

 

Figure 7. The induced electromotive force of different electrical anomalies.

4.2. Distance

To study the effect of distance between the abnormal geologic body and the coil on
the transient electromagnetic response, this paper establishes the same forward model as is
presented in Section 3.1. The distances between the cylinder and the coil are set to 5, 10, 20,
30, and 50 m. Figure 8, showing the forward simulation results, indicates that the difference
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in the distances between the abnormal object and the multiple small return-line sources
determines the difference in the intensity of the transient electromagnetic field; however, it
has no effect on the attenuation law of the transient electromagnetic field.

 

Figure 8. The induced electromotive of abnormal bodies placed at different distances.

4.3. Size

To study the influence of the abnormal geologic body size on the transient electro-
magnetic response at different times, six different columnar drop column models were
established and divided into small, medium and large groups, according to the model size.
In each set of models, the round table model has a larger volume than the cylindrical model,
and in particular, the volume of the first group of small round tables is smaller than that of
the small cylinder (see Table 3).

Table 3. Size parameters of the abnormal bodies.

Exception Body
Number

Upper Surface
Radius (m)

Lower Surface
Radius (m)

Height (m) Volume (m3) Shape

a 5 10 30 5498 Small round table
b 10 10 30 9424.8 Small cylinder
c 10 20 50 36,651 Medium round table
d 15 15 50 35,343 Medium cylinder
e 15 30 100 164,933 Large round table
f 20 20 100 125,663 Large cylinder

Figure 9 shows the attenuation curve of the induced electromotive force at the center of
the coil in each model, after the current is switched off. The attenuation curve is consistent
with the grouping law.

Figure 9. Induced electromotive force attenuation curves for anomalies of different sizes.
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4.4. Projected Area

Based on the above findings, we speculated that the attenuation speed of the induced
electromagnetic field is influenced by the difference between the contact surface of a low
resistivity anomaly and an electromagnetic field. The concept of “electromagnetic field
projection area” is formally proposed in this paper. After the current is switched off, an
inductive electromagnetic field is generated in the abnormal geologic body, and the projection
on the abnormal coil plane at the peak center of the inductive electromagnetic field at a certain
moment is called the electromagnetic field projection area at that moment. It can also be
understood as a cross-section, at which the abnormal geologic body is parallel to the coil plane.
It is of great significance to use this concept to analyze the law of electromagnetic attenuation.

Based on the findings of Section 3.2, this section creates models with normal plane
inclination angles of −60◦, −30◦, 0◦, 30◦, and 60◦ for study in order to confirm the accuracy
of this supposition. The size and electrical properties of the fault are consistent with the
model in Section 3.2. The model is displayed in Figure 10. The distance between the various
models and coils is shown to be 0◦ > −30◦ = 30◦ > −60◦ = 60◦ in descending order.

 
(a) (b) 

 
(c) (d) 

Figure 10. Different dip fault models. (a) Deg. = 60◦. (b) Deg. = −60◦. (c) Deg. = 30◦. (d) Deg. =−30◦.

Figure 11a–c shows the induced electromotive attenuation curve at the center of the
coil after each model is closed. The process of inductive electromagnetic attenuation of each
model can be divided into two stages: At the early stage after the shutdown, depending on
the nearest distance of each model to the coil, the order of the induced electromotive force is
60◦ = 60◦ > 30◦ = 30◦ > 0◦; at the later stage, as the 0◦ model has the largest cross-sectional
area and the slowest decay rate in comparison to the other models, its induced electromotive
force eventually exceeds that of the −30◦ and 30◦ models. The late-induced electromotive
force from large to small follows the order: −60◦ = 60◦ > 0◦ −30◦ = 30◦. Moreover, both the
symmetrical −60◦ and 60◦ models and the −30◦ and 30◦ models have the same attenuation
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rules. Similarly, the −60◦ (60◦) model and −30◦ (30◦) model show a similar attenuation
pattern due to the small difference in the projection area of their electromagnetic fields.

 
(a) 

  
(b) (c) 

Figure 11. Induced electromotive force attenuation curves of different dip angle collapse columns.
(a) Overall attenuation law. (b) Law of early attenuation (0–100 μs). (c) Law of late attenuation
(900 μs–1 ms).

To examine the aforementioned theory further, based on the cube, sphere, and cylinder
models in Section 3.1, two cone models with large differences in the projection area of the
early and late electromagnetic fields are added, as shown in the following illustration. The
conical inclination in Figure 12a is 90◦ and that in Figure 12b is −90◦ (see Table 4).

 
(a) (b) 

Figure 12. Models with cones of different angles. (a) Deg. = 90◦. (b) Deg. = −90◦.
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Table 4. Geometric parameters of the four models.

Edge
Length/Radius (m)

Height (m)
Magnetic Field

Projection Area (m2)
Volume (m3)

Sphere 30 / Minimum value 113,097.3
Cylinder 26 52 2704 110,433.3

Cube 48 / 2304 110,592
Cone 45 52 Minimum value 110,269.9

Figure 13a–c shows a comparison of the induced electromotive attenuation law at
the center of the coil, after each model is closed, and after the current is just switched off,
the coil has not received the transient electromagnetic field from the conical model; the
curve attenuation law is the same. In 3 μs after shutdown, the induced electromotive force
amplitude on the coil is the same because the distance between each model and the coil is
also the same. Thereafter, the induced electromotive potential of each model shows a large
difference in terms of the attenuation speed. The 90◦ conical model’s attenuation speed
is lowest because it has the biggest electromagnetic field projection area at the start of the
inductive electromagnetic field. Cubes and cylinders follow the same law. Early on, the
sphere’s electromagnetic field projection area is modest, which causes a higher attenuation
speed. Later, when its electromagnetic field projection area grows and surpasses that of
the cube and cylinder models (the greatest volume), its attenuation speed lowers. The
decay rate of the −90◦ conical model is the fastest, and the decay rate decreases with the
passage of time. When the induced electromagnetic field propagates to its geometric center
of gravity, the decay rate is stable and consistent with the 90◦ conical model.

 
(a) 

  
(b) (c) 

Figure 13. Induced electromotive attenuation curves for different projection area models. (a) Overall
attenuation law. (b) Law of early attenuation (0–100 μs). (c) Law of late attenuation (900 μs–1 ms).
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5. Field Application

The mine, which predominantly mines the Carboniferous Permian 6th coal seam, uses
the inclined shaft development method and was designed to produce 1000 Mt per year. Coarse
sandstone aquifer is overlaid on top of the mine’s main coal seam’s roof, and Ordovician
limestone aquifer is buried beneath it. The underlying Ordovician ash confined aquifer places
pressure on the 6th coal in the area, and the Ordovician ash water level in this coal mine
is +869.7 m. Limestone water may inrush to mining sites through the vertical guide water
structure and weak parts of the water-barrier layer when it meets faults and collapse columns
as a result of the unequal water wealth of the Ordovician limestone aquifer and strong water
wealth in karst development areas. There was water flowing from the roof, around 10 m
behind the digging head, when underground production was underway on the site.

5.1. Arrangement

TEM is used to identify the water-rich anomalous area between 7.5 m and 107.5 m
before the Z53 point at the design and construction location, which is located 7.5 m before
the measurement point Z53 of the six main coal transportation lanes. The detecting region
is located in the middle of the magenta section, as shown in Figure 14.

 

Figure 14. Schematic diagram of the advance detection area.

A multi-turn coil, with a side length of 2–3 m, is typically utilized for transmitting and
receiving coils due to the space constraints of underground roadways. According to the
results of the previous numerical simulation, the fan-shaped detection method is used to
acquire all of the information regarding the front geological body, as illustrated in Figure 15.
First, the measuring points are placed at the coal digging head, and the normal directions of
the transmitting and receiving antennas are perpendicular to the right side of the roadway
for measurement (such as vertical measurement, should be from bottom to top), next, the
antenna will then be rotated at an angle (often 15◦). When the antenna’s normal direction
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is perpendicular to the digging head, 1–3 measuring sites are placed in accordance with the
width of the digging head.

Figure 15. Schematic diagram of the arrangement of advanced detection points.

In the advanced detection of mine TEM, the normal direction of the starting ray frame
is computed in accordance with the relative position relationship between coal mining and
the aquifer of the roof and floor, as illustrated in Figure 16. This ensures that the rock strata
to be examined are within the detection range of the instrument.

  
(a) (b) 

  
(c) (d) 

Figure 16. Schematic diagram of advanced detection direction. (a) The angle between the detection
direction and the floor is 60◦; (b) The angle between the detection direction and the floor is 75◦;
(c) The angle between the detection direction and the floor is 90◦; (d) The angle between the detection
direction and the floor is 120◦.

5.2. Detection Results

Three levels of ≤ δ − δn/3, δ − δn/3 ∼ δ + δn/3, and ≥ δ + δn/3—can be assigned to
the apparent resistivity outlier δ, based on the electrical characteristics of this region (where
δ is the arithmetic mean value of parameters and δn is the standard deviation value of
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parameters); δ− δn/3 and δ− δn are set to abnormal thresholds. Before the resulting map of
advanced exploration and interpretation of the digging head is produced, the influence of
the road’s roof, floor, and geological body behind it should be removed in order to conduct
out roadway space correction on the data that has been acquired.

The formation’s comprehensive conductivity is better, and its water content is higher
when the apparent conductivity value is lower. In the illustration, orange or colorlessness
denotes a high resistivity anomaly (a weakly water-bearing or water-free area), green
denotes a low resistivity anomaly (a water-rich area), and various intermediate colors
denote the zone between low resistivity and high resistivity anomalies.

Figure 17 shows the advance detection results. The area with low apparent resistivity
anomalies is represented by the blue-green region, the region with high apparent resistivity
values is represented by the yellow region, and the remaining colors denote transitional
regions. After processing the detection data in light of the outcomes of the numerical
simulation, two clearly visible low-resistance anomaly zones are discovered within 100 m of
the tunneling face. The No. 1 anomaly, which has a wide anomaly range and a moderate
intensity, is primarily found in the right front of the digging head and extends to the left
front of the bedding direction. The No. 2 anomaly is largely centered between 60 and
70 m, in front of the tunneling face on the left, with a modest and weak anomalous range.
Additionally, there are secondary anomalies in the pitch angle direction in the detection edge
area. It is assumed that the low resistance anomaly in front is the comparatively water-rich
section in this area, given the occurrence of dripping from the roof and in the excavation
face during detection. Combining the response law from the numerical simulation with the
low-resistance anomaly geologic body’s volume effect, it is possible that the No. 2 anomaly
is created by the same hydrogeological anomaly geologic body that is responsible for the No.
1 anomaly, which stretches from the roof to the coal seam. The results obtained by drilling
in the later stage show that the No. 1 anomaly is a low resistivity anomaly caused by the
fluctuation of coal seam, and there are water flowing fractures in the No. 2 anomaly area.

  
(a) (b) 

  
(c) (d) 

Figure 17. Advance detection results map. (a) The angle between the detection direction and the floor is
60◦; (b) The angle between the detection direction and the floor is 75◦; (c) The angle between the detection
direction and the floor is 90◦; (d) The angle between the detection direction and the floor is 120◦.
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6. Discussion

Some notable phenomena and representative laws are discovered through the exami-
nation of various response results:

(1) After the current is cut off in the third section, the electromagnetic field will peak in
the bad geological body and slowly spread to the center of the fault, before continuing
to degrade. This is consistent with the law of full-space transient electromagnetic
response in the tunnel studied by Li et al. [31], which also provides feasibility for the
subsequent exploration of the electromagnetic response law of the TEM. The cause of
this phenomena is that the eddy current will start to decay as soon as the current is
cut off; because the surrounding rock’s conductivity is so much worse than that of the
geological anomaly, the eddy current attenuation rate will be much higher than that
of the low resistance body.

(2) The results of the different models, given in Section 4.1, indicate that the lower
the apparent resistivity of the abnormal object (the higher the water content), the
slower the attenuation of its inductive electromagnetic field. The results of Li and
others [31] are also consistent with this claim: the higher the water content, the
stronger the electromagnetic response signal and the slower the attenuation of the
transient response.

(3) The comparison of the forward results in Section 3.1 and the different distance models
in Section 4.2 shows that the distance between the abnormal geologic body and the
excitation source controls the intensity of the transient electromagnetic field. The
strength of the transient electromagnetic field decreases with distance; nevertheless,
distance has no effect on the attenuation law of the water-containing body’s transient
electromagnetic field.

(4) According to the numerical simulation results in Section 4.3, the magnetic induction
intensity is the same in the early stage for each model as the distance between the
anomalous body and the transmitting coil is the same. At the later stage, magnetic
induction intensity is proportional to volume and is ordered from large to small
for the large circular table, large cylinder, circular table, small cylinder, and small
circular table.

(5) It is clear from examining the responses in Section 4.4 that the attenuation law of the
coil is significantly influenced by the electromagnetic field’s projection area on the
coil at a moment. Therefore, the idea of “electromagnetic field projection area” is put
forth: the larger the electromagnetic field projection area, the slower the transient
electromagnetic field decays at the corresponding moment; on the other hand, the
smaller the electromagnetic field projection area, the faster the transient electromag-
netic field decays at the corresponding moment. Additionally, it can be observed from
the results in Sections 4.3 and 4.4 that the attenuation rate of the transient electromag-
netic response of the anomalous geologic body with a regular shape has remained
consistent throughout the attenuation process, as the electromagnetic field projection
area reached its maximum value at the time of the occurrence of the transient electro-
magnetic field and did not vary in the subsequent electromagnetic field attenuation.
The irregular anomalous geologic body’s electromagnetic field projection area and
transient electromagnetic response attenuation speed have both changed over time.

7. Conclusions

This study built geological models under numerous full-space situations using the
time-domain finite unit approach, investigated the key factors impacting the transient
electromagnetic response of anomalous bodies and the associated laws. The electrical char-
acteristics and size have the greatest influence on the transient electromagnetic response for
regular anomalous geological bodies. The transient electromagnetic response for irregular
anomalous bodies is additionally impacted by the projection area of the electromagnetic
field because of their unequal volume distribution. Finally, the fan-shaped arrangement
of field detection and the processing and interpretation of data are guided by the conclu-
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sions drawn from numerical simulation and other geological data, and it is successfully
determined that two low-resistance anomalies are developed from the same low-resistance
anomaly geologic body.

The findings of this study demonstrate the suitability of the TDFEM for investigating
complicated geological anomalies in three dimensions. Therefore, the geological conditions
in the actual field are more complex and changeable, and in future research, specific
numerical models should be established based on the TDFEM for research to complete
the transient electromagnetic response law under three-dimensional full-space. Moreover,
the forward evolution performed in this paper, utilizing the benefits of the finite element
method, is fundamental to theoretical research, and it will be important to study the
inversion under full-space conditions and its specific field application in the future.
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Abstract: Many research results show that under any stress state the rock mass is most likely to
crack, swell, bifurcate, and infiltrate from the fissure tip, resulting in rock engineering instability and
failure. In order to study the influence of double fissure angles on rock mechanical characteristics,
five rock numerical models with different fissure angles were established by numerical simulation
software. Uniaxial compression tests were carried out, and the variation characteristics of rock stress,
strain, failure, microcrack, and acoustic emission (AE) were recorded. The test results show that:
With increases in the fissure angles, the elastic modulus of rock increased, while the peak strength
decreased first and then increased. The number of microcracks in rock was greater at 15◦ and 75◦

than at other angles. The microcracks in rock were mainly tensile cracks, and relatively few were
shear cracks. The angles of microcracks were mostly concentrated between 0 and 180◦, most of which
were between 60 and 110◦. The failure of rock was relatively light when the fissure angle was15◦

or 75◦, but it produced more and smaller fragments, and the failure was the most serious when the
fissure angle was 30◦. The angles of the fissures affected the maximum number of AE events, the
strain values for the initial AE event, and the maximal AE event. This research can provide some
reference for disasters caused by rocks with pre-existing fissures.

Keywords: pre-existing fissures; uniaxial compression; microcrack; failure characteristics;
acoustic emission

1. Introduction

Rock has become a geological body that must be dealt with in rock engineering, such
as mining engineering, tunnel engineering, carbon dioxide geological storage, nuclear
waste storage, and geothermal mining [1–5]. As a naturally formed geological body, rock
mass is composed of various joint fissures and rock blocks cut by fissures. Many research
results show that under any stress state rock mass is most likely to crack, expand, bifurcate,
and penetrate from the fissure tips, resulting in instability and failure [6–8]. Therefore, it is
of great significance to study the basic mechanical characteristics, failure mechanism, and
mechanical model of fissures for the safety and stability of rock engineering.

Fissures include primary fissures and secondary fissures. Primary fissures are formed
during diagenesis, and secondary fissures are formed by external forces after rock diagene-
sis [9]. Domestic scholars have conducted a lot of research on the influence of fissures on
rocks, including large-scale in situ tests and laboratory-scale fissure research [6–8]. Among
them, most of the fissure research in the laboratory involves taking rock samples with a
height/diameter ratio of 2:1, according to the standards of the international society of rock
mechanics, and then forming fissures through hydraulic cutting to study their influence
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on rock strength, deformation, and failure. Wong and Chau [10] studied the influence of
fissure angles, bridge angles, and friction coefficients on the crack combination modes and
strength of rock specimens with two parallel fissures and determined three typical crack
combination modes. Wong and Einstein [11] studied the influence of fissure inclination
and rock bridge angles on crack growth under uniaxial loading and found nine types of
crack coalescence. Cao et al. [12] prepared rock samples with two fissures and carried out
uniaxial compression tests to determine seven types of crack coalescence. Lee and Jean [13]
conducted uniaxial compression tests on granite containing two nonparallel fissures (one
horizontal and one inclined). The results showed that tensile cracks of granite are always
accompanied by the germination of shear cracks. Zhou et al. [14] investigated the types of
crack coalescence in specimens with multiple fissures and found another two crack types.
These studies on the influence of one/two fissures on the mechanical properties and crack
evolution of rock/rock-like material provide a good basis for studying the mechanical
properties of rock containing two parallel fissures.

Laboratory test research can usually only obtain the shape of crack development and
cannot explain its micromechanism well, so the theoretical and numerical analysis research
of fissured rock has gradually developed and expanded. In addition, during numerical
simulation, only one geometric feature of the fissure can be changed, while other factors
remain unchanged, to study its influence on rock mechanical properties. In laboratory tests,
even in the same rock or rock-like standard sample, its homogeneity will be different [15,16].
At present, the numerical methods for studying fissured rock can be summarized into three
categories: the continuous medium analysis method, the discontinuous analysis method,
and the mixed analysis method. Among them, the discrete element method proposed by
Cundall [17] has unique advantages in simulating discontinuous medium materials such
as rocks. The nonlinear deformation and crack development characteristics in a jointed
rock mass can be simulated more realistically by the discrete element method, and the
discrete element software PFC2D has the advantage of counting the direction and number
of microcracks in the rock and can better master crack initiation and propagation. Zhang
and Wong [18] used the two-dimensional discrete element program PFC2D to simulate
the law of crack initiation, propagation, and through failure of a gypsum sample with
pre-set fissures under uniaxial load and successfully used the same program to simulate the
process of bridging and through failure of multiple pre-set fissures in the gypsum sample.
Lin et al. [19] simulated a uniaxial compression test of a double-hole jointed rock mass
through discrete element modeling and obtained its strength and failure characteristics. Jin
et al. [20] analyzed the influence of pre-set fissures on the crack initiation and failure mode
of a specimen under uniaxial compression from the perspective of energy. Based on the
particle flow theory, Zhuang [21] studied the law of crack propagation and initiation in a
fractured rock mass from the perspective of micromechanics using PFC2D and derived
the formula of crack propagation and initiation using macrofracture mechanics and other
theories. The above results show that PFC numerical simulation can be used to analyze the
fracture behavior of rock or rock-like materials with fissures.

A lot of work has been carried out on the influence of single/double fissures on the
mechanical properties and failure modes of rocks. However, the relationship between mi-
crocrack evolution and AE event behavior under the influence of various factors (including
fissure angle) is still limited and needs further research. Therefore, on the basis of previous
studies, this paper considers the simultaneous change in angle of double through fissures
and studies its influence on rock strength, deformation, failure, and AE characteristics. At
the same time, using the advantages of PFC2D numerical simulation software, we focus on
the influence of double through fissures on the change in microcracks and try to explain the
influence of fissure angle on rock mechanical characteristics from a micro perspective. The
research results can better guide the construction and disaster control of rock engineering
with pre-existing fissures.
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2. Numerical Model Construction

2.1. Parallel Bonding Model

As a discrete element method software, PFC is suitable for studying the fracture and
fracture development of particle aggregates. PFC attempts to explain the mechanical prop-
erties and behavior of media from a meso perspective, which has been widely used in rock
engineering [17,17,22]. The bonding between particles is damaged by external effects, result-
ing in the separation of particles to simulate the generation and propagation of cracks in the
medium. In the process of simulating particle bonding failure, the PFC program provides
two basic particle bonding models: contact bonding and parallel bonding [17,17,22]. The
particle models of the two kinds of bonding and their micromechanical behavior are shown in
Figure 1. However, the contact bonding model uses point contact and cannot transmit torque,
so the parallel bonding model is used more often in rock simulation. The normal stress and
tangential stress on parallel bonding are expressed by the following formulas:
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where A2 is the area of the parallel bonding section, J is the polar moment of inertia
of the section, and I is the moment of inertia of the section in the direction of rotation

along the contact point.
−
R is the bonding radius, and
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i and
−
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i are the normal and

tangential components of the force after bonding.
−
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n

i and
−
M

s

i are the normal and tangential
components of the bending moment after bonding. When the normal or tangential stress
exceeds the corresponding parallel bonding strength, the parallel bonding failure will
produce tensile microcracks or shear microcracks, respectively.

Figure 1. Bonded-particle model and its micromechanical behavior in PFC numerical simulation [17,17,22].
(a) Contact bond model. (b) Parallel bond model.

2.2. Parameters of Numerical Rock Models

In PFC simulation, the macroscopic mechanical properties of a rock model are deter-
mined by the microscopic mechanical properties of particles and bonds. However, these
microscopic parameters cannot be directly derived from field and laboratory tests. Be-
fore numerical simulations are performed, the selection and verification of microscopic
parameters is required. Typically, the microscopic parameters of a PFC rock model are
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calibrated by simulating uniaxial compression experiments. During the calibration process,
the microscopic parameters of the particles and bonds are adjusted many times by “trial
and error” until these parameters can better reflect the mechanical properties of the real
rock [17,17,22]. The load of the numerical model is applied by moving the upper wall
at a loading rate of 0.05 mm/s. All conditions of the numerical test are the same as the
laboratory test conditions. Through the “trial and error method” of repeated inspection
and comparison, the physical and mechanical parameters listed in Table 1 can accurately
reflect the macroscopic mechanical properties of real sandstone. The stress–strain curves
and failure modes of the PFC model (Figure 2a) are in good agreement with the laboratory
results of real sandstones. Based on the uniaxial compression laboratory tests of sandstone,
three PFC numerical models were established, as shown in Figure 2b.

Figure 2. Stress–strain curves, failure modes, and numerical model in uniaxial compression experi-
mental tests and numerical simulations. (a) Stress–strain curves and failure modes. (b) Numerical
model based on PFC.

Table 1. Micromechanical parameters of rock in the numerical simulation.

Parameters Value Parameters Value

Minimum particle size (Rmin) 0.2 Ratio of normal to tan gential bonding contact stiffness (
−

Kn/
−
Ks) 1.5

Ratio of maximum particle size to
minimum particle size (Rmax/Rmin) 1.5 Average and standard deviation of normal bond strength (σb ) 16

Effective modulus of particles (Ec) 1.8 Mean and standard deviation of cohesive force (cb ) 20

Ratio of the contact stiffness between
the normal direction and the

tangential bond of particles (Kn/Ks)
1.5 Bond internal friction angle (φ ) 42

Bond effective modulus (
−
E) 2.4 Linear friction coefficient of particles (

−
μ) 0.5

2.3. Numerical Rock Models with Two Pre-Existing Fissures of Different Angles

In order to study the mechanical characteristics of rock with two pre-existing fissures
of different angles, five numerical rock models with the same L (length) and d (width)
values were built with different α (angle) values, as shown in Figure 3.
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Figure 3. Numerical models and loading conditions of rock samples under uniaxial compression.

2.4. Acoustic Emission Simulation by PFC

Under the influence of external load, when the stress intensity transmitted between
particles exceeds the bond strength between particles, bond fracture produces microcracks
in rock samples [23]. When the microcracks propagate in a rock sample, the damage
energy is rapidly released in the form of sound waves, that is, the phenomenon of acoustic
emission (AE) [24,25]. Therefore, AE events can be simulated by calculating the number of
particle bond breaks during numerical experiments. Due to the limitation of computing
power, the particle size and particle number of PFC2D cannot directly reach the mechanical
response level of real macroscopic rocks, but the reflected mechanical laws are helpful for
understanding the AE phenomenon of rocks [26–28].

3. Numerical Simulation Results

3.1. Strength and Deformation Characteristics

Figure 4 shows the stress–strain curves, elastic modulus, peak strain, and peak strength
of different fissure dip angles. It can be seen from Figure 4a that the variation trends of stress–
strain curves of rocks with different dip angles were basically the same. The difference
was that with the change in dip angles the changes in the elastic modulus, peak strain,
and peak strength were different. With increases in fissure dip angles, the elastic modulus
increased from 3.74 GPa at 15◦ to 4.91 GPa at 75◦, an increase of 31.3% (Figure 4b). The peak
strength first decreased and then increased with increases in angle, from 45.25 MPa at a 15◦
angle to 41.66 MPa at a 30◦ angle, and then increased to 53.57 MPa at 75◦ (Figure 4c). The
peak strain had no fixed law with an increase in angle, but it increased gradually overall
(Figure 4d).

3.2. Microcrack Evolution Characteristics

The change trend of the number of cracks in rock at different fissure angles is shown in
Figure 5a. The change in crack number and the change in the stress–strain curves are shown
in Figure 5b (with limited space, only the case with an angle of 45◦ is shown). The change
in microcracks with strain can be roughly divided into three stages, as shown in Figure 5b.
When the stress is small, there are basically no microcracks. Then, microcracks gradually
occur with the increase in stress, and a large number of rock fracture microcracks occur at
the peak strength of the rock. The number of microcracks at the peak strength is not the
most in the whole process, but it is a turning point with a large number of microcracks.
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Figure 4. Strength and deformation characteristics with different fissure angles under uniaxial
compression. (a) Stress–strain curves. (b) Elastic modulus. (c) Peak strain. (d) Peak strength.

Figure 5. Microcrack evolution with axial strain at different fissure angles under uniaxial compression.
(a) Microcrack evolution with axial strain. (b) Microcrack evolution at 45◦.

In the process of uniaxial compression, the total number of microcracks and the number
of cracks at the peak strength are shown in Figure 6. The total number of microcracks
decreased first and then increased with increases in the fissure angles. The minimum
number was 3926 when the angle was 45◦. Compared with 4832 cracks at the angle of
15◦, the number of cracks decreased by 18.8%, and when the angle increased to 75◦, the
number of cracks was 7851, which was an increase of 100% compared with 45◦. However,
the number of microcracks at the peak strength had no fixed law with the change in angle.
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Figure 6. The total number of microcracks and the number of cracks at the peak strength under
uniaxial compression.

In order to further study the evolution characteristics of microcracks. Figure 7 shows
rose diagrams of rock microcracks at different angles of fissures. The angles of microcrack
generation were concentrated between 0 and180◦, most of which were between 60 and
110◦. With increases in the angle, the 90◦ microcracks decreased first and then increased,
from 830 at the fissure angle of 30◦ to 693 at the angle of 45◦ and then to 1419 at the angle of
75◦. That is, when the fissure angle was 15◦ or 75◦, more 90◦ microcracks were generated.

Figure 7. Rose diagrams of rock microcracks with different angles of pre-existing fissures under
uniaxial compression: (a) 15◦, (b) 30◦, (c) 45◦, (d) 60◦, (e) 75◦.
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Figures 8 and 9, respectively, show the distribution of tensile cracks and shear cracks
during rock failure at different dip angles. It can be seen that the microcracks of rock during
uniaxial compression were mainly tensile cracks. Tensile cracks did not occur only at the
fissure tip. At the distance of the fissure tip, tensile crack lines also occurred. Shear cracks
mostly occurred at the fissure tip. In addition, both tensile and shear cracks increased with
increases in angle.

Figure 8. The distribution of tensile cracks during rock failure with different fissure angles under
uniaxial compression: (a) 15◦, (b) 30◦, (c) 45◦, (d) 60◦, (e) 75◦.

Figure 9. The distribution of shear cracks during rock failure with different fissure angles under
uniaxial compression: (a) 15◦, (b) 30◦, (c) 45◦, (d) 60◦, (e) 75◦.

3.3. Failure Modes

The fissure dip angle has a great influence on the failure modes of rock. As can be
seen from Figure 10, when the angles are 15◦ and 75◦ the rock fracture was relatively light,
but the failure produced more fragments. It can also be explained from Figure 5 that when
the angle was 15◦ or 75◦ there were more microcracks in the rock than at other angles as
well as more cracks and more energy dissipation. Therefore, during rock failure, although
the rock fracture was not violent, the fragments produced were relatively small and greater
in number. When the angle was 30◦, the rock was broken most seriously. The fracture not
only ran between the two fissures but also ran through the whole rock due to the failure of
the cracks. The failure modes of 45◦ and 60◦ were basically the same as those at 30◦, but
the degree of fracture was smaller than at 30◦.
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Figure 10. The failure modes of rock with different fissure angles under uniaxial compression: (a) 15◦,
(b) 30◦, (c) 45◦, (d) 60◦, (e) 75◦.

3.4. Acoustic Emission Characteristics

Figure 11 shows the curves of the stress–strain AE events of rocks with different α
values. It can be seen from the figures that the evolution characteristics of the AE events
were closely related to the stress–strain relationship. Before the peak intensity of the stress–
strain curve, the number of AE events was very small. When the stress–strain behavior was
in the failure stage, the number of AE events peaked and declined rapidly, which means
that the rock with two pre-existing fissures was severely damaged in this stage.
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Figure 11. Stress–strain AE event curves of numerical rocks with different angles under uniaxial
compression: (a) 15◦, (b) 30◦, (c) 45◦, (d) 60◦, (e) 75◦.

The effects of different α values on the AE characteristics of rocks are described as follows.

(1) The angle of the fissures affected the maximum number of AE events. As the rock
fracture angle increased from 15◦ to 75◦, the maximum AE events decreased first and
then increased. When the angle increased from 15◦ to 45◦, the maximum number of
AE events decreased from 1453 to 602. The maximum number of AE events decreased
by 58.6%. When the angle increased from 45◦ to 75◦, the maximum number of AE
events increased from 602 to 1896. The maximum number of AE events increased
by 68.2. The evolution characteristics of the maximum number of AE events with
different α values were similar to the changes in the peak strength of rocks with two
pre-existing fissures.

(2) It affected the strain values for the initial AE event and the maximal AE event. As
α increased from 15◦ to 75◦, the strain values of the initial AE event were 3.84‰,
2.46‰, 2.23‰, 2.24‰, and 7.37‰ and the strain values of the maximum AE event
were 12.12‰, 12.41‰, 10.93‰, 10.86‰, and 11.51‰.

(3) It affected the strain range for severe AE events near the peak strength. The strain
range of severe AE events near the peak strength increased first and then decreased
with an increase in α. When the angle was 30◦, the strain influence range was the
largest: 10.51 to 12.42. At the angles of 15◦ and 75◦, the strain influence range was the
smallest, and the strain rapidly decreased and disappeared when the peak strength
failure was reached.

4. Discussion

In this paper, the influence of fissure angles on rock strength, deformation, failure,
microcrack evolution, and AE characteristics was studied by using the discrete element
simulation software PFC. The elastic modulus increased with an increase in the fissure
angle. The peak strength decreased first and then increased. As the rock fracture angle
increased from 15◦ to 75◦, the maximum AE events decreased first and then increased.
These change characteristics were basically consistent with previous studies [5,10,14]. The
difference is that the rose diagrams of the microcrack distributions were obtained in this
paper. They can accurately describe the failure directions of microcracks and the number of
microcracks in that direction. In the control of engineering the fracture and failure of rock
with pre-existing fissures, they can be controlled according to the propagation direction of
a large number of microcracks. In this way, the waste of manpower and material resources
caused by the control technology, such as grouting or bolting due to a lack of a clear control
direction, can be avoided.

However, the research of this paper also has some limitations. In numerical simulation,
rock is regarded as an isotropic material. In addition, when other geometric dimensions of
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the fissures and loading conditions change, the strength, deformation, microcrack evolution,
and other characteristics of the rock change. In addition, the information to employ the
rose diagrams of microcrack distribution effectively, such as an accuracy analysis, is not
provided. These will be the focus of our next research work.

5. Conclusions

(1) With increases in double fissure angles, the elastic modulus of rock increased gradually.
The peak strength of rock decreased first and then increased. The peak strain had no
fixed law with the increase in angle, but it increased gradually overall.

(2) There were more microcracks when the angle was 15◦ or 75◦. The most microcracks
were produced when the fissure angle was 75◦, and the least microcracks were pro-
duced when the fissure angle was 45◦. No matter the fissure angles, the microcracks
of rock under uniaxial compression were mainly tensile cracks, with relatively few
shear cracks. The angles of the microcracks were concentrated between 0 and 180◦,
the majority of which were between 60 and 110◦.

(3) When the angle was 15◦ or 75◦, the fracture degree of rock was relatively light, but the
fragments produced by failure were greater in number and smaller. When the angle
was 30◦, the fracture degree was the most serious, with fewer and larger fragments.

(4) The angles of the fissures affected the maximum number of AE events, the strain
values for the initial AE event, and the maximal AE event. As the rock fracture angle
increased from 15◦ to 75◦, the maximum AE events decreased first and then increased.
As α increased from 15◦ to 75◦, the strain values of the initial AE event were 3.84‰,
2.46‰, 2.23‰, 2.24‰, and 7.37‰ and the strain values of the maximum AE event
were 12.12‰, 12.41‰, 10.93‰, 10.86‰, and 11.51‰.

This study did not consider the heterogeneity of the rock and other geometric char-
acteristics of fissures. However, these conclusions have certain reference significance for
the disaster control of rock engineering with fissures. The information to employ the
rose diagrams of microcrack distribution effectively, such as an accuracy analysis, is not
provided. In the next step, we will conduct more in-depth research on these limitations.
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Abstract: Exploring the phenomenon of surface cracks and the abnormal phenomenon of ground
behavior during coal mining under gully landforms, laboratory physical similarity simulation models
were established to study the movement characteristics and ground behavior laws of working faces of
different mining methods under gully landforms. The results indicate that in cases when a roadway
is situated below the top of the slope, the corresponding deformation of the surrounding rock of the
roadway is aggravated by the mining stress. Furthermore, when a roadway is located below the base
of the gully, it is less affected by mining; thus, it could remain relatively stable. The ground behavior
laws of working faces in gully geomorphology areas are associated with the position of the working
face and the direction of working: when mining towards the gully, the ground behavior appeared
relatively gentle and the surface slipped towards the gully; when mining away from the gully, the
ground behavior appeared intense, the pressure was sudden and short, and with the increase in
overburden thickness, the interval distance periodically decreased. When a working face passes
through a gully, dumping of the hydraulic support should be prevented in the section of mining
towards the gully; in sections of mining away from gully, the support strength should be strengthened
to prevent the support and other equipment from being crushed. In actual mining, mining towards
a gully should be adopted as much as possible in the stoping of the working face. In this way, the
ground behavior is gentle, the interval distance periodical weight is longer, and the advance abutment
pressure is small.

Keywords: coal mine; gully landform; movement mechanism; ground behavior; mining method
valley landform; simulation of similar materials

1. Introduction

With the reduction in coal resources in the east, China’s coal mining has gradually
shifted to the west. Taking Shanxi Province as an example, coalfields are distributed in 40%
of the land in the region. Due to the large number and thickness of coal seams, as well as
the excellent coal quality [1], Shanxi Province has attracted worldwide attention and has
become an energy base for national economic development [2,3]. Most of the coal fields
in Shanxi are medium-thick coal seams with shallow burial and good mining conditions.
With the advancement of mining technology and equipment, most coal mines utilize fully
mechanized caving. Many scholars have conducted in-depth research on the characteristics
of overlying strata movement, surface motion characteristics, and ore pressure behavior
under fully mechanized caving mining conditions [4,5].

Some researchers have analyzed the coal seam overlying strata movement and strata
behavior regularity of coal seam under fully mechanized caving mining conditions by
numerical simulation and similar material simulation. For example, the deformation and
failure of surrounding rocks and stress transfer at different roof thicknesses was analyzed
using three-dimensional modeling software through a combination of numerical modeling
and analogue modeling [6,7]. A macro stress shell was developed for high-stress bunches in
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the surrounding rocks [8,9], and a physical model analyzed the influence of barrier pillars on
overburden failure at the working face [10]. Patterns of overburden movement at a working
face with a large mining height were determined using numerical simulations [11,12], and
the deformation and failure mechanisms of front top coal were used to propose the caving
number [13]. Furthermore, a dynamic balance arch structure was formed using the roof
and surrounding rock in the working face [14] and the relationship of roof fall and rib
spalling with support parameters. The structure of an immediate roof studied in mechanical
equilibrium revealed the formation mechanism [15]; some researchers conducted the on-site
monitoring of mine pressure on a fully mechanized caving face [16,17] and analyzed the
mine pressure data and the laws of overlying strata under different conditions [18,19].

In mining-induced surface deformation movements [20,21], there were several notable
studies related to the surface slope movement induced by underground mining [22,23],
conducted in two scenarios [24,25]: underground mining in a mountain area, and the
simultaneous operations of underground mining and surface mining [26,27].Due to surface
subsidence caused by underground mining, it is possible to induce landslides under
certain geological [28,29], topographical, and natural conditions. These are referred to
as mining landslides [30,31]. The reasons for the occurrence of mining landslides are as
follows: surface cracks in the goaf, mountain landforms, geological structures, atmospheric
precipitation or snow melting, work surface layout, etc.

Most contemporary studies have focused on the influence of underground mining on
surface movement, overburden movement, and mine pressure characteristics [32]. How-
ever, there are few studies on the influence of geomorphic features of surface undulations
on underground mining [33]. It is generally believed that it is easy to mine in medium- and
shallow-buried coal fields; thus, the influences of surface fluctuations on mine pressure are
ignored [34]. Some data and experiments have shown that the ore pressure under uneven
landforms appears to be sensitive and more intense under certain conditions, which makes
the mine pressure appear more prominent [35].

Coalfields in western China exhibit a small depth of occurrence and diverse topogra-
phy. Compared with southwest coalfields, the surface vegetation of northwest coalfields is
sparse, the soil and water conservation ability is weak, the surface water erosion is serious,
the gullies are vertical and horizontal, the slope body changes greatly, the terrain is frag-
mented, and the relative height difference is more than 100 m. The typical landform of the
area is shown in Figure 1. The influence of landforms on underground mining is clear and
sometimes even plays a leading role. The phenomena of sudden, strong ground pressure
during the mining of some working faces, large-scale caving due to overburdening, high
opening rates of safety valves of hydraulic supports, long-term instability of goafs, and
severe pressure in a certain section of roadway are difficult to explain with conventional
rock pressure theory.

 
Figure 1. A typical gully landform.
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Here, we studied the influence of surface mountain occurrence on the mining surface
pressure of a working face and analyzed the rock movement characteristics and other
mining pressure parameters of the working face under the gully landform.

2. Background of Case Study

The Wangjialing Minefield is located in the southwestern part of the Hening Mining
Area in Hedong Coalfield, Shanxi Province. It is characterized by clear geomorphology
in the western part of China, situated in the southern foothills of the Lvliang Mountains.
It is a highly eroded high and medium mountainous area with complex topography and
gullies. The bedrock is exposed on the hillside, and the small slopes in the beam and the
reclamation area are steep. The slope angle is between 25◦ and 40◦, and most of them are
“V” shaped valleys. Most of the strata in the area are covered by the Quaternary loess
layer. The mine field ranges northeast to southwest, 10~22 km, tends to the northwest, is
5~10 km wide, and has an area of approximately 194 km2. Among them, the intensive area
is 92.4 km2, and the detailed investigation area is 101.62 km2.

The 20,109 working face is located in the west of the central roadway of mining area
I, the south side is adjacent to the goaf area of the 20,107 working face, and the north
side is the village protecting the coal pillar. The working face is arranged in the east–west
direction and the return airway adopts gob-side entry driving, establishing an 8 m coal
pillar roadway in the goaf of the 20,107 working face. The total length of the roadway is
1466 m. The roadway layout is shown in Figure 2.

Figure 2. Layout plan of the working face.

The coal seam of the 20,109 working face is the 2# coal seam in the middle and
lower part of the Shanxi Formation. There are continental lakes deposited, and the coal
seam is stable, with an average thickness of 6.02 m. The coal is fragmented, black, and
powdery. The angle of inclination is generally less than 10◦. The roof of the 2# coal seam
is generally gray-black mudstone, siltstone, etc. The thickness is generally approximately
2 m, containing plant leaf fossils. The bottom is composed of black sand mudstone, fine
sandstone, and rich fossilized root fossils, with a thickness of 3~6 m.

3. Model Design and Production of Similar Simulation

According to the mining geological conditions of the 20,109 working face, two sets of
physically similar material simulation tests were carried out: the first model was completed
on 20 January 2018, simulating the north–south strike section, studying the roadway layout
and coal pillar stability; the second model was completed on 23 March, where the east–
west section was simulated. The laws of mining pressure of mining towards the gully
or away from the gully were studied. The model size (length × width × height) was
5000 mm × 300 mm × 1700 mm, and the scale of the geometric model was 1:200; model
materials are detailed in Table 1. After the model was dried to meet the test strength
requirements, the mining test was carried out, and corresponding observations and records
were performed.
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Table 1. Proportioning table of simulation materials.

Thickness/m Rock Layer
Layer

Thickness
(m)

Sand
Carbonate

(kg)
Gypsum

(kg)

7 Medium
sandstone

2.00 12.80 0.96 2.24
1.50 9.60 0.72 1.68

5 Mudstone 2.50 16.66 1.66 1.66

12 Sandy
mudstone

2.50 17.14 0.86 2.00
2.00 13.71 0.68 1.60
2.00 13.71 0.68 1.60
2.00 13.71 0.68 1.60

7 Mudstone 2.00 13.33 1.33 1.33

6 Fine
sandstone

2.00 12.00 2.00 2.00
2.00 12.00 2.00 2.00
2.00 12.00 2.00 2.00

4 Mudstone 2.00 13.33 1.33 1.33

6.3 Coal
2.00 13.71 0.68 1.60
1.50 10.28 0.52 1.20

4 Medium
sandstone 2.00 12.80 0.96 2.24

15 Mudstone
2.50 16.66 1.66 1.66
2.50 16.66 1.66 1.66
2.50 16.66 1.66 1.66

18 Sandy
mudstone

3.00 20.57 1.28 2.40
2.00 13.71 0.68 1.60
2.00 13.71 0.68 1.60

The model used sand as the aggregate, with gypsum and calcium carbonate as the
bonding materials. According to the on-hole drilling histogram and the physical and
mechanical parameters of the coal rock measured in the laboratory, the proportions of
ingredients were determined, and the proportion of the materials required for laying each
rock (coal) layer was calculated.

When the model was made, the materials required for the preparation of the coal seam
were weighed, stirred with water to a suitable degree, layered, and vibrated; then, mica
powder was used to simulate the contact surface of the rock layer. After the model was
completed, it was cured for 15 to 20 days. After the model reached the required strength
for the test, the front surface of the model was painted white, and a black ink bullet line
was drawn with a grid of 10 cm × 10 cm to facilitate observations of the deformation of
the model rock mass and destruction characteristics. The experimental model is shown
in Figure 3.
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(a) 

 
(b) 

Figure 3. Original appearance of the test model. (a) Model 1. (b) Model 2.

In order to analyze the variation law of vertical stress (advanced abutment pressure),
vertical displacement, and horizontal displacement of roof overburdening during the
mining of the working face, a pressure sensor was embedded in the model. The measuring
point arrangement and instruments are shown in Figure 4.

  
(a) (b) 

Figure 4. Test systems of two models. (a) Embedded pressure sensor. (b) Static resistance strain gauge.

4. Failure Characteristics of the Surrounding Rock of the Roadway under
Different Positions

4.1. The Roadway Located below the Top of the Slope

When the roadway was located below the top of the slope, it was analyzed according
to the geological mechanics surface structure formation principle. The area was affected by
horizontal tectonic stress, and it was more difficult to support both sides of the roadway
along the mountain range and below the top of the slope. After successfully finishing
the mining, the horizontal tectonic stress was relieved, and a crack above the roadway
developed on both sides, which led to an increase in the bearing capacity of the coal pillars
and increased stress concentration, as shown in Figures 5 and 6.
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Figure 5. Roadway located below the top of the slope.

  
(a) (b) 

Figure 6. Overburden damage of roadway. (a) Cracks develop to the surface. (b) Roadway damaged
by extrusion.

After completing the work, the main roof above the working face collapsed and
tended to be stable. Cracks developed from the bottom to the top on both sides, the
surface exhibited tensile fracture, and the rock layer above the roadway was “diamond
shaped”. Deformation and failure occurred at both sides of the actual mining roadway
affected by mining stress. At this time, the pressure of coal pillars on both sides of the
roadway increased.

4.2. The Roadway Located below the Slope Surface

When the roadway was located below the slope surface, the roadway was less affected
by the horizontal structure. Due to the asymmetry of the overburden structure above it, the
overburden rock near the slope bottom of the roadway was damaged by tensile fracture
after finishing the mining work, and maintaining the roof support will be more difficult, as
can be seen from Figures 7 and 8.

 

Figure 7. Roadway located below the slope surface.
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(a) (b) 

Figure 8. Overburden damage of the roadway. (a) Overburden rock collapse. (b) Asymmetric damage.

After finishing mining, collapse fissures of the overlying strata developed from bottom
to top and to the side of the slope bottom, and the surface exhibited tensile fracture. The
roadway below the slope surface showed obvious asymmetric deformation and damage,
both sides of the top of the roadway were particularly obvious, and the stability of the two
sides was relatively good.

4.3. The Roadway Located below the Bottom of Slope

When the gateway was located below the surface of the slope, according to the
formation principle of geomechanical surface structures, the two sides of the roadway
section along the direction of the valley and near the bottom of the valley were in a tension
state, affected by the horizontal tectonic stress. The overburden weight above was smaller,
and excavation of the gateway was relatively easy. Overburdening rock above the roadway
maintained good stability after stoping in the working face, as shown in Figures 9 and 10.

 

Figure 9. Roadway located below the bottom of slope.

  

(a) (b) 

Figure 10. Overburden damage of the roadway. (a) Slope damage. (b) Roadway roof sinking damage.

After finishing the simulation, the overburden fractures were developed from the
bottom to the top of the slope, and the strata above the roadway was presented in the
form of an “inverted triangle”. Due to the support of the fallen strata on both sides, the
surrounding rock of the actual mining roadway bore less stress, and the surrounding rock
could maintain stability.
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5. Laws of Ground Behavior in Different Directions of Working

(1) Mining towards the gully.

The laws of ground behavior appeared to be different for the different directions of
working. First, mining towards the gully was carried out; according to the simulation
calculation theory, each excavation was 5 cm, i.e., the actual distance was 10 m.

When the working face stoped to the bottom of the slope body, the height of the
overlying rock gradually decreased, and the movement and collapse laws of overburden
were different from those of the conventional surface. When the working face advanced to
300 m, as shown in Figures 11 and 12, a tensile crack was formed near the top of the slope,
and the tensile crack developed downward with mining of the working face. When the
working face advanced to 340 m, as shown in Figure 12l, longitudinal fissures formed due
to overburden collapse, and surface tension cracks ran through and converged. During
the mining at this stage, the slope surface exhibited subsidence towards the bottom of the
gully, and slips occurred at the interface of different strata, as shown in Figure 12m,n.

From the above tests, the following characteristics of the overburden movement
were determined:

1. The right side of the slope was goaf; therefore, the restriction degree of the slope body
decreased, especially in the right horizontal direction, which led to a tendency of the
overlying strata sliding to the bottom right of the gully, in addition to downward
displacement in the process of stoping. Therefore, when the pulling force towards the
right reached a certain degree, a relatively obvious tensile crack was generated at the
top of the slope, and the crack developed downward along with working face mining,
and finally, the surface tension cracks connected with longitudinal fissures formed
by overburden collapse, causing overlying strata with weakened constraints to slip
towards the bottom of the gully.

2. Due to the influence of actual mining, the shear strength of the weak surface of
overburden gradually became smaller. The slope of the gully was near the goaf;
therefore, resistance to additional horizontal stress overburden depended only on the
friction between the layers. When the additional horizontal stress was greater than the
shear resistance between strata, the strata of the slope body would slip horizontally
towards the bottom of the gully to release the additional horizontal stress caused by
actual mining.

3. Laws of advanced abutment pressure and displacement of slope

 
Figure 11. Schematic diagram of mining towards the gully.
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Figure 12. Cont.
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Figure 12. Stages of mining towards the gully.

Figure 13 shows the advanced abutment pressure variation in the roof of the working
face. It can be seen from the curve on the graph that variations in the 1# and 2# pressure
sensors buried in the non-slope section are similar to those of the conventional surface
shallow coal seam. It exhibits obvious periodicity, and the influence range of advance
abutment pressure is 45 m. The maximum stress concentration factor of the advance
abutment pressure is approximately 2.1.

Figure 13. Vertical stress curves of measuring points.

The 3#, 4#, 5#, and 6# pressure sensors were located in the downhill section. It can be
seen from the sensor pressure curve that the distribution law of advance abutment pressure
during the mining of working face is different from that of the conventional surface working
face. The specific performance indicates that the influence range of advance abutment
pressure increased, and the concentration factor of advance abutment pressure decreased
gradually, from 1.8 to 1.3, and nearly to 1.0 when approaching the bottom of the gully,
but the roof could easily be cut off directly, causing dynamic pressure damage. After
the occurrence of tensile cracks on the top of slope, the overlying strata lost the tension
restraint on the left side due to the tensile cracks, and the slope had a tendency of turning
over towards the bottom of the gully until the longitudinal fissures formed by overburden
collapse and surface tension cracks ran through and converged.
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(2) Mining away from the gully.

Figures 14 and 15 show the response to mining away from the gully. The characteristics
of the overlying strata were obviously different from those of mining towards the gully.
It can be seen from the graph that with actual mining of the working face, the basic roof
did not produce separation and stratified collapse, as in mining towards the gully; instead,
almost-vertical tensile cracks were created directly. The cracks developed from the surface
of the slope to the coal wall of the working face. The rock cut by the tensile crack turned
over to the goaf and formed a multi-block articulated structure at the coal wall, but the
articulated structure was unstable and temporary. With the actual mining of the working
face, the articulated structure slid and lost stability, inducing dynamic pressure.

With the gradual increase in collapsed rock mass, due to the swelling property of
broken rock blocks, the width of the tensile crack became smaller and smaller. With the
bending and subsidence of the unfractured overburden on the right side, the fault blocks
slowly came into contact with the complete overburden, forming an occlusion zone, which
restricted the formation of tensile cracks to a certain extent. It can be seen from Figure 15h
that the working face entered the non-slope section; at this point, no tensile cracks were
generated, and the movement and collapse characteristics of overburden rock were similar
to those of conventional surface coal seam mining.

It can be seen from the curve in Figure 16 that the advance abutment pressure increased
with the increase in the length of the cantilever until the formation of the tensile cracks
reached the maximum; then, the advance abutment pressure rapidly decreased after the
multi-block articulated structure was turned over to the bottom of the gully. As the working
surface continued to advance, the new cantilever was formed, the advance abutment
pressure was gradually increased, it reached the maximum before the formation of the next
tensile cracks, and then it rapidly reduced after the collapse and reversal of the multi-block.
Due to the increase in the overburden height, the geometric volume of the fracture blocks
increased, as did the peak value of the advance abutment pressure. However, due to
the reduction in horizontal dimensions of the multi-block, the periodical weight interval
distance and duration decreased, i.e., when mining away from the gully, the roof behavior
appeared intense, the peak value grew larger and larger, and the duration was shorter
and shorter.

 

Figure 14. Schematic diagram of the back groove section.
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Figure 15. Stages of mining away from the gully.
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Figure 16. Vertical stress curves of measuring points.

6. Comprehensive Analysis of Test Results

From Figure 17, it can be seen that when the actual mining roadway was located in
different positions with different geomorphological features, the stability of the surrounding
rock and the degree of disturbance damage were different:

1. When the roadway was located below the top of the slope, the two sides of the
roadway were vulnerable to compression damage during excavation; after mining,
the deformation of rock surrounding the roadway was aggravated by mining stress,
and the abutment pressure of the coal body on the two sides of the roadway increased;

2. When the roadway was located below the bottom of the gully, the stability of rock
surrounding the roadway was good during the excavation; after mining, the roadway
was less affected by mining and could remain stable;

3. When the roadway was located below the slope surface, the failure of surrounding
rock exhibited significant asymmetry under the influence of mining stress.

 

Figure 17. Overview of the model after excavation.

The model 2 test reflected the difference between mining towards or away from gully,
as shown in Figures 18 and 19.
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Figure 18. Overview after the excavation of model two.

Figure 19. Schematic diagram of overburden failure in coal seam mining under a gully slope.

1. When mining towards the gully, the ground behavior of the working face was different
from that of the conventional surface mining section. The concrete manifestation
showed that the ground behavior was gentle, the interval distance periodical weight
was longer, and the advance abutment pressure was small, i.e., the concentration
factor of the advance abutment pressure was small.

2. When mining away from the gully, the ground behavior laws were very different
from those of mining towards the gully; the ground behavior appeared intense. With
the increase in overburden thickness, the interval distance periodical weight became
shorter and shorter, and the roof behavior appeared intense. Dynamic pressure was
easily induced, with a high concentration factor of advance abutment pressure.

7. Conclusions

1. When a roadway is located below the top of the slope, the deformation of rock
surrounding the roadway is aggravated by mining stress; when a roadway is located
below the bottom of a gully, it is less affected by mining and could remain stable.
Therefore, the actual mining roadway should be situated in the area below the bottom
of the gully as much as possible.

2. The ground behavior laws of the working face in the gully geomorphology area are
related to the position of the working face and the direction of working. When mining
towards a gully, the ground behavior is gentle, the interval distance periodical weight
is longer, and the surface slips towards the gully; when mining away from a gully,
the ground behavior appears intense, and the pressure is sudden and short with an
increase in overburden thickness and decrease in interval distance periodical weight.

3. When the working face passes through a gully, dumping of the hydraulic support
should be prevented in sections with mining towards the gully; in sections of mining
away from a gully, the supports should be strengthened to prevent the support and
other equipment from being crushed.
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4. In actual mining, mining towards the gully should be adopted as much as possible in
the stoping of the working face. In this way, the ground behavior is gentle, the interval
distance periodical weight is longer, and the advance abutment pressure is small.
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Abstract: Hydraulic fracturing of a roof can attenuate the strong mineral pressure and stress transfer
by creating a series of parallel artificial fractures in it, and different forms of hydraulic parallel
fractures have different effects on the attenuation effect of the coal rock system. In this regard, this
study investigated the influence law of different forms of parallel pre-cracks on the mechanical
properties of a rock–coal combined body through PFC2D numerical simulation, and the following
conclusions were obtained. Parallel pre-cracks significantly affected the mechanical properties of the
rock–coal combined body. The stress–strain curve of the coal–rock assemblage containing Parallel
pre-cracks changes significantly following reductions in peak strength, peak strain, elastic modulus,
and crack initiation stress. The closer the angle θ between the single set of parallel pre-cracks and the
horizontal is to 30◦, the longer the length, L, and the lower the peak strength of the specimen, the
peak strain, the modulus of elasticity, and the crack initiation stress. Macroscopic damage patterns
are given for a rock–coal combined body containing single sets of parallel pre-cracks of different
parameters, with coal sample damage, coal–rock sample damage and rock sample damage; a rock–
coal combined body containing parallel pre-cracks is divided into three modes of fracture initiation
when pressurized. These are the cracking of the coal sample, the simultaneous cracking of the parallel
pre-crack tips in coal and rock samples, and the cracking of the parallel pre-crack tips in rock samples.

Keywords: pre-cracks; rock–coal combined body; hydraulic fracturing; crack initiation

1. Introduction

The deformation, transport, and breakage patterns of the roof plate during the coal
mining face retrieval process can result in a mineral pressure phenomena. When the top
plate is harder, the fracture of the hard top plate can easily cause strong dynamic pressure
to appear [1–5]. The application of the hydraulic fracturing method can create artificial
cracks in the rock formation, attenuate the strength of the rock formation, reduce the degree
of stress concentration, ease the mine pressure, and reduce the possibility of the sudden
release of energy, which is of great significance for the management of strong dynamic
pressure roadways and impact ground pressure control [6–9]. Studies have shown that the
spatial morphology of hydraulic fractures, including their length, direction, and density,
significantly influences the attenuation of roof rocks [10,11]. Conventional experiments with
a single fracture mostly simulate hydraulic fractures or primary rock fractures. However,
in engineering practice, most of the hydraulic fracturing boreholes are arranged parallel
to each other in the direction of the roadway. Furthermore, the fracturing method mostly
employs segmented retreating fracturing, which produces nearly parallel fractures in the
same stress environment, generally resulting in one or some parallel fractures [12–14]. The
study of the mechanical laws of roof pre-cracking on the coal–rock assemblage, seeking to
reveal the mechanism of damage to the coal–rock body under load, is of great significance
for the application of hydraulic fracturing technology in the pre-fracturing of coal–rock
seams to increase the penetration, pressure relief from the roof, and the recovery of released
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top coal. Therefore, there is an urgent need to carry out physical experimental studies of
parallel fractures in the roof on a rock–coal combined body.

Local and international scholars have conducted extensive research on the strength and
damage characteristics of “coal–rock” structures. There are currently two main approaches
to the study of coal–rock structural bodies. The first is the collection and processing of coal
and rock samples into standard coal–rock combination specimens for uniaxial or triaxial
testing in the laboratory. The second entails borrowing numerical simulation tools [15].
Chen et al. [16] assessed the effect of rock-to-coal height ratio on the uniaxial compressive
strength, macroscopic damage cracking stress, and elastic modulus of the “roof–column”
structural body, and that of the loading rate on the uniaxial compression damage of
the combined coal rock, by numerical simulation. Guo et al. [17] analyzed the effects
of different inclination angles of a rock–coal combined body on its overall deformation
and damage, obtained its strength and damage mechanisms under uniaxial and triaxial
compression conditions, and analyzed the effects of intersection inclination angles on its
overall deformation and damage. Zuo et al. [18] analyzed the differences in the mechanical
properties and impact propensities of different coal–rock assemblages. Zhang et al. [19]
investigated the influence of the combination method on the mechanical characteristics and
damage mechanisms of a rock–coal combined body. Bai et al. [20] sought to investigate
the progressive failure characteristics and mechanisms of different kinds of sandwiched
coal–rock specimens. Zhao and Xia et al. [21–23] investigated the mechanical behavior
and damage characteristics of 3D-printed irregular columnar jointed rock masses under
uniaxial, biaxial, and true triaxial actions.

Reyes et al. [24] studied the damage of two cracked rock specimens under uniaxial
compression conditions, and Zhang et al. [25] used two-dimensional discrete element soft-
ware to simulate the crack expansion process in single- and double-fractured rock samples,
considering the size of the specimens and influencing factors such as the loading rate. Qian
and Li [26] simulated the crack extension process and characteristics of single fractured
rocks under bidirectional compression, and analyzed the influence of the surrounding
pressure on the crack extension of the rocks. Yin et al. [27] used PFC fine-scale granular
flow software to simulate uniaxial compression tests on single-nodular granite with dif-
ferent nodal lengths and inclination angles, in order to investigate the characteristics of
crack initiation stresses and damage stresses, and to analyze the effects of nodal length and
inclination angle on crack initiation stresses and damage stresses. Liu et al. [12] analyzed
the effect of a single fracture in the roof on the uniaxial compression mechanical properties
and damage characteristics of combined coal–rocks. Zhang [28] analyzed the effect of
parallel double-cracked disc specimens on the cleavage damage process. Yang et al. [29–32]
analyzed the law of the influence of the dip angle of coplanar double fissures on the crack
evolution process, and studied the deformation and strength characteristics of interrupted
prefabricated fractured rocks in different surroundings.

Previous research has focused on the mechanical properties of intact combined coal
bodies and on combined coal bodies with fractures in parts of the coal seam. Fewer
studies have been conducted on combined coal–rock bodies with rock sections containing
cracks. Based on this, this paper simulates the uniaxial compression test of a coal–rock
assemblage with parallel cracks in the rock body through PFC2D software, and analyzes
the influence law of the angles and lengths of artificial cracks on the mechanical properties
of the assembled coal–rock.

2. Project Background

As shown in Figure 1, in engineering practice, most hydraulic fracturing boreholes
are arranged parallel to each other in the direction of the roadway. The fracturing method
mostly employs segmented retreating fracturing, which produces nearly parallel fractures
in the same stress environment, generally resulting in multi-parallel fractures.
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Figure 1. Schematic diagram of hydraulic fracturing in a coal mine.

As the roof of the working face is influenced by the weak coal seam underneath, the
roof and coal seam should be considered jointly in the study of the damage evolution
process of multi-parallel hydraulic fractures during loading, and the mechanical properties
of the rock–coal combined body containing parallel hydraulic fractures, which can be used
for the further analysis of the modification mechanism of the stress field.

3. Numerical Models

3.1. Fine Mechanical Parameters of Coal and Rock

There are two main types of cohesive models in the PFC granular flow program:
the parallel cohesive model can transfer forces and bending moments, and is therefore
commonly used to simulate dense materials such as coal and rock [27,33–35].

Figure 2, and Tables 1 and 2, show that the results of the simulated specimens have
small errors compared to those of the test specimens. Moreover, the final fine-scale parame-
ters of the coal–rock can be used to study the effect of a single group of parallel pre-cracks
on the mechanical properties of the combined coal rock.

Figure 2. Comparison of stress–strain curves for simulated and test specimens.

Table 1. Comparison between results of simulated and test specimens.

Peak Strength (MPa) Peak Strain Modulus of Elasticity

Simulated test pieces 28.438 0.00565 4.595
Test specimens 28.352 0.00537 4.666

Error 0.086 0.00028 −0.071
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Table 2. Fine view parameters of coal and rock [33]. Note: Adapted from Liangfu Xie (2020).

Parameters Rock Coal Parameters Rock Coal

Minimum particle size (mm) 0.2 Parallel bond elastic modulus (Gpa) 12 4
Particle size ratio 1.5 Parallel bond normal strength (Mpa) 45 15
Density (kg/m3) 2533 1800 Parallel bond tangential strength (Mpa) 45 15

Contact modulus of the particle (Gpa) 12 4 Parallel bond normal stiffnes/tangential stiffnes 2.5
Parallel bond radius multiplier 1 Normal stiffnes/tangential stiffnes 2.5

Coefficient of friction 0.577

Notably, the geometry of the prefabricated fractures simulated by the deleted particle
approach depends on the microscopic material properties of the rock, and there is no need
to recalibrate the microscopic parameters of the prefabricated fractures. Therefore, in this
study, the results of physical experiments on the intact rock–coal combined body are used
to determine microscopic parameters [36–39].

3.2. PFC2D Modeling

The model of the combined coal–rock is shown in Figure 3, with the rock in the upper
part and the coal in the lower part. The specimen was 50 mm in diameter and 100 mm in
height. According to the geological conditions of the Linhuan coal mine of Huaibei Mining
Company Limited, the thickness of the rock layer of the roof is 6.1 m and the thickness of
the coal layer is 3.1 m. Therefore, the heights of the rock and coal parts of the specimen
can be obtained according to an equiproportional calculation—the heights of the rock and
coal were 67 mm and 33 mm, respectively. The model contained 15,129 rock particles and
7457 coal particles, all with particle radii ranging between 0.2 and 0.3 mm.

Figure 3. Numerical model of a coal–rock assemblage containing parallel pre-cracks.

Based on the available research results, the coal–rock interface was established, as
shown in Figure 3. The friction factor at the coal–rock interface was taken as 0.1, the parallel
bond normal and tangential stiffnesses were both 0, and the parallel bond normal and
tangential strengths were both 0 [33,38].

3.3. Numerical Test Conditions

A parallel fracture was prefabricated in the rock sample of the rock–coal combined
body. As shown in Figure 4, the widths of the hydraulic fractures in the field ranged from
0.1 to 1.5 mm; therefore, the width of this prefabricated fracture was determined to be
0.5 mm. Displacement loading was used, and the loading rate was set at 0.01 mm/s until
the specimen broke. The specimen numbers and parameters were as follows:
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Figure 4. Hydraulic fracture patterns [40].

(1) An intact coal–rock assemblage without parallel pre-cracks was set as the compari-
son specimen, as shown in Table 3 (1);

(2) The length L was set as 30 mm and the crack spacing D as 30 mm, and a series of
experiments with different crack angles θ were conducted. The angles of θ were 0◦, 15◦,
30◦, 45◦, 60◦, 75◦, and 90◦, as shown in Table 3 (2–8);

(3) The crack angle θ was set to 45◦ and the crack spacing D to 30 mm, and a series of
experiments was carried out at different crack lengths L: 10, 15, 20, 25, 30, 35, and 40 mm,
as shown in Table 3 (5, 9–14).

Table 3. Specimen parameters.

Specimen Number Parallel Pre-Cracks Angle θ (◦) Parallel Pre-Cracks Length L (mm)

1 The intact rock–coal combined body
2 0 30
3 15 30
4 30 30
5 45 30
6 60 30
7 75 30
8 90 30
9 45 10
10 45 15
11 45 20
12 45 25
13 45 35
14 45 40

4. Patterns of Influence of Parallel Rock Fractures on the Mechanical Properties of the
Rock–Coal Combined Body

4.1. Effect of Parallel Pre-Cracks on the Stress–Strain Characteristics of the Rock–Coal
Combined Body

As seen in Figure 5a, the slope of the stress–strain curve is the smallest for a parallel pre-
crack angle θ of 30◦, and the peak strength and strain are significantly lower. Subsequently,
the slope of the stress–strain curve, peak strength, and peak strain decreased for θ = 15◦
and 45◦, respectively. For a θ of 90◦ and 75◦, the curves were similar to those of the intact
specimens. The closer the angle of the parallel pre-cracks was to 30◦, the lower the peak
strength of the specimen, and the slower the slope of the stress–strain curve. From Figure 5a,
it can be seen that the parallel pre-cracks with different angles had less influence on the
line–elastic stage and compression–density stage of the specimen, and the stages with the
most significant influence are the plastic stage and the damage stage, which is mainly
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because, in the line–elastic stage and compression–density stage, we mainly focus on the
elastic change of the specimen, which is related to the material properties of the specimen
itself, and has little influence on the angle of the cracks. As the pre-crack is compressed
to produce the crack, the expansion changes the plastic structure of the specimen before
destruction, such that the specimen is influenced by the angle of the parallel pre-crack in
the plastic stage and the destruction stage. From Figure 5b, the stress–strain curve slows
down as the length L of the parallel pre-cracks increases. The stress–strain curve is slowest
at an L of 40 mm, with the lowest peak strength and peak strain. The stress–strain curve
at L = 10 mm was close to that of the intact specimen, and the peak strength was higher
than that of the intact specimen. As can be seen from Figure 5b, with a change in the length
of the parallel pre-cracks, the stages with the most significant influence are mainly the
line–elastic stage and the damage stage, which is mainly because the line–elastic stage and
the pressure–density stage are mainly dominated by the elastic change of the specimen,
which is related to the material properties of the specimen itself, and has little to do with
the length of the cracks. As the pre-crack is compressed to produce a crack expansion that
changes the plastic structure of the specimen before destruction, the specimen is affected
by the lengths of the parallel pre-cracks in the plastic stage and the destruction stage.

 
(a) (b) 

Figure 5. Stress–strain curves for the rock–coal combined body with parallel pre-cracks in different
forms. (a) Stress–strain curves for different parallel pre-cracking angles. (b) Stress–strain curves for
different parallel pre-crack lengths.

Figure 5 shows that the strain intervals corresponding to the compression–density and
linear–elastic stages of the specimens with different parallel pre-crack parameters did not
differ significantly, but the difference was greater after the elastic–plastic stage. The closer
the parallel pre-crack angle θ is to 30◦, the greater the length L of the parallel pre-cracks,
and the greater the change in the stress–strain curve relative to the intact specimen.

4.2. Effect of Parallel Pre-Cracks on the Strength and Deformation Characteristics of the Rock–Coal
Combined Body

As shown in Figure 6a, the peak strength decreased and then increased as the angle
of the parallel pre-cracks increased. The peak strength of the rock–coal combined body is
the smallest for a parallel pre-crack angle θ of 30◦, which is 74.71% lower than that of the
intact specimen. This was followed by a reduction of 69.96% at a θ of 45◦ compared to the
intact specimen. As shown in Figure 6b, the peak strain first decreased and then increased
as the angle of the parallel pre-cracks increased. At an angle θ of 45◦, the peak strain in
the rock–coal combined body was the smallest, with a reduction of 63.89% compared to
the intact specimen. This was followed by a reduction of 63.72% at a θ of 30◦ compared to
the intact specimen. As shown in Figure 6c, the modulus of elasticity first decreased and
then increased as the angle of the parallel pre-cracks increased. The smallest modulus of
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elasticity of the rock–coal combined body was seen at an angle θ of 30◦, with a decrease of
39.82% compared to the intact specimen. This was followed by a 34.77% drop at a θ of 15◦
compared with the intact specimen. As shown in Figure 6, the peak strength, peak strain,
and modulus of elasticity of the rock–coal combined body containing parallel pre-cracks at
different angles were significantly reduced relative to the intact specimens. The closer the
parallel pre-crack angle θ is to 30◦, the lower the peak strength, peak strain, and modulus
of elasticity of the rock–coal combined body.

 
(a) (b) 

 
(c) 

Figure 6. Effects of parallel pre-cracks at different angles on the strength of the rock–coal combined
body. (a) Effect of parallel pre-cracks at different angles on axial stress. (b) Effect of parallel pre-cracks
at different angles on axial strain. (c) Effect of parallel pre-cracks at different angles on elastic modulus.

As shown in Figure 7a, the peak strength decreased as the length L of the parallel
pre-cracks increased. When the L was 40 mm, the peak strength decreased by 82.34%
relative to that of the intact specimen. As shown in Figure 7b, the peak strain decreased
as the length L of the parallel pre-cracks increased. When the L was 40 mm, the peak
strain decreased by 68.67% relative to that of the intact specimen. As shown in Figure 7c,
the modulus of elasticity decreased as the length L of the parallel pre-cracks increased.
When the L was 40 mm, the peak strain decreased by 53.95% relative to that of the intact
specimen. As shown in Figure 7, the peak strength, peak strain, and modulus of elasticity
of the rock–coal combined body were significantly reduced by the different lengths of
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parallel pre-cracks compared to the intact specimens. The peak strength, peak strain, and
modulus of elasticity of the rock–coal combined body decreased as the length of the parallel
pre-cracks continued to increase.

 
(a) (b) 

 
(c) 

Figure 7. Effect of parallel pre-cracks of different lengths on the strength of the rock–coal combined
body. (a) Effect of parallel pre-cracks of different lengths on the axial stress. (b) Effect of parallel
pre-cracks of different lengths on axial strain. (c) Effect of parallel pre-cracks of different lengths on
elastic modulus.

4.3. Macroscopic Damage Characteristics of the Rock–Coal Combined Body by Parallel Pre-Cracks

In the following descriptions, the direction along the parallel pre-cracks is regarded
as tangential, the direction perpendicular to the parallel pre-cracks as vertical, and the
direction between the tangential and vertical as oblique. The final damage pattern of the
rock–coal combined body with different parallel pre-cracks strains up to 0.01 is shown in
Figures 8 and 9.
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Figure 8. Macroscopic damage characteristics of parallel pre-cracks at different angles.

Figure 9. Macroscopic damage characteristics of parallel pre-cracks of different lengths.

Figure 8 shows that there are three macroscopic damage characteristics of the rock–coal
combined body with different angles of parallel pre-cracks: coal rupture, rock and coal
rupture, and rock rupture. As shown in Figure 8a,h, for intact specimens and θ = 90◦, the
coal samples in the rock–coal combined body exhibited more intensive cracking, the rock
samples produced less cracking, and the damage occurred mainly in the coal samples.
Figure 8b–e,g show that for θ = 0◦, θ = 15◦, θ = 30◦, θ = 45◦, and θ = 75◦, damage occurred
in both the coal and rock samples, with more cracks around parallel pre-cracks and a
reduced degree of damage in the coal samples relative to the intact specimens. At θ = 15◦,
the crack extended in the vertical direction, with the top end extending to the top of the
specimen and the bottom end extending to the bottom of the specimen. At θ = 30◦, parallel
pre-cracks were observed along the vertical direction, and developed a major crack that
destroyed the coal sample in the middle. It developed tangentially toward the boundary of
the specimen and extended to the rock boundary, destroying the rock sample. At θ = 45◦,
parallel pre-cracks penetrated along the oblique direction, forming multiple oblique cracks
that fractured the rock sample. Simultaneously, a number of seam networks were formed
around the two parallel cracks, with certain cracks developing in the boundary to break
the rock sample. At θ = 75◦, an oblique crack extended along the direction of the parallel
pre-cracks and produced a network of many seams. Destruction occurred at the bottom
of the coal sample. As shown in Figure 8f, at θ = 60◦, damage occurred mainly in the rock
sample, with oblique damage to the rock and only a few small cracks in the coal body.

Therefore, the rock–coal combined body containing parallel pre-cracks at different
angles exhibits three macroscopic damage patterns: coal sample rupture, coal–rock sample
rupture, and rock sample rupture. As the parallel pre-crack angle θ increases, the damage
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pattern cycles from coal sample rupture to both coal and rock sample rupture, then to rock
sample rupture, and back to coal sample rupture.

As shown in Figure 9, there are three macroscopic damage characteristics of the
rock–coal combined body with different lengths of parallel pre-cracks: coal rupture, rock
and coal rupture, and rock rupture. Figure 9a,b show that the form of damage of the
rock–coal combined body for a parallel pre-crack length L of 10 mm is nearly identical to
that of the intact specimen, occurring mainly in the coal sample, and a small amount of
cracking occurred at the tip of the crack. As shown in Figure 9c, numerous seam networks
were produced between the parallel pre-cracks and at the tips, and both the coal and rock
samples ruptured, with the degree of rupture in the coal samples being significantly lower
than that in the intact specimens. Figure 9d shows that the tips of the parallel pre-cracks
penetrated each other, and the tips of the parallel pre-cracks produced a large network of
seams, with damage occurring mainly in the rock samples. As shown in Figure 9e–h, the
coal rock samples all fractured. Figure 9e,f show that the form of damage was essentially
the same, except for the location whereat the seam network was created. Damage occurred
preferentially in the rock samples and to a lesser extent in the coal samples. As shown in
Figure 9g, a small seam network was produced, and the parallel pre-crack tips penetrated
each other to form several main cracked damage specimens. As shown in Figure 9h, a
small seam network was produced, and the tips under the parallel pre-cracks penetrated
each other, preferentially breaking the rock sample in a tangential direction.

As shown in Figure 9, as the length L of the parallel pre-cracks increased, the rock–coal
combined body, with different lengths of parallel pre-cracks, ruptured from only coal
to both rock and coal, then to rock only, and finally cycled back to both coal and rock
samples breaking.

4.4. Effect of Parallel Pre-Cracks on the Fracture Initiation Pattern of the Rock–Coal
Combined Body

As shown in Figure 10, the crack initiation stress of the rock–coal combined body
containing parallel pre-cracks was reduced relative to that of the intact specimen. As
the parallel crack angle θ increased, the cracking stress in the rock–coal combined body
with parallel pre-cracks decreased and then increased relative to the intact specimen. The
greatest change in cracking stress was observed at a θ of 30◦, with a reduction of 72.15%.
As shown in Figure 11, the parallel pre-cracks’ initiation patterns at different angles can
be divided into three types. The first type is shown in Figure 11a,h, with crack initiation
in the coal sample. The second type is shown in Figure 11b,g, where the fracture started
from both the tips of the parallel pre-cracks and the coal sample. The third type is shown in
Figure 11c–f, with fracturing from the tip of the parallel pre-crack in the rock sample. As the
angle θ of the parallel pre-cracks increased, the rock–coal combined body cycled from coal
to coal–rock simultaneously, then to rock-only initiation, and then to cracking from coal.
When cracking from the tip of the parallel pre-crack, the direction of crack development
gradually changed from vertical to tangential as the θ increased.

As shown in Figure 12, the crack initiation pressure of the rock–coal combined body
with parallel pre-cracks was reduced compared to that of the intact specimen. As the
parallel pre-crack length L increased, the crack initiation stress decreased relative to the
intact specimen. When the L was 40 mm, the crack initiation stress was minimized, with
a reduction of 84.16% compared to the intact specimen. As shown in Figure 13, the crack
initiation patterns of the specimens can be classified into three types. The first type is shown
in Figure 13a, where the crack started from the lower end of the coal sample. The second
type is shown in Figure 13b, where the crack started from both the tips of the parallel pre
cracks and the sample. The third type is shown in Figure 13c–h, where the crack started at
the tips of the parallel pre-cracks.
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Figure 10. Crack stresses of parallel pre-cracks at different angles.

Figure 11. Rock–coal combined body initiation pattern with parallel pre-cracks at different angles.

Figure 12. Crack stresses of parallel pre-cracks of different lengths.
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Figure 13. Rock–coal combined body initiation pattern with parallel pre-cracks at different lengths.

In summary, the rock–coal combined body with parallel pre-cracks exhibited three
forms of crack initiation: crack initiation in the coal sample, simultaneous crack initiation
at the tips of the parallel pre-cracks in the coal and rock samples, and crack initiation at
the tips of the parallel pre-cracks in the rock sample. The highest crack initiation stress
is required for the cracking of coal samples; the lowest crack initiation stress is required
only for crack initiation at the tips of parallel pre-cracks in rock samples. The closer the
angle of the parallel pre-cracks is to 30◦ and the longer the length, the lower the crack
initiation stress. This study on the effects of parallel pre-cracks on fracture initiation pattern
can be used to determine the parameters of hydraulic fractures in rock seams in practical
engineering, to control the fracture initiation pattern and damage pattern of rock seams
and lower coal seams, etc. For example, the effect on fracturing resulting from controlling
the angle and length of the hydraulic fracture tip can make the rock seam rupture under
pressure to absorb energy, so as to achieve the purpose of protecting the coal seam below.

4.5. Effect of Parallel Pre-Cracks on Acoustic Emission Characteristics of the Rock–Coal Combined Body

From Figure 14, we see that the total number of acoustic emission events was highest
at a parallel pre-crack angle of θ = 90◦ and lowest at θ = 15◦. The overall change in the
total number of acoustic emission events took the form of a gradual decrease and then a
gradual increase as the angle θ of the parallel pre-cracks changed. The rate of change of the
acoustic emission phenomenon curve was the slowest at θ of 30◦, followed by 15◦. This
is because the acoustic emissions from intact specimens were mainly concentrated in the
coal sample area, with the total number of acoustic emission events becoming smaller and
then larger as the parallel pre-crack angle increased to 45◦, before the acoustic emissions
from the coal sample became progressively smaller and the acoustic emissions from the
rock sample gradually increased. The number of acoustic emission events decreased in the
rock samples and increased in the coal samples as the angle of parallel pre-cracks increased
from 45◦ to 90◦, with the total number of acoustic emission events first decreasing and then
increasing. When θ was 90◦, the total number of acoustic emission events increased relative
to that of the intact specimen. This is due to the fact that the coal specimens had almost
identical fracture patterns, while the initiation of fracture tips in the rock samples increased
the total number of acoustic emission specimens.
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Figure 14. Effects of parallel pre-cracks at different angles on acoustic emission characteristics.

As shown in Figure 15, the total number of acoustic emission events was higher than
that in the intact specimen when L was 10 mm, and both produced acoustic emissions at
almost the same time. However, owing to the effects of parallel pre-cracks, the number of
cracks produced in the rock sample was almost the same; however, owing to the effects
of parallel pre-cracks, the number of cracks produced in the rock sample increased for a
length L of 10 mm compared to the intact specimen. As the parallel pre-crack length L
increased, the overall total number of acoustic emission events gradually decreased.

Figure 15. Effects of parallel pre-cracks at different lengths on acoustic emission characteristics.

Combined with the analysis of the macroscopic damage characteristics of the rock–
coal combined body, the macroscopic damage characteristics of specimens 8 (θ = 90◦) and
9 (L = 10 mm) indicate that only the coal sample ruptured, and the total number of acoustic
emission events was higher than that of the intact specimen. As the parameters of the
parallel pre-cracks changed, the total number of acoustic emission events also changed
significantly, as the macroscopic damage characteristics changed from only the rock samples
breaking to both coal and rock samples breaking. This suggests that parallel pre-cracks
contribute to the generation of acoustic emissions under the same conditions.

The acoustic emission characteristics of specimens with three different macroscopic
damage modes were selected separately for comparison. The macroscopic damage man-
ifested in the form of coal sample damage, and the acoustic emission characteristics of
specimen 1 are shown in Figure 16a; the macroscopic damage manifested in the form of
both coal and rock damage, and the acoustic emission characteristics of parallel pre-crack
specimen 7 containing an angle θ of 75◦ and a length L of 30 mm are shown in Figure 16b.
The acoustic emission characteristics of the parallel pre-crack specimen 11, containing
an angle θ of 45◦ and a length L of 20 mm, are shown in Figure 16c. The four photos
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in each figure correspond to the linear–elastic stage, the compression-density stage, the
elastic–plastic stage, and the damage stage, respectively.

(a) 

(b) 

(c) 

Figure 16. Acoustic emission characteristics of different macroscopic damage forms. (a) Acoustic
emission characteristics of the macroscopic rupture form of coal rupture (specimen 1). (b) Acoustic
emission characteristics of the macroscopic fracture form in which all the coal rock samples fractured
(specimen 7). (c) Acoustic emission characteristics of the macroscopic fracture form where only the
fracture of the rock sample occurred (specimen 11).

As shown in Figure 16a, only the specimens damaged by the coal sample showed
no acoustic emission in the linear–elastic stage, a small amount of acoustic emission in
the compression–density stage, and gradually increasing in the elastic-plastic stage; the
greatest increase in the number of acoustic emission events was seen in the specimens
after reaching peak intensity, with the number of acoustic emission events concentrated
after the peak intensity. As shown in Figure 16b, in the specimens where both rock and
coal were damaged, a small acoustic emission phenomenon appeared at the linear–elastic
stage and the compression–density phase; the acoustic emission events gradually increased
in the elasto-plastic phase, and a large acoustic emission phenomenon appeared after
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reaching the peak intensity. The acoustic emission events were more evenly distributed
compared to the intact specimens. As shown in Figure 16c, in the specimens with damaged
rock samples, no acoustic emission events appeared in the linear–elastic stage, and they
gradually appeared in the compression–density stage, becoming more prominent in the
elastic–plastic stage, and concentrating after reaching the peak intensity. Compared with
the intact specimen, the distribution of acoustic emission events was the most dispersed,
with a large amount of acoustic emissions before and after the peak strain. As seen in
Figure 16, the cumulative number of acoustic emission events for specimens containing
parallel pre-cracks decreased compared with those for intact specimens. The highest total
number of acoustic emission events was observed with coal sample damage, the second
highest total number of acoustic emission events with both rock and coal damage, and the
smallest total number of acoustic emission events with rock sample damage. Specimens
containing parallel pre-cracks showed significantly more acoustic emissions in the elastic
and plastic phases compared to the intact specimens, owing to their cracking at the tips of
the parallel pre-cracks before reaching peak strength. After the peak strength was reached,
the acoustic emissions of specimens containing parallel pre-cracks slowed down relative to
the intact specimens, owing to the partial damage that occurred before the peak strength
was reached.

5. Conclusions

(1) Parallel pre-cracks had a significant effect on the mechanical properties of the
rock–coal combined body. Compared to the intact specimens, the stress–strain curve of
the rock–coal combined body containing parallel pre-cracks changed significantly, with a
decrease in peak strength, peak strain, elastic modulus, and cracking stress;

(2) The closer the angle θ is to 30◦ and the longer the length L of the parallel pre-cracks,
the lower the peak strength, peak strain, modulus of elasticity, and crack initiation stress of
the specimen;

(3) For a rock–coal combined body with parallel pre-cracks, the macroscopic damage
patterns are coal sample damage, coal–rock sample damage, and rock sample damage. The
coal samples broke to different degrees with different parallel pre-crack parameters, and
some showed no destruction;

(4) The rock–coal combined body with parallel pre-cracks exhibited three forms of
crack initiation: crack initiation in the coal sample, simultaneous crack initiation at the tips
of the parallel pre-cracks in the coal and rock samples, and crack initiation at the tips of the
parallel pre-cracks in the rock sample.
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Abstract: With the increase in mining depth, the risk of ground pressure disasters in yellow gold
mines is becoming more and more serious. This paper carries out a borehole test for the pressure
behavior in a non-coal mining area with a mining depth of more than 800 m in the Jiaodong area.
The test results show that under a depth of 1050 m, the increase in the vertical principal stress is the
same as the increase in the minimum horizontal principal stress, which is about 3 MPa per 100 m.
When the depth increases to 1350 m, the vertical principal stress increases by about 3% per 100 m,
and the self-weight stress and the maximum horizontal principal stress maintain a steady growth
rate of about 3 MPa per 100 m. In addition, based on the test results, the operation of the ground
pressure monitoring system in each mine is investigated. The investigation results show that in some
of the roadway and stope mines with depths of more than 800 m, varying degrees of rock mass
instability have occurred, and a few mines have had sporadic slight rockbursts, accounting for about
5%. There was a stress concentration area in the lower part of the goaf formed in the early stage of
mining, and slight rockburst phenomena such as rock mass ejection have occurred; meanwhile, the
area stability for normal production and construction was good, and there was no obvious ground
pressure. This paper compares the researched mines horizontally as well as to international high-level
mines and puts forward some suggestions, including: carrying out ground pressure investigations
and improving the level of intelligence, which would provide countermeasures to balance the safety
risks of deep mining, reducing all kinds of safety production accidents and providing a solid basis
for risk prevention and supervision.

Keywords: non-coal mine; great mining depth; ground pressure disaster; safety investigation

1. Introduction

China is one of the primary gold-producing areas in the world. As a critical non-coal
mineral resource, gold accounts for a large proportion of the national economy [1,2]. The
Jiaodong area of Shandong Province [3], which is the largest gold producing area in China,
produces many world-class large gold deposits (more than 100 tons) and many small- and
medium-sized gold deposits [4,5], including the Zhaoyuan-Laizhou, Penglai-Qixia, and
Muping-Rushan gold deposits. Among them, the gold resources of the Zhaoyuan-Laizhou
metallogenic area account for more than 80% of the total reserves of Shandong Province.
Sai et al. inferred the southward extension of the Zhaoyuan-Pingdu gold belt under the
Quaternary cover area via comprehensive multivariate information, such as geological
exploration, geophysical, and geochemical data [6]. Cheng et al. established metallogenic
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models of altered rock type gold deposits and quartz vein type gold deposits in the fracture
zone, which verifies the great prospecting potential in the Jiaodong area [7].

With the increase in mining depth, the risk of ground pressure disasters is becoming
more serious. Defining the distribution of the in situ stress field can effectively and accu-
rately measure, prevent, and control ground pressure disasters. At present, in situ stress
surveys have been carried out in more than thirty countries globally [8–10], but the appli-
cation of technical research in China lags. The main task of detecting underground stress
fields in deep mines is determining the activity intensity and the mode of ground stress, as
well as the direction of the main stress and its fundamental mechanism of changing with
depth [11]. Liu et al. obtained the rockburst tendency evaluation results by drilling cores in
the Sanshandao gold mine. It was proposed that the corresponding intensity grade would
increase with the mining depth [12]. Qin et al. proposed that in situ stress measurements
should select measuring points according to rock mass structures and should avoid inter-
ference sources, such as stress fields and unstable regions, to ensure the authenticity of the
stress data. Their theory played a guiding role in the selection of the Xiling mining area in
Sanshandao as the drilling location [13]. Based on the measurements of the in situ stress
field of a specific mine in Jiaodong, it was found that the stress in the deep mining area is
mainly horizontal tectonic stress [14], and proper support was suggested to be provided
in time. Li et al. drilled fifty-three measuring points in the Sanshandao, Xincheng, and
Linglong gold mines [15], and they found that the maximum horizontal stress increases
with depth. Du et al. improved the traditional coring technique and predicted the potential
location of rockbursts and their intensity in future mining activities of the Sanshandao gold
mine using a theoretical analysis and numerical simulation [16].

The appearance of ground pressure will have an impact on production safety, so some
mines have adopted new support schemes [17–19]. Jinqingding mine of the Jinzhou Mining
Group is gradually replacing its rigid support with flexible support [20,21], and advanced
grouting is used in local broken areas. In the Sanshandao gold mine, resin bolts are widely
used in deep support to replace pipe joint bolts, anchor-shotcreting nets, and piercing
belts during excavation [22–24]. These measures effectively reduce the damage caused by
ground pressure, but at the same time, their high cost makes it difficult to popularize them
in all mines. We aim to find a more reasonable support scheme. In addition, numerical
simulation software, such as COMSOL and FLAC3D, can establish mathematical models
more intuitively and promote the research of mine safety production [25–28]. Some studies
have used the constitutive model or time–frequency transformations to study rock mass and
coal-rock assemblage, and an instability prediction method has been established [29–31].
However, the above research does not consider the problem of high temperature, ignores
the complex physical and chemical interactions between rock masses, and is not suitable
for deeper mining.

Compared with foreign advanced mines, there are some common problems in do-
mestic gold mines, such as a lack of rock mechanics data [32], unsuitable support in some
areas [33], and so on. Based on previous studies, this paper found some new problems,
such as inadequate mine pressure monitoring, imperfect ventilation systems, and so on.
This paper focuses on the present situation and the existing problems of ground pressure,
and puts forward some suggestions for preventing ground pressure disasters and ensuring
safe productions. In addition, a basic microseismic monitoring and analysis method is
determined through in situ stress measurement and analysis, and a long-term construction
strategy of the mine is proposed, which provides a feasible scheme for the construction of a
green, intelligent mine.

2. Basic Situation of Mines

In regards to their geographical location, the nineteen underground non-coal mines
investigated in this study are distributed in Yantai and Weihai. There is one in Muping,
Yantai, three in Penglai, one in Longkou, twelve in Zhaoyuan, one in Laizhou, and one in
Rushan, Weihai. Sixty percent of the mines are located in Zhaoyuan and fifteen percent
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in Penglai. The geographical location of each mine is shown in Figure 1. In terms of
ownership, six belong to the Shandong Gold Group, one belongs to a local state-owned
enterprise, four belong to the Shandong Zhaojin Group, four belong to the Shandong
China Mining Group, and the remaining four belong to collective enterprises or private
enterprises. Collective city-owned mines accounted for 37%, and provincial state-owned
mines accounted for 32%. When classifying the mines by their production and construction
stages, one is newly built. Five have completed reconstruction and expansion as well as the
completion and acceptance of their safety facilities. Thirteen are in stages of reconstruction
and expansion during production, accounting for 68%. Among them, the safety facilities
of eleven mines of the project have passed acceptance inspections, and two have not yet
had complete acceptance of their safety facilities. In terms of their states of production
and construction, twelve are in normal production and construction, and six are in policy
shutdown or accident shutdown, accounting for 30%. The situation is shown in Table 1.
Pvso means provincial state-owned, Cco means collective city-owned, Tse means township
enterprises, Pve means private enterprise, Pdt means production, Cst means construction,
Nm means normal construction, Plc std means policy shutdown, and Acd std means
accident shutdown.

Figure 1. Geographical map of nineteen mines with mining depths of more than 800 m.

Table 1. List of location, ownership, stage, and status of nineteen mines with mining depths of more
than 800 m.

No Abbreviation Location
Owner-

Ship
Stage Status

1 Yantai Baihen Shuangshantun Mine Muping Pve Cst Nm
2 Shnajin Jinchuang Yanshan Mine Penglai Pvso Pdt+Cst Nm
3 Shanjin Jinchuang Yankou Mine Penglai Pvso Pdt+Cst Nm
4 Penglai Menlou Mine Penglai Pve Pdt+Cst Acd std
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Table 1. Cont.

No Abbreviation Location
Owner-

Ship
Stage Status

5 Longkou Jintai Damoqujia Mine Longkou Pve Pdt+Cst Plc std
6 Shanjin Linglong Jiuqu Mine Zhaoyuan Pvso Pdt Plc std
7 Shanjin Dongfeng Mine Zhaoyuan Pvso Pdt Nm
8 Zhaojin Xiadian Mine Zhaoyuan Cco Pdt+Cst Nm
9 Zhaojin Dayingezhuang Mine Zhaoyuan Cco Pdt+Cst Nm
10 Zhaojin Shangzhuang Mine Zhaoyuan Cco Pdt+Cst Nm
11 Zhaojin Hedong Mine Zhaoyuan Cco Pdt Nm
12 Zhongkuang Lingnan Fifth Mine Zhaoyuan Cco Pdt+Cst Plc std
13 Zhongkuang Luoshan Forth Mine Zhaoyuan Cco Pdt+Cst Plc std
14 Zhongkuang Fushan Dongfeng Mine Zhaoyuan Cco Pdt Plc std
15 Zhaoyuan Jiangjiayao Mine Zhaoyuan Tse Pdt+Cst Nm
16 Zhaoyuan Hexi Mine Zhaoyuan Tse Pdt Nm
17 ZhaoyuanLingshan Jinhuashan Mine Zhaoyuan Tse Pdt+Cst Nm
18 Shanjin Sanshandao Mine Laizhou Pvso Pdt+Cst Nm
19 Shanjin Jinzhou Jinqingding Mine Rushan Pvso Pdt+Cst Nm

2.1. Geological Condition

The nineteen mines investigated are all gold mines, and all of them are distributed
in the Jiaodong area. In terms of geotectonic location, the Jiaodong area is located on the
southeastern margin of the North China Craton, bounded by the Tan-Lu fault zone in the
west and the northern segment of the Sulu ultra-high-pressure metamorphic belt in the
east (Figure 2). It is China’s largest gold-producing area, producing several world-class
large gold deposits (more than 100 tons) and many small- and medium-sized gold deposits.
There are mainly three gold metallogenic areas in the Jiaodong area: Zhaoyuan-Laizhou,
Penglai-Qixia, and Muping-Rushan. Most of the investigated mines are located in the
Zhaoyuan-Laizhou metallogenic area. The gold reserve in this area accounts for more than
80% of the gold reserves in Shandong Province.

Figure 2. Regional geological map of Jiaodong area.
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The strata exposed in the Jiaodong area are mainly Upper Archean Jiaodong Group,
Lower Proterozoic Jingshan Group, Fanzishan Group, Upper Proterozoic Penglai Group,
Mesozoic Jurassic and Cretaceous, and the Tertiary and Quaternary of Cenozoic. Magmatic
rocks are widely distributed in Jiaodong, and intrusive rocks are distributed everywhere,
accounting for more than half of the bedrock area (Figure 3). The magmatic rocks in the
area can be divided into five types: exquisite granite, Guojialing granite, Aishan granite,
Kunyushan granite, and Sanfoshan granite.

Figure 3. Magmatic rock distribution map in the Jiaodong area.

The development of fault structures characterizes the basic structural framework of
Jiaodong. Its main fault zones are along the NE and NNE directions. The secondary
fault zones are along the NW and SN directions (Figure 4). There are seven major faults
in the region: the Yishu fault (Shandong section of Tanlu fault), Wulian-Jimo-Muping
fault, Zhao-Ping fault, Long-Lai fault, San-Cang fault, Mu-Ru fault, and the Peng-Qi fault.
Among them, the the Yishu fault and the Wulian-Jimo-Muping fault zone are the first-order
structures in the region. In contrast, the Zhao-Ping fault, Long-Lai fault, San-Cang fault,
Mu-Ru fault, and Peng-Qi fault are the second-order faults in the region. They are the main
ore-controlling structures of gold deposits.

The Dongfeng Mining area, Jiuqu Sub-Mine of Linglong Gold Mine, Fushan Gold Mine,
Lingnan Gold Mine, Luoshan Gold Mine, Damoqujia Gold Mine, and the Dayingezhuang,
Xiadian, and Jiangjiayao gold deposits are located in the Zhaoping-Ping fault zone. The
Hexi mining area, Hedong mining area, Shangzhuang mining area, and Jinhuashan mining
area are located in the Long-Lai fault zone. The Xishan sub-deposit of the Sanshandao gold
mine is located in the San-Cang fault zone. The Jinqingding mining area and Shuangshan-
tun mining area are located in the Mu-Ru fault zone. The Yanshan mining area, Yankou
mining area, and Menlou mining area are located in the Peng-Qi fault zone.
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Figure 4. Brief map of tectonic geology in Jiaodong area.

2.2. Production Situation

Among the nineteen mines, there are nine large mines with an annual production
scale of more than 150,000 tons, nine medium-sized mines with an annual production
capacity of 60,000–150,000 tons, and one small mine with an annual production capacity of
fewer than 60,000 tons. These mines have a total designed annual production capacity of
7.9301 million tons.

Nine mines adopt the combined development method of the open shaft and blind
shaft. Two mines adopt the combined development method of the open shaft and (auxiliary)
ramp. One mine adopts the combined development method of the open shaft, inclined
shaft, and blind shaft. One mine adopts the combined development method of drift, open
shaft, blind shaft, and blind inclined shaft. There is one mine with a development depth of
less than 800 m, twelve mines with depths of 800~1000 m, and six mines with depths of
more than 1000 m. The mine with the deepest development depth is the Zhaojin Xiadian
gold mine, which is 1565 m. There are eleven mines with the main production horizon
above −800 m and one mine with −800~1000 m, and the rest of the mines are in a state of
shutdown or have not yet been put into production.

3. Present Situation of Deep Ground Pressure in Non-coal Mines

3.1. Regional Tectonic Stress Level

Related studies have calculated the linear regression of the relationship between the
maximum horizontal principal stress and the minimum horizontal principal stress with
depth in the northwest of Jiaodong. The results show that when the depth reaches 1000 m,
the maximum horizontal principal stress is about 40 MPa. Most of the levels of minimum
horizontal principal stress are close to 20 MPa, and the highest can reach 30 MPa, which
belongs to the high ground stress areas.

In the Sanshandao Xiling mining area, the coring hole position is determined according
to a comprehensive and significant principle. The coring line is arranged in a cross shape
with the 88# borehole exploration line as the axis, taking the northeast and southwest
directions into account. Finally, five representative prospecting boreholes are identified, as
shown in Figures 5 and 6.
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Figure 5. Selection of core drilling location.

Figure 6. Part of the experimental specimens.

In the Xincheng Gold Mine, based on core reorientation technology [34], the in situ
stress measurement is carried out by drilling cores with seven different depths of −950 m,
−1050 m, −1150 m, −1250 m, −1350 m, −1450 m, and −1550 m. The in situ stress is
measured by acoustic emission. The results are shown in Table 2.

Table 2. Stress distribution at different depths, ref. [35].

Measuring Point
Depth

(m)

Vertical Principal
Stress

σv (MPa)

Self-Weight
Stressσ(MPa)

Maximum Horizontal
Principal Stress

σH (MPa)

Minimum Horizontal
Principal Stress

σh (MPa)

Horizontal Maximum
Principal Stress Direction

θ

950 26.41 26.46 32.78 14.52 N103◦34′ E
1050 29.22 29.16 41.83 17.18 N103◦42′ E
1150 33.33 31.86 35.37 16.64 N95◦43′ E
1250 34.25 34.56 38.95 16.85 N110◦13′ E
1350 35.98 37.26 41.23 16.44 N105◦26′ E
1450 40.01 39.96 40.63 14.02 N111◦20′ E
1550 40.95 42.66 45.84 17.56 N107◦33′ E

It is shown that the vertical principal stress, the self-weight stress, and the minimum
horizontal principal stress increase the same amount at the depth of 1050 m, which is about
3 MPa. When the depth increases to 1350 m, the vertical principal stress increases by about
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3% per 100 m, and the self-weight stress and the maximum horizontal principal stress
maintain a steady growth rate of about 3 MPa per 100 m. When the depth increases from
1350 m to 1550 m, due to the influence of geological structure, the vertical principal stress
increases rapidly by 14%, while the self-weight stress continues to increase at a relatively
stable rate. It is worth noting that due to the existence of geological structures, both the
maximum horizontal principal stress and the minimum horizontal principal stress decrease
slightly from depths of 1350 m to 1450 m, and then rise slightly to the normal level at the
speed of 16% with the increase in depth.

(1) The principal vertical stress increases nearly linearly with the increase in coring depth,
which is consistent with the buried depth’s dead weight stress (Figure 7).

(2) The in situ stress in the borehole is located mainly in horizontal tectonic stress. In the
different depths of the boreholes, the maximum stress is the horizontal maximum
principal stress, and the intermediate principal stress is the vertical stress. With the
increase in the borehole depth, the dominant role of the horizontal tectonic stress
field weakens, and the effect of the self-weight stress field tends to increase, as shown
in Figure 8.

(3) The horizontal maximum principal stress increases with the increase in hole depth.
It is worth noting that the maximum principal stress shows a sudden increase at
−1050 m, reaching 41.83 MPa (higher than the stress value of −1150 m and −1250 m
at greater depths). This indicates an unstable local change in the maximum principal
stress of this area.

(4) The azimuth of the maximum horizontal principal stress at different depths is consis-
tent; all values are along the NWW~SEE direction, between N95◦ E and N111◦ E, as
shown in Figure 9. This shows that the location of the new shaft of the Xincheng Gold
Mine is consistent with its geological structure and the orientation of the maximum
principal stress measured by many scientific institutions above its −950 m elevation.

(5) The maximum horizontal principal stress ratio to the principal vertical stress (lateral
pressure coefficient) in the measured area is between 1.01 and 1.43, which is consistent
with the distribution law of the lateral pressure coefficient in China [36,37].

Figure 7. Relationship between in situ vertical stress, self-weight stress, and drilling depth.
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Figure 8. Comparison of stresses in different directions.

Figure 9. Variation trend of horizontal maximum principal stress direction with depth.

3.2. Deep Ground Pressure Appearance

In the roadways and stope mines with mining depths of more than 800 m, rock mass
instability has occurred to varying degrees in some mines, and slight rockburst has occurred
in a few mines. In the deep development process, some mines have a failure tendency of
roadway surrounding rock. This is because of the complex regional geological structure,
broken rock mass, high in situ stress level, or because the roadway axis is not parallel
to the direction of horizontal maximum principal stress. Few mines have long mining
histories and many pressure concentration areas in the lower part of the goaf have formed
at early mining stages. Therefore, slight rockburst phenomena such as rock mass ejection
have occurred.
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Most of the investigated areas of production and construction in the mines are stable,
and there is no obvious ground pressure. There are also slight roof falls, slopes, or rock
spalling in some local areas of the mines, as shown in Figure 10.

Figure 10. Deep ground pressure appearance.

3.3. Control Measures of Deep Ground Pressure

At present, bolting and shotcreting net flexible support measures are widely used
to control rock mass instability in deep non-coal mines in Shandong province. The Jin-
qingding mining area of the Jinzhou Mining Group is gradually replacing rigid support
with flexible support and uses advanced grouting in local broken areas [38]. In the San-
shandao gold mine, resin bolts are widely used in deep support to replace pipe joint bolts,
anchor-shotcreting nets, and piercing belts for support when excavating. At the same
time, the Jinzhou Mining Group actively cooperates with relevant departments to develop
prestressed anchors and constantly optimize its deep support technology [39–41]. Long
anchor cables are used to support the stope’s roof in the Jiangjiayao gold mine.

3.4. Risk of Rockburst in Deep Mines

Among the nineteen mines investigated, the typical lithology of the upper and lower
surrounding rock was amphibolite, monzonitic granite, sericite, granite, potash granite,
granulite, and so on. Therefore, the evaluation result of the rockburst tendency based
on the drilling core of the Shanjin Sanshandao gold mine is instructive in evaluating the
rockburst tendency in the region. Typical monzonitic granite, granite, and sericite have
more than moderate rockburst tendencies (Figure 11). With the increase in burial depth,
the corresponding intensity grade increases.

Figure 11. Schematic diagram of rockburst tendency grade of boreholes varying with depth in Xiling
mining area of Sanshandao.
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4. Problems Existing in the Mines

4.1. The Deep Development System Is Complex

Overall, the deep development system of the investigated mines is more complex,
and the development engineering includes open shafts, blind shafts, blind inclined shafts,
ramps, and so on. Commonly, there are more than ten shafts in a mine. From the point of
view of mine construction, the mining projects are not reasonably planned. Design and
construction are often needed due to later expansion and capacity expansion, resulting in
the complexity of the development system. As a result, there is a high cost for mine capital
construction. Additionally, system maintenance requires a heavy workload. Furthermore,
it is difficult to manage multiple lifting systems and there are many hidden dangers in the
processes of operation.

4.2. Lack of Rock Mechanics Data in Most Deep Mines

Among the nineteen mines, the Shanjin Linglong Jiuqu mine, Shanjin Dongfeng mining
area, Zhaojin Xiadian gold mine, Zhaojin Dayingezhuang gold mine, and Zhongkuang
Lingnan No. 5 mining area have carried out preliminary research on deep rock mechanics
and accumulated some basic data on rock mechanics. The Sanshandao gold mine has
carried out more systematic rock mechanics research, while the other thirteen mines have
not yet carried out rock mechanics data collection or related research. The research on in
situ stress measurement, rock mass quality classification, and rock mass stability analysis is
an essential reference for mining engineering design.

Mine rock mechanics data are the basis of mining design. With the increase in mining
depth, engineering designs based on empirical analogies gradually show some problems of
unsuitability and low reliability. Two problems have been found in the investigation of this
paper. First, most of those working in the mines lack an understanding of the importance
of rock mechanics data collection, management, and ideological research work. Second,
the obtained basic data of rock mechanics have locality and discontinuity. Usually there are
only simple strength test data or partial area data, which lack systematic studies, and the
guiding significance for mining engineering design is limited.

4.3. Some Support Engineering in Deep Mining Is Unsuitable and Not in Place

Nineteen mines have adopted the necessary shotcreting or combined anchor supports,
shotcreting nets, or steel arch supports in unstable areas, especially in areas with broken
structures. The roofs of some unstable areas have adopted long anchor cable supports.
However, there are still three problems.

First, the support scheme in some areas is unsuitable. For example, roadways with
obvious deformations adopt rigid support under high stress. This often does not have an
excellent effect on support, but it increases the cost of the support due to the deformation
and failure of the support.

Second, the support is not timely nor in place. For example, when the stope, roadway,
and drift are temporarily stable in the deep part, many mines do not take or take insufficient
support measures to save support costs.

Third, the support design is unsuitable due to the lack of basic rock mechanics data and
rock mass stability classification standards. Moreover, the selection of support parameters
lacks references, resulting in excessive support or support space.

4.4. The Ground Pressure Monitoring System Lacks Maintenance, and the Early Warning Ability
Is Poor

Among the investigated nineteen mines, thirteen mines have installed ground pressure
online monitoring systems, and some mines have also installed several monitoring systems.
However, only a few of the mines with the system can operate normally, and the monitoring
and early warning systems are poor, so there are the following problems:

1© After installation, most online ground pressure monitoring systems are not in-
spected and maintained. A few mines carry out maintenance after equipment damage,
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which lacks timeliness, resulting in the loss of a lot of monitoring data and the omission of
microseismic events.

2© The monitoring data cannot be analyzed and processed in time. Only a few mines
entrust technical service institutions for data analysis. There is a severe lag in data analysis,
and the ground pressure online systems’ monitoring and early warning functions cannot
be fully utilized.

3© Transmission formats of monitoring data are various. The online monitoring
systems of ground pressure in mines investigated are independently developed by domestic
manufacturers, universities, or scientific research institutes, and some are imported from
abroad. As a result, the data storage formats are various. The intellectual property rights of
imported equipment are strictly protected abroad, so there are some difficulties converting
different data formats into a unified standard format, which causes some obstacles to the
integrated management of the online monitoring system of underground non-coal mine
ground pressure.

4© The ground pressure online monitoring system has a low positioning accuracy and
a poor early warning ability for microseismic events. The online microseismic monitoring
system of ground pressure has difficulty locating rock fractures accurately. At the same time,
the installed online monitoring system of ground pressure only has a real-time monitoring
function and cannot reduce noise in real time. The risk grade of ground pressure disasters
cannot be judged, so it is challenging to implement ground pressure disaster prediction
and early warning.

4.5. The Temperature in the Deep Mine Is High, the Humidity Exceeds the Standard, and the
Ventilation System Is Not Perfect

At present, some non-coal mines with a mining depth of over 800 m are suffering from
heat damage caused by surrounding rocks and groundwater during mining [40]. Imperfect
ventilation systems and lagging ventilation projects result in high local working surface
temperatures, excessive humidity, and a poor working environment, which affects the
efficiency of work and equipment.

4.6. The Intelligence Level of Deep Mine Is Poor

Except for the Sanshandao gold mine, the intelligence levels of the other mines are
relatively poor. Whether it is the construction of the related intelligent data platforms,
centralized management, the control platform, underground mining, excavation, loading,
or transportation equipment, there is a significant gap in the implementation of intelli-
gent mining.

5. Prevention and Control Countermeasures and Suggestions

Given the above problems and the current situation of each production system, the
following suggestions are put forward.

5.1. Establish and Improve the Working Organization and System of Safety Risk Prevention in
Deep Mining

To prevent the safety risks, deep mines should establish and improve the work or-
ganization and safety risk prevention system, and set up a leading group for safety risk
prevention headed by technical personnel and management personnel.

5.2. Comprehensively Consider the Planning and Layout and Optimize the System Layout
as a Whole

In mine construction planning, all deep mines should consider the overall layout and
optimize the system layout to avoid a large number of new development projects in the
process of production succession.
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5.3. Start the Work of Mine Rock Mechanics and Establish the Working System of Rock Mechanics

To ensure the safety of deep mining, all deep mines should be equipped with engi-
neers and technicians to collect rock mechanics data, such as investigations on rock mass
structural planes, rock sampling, physical and mechanical index tests, in situ stress tests,
point load index tests, and rock mass quality classification and stability analyses, etc. A
computer-aided system for deep rock mass stability and support should be developed to
provide guidance for the deep shaft and roadway, the stope design, and the support design
and to improve the rationality and reliability of the design.

5.4. Carry Out Ground Pressure Investigation

It is necessary to investigate the ground pressure of the roadway, stope, and drift
with a mining depth of more than 800 m, record the instability and failures of rock mass
and support failures, and form investigation files. Ground pressure monitoring should be
strengthened for the areas with frequent ground strata behaviors.

5.5. Test and Evaluate the Tendency of Rockburst

Deep mines should entrust scientific institutions to conduct rockburst tendency tests
and evaluate the possible rockburst intensity by prospecting borehole cores or sampling
in deep mining faces. Pressure relief or energy absorption support methods should be
adopted in moderate rockburst areas.

5.6. Strengthen the Maintenance and Management of the Online Monitoring System of
Ground Pressure

All deep mines should be equipped with maintenance and management personnel for
the online ground pressure monitoring system to timely process monitoring data, identify
microseismic events, compile weekly and monthly monitoring data reports, statistically ana-
lyze the law of ground pressure activities, and provide early warning information. Thereby
maintenance and inspections can ensure the normal operation of the monitoring system.

5.7. Establishment of a Unified Ground Pressure Monitoring and Early Warning Platform

To fully implement the monitoring and early warning function of the ground pressure
monitoring system, it is necessary to unify the online monitoring and early warning
platform for underground non-coal mining pressure. This can help implement the unified
management and integrated display of ground pressure monitoring data. Mines should
carry out relevant positioning algorithms and early warning indicators and models to
improve ground pressure monitoring, early warning, and supervision.

5.8. Innovate the Concept of Support Methods

Deep mines should establish a computer-aided decision-making system for deep
support based on fundamental data, such as the rock’s physical and mechanical parameters,
in situ stress, joints and fissures, rock quality index, and groundwater state, to implement
an intelligent dynamic stability classification of ore and rock. Mine companies should
determine a reasonable and practical deep support system. Under deep high stress, the
support system should specifically address energy absorption and deformation.

5.9. Strengthen Cooling Measures

Deep mines should optimize the design of deep ventilation systems to meet the
ventilation needs under severe conditions, expedite the construction of deep ventilation
systems, build complete deep ventilation systems in time, and strengthen the operation
and management of deep ventilation systems.

5.10. Improve the Intelligent Level of Deep Mining

Deep mines should continuously strengthen scientific and technological investment, carry
out digital and information system construction, and centralize the management and control
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of various production systems, such as backfilling, lifting, drainage, and ventilation. Mines
can popularize and apply advanced large-scale mining, excavation, loading, and transporta-
tion equipment and make full use of big data, cloud computing, the Internet of things, 5G
communication, and other technologies to improve the intellectual level of deep mining.

6. Conclusions

This manuscript studies the current situation of main safety systems in non-coal mines
with a mining depth of more than 800 m in Shandong province and mainly draws the
following conclusions:

(1) There are no large-scale ground pressure behaviors in underground non-coal mines
with a mining depth of more than 800 m in Shandong province. No destructive ground
pressure accidents have occured, indicating they are still in the early stages of ground
pressure disasters, and rock mass instability can be controlled by strengthening
support. However, with the increase in mining depth, the rockburst risk rises, and the
support work becomes difficult, so it is necessary to strengthen scientific study and
explore effective control measures.

(2) All the mines with normal production and construction have built ground pressure
online monitoring systems. However, few systems can play an effective role in mon-
itoring and early warning. Hence, it is necessary to strengthen the maintenance
and management of the ground pressure monitoring system and establish a unified
ground pressure monitoring and early warning platform for the whole province. The
safety facilities of each mine meet the needs of safe production. However, their main-
tenance and management in the operation process need to be further strengthened,
and the level of intelligence needs to be improved.

(3) The phenomena of high temperatures and high humidity in the deep mines are
relatively common, and cooling can be achieved by strengthening ventilation at the
current mining depth. Each mine needs to improve its ventilation systems further,
strengthen ventilation management, and adopt local cooling if necessary.

(4) The construction of safety facilities in a few of the surveyed gold mines is similar to
that of international mines with high development levels, but other mines can only
meet the minimum requirements. It is necessary to introduce advanced digital intelli-
gent mine technology, such as ground pressure monitoring and early warning systems,
as well as big data platforms for upgrading and transforming mine construction in
the future.
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Abstract: During the exploitation of deep resources, rocks are often in a high-temperature, high-
pressure environment. It is of great significance to study the acoustic emission (AE) characteristics of
thermal damaged rock under load to improve the accuracy of monitoring in practical engineering.
In this paper, sandstone was heated at different temperatures, before a uniaxial compression test
was performed and the AE in the process was monitored. The results show that the strength and
AE energy of sandstone decrease gradually with an increase in heating temperature. Through
frequency domain analysis of the AE waveform at the time of failure, it was found that the frequency
and intensity of AE also showed a downward trend with an increase in temperature. In addition,
multifractal theory is introduced to deconstruct the waveform data. The multifractal characteristics of
the waveforms decrease with an increase in temperature. It provides new parameters for waveform
analysis, which can be combined with frequency analysis as parameters to more accurately identify
rock failure in engineering practice. The attenuation of AE of thermally damaged sandstone may be
related to an increase in porosity and a decrease in elastic energy release.

Keywords: acoustic emission; frequency domain; multifractal; thermal damage; rock fracture

1. Introduction

The rock mass in the deep part of the stratum is often in the mechanical environment
of high temperature and high pressure, which brings great challenges to the engineering
stability of underground development activities such as coal resource mining, tunnel
construction, and deep drilling [1–4]. In the process of geothermal energy exploitation,
temperature effect and rock damage evaluation are especially important [5,6]. Therefore,
the mechanical properties and fracture behavior of rock under high temperatures are of
great concern for scholars.

Extensive research shows that high-temperature treatment will damage rock and
reduce a series of mechanical parameters such as compressive strength, tensile strength,
and elastic modulus [7–9]. Moreover, there may be a temperature threshold of 200 ◦C for
sandstone and granite. Below this threshold, the rock damage can be ignored [10]. The
higher the temperature, the more serious the rock damage. Pyrolysis of some minerals leads
to an increase in porosity and decrease in P-wave velocity. When the temperature exceeds
600 ◦C, quartz will undergo phase transformation, resulting in a significant reduction
in rock strength [6,11]. Related research involves different rocks such as granite [12,13],
sandstone [14,15], shale [5], etc. In addition, many scholars have explored rock characteris-
tics under different temperature levels [16], different cooling methods [17], cyclic thermal
shock [11], and other conditions.
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The acoustic emission (AE) signal will be generated when the rock fractures. It is
a transient elastic wave generated by the rapid release of energy from the local source
in the material [7,11,12,18–20]. It is widely used in the field of underground engineering
disaster monitoring and material nondestructive monitoring [21,22]. By monitoring and
analyzing AE signals, rock damage can be evaluated and rock fracture behavior can be
inversed [18]. The analysis methods of AE signals generally include parameter analysis and
waveform analysis. Waveform analysis refers to the frequency domain performance of the
signal obtained by time-frequency transformation. The fracture scale of rock is generally
inversely proportional to the AE frequency. There have been recent reports [6,11,12] on the
AE characteristics of heat-damaged rocks, especially the performance of parameters such
as count and energy. The AE signal generally has good activity in the crack initiation and
propagation stage loading, which is closely related to the stress drop process [19]. Kong
et al. [23] also studied the nonlinear characteristics of the time-varying process of the AE
signal in the uniaxial compression process of sandstone after high-temperature treatment.
However, few studies have paid attention to the attenuation behavior of AE signals of rock
during loading after thermal damage, especially the analysis of waveform.

Therefore, standard samples of red sandstone were processed in this paper, and they
were heated at 0 ◦C (no treatment), 300 ◦C, 600 ◦C, and 900 ◦C, respectively. The AE signals
were then monitored and analyzed when they were loaded in the unconfined condition.
In particular, the waveforms at the time of failure were analyzed by multiple methods. In
addition to the common time-frequency transform analysis of the waveform, including
fast Fourier transform (FFT) [22] and short-time Fourier transform (STFT) [24], multifractal
theory [25,26] was introduced to deeply deconstruct the nonlinear characteristics of the
waveform data. The research results are of great significance in improving the accuracy
of rock damage monitoring in the process of sustainable development of deep energy
engineering.

2. Specimen Preparation and Test System

The rock used for the test was red sandstone, and it was obtained from the Linfen
area of ShanXi, China. Its density was approximately 2545.65 kg/m3. Large blocks with
no obvious cracks on the surface were selected for drilling and coring. Further, standard
specimens of 50 mm in diameter and 100 mm in height were cut and made for mechanical
testing of uniaxial compression. The top- and bottom-end faces were smoothed according
to the standards of the International Society of Rock Mechanics (ISRM).

Next, the specimens were divided into four groups, with two replicate experiments
performed in each group. One group of specimens (Group S25) was not subjected to heat
treatment. We regard the treatment temperature as the room temperature at the time of the
experiment, which was 25 ◦C. The other three groups were heated in a QSH-1200T chamber-
type high-temperature furnace. The three groups were heated from room temperature
to 300 ◦C (Group S300), 600 ◦C (Group S600), and 900 ◦C (Group S900), respectively, and
cooled after two hours of constant temperature. The heating rate and cooling rate were
5 ◦C/min and 1 ◦C/min, respectively. The process of heat treatment is shown in Figure 1.
All specimens were tested for P-wave velocity. The specimen numbers and test results
are shown in Table 1. The wave velocity of the untreated specimens was approximately
3.51 km/s and it gradually decreased as the temperature increased. This shows that the
homogeneity of the specimens was satisfactory and the heat treatment was very effective.

After heat treatment, all the specimens were subjected to uniaxial compression mechan-
ical tests. In addition, the AE signals generated by the rock during the loading process were
collected synchronously. The press used for the test was the new SANS microcomputer-
controlled electro-hydraulic servo pressure testing machine. It can control and collect
the axial stress and strain of the specimen with high precision. The AE collector was a
24-channel Micro-II type AE monitoring host of American Physical Acoustics Corporation
and the NANO-30 AE probe. The center frequency of the probe is 150 kHz and it can
respond well to a wider frequency range. During the experiment, the probe was attached to
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the surface of the specimen and coupled with a specially formulated reagent. The threshold
value, amplification, and acquisition frequency of AE acquisition were set at 45 dB, 40 dB,
and 2 × 106/s, respectively. The loading rate of the press was set at 120 N/s.

 
Figure 1. The heating process.

Table 1. Specimen number and test results.

Sample
NO.

P-Wave Velocity
(km/s)

USC (MPa) E (GPa)
Total AE Energy

(mV·μs)
Peak AE Energy

(mV·μs)

Value Mean Value Mean Value Mean Value Mean Value Mean

S25-1 3.52 3.51 62.58 65.74 10.65 11.52 308,982 297,311.5 30,120 31,788
S25-2 3.51 68.89 12.38 285,641 33,456

S300-1 2.84 2.82 55.83 57.4 8.9 8.52 182,911 168,878.5 25,657 26,657.5
S300-2 2.81 58.98 8.14 154,846 27,658

S600-1 2.38 2.36 46.03 43.76 7.87 7.5 79,938 87,521 13,093 12,037
S600-2 2.34 41.48 7.12 95,104 10,981

S900-1 2.03 2.01 38.07 35.32 6.97 6.04 54,006 46,231 9125 8433
S900-2 1.98 32.57 5.1 38,456 7741

3. Mechanical Properties and AE Response

Figure 2 shows the axial stress–strain curves of a group of specimens after heat
treatment at different temperatures. The final failure occurred at the peak stress point
after the specimens had undergone the stages of primary pore compacting (where the
curves have an upward concave shape), elastic deformation (where the curve is linear), and
yielding (where the curve has a downward concave shape before the peak). In Figure 3, the
uniaxial compressive strength (USC, i.e., peak stress) and elasticity modulus (E, i.e., the
slope of the curve in the elastic deformation phase) of all specimens are counted. The USC
and E of red sandstone gradually decrease with increasing temperature of heat treatment.
The UCS and E of the samples without heat treatment are approximately 65.74 MPa and
11.52 GPa, respectively. However, the USC and E of the samples treated at 900 ◦C are
approximately 35.32 MPa and 6.04 GPa, respectively. The reductions in USC and E reached
46.27% and 47.57%, respectively. All the data are shown in Table 1.
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Figure 2. Stress–strain curves.

 
Figure 3. Changes of UCS and E.

Energy is an important parameter of the AE signal. It refers to the area under the
envelope of the waveform signal, which generally reflects the intensity of AE. Figure 4
shows the AE energy of a set of specimens subjected to heat treatment at different tem-
peratures during the loading process. AE energy has a good response to rock fracture. It
is kept at a low value in the early stage, but increases sharply in the later stage when the
stress fluctuates (with significant fracture). When the stress is loaded to the peak value,
the main fracture of the specimen occurs and leads to complete failure. The AE energy
also reaches its peak value at this time. With an increase in heat treatment temperature,
the level of the AE energy value of the specimens in the whole loading process generally
shows a downward trend. This can be clearly seen from the curves of cumulative AE
energy. The AE energy accumulation of the untreated sample increases rapidly with an
increase in stress. After high-temperature treatment, the increase rate slows down. Figure 5
and Table 1 show the comparison between total AE energy and peak AE energy. After
high-temperature treatment at 900 ◦C, AE energy and peak AE energy decreased by 84.45%
and 73.47%, respectively, compared with the untreated samples.
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Figure 4. AE energy of the specimens during loading: (a) 25 ◦C, (b) 300 ◦C, (c) 600 ◦C, (d) 900 ◦C.
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Figure 5. Changes of total AE energy and peak AE energy.

4. Waveform Characteristics at Failure

4.1. Original Waveform and FFT Analysis

The AE waveform at the failure point (peak stress) was extracted and further analyzed.
The original waveforms of a group of specimens treated at different temperatures are shown
in Figure 6. The AE waveforms all show the shape of increasing at first and then decreasing
gradually. With an increase in the treatment temperature, the maximum amplitude of the
waveform decreases significantly. In order to further analyze its frequency characteristics,
fast Fourier transform (FFT) [22] was performed on all waveforms. The obtained frequency
spectrums are shown in Figure 7. Further, the main frequency (frequency of the highest
amplitude point in the spectrum) and the amplitude of the main frequency for all specimens
in the experiment are counted and shown in Figure 8. As the temperature increases, both
the main frequency and its amplitude gradually decrease. From no treatment to the 900 ◦C
treatment, the average value of the main frequency decreases from 24.63 kHz to 18.91 kHz.
The average value of the main frequency decreases by 23.22%. Moreover, these frequencies
belong to the range of low-frequency AE signals caused by macroscopic large-scale fracture
of rock under a laboratory test [6]. The amplitude of the main frequency decreases from
0.12 mv to 0.04 mv, a decrease of 66.67%. The decrease in amplitude is more significant than
the main frequency. In addition, it is obvious from the FFT spectrum that the signal has
significant subdominant frequency characteristics between 60–70 kHz. With an increase in
the heat treatment temperature, the amplitude of the subdominant frequency also gradually
decreased.

  

Figure 6. Cont.
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Figure 6. The AE waveform at failure point: (a) 25 ◦C, (b) 300 ◦C, (c) 600 ◦C, (d) 900 ◦C.

  

  

Figure 7. Frequency spectrums after FFT: (a) 25 ◦C, (b) 300 ◦C, (c) 600 ◦C, (d) 900 ◦C.

4.2. STFT Analysis

Compared with the FFT, the short-time Fourier transform (STFT) [24] has the resolution
on the time scale and is more advanced. By setting the window function, it can obtain
the frequency domain performance of the signal at different times. Figure 9 shows the
calculated time-frequency spectrums of a set of specimens treated at different temperatures.
Consistent with the trend of the FFT results, the highest energy (color axis in Figure 9) of
the signal gradually decreases as the temperature increases. The highest energy value of the
untreated specimen is approximately 6, while the highest energy value of the sample treated
at 900 ◦C is approximately 0.9. The frequencies at the highest energy are all below 100 Hz.
On the time scale, the signal gradually attenuates after reaching the highest energy, with its
frequency and energy range both showing a gradually decreasing trend. For example, in
Figure 9a, the signals at approximately the 600th sampling point show good performance
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in the range of 0–500 Hz. With the increase in time, at the 1500th sampling point, the signal
only performs well at 0–200 Hz. Moreover, the attenuation of signal strength is also obvious.

  

Figure 8. Changes of main frequency and its amplitude: (a) Main frequency, (b) Amplitude of main
frequency.

 

 

Figure 9. Time-frequency spectrums after STFT: (a) 25 ◦C, (b) 300 ◦C, (c) 600 ◦C, (d) 900 ◦C.

4.3. Multifractal Analysis

Fractal theory is proposed by scientists to describe the existence of irregularities in
nature [25,26]. At present, multifractal theory is also used by many scholars to analyze AE
parameters in the field of rock mechanics, but it is rarely used for waveform analysis [19,22].
Multifractal analysis can deconstruct data and reflect the characteristics of an uneven distri-
bution of data. Through multifractal analysis of the waveform, new signal characteristic
parameters can be obtained, which is beneficial to the monitoring of rock failure. The larger
the width Δα = αmax − αmin of the calculated multifractal spectrum α − f (α), the more
uneven the data [19]. In addition, Δ f = f (αmax)− f (αmin) reflects the proportion of large
data and small data [22]. If Δ f is small, it means that large data prevails; if Δ f is large, it
means that small data prevails. The multifractal spectrum of waveform data is calculated
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by the box dimension method [19]. The formulas used for the calculations are listed below,
with details provided in the literature [22].

Xq(ε) ≡ ∑ Pi(ε)
q ∼ ετ(q) (1)

τ(q) = lim
ε→0

lnXq(ε)

lnε
(2)

α =
d(τ(q))

dq
=

d
dq

(
lim
ε→0

lnXq(ε)

lnε

)
(3)

f (α) = αq − τ(q) (4)

The data xi are divided into multiple subsets of length ε. Pi(ε) is the probability
distribution of the subset; Xq(ε) is the statistical moment; τ(q) is the quality index; α is the
singularity index, which reflects the inhomogeneity of the subset; and f (α) denotes the
frequency of the represented subset in the whole subset, i.e., the fractal dimension of the
subset.

Figure 10 shows the multifractal spectrums of a set of specimens treated at different
temperatures. They all have a right hook shape (Δ f > 0), reflecting the fact that the data are
all dominated by small values. Figure 11 tallies and shows the Δα and Δ f for all specimens.
As the temperature increases, the multifractal characteristics of the AE waveform weaken
and the multifractal parameters Δα and Δ f tend to decrease in general. The mean value of
α decreases from 2.14 to 0.73, while the mean value of f decreases from 0.45 to 0.08. This
reflects that the data distribution of the waveform is becoming increasingly less different,
with the large data becoming increasingly more dominant.

In summary, all analyses show that heat treatment causes a weakening of the AE
signal of the rock, both in terms of the temporal variation of the energy and the time-
frequency domain performance of the waveform at the time of failure. This may be due
to various reasons. Heat treatment leads to damage of sandstone and an increase in
porosity [27–29], which will aggravate attenuation of the AE signal during propagation. In
addition, the strength of sandstone after thermal damage is reduced, while the storage of
elastic properties is weakened during loading [6]. Less elastic energy is released, resulting in
weaker AE signals [13]. In addition, it is useful to analyze the waveform by multiple means,
which is beneficial to the depth inversion of rock fracture and improves the monitoring
accuracy. Moreover, the introduction of multifractal theory provides new characteristic
parameters for the analysis of AE waveforms.

Figure 10. Multifractal spectrums.
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Figure 11. Changes of multifractal parameters: (a) Δα, (b) Δ f .

5. Conclusions

In this paper, in order to improve the accuracy of acoustic emission monitoring of
rock failure after thermal damage, sandstone was heated at different temperatures (25 ◦C,
300 ◦C, 600 ◦C, 900 ◦C) and then subjected to an unconfined compression test, with the
AE monitored. The mechanical properties and AE response of heat-damaged sandstone
were analyzed. In particular, frequency domain analysis (including FFT and STFT) and
multifractal analysis of the AE waveform at the time of failure were performed. The main
conclusions are as follows:

(1) When the heating temperature increases from 25 ◦C to 900 ◦C, the uniaxial com-
pressive strength and elastic modulus of sandstone decrease by 46.27% and 47.57%,
respectively. Moreover, with an increase in temperature, the AE energy level in the
loading process tends to decay. Compared with the untreated samples, the total value
and peak value of AE energy of the samples after the 900 ◦C treatment decrease by
84.45% and 73.47%, respectively.

(2) The FFT analysis shows that with an increase in temperature, the dominant frequency
and amplitude of the AE waveform of sandstone failure are decreased. The dominant
frequency and amplitude of the samples treated at 900 ◦C are 23.22% and 66.67%
lower, respectively, than those of the untreated samples. The STFT analysis also has
basically consistent laws. In addition, STFT shows that the frequency range and
intensity are gradually attenuated after the waveform reaches a peak. The attenuation
of AE may be related to the decrease in elastic energy release and the increase in
porosity.

(3) Multifractal theory was introduced to analyze the waveform of failure. The multifrac-
tal characteristic (Δα and Δ f ) of the signal gradually decreases with an increase in
temperature, and it provides new parameters for the waveform characteristic analy-
sis, which has an engineering application value and is conducive to improving the
accuracy of rock-failure monitoring.
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Abstract: Aiming at the tunnel gas disaster can produce major safety problems such as combustion,
explosion, and coal and gas outbursts. Firstly, a time series consisting of the tunnel gas concentration
was used as the entry point for the article, and the gas prediction models based on multiple intelligent
computational methods were established for comparison to determine the optimal network prediction
model. Then, this study proposed a stepwise prediction method which is based on the optimal
network prediction model for gas disaster prevention during the construction period of tunnels at
the excavation workface. The length of the input step, output step, and interval step were considered
by the method to investigate the effect on the predictive performance of the model. The model was
extrapolated by the rolling prediction method, and the adaptive grid search method was used to
determine the optimal parameter combination of stepwise prediction. Finally, a stepwise prediction
of short-term gas concentration trends was achieved for each construction process at the excavation
workface. As a result, the best LSTM network prediction model was preferred with an R2 value of
0.94 for the fit and MAE and RMSE values of 3.2% and 4.3%. Results based on stepwise predictions
showed that single-step prediction is more accurate than multi-step predictions when a reasonable
input step size was determined. Moreover, with the length of both the interval step and the output
step, the model prediction accuracy showed a decreasing trend. Generally speaking, the single-step
continuous and interval prediction of the gas concentration at the excavation workface can be realized
by the gas stepwise prediction method, and the gas concentration value can be obtained at any
time in the prediction. It can also realize the transformation from single-step point prediction to
multi-step trend prediction, and obtain the accurate prediction of gas concentration change trends
in the stepwise prediction range (t + 1~t + 5). Therefore, the important security guarantee can
be provided by stepwise prediction for subsequent gas disaster safety prevention and efficient
tunnel production.

Keywords: tunnel; gas disaster prevention; time series; long short-term memory network; prediction

1. Introduction

A large number of extra-long tunnels have emerged as China’s infrastructure con-
struction gradually covers remote mountainous areas as well as the western plateau zone.
Meanwhile, due to the narrow, long, and closed characteristics of the tunnels themselves, it
is inevitable that the coal strata need to be crossed during the tunnel construction process,
which leads to a large influx of coal seam gas into the tunnel interior [1,2]. On the one
hand, high gas concentrations can easily ignite, resulting in a fire at the working face or a
gas explosion that could result in a lot of victims. On the other hand, tunnel face building
can also result in coal (rock) and gas explosions, which destroy and obstruct the tunnel’s
interior area and result in asphyxiation [3]. Consequently, it is of great practical importance
to adopt accurate and reliable gas prevention and control methods in the process of tunnel
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construction safety, as well as green energy saving and efficient production, in order to
reduce the number of casualties and property damage caused by gas disaster accidents.

The prediction of gas concentration has been an important tool for preventing and
controlling the occurrence of gas disasters, and has been widely used in the field of coal
mine gas prediction. The comprehensive influence of gas concentrations on existing coal
seam gas conditions, the coal mining method, the roadway boring process and other
factors [4], and the complex and dynamic nonlinear relationship among the factors [5]
make it difficult for general linear prediction methods to meet the prediction accuracy
requirements [6]. There are essential differences between coal penetration tunnels and coal
mine roadway boring processes based on the characteristics of coal seam gas gushing and
the characteristics of the tunnels themselves. As a result, both domestic and international
researchers have put forth numerous efficient nonlinear prediction methods by combining
the necessary machine learning algorithms, such as gray theory [7,8], support vector
machine [9], random forest [10], and the artificial neural network [11,12]. Although the
majority of gas tunnels can provide gas monitoring data, they rarely identify all relevant
factors affecting gas concentration and the corresponding complete data, which causes
nonlinear models based on multiple factors to diverge from reality [13].

Despite this, these approaches are still able to capture data from nonlinear mapping
relationships and learn from trends. Due to this, domestic and international researchers
have attempted to start from the gas time series itself and use prediction methods such
as the autoregressive sliding average (ARMA), support vector machine (SVM), Bayesian
network (BN), and matrix decomposition (MF) to mine the series′ effective information
in order to achieve the prediction of future information [14,15]. The advantage is that it
makes full use of the raw gas monitoring data collected by the field monitoring system
and does not require the effort of determining the causal relationships between the factor
variables, but simply extrapolates the historical trends identified by the time series model to
predict future trends. Furthermore, given that time series impacted by gas concentrations
are taken into account, recurrent neural networks (RNNs) have strong processing power
when learning nonlinear aspects of sequences, but they also experience issues such gradient
disappearance or loss of historical data [16]. The long short-term memory network (LSTM)
is a superb RNN version that has the ability to handle problems that are highly associated
with time series and effectively overcome the limitations of RNN in dealing with serial data
and automatically mining probable data correlations [17].

The LSTM network model has been used in the prediction of gas concentration in
tunnels, mainly to build a single-step prediction model for gas concentrations at a particular
step in the future, achieving high prediction accuracy [18,19]. However, in the field process
construction, the current moment gas concentration may depend on the change pattern
of several historical samples for a long time, and the single-step iterative training mode
is difficult to capture the temporal characteristics efficiently, which makes the single-step
prediction results neither intuitively portray the trend of gas concentration changes in the
future period nor provide a reliable reference basis for the field construction. At the same
time, multi-step prediction models have been applied more often in wind speed prediction,
traffic flow prediction, and stock prediction, while very few studies have been applied in
gas tunnels [20,21]. However, the multi-step prediction results can help to both prevent
and regulate the incidence of gas incidents and offer a definite reference foundation for
process operations and site ventilation efficiency.

Based on the potential disaster risks of gas combustion, explosion, and coal and gas
outbursts in coal penetration tunnel construction, a novel stepwise prediction method
based on the LSTM network prediction model was proposed in this paper for gas disaster
prevention. Single-step and multi-step prediction models were established by the method
to consider the effects of the input step length, output step length, and interval step length
on the prediction performance of the model. The optimal combination of parameters was
determined to achieve a stepwise prediction of the short-term gas concentration trend for
each construction process at the excavation workface. For the sustainable growth of tunnel
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ventilation in terms of energy conservation, effective production, and construction safety,
the theoretical foundation and assistance can be offered.

2. Prediction Model Building

2.1. LSTM Network Theory

The long short-term memory (LSTM) network [22,23] is a special type of recurrent
neural network. When processing time series data, it can obtain changes by adding input
gates, forget gates, and output gates. In addition, the LSTM network can more accurately
characterize the sequence data with spatial and temporal correlations, and realize the
efficient use of historical data when the model parameters are fixed. This prevents the
problem of gradient explosion and disappearance of RNN. The LSTM’s structure is depicted
in Figure 1 below.

Ct-1 X +

X

Ct

tanh

X

htht-1

ht

Xt

forget 
gate

input 
gate

output
gate

ft it ot

tC

Figure 1. The hidden layer structure of LSTM.

Each of the aforementioned three gate architectures gradually updates the cell state,
as shown by the LSTM structural diagram. In the first step, the forget gate determines the
information discarded from the cell state ct−1 in the previous moment. In the second step,
the information that needs to be updated in the old cell state is determined by the input

gate, and the generation of alternative information
∼
Ct for updating by the tanh layer to

determine how much new information needs to be allowed to be added to the cell state. In
the third step, the two steps in the second step are combined to update, and a new cell state
is obtained Ct. Finally, the σ output gate filters and scales from the new cell state to obtain
the output information ht of the hidden layer [18]. The specific algorithm is as follows [17].

Gating unit:
ft = σ

(
Wf ·[ht−1, xt] + b f

)
(1)

it = σ(Wi·[ht−1, xt] + bi) (2)

ot = σ(Wo·[ht−1, xt] + bo) (3)

Storage unit:
∼
Ct = tanh(Wc·[ht−1, xt] + bc) (4)

Ct = ft·Ct−1 + it·
∼
Ct (5)

Output state:
ht = ot·tanh(Ct) (6)

where ft, it, and ot are the outputs of the forget gate, input gate, and output gate at time t,
respectively; Wf , Wi, and Wo and b f , bi,and bo are the weight matrix and bias of the neural
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unit forgetting gate, input gate, output gate, and unit information update, respectively; σ is
the sigmoid activation function; and tanh is the tangent activation function of hyperbolas.

2.2. Model Construction Ideas

The steps for predicting short-term gas concentrations at the tunnel palm face are as
follows:

Step 1: Data source: Extraction of gas data from the database based on online monitor-
ing data from field sensors;

Step 2: Data processing: Pre-processing of missing data values and outliers to obtain
sample datasets;

Step 3: Model comparison: Building a gas prediction model based on multiple intel-
ligent computational methods and testing the model errors and comparing them by the
stepwise trial and error method to select the best training model for the dataset;

Step 4: Stepwise prediction: Using a combination of single-step and multi-step step-
wise prediction means, the extrapolation performance of the model is studied using a
rolling prediction method, using a grid search to determine the hyperparameters, while
considering the effect of different input steps and interval steps on the model performance,
to determine the optimal combination of parameters for stepwise prediction, and finally to
achieve the short-term prediction of gas concentrations at a future moment or time period.

2.3. Dataset Preprocessing

In order to prevent the problems of excessive model prediction error and overfitting
due to insufficient sample size in model training, this paper refers to the four-step method
of the sample size calculation [24], and the minimum sample size was estimated to be about
600 h based on certain empirical parameters. In selecting the sample size of the data, the gas
concentration data were taken from the real-time air exhaust gas concentrations collected
by the tunnel automatic monitoring system crossing the same coal seam working face, with
a sampling time of 30 d in April 2022 and a time node of a 1 h equidistant interval, for a
total of 720 > 600 h.

As gas monitoring data are affected by a number of factors such as process cycle
operations, i.e., construction process cycle operation, fan capacity adjustment, and sensor
interference or failure, there are often missing values and abnormal values. If they are
removed, this will not only destroy the time series and data stability of the data themselves,
but also lead to low accuracy of model prediction due to the lack of data samples.

Therefore, the average value is used to correct the abnormal value that is the aver-
age value of the first, and the last non-abnormal values is used to replace the abnormal
value [25], so as to reduce the influence of data anomalies on the performance of the predic-
tion model. In addition, if the data sample itself does not have many missing values, the
number of the original gas sequences and the number of the missing values are determined
and the missing values are filled in using cubic spline interpolation [26]. The dataset was
divided according to the following proportion: 70% was used as a training set for network
training, and 30% as a test set for out-of-sample prediction, namely 504 training sets and
216 test sets, as shown in Figure 2.

Aiming at the time series prediction requires a certain sequence length of data input.
The innovation of the model prediction method was that the training set was transformed
into multiple training sub-samples of n groups of m-dimensional vectors by using a sliding
window with a step length of 1 h, and then the rolling prediction was realized by using
the previous output results as the input data [27,28]; where m = input step + output step,
the input step is the sub-length of the training data sequence, and the output step is the
predicted sequence length. The prediction of gas concentration with different steps can
be completed by inputting different steps, i.e., the prediction performance of the model
with different steps can be studied by updating the input value through continuous sliding
prediction by rolling prediction. Step = 1 is single-step prediction; step ≥ 2 is multi-step
prediction. The rolling prediction diagram is shown in Figure 3.
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Figure 2. Sample gas data.
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Figure 3. Scroll prediction schematic.

The single step mentioned in this paper represents an hour: 24 h a day is 24 steps.
The sample set of 30 days resulted in a total of 720 steps, corresponding to the horizontal
coordinates of the original data sample shown in Figure 2. Single-step prediction, also
known as one-dimensional one-step prediction, is based on one-dimensional time series,
using the previous steps (previous hours) as the input variable interval n steps (interval
several hours) to predict the average gas concentration of a future step (a certain hour).
Multi-step prediction is also called single-dimensional multi-step prediction, which means
that the average gas concentration of a certain step in the future is predicted by using
the previous steps as the input variables and interval n steps, where interval 0 steps are
multi-step continuous prediction.

2.4. Model Parameter Settings

Super-parameter selection can significantly increase the LSTM network model’s pre-
dictive accuracy [27], the number of input, output, and interval steps in a batch of training,
the random inactivation rate (dropout), the number of training sessions (epoch), the number
of layers (L) of the LSTM hidden layer, and the number of hidden layer neurons (rnn unit).
The interval between the projected value and the actual value is represented by the interval
step. Some super-parameters were trained using the grid search approach to guarantee the
accuracy of gas predictions. Stepwise prediction was accomplished using the data sliding
window in the code, as shown in Table 1 below.
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Table 1. Super-parameter selection.

Serial Number Hyper Parameter Grid Search Scope

1 epoch [50,100,150,200,250,300]
2 dropout [0.1,0.2,0.3,0.4,0.5,0.6]
3 rnn unit [4,8,12,16,20,24]
4 output step [1,2,3,4]
5 interval step [0,1,2]

The LSTM prediction model is composed of a single hidden layer and a dense full
connection layer, and the dropout layer is set up in the LSTM layer to prevent overfitting.
The batch size was set to 1, MSE was utilized as the loss function, and the learning rate was
set to lr = 0.001 in order to maximize the suggested model structure. The samples were
trained using the Adam optimizer. To reduce the discrepancy between the predicted value
and the actual value, the connection weights within the network were changed after each
iteration.

2.5. Model Evaluation Indicators

Relative error (δ), mean absolute error (MAE), coefficient of determination (R2), and
root mean square error (RMSE) were employed as evaluation indicators in order to ob-
jectively assess the model’s suitability [19]. The accuracy of the prediction outcomes was
inversely correlated with the values of, MAE, and RMSE; the smaller the value, the better
the accuracy. The more closely the R2 number approached 1, the more accurate the forecast.
The following were the ways for calculating errors:

δ =

�
yi − yi

yi
(7)

MAE =
1
n

n

∑
i=1

∣∣∣yi−
�
yi

∣∣∣ (8)

RMSE =

√√√√√ 1
n

n

∑
i=1

(
yi−

�
yi

)2

(9)

R2 =

⎛
⎜⎜⎜⎜⎜⎜⎝

n

∑
i=1

(yi − y)
(
�
yi − y

)
√√√√ n

∑
i=1

(yi − y)
2
√√√√ n

∑
i=1

(
�
yi − y

)2

⎞
⎟⎟⎟⎟⎟⎟⎠

2

(10)

where
�
yi represents the i-th predicted value, yi represents the i-th real value, y represents

the average value of the real data, and n represents the number of predicted points.

3. Result and Discussion

A tunnel with a total length of 6044 m is located in an alpine and high-altitude area.
According to the advanced geological prediction, the tunnel under construction crosses
a coal stratum, and when the advance geological borehole was being constructed at the
ZK37+845 palm face of the left tunnel, the gas concentration was detected as high as 2.5%
in the left- and right-side boreholes 2 m from the bottom plate. The geological structure
of coal measures would be destroyed during tunnel excavation, and a huge quantity of
dangerous gases would be produced readily, according to on-site monitoring and analysis.
Gas, a small amount of hydrogen sulfide, and carbon monoxide are the principal hazardous
gases.
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As known from the engineering geology report, the tunnel follows the left and right
holes and has coal strata that are at least 1400 m long. Using the aforementioned engineering
background as a foundation, this paper employed a variety of intelligent calculation
techniques to create prediction models, train the samples to choose the best model, and
then make stepwise predictions of the gas concentration at the palm face based on this
model.

3.1. Model Comparison

Multiple intelligent algorithms, including the regression vector machine (SVR), multi-
layer perceptron (MLP), gated loop unit (GRU), and long short-term memory network
(LSTM), were used to construct prediction models for comparison in order to choose the
best prediction model for the sample. The preprocessed data were used as the sample
dataset in this study, and the relative error (δ), average absolute error (MAE), decisive
coefficient (R2), and root mean square error (RMSE) were used as the evaluation indices. To
compare the performance of the four prediction models, the minimum evaluation index of
the model was chosen. According to the test set, various models′ test sample prediction
curves were drawn, as seen in Figure 4.
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Figure 4. Prediction effect of test samples with different models; (a) Comparison of single prediction
models; (b) Comparison of relative error curves.

Zoomed in on a total of 48 data points from the two days after the test sample,
Figure 4a demonstrates that the four prediction models fit in a descending order
from LSTM > GRU > MLP > SVR at the crest, trough, extreme value point, and inflection
point. The relative errors of SVR and MLP are within 12% and 8%, respectively, as can
be shown from Figure 4b. The fluctuation range is wide and the accuracy is low when
compared to the other two single prediction models. GRU was within ± 6%, with high
accuracy. Nonetheless, LSTM was largely maintained at 3%. The prediction performance
at the extreme point was better and the overall error was reduced by two times when
compared to GRU, showing that the model was better able to capture the correlation
between historical monitoring information.

In order to objectively investigate the performance indices and further assess the
model’s predictive accuracy, the MAE, RMSE, and R2 values of the four prediction models
were extracted. According to Table 2, the LSTM network model had a fitting degree R2 of
about 0.94, and the MAE and RMSE values were the smallest among the three prediction
models, which provided it a greater prediction accuracy and better generalization ability
on the test set. Therefore, the preferred LSTM network prediction model was used as the
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optimal prediction model for this sample to provide some basic support for the subsequent
stepwise prediction of gas.

Table 2. Model prediction performance comparison.

Serial Number Prediction Method MAE RMSE R2

1 SVM 0.0381 0.0532 0.854
2 MLP 0.0376 0.0468 0.879
3 GRU 0.0355 0.0484 0.913
4 LSTM 0.0318 0.0430 0.942

3.2. Analysis of Single-Step Prediction Results
3.2.1. Different Input Time Steps

As can be seen from the model parameter settings, the predictive performance of the
model was determined by a number of hyperparameters together, the most important of
which was the determination of the input step for the rolling prediction subsamples [20].
When determining the input step length, it was difficult to capture the long-term depen-
dence of the sample if the step length was too short, and if it was too long it could result in
redundant information and reduced learning efficiency [21]. It was therefore important to
use a suitable input step length for the prediction of gas concentration trends in order to
better suit the prediction needs of the various operational processes in the actual project
and to reduce the complexity of the training model. Considering that the duration of each
construction process was 2~4 h, the data themselves had the characteristics of randomness,
periodicity, volatility, and mutation. In this paper, firstly, based on the preferred LSTM
network prediction model, the complete period of single or multiple process change trends
was used as the input step length, and the actual capacity of the dataset was combined to
set the input step between 1 and 10. Then, considering the influence of the interval step, the
single-step prediction model was established by selecting the step length with less loss and
error. Three evaluation indexes were used to evaluate the prediction effect of the model
under different output step lengths as shown in Figure 5.

The model’s predictive performance was influenced by a variety of hyperparameters,
the most significant of which was the choice of the input step for the rolling prediction
subsamples, as can be seen from the model parameter settings [20]. A little step length
made it impossible to capture the sample’s long-term reliance, while a big step length might
lead to redundant information and decreased learning effectiveness [21]. Therefore, it was
important to use appropriate input steps for predicting gas concentration trends in order to
better suit the prediction needs of each work process in the actual project and to reduce
the complexity of the training model. Considering that the duration of each construction
process on site was 2–4 h, this made the data inherently random, periodic, fluctuating, and
mutable. In order to better meet the prediction requirements of each work process in the
actual project and to lessen the complexity of the training model, it was critical to select
the appropriate input step length for predicting gas concentration trends. The data were
intrinsically random, periodic, variable, and mutable because each construction process on
site lasted between two and four hours.

As seen in Figure 5, when the input step length was 2~8, the model had a better
prediction effect under the evaluation index in 3, which also verified that neither the larger
the input step length nor the smaller the input step length resulted in the highest prediction
accuracy. However, the difference between the MAE and RMSE evaluation index values
under different output step lengths was not significant at time t + 1. From the curve fitting
degree determination coefficient R2, when the input step lengths were 2, 4, and 6, the gas
prediction data in the past 2, 4, and 6 h could make the model result in the best prediction
effect.
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Figure 5. Model prediction results under different output step lengths; (a) Predicted gas concen-
tration; (b) Mean absolute error (MAE); (c) Root mean square error (RMSE); (d) Coefficient of
determination (R2).

3.2.2. Analysis of the Effect of Single-Step Prediction

To find out how the interval step affects the accuracy of the gas concentration pre-
diction at a later time, the best time steps for the single-step predictions obtained above
were compared and examined. The single-step prediction effect exhibited a discernible
decreasing trend with an increase in the interval step, as shown in Figure 6a,c,e from the
peak, trough, extreme point, and inflection point of the curve. The relative error of the
forecast findings, however, can more accurately and intuitively convey the veracity of the
prediction effect. The relative inaccuracy of the single-step prediction effect also tended
to diminish to varying degrees as the interval step length was decreased, as shown in
Figure 6b,d,f. Meanwhile, the relative error of interval 0 step (interval 0) varied at 5% with
excellent accuracy, that of interval 1 step (interval 1) was roughly two to five times bigger,
and that of the prediction effect of interval 2 step (interval 2) was considerably higher.
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Figure 6. Single-step prediction effect diagram; (a) Input step-2; (b) The relative error of input
step-2; (c) Input step-4; (d) The relative error of input step-4; (e) Input step-6; (f) The relative error of
input step-6.
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The three evaluation indices typically exhibited a phenomenon of continuous deterio-
ration with the increase in the interval step, which results in poor accuracy and reliability
of prediction, as can be seen from Table 3. On the other hand, when the input step length
was moderate, the prediction effect of the model was better. When the anticipated value
for the following 1 h was 0.3337%, the curve fit R2 value was as high as 0.94 and the MAE
and RMSE values were likewise relatively minimum. Although there was only a 0.80 and
0.60 accuracy in predicting the gas value at times t + 2 and t + 3, in the future, accurate,
efficient, convenient, and synchronous gas rapid prediction technology can not only realize
synchronous monitoring and prevention with the automatic monitoring system on the spot,
but also serve as a guide for the following construction process.

Table 3. Comparison of single-step prediction comprehensive evaluation.

Interval Step Input Step Output Step Predicted
Value

Evaluating Indicator
MAE RMSE R2

interval 0
(t + 1)

2 1 0.3391 0.0331 0.0430 0.9268
4 1 0.3337 0.0318 0.0430 0.9422
6 1 0.3342 0.0337 0.0440 0.9388

interval 1
(t + 2)

2 1 0.3698 0.0624 0.0722 0.6534
4 1 0.3630 0.0567 0.0676 0.7970
6 1 0.3703 0.0583 0.0689 0.7629

interval 2
(t + 3)

2 1 0.3869 0.0724 0.0833 0.3410
4 1 0.3960 0.0745 0.0857 0.4318
6 1 0.3836 0.0719 0.0829 0.5946

3.3. Analysis of Multi-Step Prediction Results

In order to study the change trends of gas concentrations in a certain period of time
or a certain construction process in the future, the multi-step prediction was compared
under different input steps, output steps, and interval steps, and the influence of the multi-
step prediction on the prediction performance of the model was further discussed. The
interval 0 step was the continuous prediction. According to the analysis of the single-step
prediction, the input step lengths 2, 4, and 6 were used to explore the effect of multi-step
prediction.

3.3.1. Multi-Step Continuous Prediction Analysis

If the output step length of multi-step continuous prediction was n, there would n
data repetitions per rolling, which would increase the test set to n times. As can be seen
in Figure 7, the error would accumulate when the rolling prediction method was used
for extrapolation. With longer prediction step lengths, the effect of multi-step continuous
prediction also exhibited a discernible declining trend. The fit of the curve became worse
and the error increased with the increasing prediction step size, resulting in poor model
prediction accuracy. As a result, considering the degree of curve fitting, the forecast accuracy
revealed that the effects of successive single-step predictions (output step-1) were superior
to successive two-step predictions (output step-2) and superior to successive three-step
predictions (output step-3) and four-step predictions (output step-4), respectively.

The analysis of Table 4 reveals that the continuous two-step prediction’s curve fitting
degree R2 of 0.76 was 18% lower than that of the single-step prediction. However, when
compared to the continuous three- and four-step predictions, the MAE and RMSE values
were relatively the lowest and the accuracy was highest. Overall, as the number step of
prediction increased, the MAE and RMSE values rose, and the model’s prediction accuracy
rapidly deteriorated. The curve fitting degree deteriorated at the same time that the R2

index dropped. The accuracy of the continuous prediction of the following three and four
steps was less accurate than that of the previous two steps, but the R2 values of 0.70 and
0.60, respectively, also have some reference relevance.
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Figure 7. Comparison of multi-step continuous prediction; (a) Output Step-1; (b) Output step-2;
(c) Output step-3; (d) Output step-4.

Table 4. Comparison of multi-step continuous prediction.

Multi-Step Continuous Prediction Evaluating Indicator
Output Step Input Step MAE RMSE R2

output step-2
2 0.0460 0.0573 0.7592
4 0.0469 0.0578 0.7541
6 0.0462 0.0584 0.7741

output step-3
2 0.0538 0.0670 0.6845
4 0.0568 0.0698 0.7102
6 0.0549 0.0686 0.7272

output step-4
2 0.0583 0.0727 0.6016
4 0.0617 0.0753 0.6277
6 0.0605 0.0744 0.5783

3.3.2. Multi-Step Interval Prediction Analysis

The outcomes of the multi-step sequential predictions suggest that the more step in
the prediction, the worse the corresponding prediction. Therefore, to increase the output
step length of the model training, the number of output steps was chosen to be two for
multi-step interval prediction to further explore the prediction performance of the model.
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The multi-step prediction effect is shown in Figure 8 a,c,e below to be broadly equiva-
lent to the single-step prediction effect, both showing a clear pattern of a declining curve
fit as the interval step increases, with continuous prediction having the highest accuracy.
Figure 8b,d,f show that the relative inaccuracy of the multi-step prediction increases along
with the lengthening of the interval step. The interval 0 step relative errors varied approxi-
mately 14%, with outstanding accuracy; the interval 1 step relative errors were roughly two
to three times higher than those for the interval 0 step, and the interval 2 step prediction
effect relative errors were significantly higher. As a result, the accuracy of the prediction
findings was more influenced by the number of interval steps. According to the degree
of curve fitting, the effect of each interval’s prediction inaccuracy was as follows: interval
0 > interval 1 > interval 2.

Table 5 shows that interval prediction significantly affected the outcome of the predic-
tion. The accuracy of multi-step interval prediction is equal to that of single-step interval
prediction in terms of the three indicators, with the individual evaluation indicators and
associated prediction accuracy declining with the increasing interval step size. Although
the interval 0 step prediction’s R2 value of 77% was higher than in intervals 1 and 2, the
difference in values is insignificant in terms of the number of times the anticipated values
will repeat. Therefore, the interval 0 step was used to predict the gas concentration in the
early stage of a process in the face of the palm, and the values of the follow-up interval
1 and 2 steps can provide reference for the field.

Table 5. Comparison of multi-step interval predictions.

Multi-Step Interval Prediction Predicted Value/% Evaluating Indicator
Interval Step Input Step Output Step Value 1 Value 2 MAE RMSE R2

interval 0
(t + 1~t + 2)

2 2 0.343 0.357 0.0460 0.0573 0.7592
4 2 0.344 0.364 0.0469 0.0578 0.7541
6 2 0.338 0.369 0.0462 0.0584 0.7741

interval 1
(t + 2~t + 3)

2 2 0.368 0.381 0.0652 0.0762 0.6002
4 2 0.371 0.404 0.0679 0.0797 0.6165
6 2 0.382 0.410 0.0717 0.0834 0.6135

interval 2
(t + 3~t+4)

2 2 0.380 0.395 0.0732 0.0852 0.2786
4 2 0.383 0.412 0.0763 0.0887 0.3897
6 2 0.375 0.413 0.0752 0.0881 0.3761

3.4. Comparison of Stepwise Prediction Effects
3.4.1. Comparison of Single and Multi-Step Prediction Effects

In order to explore the trend of the gas concentration value at a certain point in the
future or the change of gas concentration within a certain time period for each construction
process at the palm face, the optimal values of the distribution prediction for the three
evaluation indicators with different output steps and interval steps were extracted and
analyzed separately for comparison, as shown in Tables 6 and 7 below.

Table 6. Comparison of stepwise sequential predictions.

Evaluation Indicators Output Step-1 Output Step-2 Output Step-3 Output Step-4

MAE 0.032 0.046 0.055 0.062
RMSE 0.043 0.058 0.069 0.075

R2 0.942 0.774 0.727 0.628

367



Sustainability 2022, 14, 12998

 

0 60 120 180 240 300 360 420

-48

-24

0

24

48

72

R
el

at
iv

e 
er

ro
r(

%
)

time (h)

 interval 0
 interval 1
 interval 2

 

(a) (b) 

0 60 120 180 240 300 360 420

0.29

0.36

0.44

0.51

0.58

0.66

G
as

 c
on

ce
nt

ra
tio

n(
%

)

time (h)

 true
 interval 0
 interval 1
 interval 2

 
0 60 120 180 240 300 360 420

-48

-24

0

24

48

72
R

el
at

iv
e 

er
ro

r(
%

)

time (h)

 interval 0
 interval 1
 interval 2

 
(c)  (d)  

 
0 60 120 180 240 300 360 420

-48

-24

0

24

48

72

R
el

at
iv

e 
er

ro
r(

%
)

time (h)

 interval 0
 interval 1
 interval 2

 
(e) (f) 

0 60 120 180 240 300 360 420

0.29

0.36

0.44

0.51

0.58

0.66

G
as

 c
on

ce
nt

ra
tio

n(
%

)

time (h)

 true
 interval 0
 interval 1
 interval 2

0 60 120 180 240 300 360 420

0.29

0.36

0.44

0.51

0.58

0.66

G
as

 c
on

ce
nt

ra
tio

n(
%

)

time (h)

 true
 interval 0
 interval 1
 interval 2

Figure 8. Multi-step interval prediction effect comparison; (a) Input step-2; (b) The relative error of
input step-2; (c) Input step-4; (d) The relative error of input step-4; (e) Input step-6; (f) The relative
error of input step-6.
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Table 7. Comparison of single-step and multi-step predictions.

Stepwise Prediction
Interval 0 Interval 1 Interval 1

MAE RMSE R2 MAE RMSE R2 MAE RMSE R2

Single-step
prediction 0.032 0.043 0.942 0.057 0.068 0.800 0.072 0.083 0.600

Multi-step
prediction 0.046 0.058 0.774 0.068 0.080 0.617 0.076 0.089 0.390

Decay rate 30.40% 25.90% 17.80% 16.20% 15% 22.80% 5.30% 6.70% 35%

Table 6 shows that when the stepwise continuous prediction step length increases, the
three evaluation indices continue to worsen, and that there is a general downward trend
in the model’s prediction performance. Although the accuracy of single-step prediction
is higher than that of multi-step prediction, the trend of gas concentration predicted by
multi-step prediction was more significant for short-term field construction. The optimal
step length of single-step and multi-step were extracted respectively to further explore the
effect of stepwise interval prediction on the performance of the model (see Table 7).

Among them, the comparison of stepwise interval prediction as shown in Table 7 are
as follows:

(1) As the interval step length increases, the three assessment metrics for both single-step
and two-step predictions continue to degrade, which also affects the model’s accuracy.
For the identical single-step prediction instance, the MAE, RMSE, and R2 metrics
decreased from 0.032, 0.043, and 0.942 to 0.057, 0.068, and 0.80 correspondingly for
interval 0 step compared to interval 1 step, a decrease of 43.8%, 36.7%, and 15%,
respectively. This is shown by the fact that interval 0 step prediction generalized more
accurately and learned the time series data’s features more efficiently;

(2) Under different interval steps, single-step prediction had a higher evaluation index
than two-step prediction. For instance, the single-step prediction’s MAE, RMSE, and
R2 metrics for the interval 0-step scenario are, respectively, 30.4%, 25.9%, and 17.8%
lower than the 2-step predictions. This result verifies that the model takes into account
the results of the previous prediction step when making rolling prediction, allowing
errors to accumulate. The prediction error at each step increased as the length of
prediction step increased, thus causing the predicted sequence to deviate from the
original sequence. That is, the bigger the length of the output step, the more errors
would be accumulated, which in turn leads to a poorer accuracy of the model.

3.4.2. Parameter Selection and Model Optimization

The output step and interval step length will significantly lessen the temporal depen-
dence between data, which will have a significant impact on the accuracy of the prediction
results, according to the discussion results of the aforementioned stepwise prediction.
The outcomes of continuous versus interval forecasts and single-step versus multi-step
predictions are compared in this study, and the best set of parameters is chosen, as shown
in Table 8.

Table 8. Stepwise prediction of optimal parameters.

Serial Number Sliding-Window Optimal Parameters

1 input step 2, 4, 6
2 interval step 0, 1, 2
3 output step 1, 2, 3

The single-step continuous and interval prediction of gas concentration can be realized
by figuring out the best stepwise prediction parameters, and the gas concentration value at
any moment within the forecast range may be acquired. In order to achieve high accuracy
in the gas concentration change trend in the stepwise prediction range (t + 1~t + 5), it is
also capable of converting from single-step to multi-step prediction, as shown in Figure 9.
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Figure 9. Range of stepwise prediction.

Therefore, the results of stepwise prediction can not only dynamically predict the gas
concentration at a high level in the early stage of each construction process, but also provide
a reference for mastering the size and trend of gas concentration after the excavation of
the tunnel face in advance. At the same time, it can also provide some basic support and
time reserve for the site ventilation efficiency and construction progress, and then provide
an important guarantee for tunnel ventilation energy saving, efficient production and
construction safety.

Additionally, the data samples can be continuously expanded in conjunction with
the field automatic monitoring system to fulfill the goal of dynamic updating, which will
improve the generalizability of the model. In order to determine whether a more suitable
prediction model for the site and a more precise prediction of the trend of short-term gas
concentration in the future can be obtained, the prediction method of "adaptive grid search
method + real-time updating of data samples" was used, as shown in Figure 10.

input step output step
predict

1 2 3 t t+1 t+2

1 2 3 t t+1 t+2 t+3 t+4

predict
update

1 2 3 t t+1 t+2 t+3 t+4

predict
update

t+5 t+6

Model predicted values

Real-time update values

Figure 10. Real-time update of data sample—take 2 steps for example.
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4. Conclusions

Aiming at the tunnel gas disaster can produce major safety problems such as combus-
tion, explosion, and coal and gas outbursts. This paper proposed a stepwise prediction
method which is based on the optimal network prediction model for gas disaster prevention
during the construction period of tunnels at the excavation workface.

(1) The gas prediction models were built separately based on various intelligent comput-
ing methods in this paper, and the model errors were trained and compared through
a stepwise trial-and-error method. The optimal LSTM network model suitable for
this dataset was finally preferred. The rolling prediction method was then used to
extrapolate the single- and multi-step prediction models to determine their optimal
parameter sets by the adaptive grid search method, thus overcoming the detrimental
effect of relying on the empirical selection of hyperparameters on improving the
prediction performance of the models and improving their prediction performance;

(2) The model performance is strongly influenced by the length of output step and
interval step. The results show that single-step prediction is more accurate than multi-
step prediction at different output step lengths, and the model performance decreases
as the output step length increases. At different interval step lengths, continuous
prediction is more accurate than interval prediction, and the model performance tends
to decay significantly with increasing interval step lengths;

(3) The method not only achieves accurate single-step prediction for future time t + 1,
but also achieves the transformation from single-step prediction to multi-step trend
prediction, and obtains accurate prediction of the trend of gas concentration change
within the step-by-step prediction range (t + 1~t + 5). It can play an effective role in
controlling and preventing the occurrence of gas disasters and reducing the possibility
of casualties caused by gas disasters.

With the application of deep learning theory to gas prediction, optimization of predic-
tion models in conjunction with continuous lengthening of training sample sizes for field
monitoring systems and consideration of multiple factors will be the focus of subsequent
research.

Author Contributions: P.L. and K.L. proposed the research. F.W. and Z.Z. prepared figures and
tables, and interpreted the structural data. S.C. and L.C. developed the main ideas. All co-authors
actively contributed to the manuscript with comments, ideas, and suggestions. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was financially supported by the National Natural Science Foundation of China
(NSFC) (Grant No. 51804055), Chongqing Natural Science Foundation (Distinguished Youth Fund)
project (cstc2021jcyj-jqX0012).

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(NSFC) (Grant No. 51804055) and the Chongqing Natural Science Foundation (Distinguished Youth
Fund) project (cstc2021jcyj-jqX0012). The authors also thank the editor and anonymous reviewers for
their useful advice.

Conflicts of Interest: The authors declare no potential conflict of interest with respect to the research,
authorship, and/or publication of this paper.

References

1. Zhao, L.T.; Zhao, Y.; Su, P.D.; Quan, F.; Zhu, Q.W.; Zhao, C.J. Study on the construction safety management of toxic and harmful
gases in non-coal strata tunnel. Mod. Tunn. Technol. 2020, 57, 4.

2. Li, K.; Li, P.L.; Cai, S.; Cheng, L.; Yao, X.F. Research on Tunnel Harmful Gas Control Technology Based on Fuzzy Control.
Tunn. Constr. 2022, 42 (Suppl. S1), 120–127.

3. Kang, X.B.; Xu, M.; Ding, R. Discussion on Danger Assessment of Gas Disaster in Tunnel. J. Railw. Eng. Soc. 2010, 38, 2.

371



Sustainability 2022, 14, 12998

4. Xie, H. Research review of the state key research development program of China: Deep rock mechanics and mining theory.
J. China Coal Soc. 2019, 44, 1283–1305.

5. Wu, F.; Huo, Y.; Gao, J. Coal mine gas emission prediction method based on random forest regression. Ind. Mine Autom. 2021, 47,
102–107.

6. Wang, L.; Liu, Y.; Liu, Z.Z.; Qi, J.Y. Research on prediction model for gas emission based on IABC-LSSVM. Transducer Microsyst.
Technol. 2022, 41, 34–38.

7. Shi, S.; Wu, A. Application of GM (1,1) and line regression for predicting amount of mine gas emission in coal mine.
J. China Coal Soc. 2008, 4, 415–418.

8. Wei, C.; Li, Y.; Sun, J.; Mi, H.; Li, J. Gas emission rate prediction in coal mine by grey and separated resources prediction method.
J. Min. Saf. Eng. 2013, 30, 628–632.

9. Huang, W.; Tong, M.; Ren, Z. Nonlinear Combination Forecast of Gas Emission Amount Based on SVM. J. China Univ. Min.
Technol. 2009, 38, 234–239.

10. Hu, X.F.; Belle, J.H.; Meng, X. Estimating PM2.5 concentrations in the conterminous United States using the random forest
approach. Environ. Sci. Technol. 2017, 51, 6936–6944. [CrossRef]

11. Kuang, L.; Zhao, W.; Yu, Y. Research on the Prediction Model and Case of Coal and Gas Outburst in Tunnel by Using BP Neural
Network. J. Railw. Eng. Soc. 2018, 35, 56–61.

12. Fu, H.; Xie, S.; Xu, Y.; Cheng, Z. Gas emission dynamic prediction model of coal mine based on ACC-ENN algorithm. J. China
Coal Soc. 2014, 39, 1296–1301.

13. Liu, J.; An, F.; Lin, D.; Go, Z.; Zhang, L. Prediction of gas emission from coalface by intrinsic mode SVM modeling.
Syst. Eng.-Theory Pract. 2013, 33, 505–511.

14. Zhang, Y.; Pan, G.; Chen, B.; Han, J.Y.; Zhao, Y.; Zhang, C.H. Short-term wind speed prediction model based on GA-ANN
improved by VMD. Renew. Energy 2020, 156, 1373–1388. [CrossRef]

15. Yang, H.; Pan, Z.; Bai, W. Review of Time Series Prediction Methods. Comput. Sci. 2019, 46, 21–28.
16. Zheng, H.; Cheng, Y.; Hu, Y. Air Quality Prediction Based on MLP&ST Model. J. Appl. Sci. Electron. Inf. Eng. 2022, 40, 302–315.
17. Cheng, Z.; Zhang, X.; Liang, Y. Railway Freight Volume Prediction Based on LSTM Network. J. China Railw. Soc. 2020, 42, 15–21.
18. Zhang, Z.; Zhu, Q.; Li, Q.; Liu, Y.; Zhang, E.H.; Zhao, Q.M.; Qing, X.F. Prediction of Mine Gas Concentration in Heading Face

Based on Keras Long Short Time Memory Network. Saf. Environ. Eng. 2021, 28, 61–67.
19. Li, W.; Wang, L.; Wei, C. Application and design of LSTM in coal mine gas prediction and warning system. J. Xi′an Univ. Sci.

Technol. 2018, 38, 1027–1035.
20. Wang, B.W.; Wang, J.X.; Wang, T.Y.; Zhang, Z.Q.; Liu, Y.; Yu, H. An encoder-decoder multi-step traffic flow prediction model

based on long short-time memory network. J. Chongqing Univ. 2021, 44, 71–80.
21. Yang, Y.; Lin, Y. Multi-step forecasting of stock markets based on fuzzy time series model. Comput. Eng. Appl. 2014, 50, 252–256.
22. Hochreiter, S.; Schmidhuber, J. Long short term memory. Nat. Comput. 1995, 9, 1735–1780. [CrossRef] [PubMed]
23. Lecun, Y.; Bengio, Y.; Hinton, G. Deep learning. Nature 2015, 521, 436–444. [CrossRef] [PubMed]
24. Riley, R.D.; Ensor, J.; Snell, K.I.E.; Harrell, F.E.; Martin, G.P.; Reitsma, J.B.; Moons, K.G.M.; Collins, G.; Van Smeden, M. Calculating

the sample size required for developing a clinical prediction model. BMJ Br. Med. J. 2020, 368, m441. [CrossRef]
25. Wang, J.; Li, W. Ultra-short-term forecasting of wind speed based on CEEMD and GWO. Power Syst. Protect. Control 2018, 46,

69–74.
26. Cheng, Z.; Ma, L.; Zhang, Y. Prediction of spatiotemporal distribution of gas concentration based on LSTM-FC model.

Comput. Eng. Appl. 2020, 56, 258–264.
27. Wang, J.; Li, X.; Zhou, X.D.; Zhang, K. Ultra-short-term wind speed prediction based on VMD-LSTM. Power Syst. Protect. Control

2020, 48, 45–52.
28. Zhao, H.S.; Wang, K.; Wang, Z.; Liu, B.C.; Peng, Y.H. Temperature prediction of box-type transformer high-voltage bushing based

on VMD-MGRU. Electr. Mach. Control 2021, 25, 18–28.

372



Citation: Wang, M.; Du, W.; Wang, Y.;

Li, X.; Qiu, L.; Yu, B.; Niu, Z.; Zhang,

D. The Effects of True Triaxial

Loading and Unloading Rates on the

Damage Mechanical Properties of

Sandstone. Sustainability 2022, 14,

11899. https://doi.org/10.3390/

su141911899

Academic Editors: Xiangguo Kong,

Dexing Li and Xiaoran Wang

Received: 16 August 2022

Accepted: 12 September 2022

Published: 21 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

The Effects of True Triaxial Loading and Unloading Rates on the
Damage Mechanical Properties of Sandstone

Man Wang 1, Weihang Du 2, Yingwei Wang 1, Xinjian Li 1,3, Liming Qiu 4, Beichen Yu 2, Zehua Niu 1,2

and Dongming Zhang 2,*

1 China Pingmei Shenma Group, State Key Laboratory of Coking Coal Exploitation and Comprehensive
Utilization, Pingdingshan 467000, China

2 State Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongqing University,
Chongqing 400000, China

3 State Key Laboratory Cultivation Base for Gas Geology and Gas Control, Henan Polytechnic University,
Jiaozuo 454000, China

4 Key Laboratory of the Ministry of Education for Efficient Mining and Safety of Metal Mines,
University of Science and Technology Beijing, Beijing 100083, China

* Correspondence: zhangdm@cqu.edu.cn

Abstract: Coal is the main energy source in China. In the process of coal resource mining, the
surrounding rock of roadways is often in the complex stress environment of “three heights and one
disturbance”. At the same time, rocks in the stratum are often in a three-way unequal pressure state
under the action of geological structure, and conventional rock mechanics tests cannot study the
mechanical properties of rocks under actual stress conditions; thus, this is based on the self-developed
true triaxial multifunctional fluid–structure coupling test system to study the damage mechanical
Properties of Sandstone. The results are shown as follows: With an increase in loading rate, the
peak damage Dcr of sandstone decreases, but the initial damage Da increases in the elastic stage,
and the brittleness of sandstone weakens. With the increase in the unloading rate, Dcr increases,
but Da decreases in the elastic stage, and the sandstone brittleness increases first, then decreases.
In addition, the peak maximum principal strain ε1max first decreases rapidly and then slowly; the
peak minimum principal strain ε3max increases first, then decreases slowly, and increases slowly; the
peak intermediate principal strain ε2max decreases slowly; and the peak volume strain εvmax increases
rapidly first and then slowly with increases in the loading rate. With an increase in the unloading
rate, ε1max increases rapidly first, then decreases slowly, then increases rapidly and finally increases
slowly; ε3max first decreases slowly, then increases slowly, and finally decreases slowly; and ε2max

increases slowly then decreases slowly. εvmax decreases rapidly first and then increases slowly with
increasing loading rate.

Keywords: true triaxial; loading and unloading rate; damage; sandstone brittleness

1. Introduction

Due to the surging exploitation of coal resources in recent decades, shallow energy
cannot meet the growing demand of energy in China, which also makes the momentum of
deep energy exploration and exploitation soar. At the same time, with the increasing depth
of underground space engineering, safety controllability decreases, the stress conditions
are more complex, energy mining is more difficult, and costs are higher [1].

With increasing mining depth under complex stress conditions, the roadway surround-
ing rock is more prone to instability failure in the process of coal excavation, resulting in
casualties and economic losses. In addition, with increasing coal mining depth, it is easier
to induce coal and gas outburst, rock burst, and other dynamic disasters. At present, the
rock samples used in the tests cannot easily reflect the original occurrence environments
and stress paths in deep mines; deep field engineering requires long periods of time, and
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there is a lack of large-scale in situ monitoring research; therefore, the stress paths used in
the laboratory tests are not consistent with the field [2]. In deep mines, the thick and hard
bottom layer will produce higher mining stress, which will cause coal and rock roadways
to produce larger deformation and even rock burst [3].

To better understand the mechanical properties of deep rocks and prevent or reduce
the occurrence of these dangerous accidents, scholars at home and abroad have carried out
a large number of studies in indoor laboratories, focusing on the mechanical properties
of rocks under complex stress conditions. Xie et al. (2021) [4] conducted a conventional
three-week test with different depths of ground stress and found significant differences in
the physical and mechanical parameters of rocks at different depths. The results showed
different brittleness characteristics of rocks with different occurrence depths. For sandstone
with depth of 1600 m, the brittleness decreases with the increase in confining pressure
on the whole, showing a transition from brittleness to ductility to strain hardening, and
the post-peak plasticity gradually increases until it becomes completely plastic after the
peak. Li et al. (2022a) [5] defined rock failure parameters by carrying out true triaxial tests
and proposed a characterization method that could reflect the proportion of tensile and
shear fractures in the rock failure process. Liu et al. (2021) [6] found that, compared with
under the unloading path, granite required more energy when it was destroyed under the
loading path in the true triaxial test, but it was more dangerous under the unloading path.
Yin et al. (2019) [7] conducted a detailed study of the mechanical properties of sandstone
under different loading and unloading rates using a true triaxial testing machine and found
that tensile cracks were mostly concentrated on the unloading surface. Li et al. (2021a) [8]
used a TRW-3000 true triaxial testing machine to carry out loading and unloading tests
under different stress paths. Under DP criterion fitting, the cohesion and internal fric-
tion angle under loading conditions were higher than those under unloading conditions.
Chu et al. (2022) [9] used MRI to analyze the pore and fracture expansion of coal samples
after liquid nitrogen freezing and thawing. Quan et al. (2020) [10] used a true triaxial testing
machine and a high-speed camera to study the mechanical properties of marble under dif-
ferent unloading rates and found that the failure process was more stable when unloading
rate was lower, and the failure mode of marble changed from shear failure to shear tension
failure with the reduction in minimum principal stress. Roohollah et al. (2020) [11] studied
a wide range of rock properties and compiled a database, and they established a prediction
model of rock burst maximum stress and risk index. Chu et al. (2019) [12], through triaxial
cyclic loading and unloading tests on coal samples, found that the cumulative residual
strain is related to the number of cycles. The more cycles, the greater the cumulative
residual strain, but the relative residual strain gradually decreases, then stabilizes and
finally rises sharply. Meanwhile, the total energy of a coal sample increases exponentially
with increasing deviatoric stress. Zhai et al. (2020) [13] conducted the rock burst test under
the condition of single-side airborne true triaxial loading and combined high-speed camera
and SEM to study the results; they determined that the main reason for rock burst of
different rock types is differences in the internal microscopic structures of rocks and their
evolution under the different loading conditions. Danni et al. (2019) [14] found that the
initial static stress is the main important factor in dynamic failure through true triaxial
dynamic and static loading system research on rock dynamic failure. Su et al. (2016) [15]
used a true triaxial rock burst testing machine to study rock samples at different high
temperatures. The results showed that 300 ◦C was a critical point: The peak strength of
rock samples changed little when the temperature was less than 300 ◦C, and the kinetic
energy required by rock burst increased significantly when it was greater than 300 ◦C.
Xiang et al. (2009) [16] studied the mechanical behavior of rock with a single structural
plane under simulated excavation and support stress path using a true triaxial testing
machine. The results showed that stress state, support strength and the parameters of the
structural plane influenced the failure mode and support effect of rock with a structural
plane under this stress path. Qiu et al. (2022) [17] used Hilbert-H and multiple analysis
theory and studied the nonlinear characteristics of EMR and AE in re-coal cracking failure.
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The results showed that the EMR and AE of coal cracking failure were related to the coal
crack propagation process. Qiu et al. (2020) [18] established that the deformation and
fracture of coal rock was caused by the accumulation of discrete fractures in rock samples.
The time series obtained by the moving average method had a good correlation with the
inner coal rock fractures and had obvious characteristics of coal instability and dynamic
disaster precursor. Han et al. (2021) [19] carried out the true triaxial compression test
of pre-cracked rock, and the results showed that the failure behavior of the compressive
strength of the sample was related to the crack angle. The peak intensity decreased first and
then increased with increasing crack priority angle. Li et al. (2019a) [20] used a true triaxial
test system combined with CT scanning technology to study the mechanical properties
of sandstone under different medium principal stress, and the results showed that the
strength of sandstone increased first and then decreased with increases in medium principal
stress. Dong et al. (2018) [21] used a true triaxial testing machine to study the mechanical
properties of sandstone under biaxial compression and found that the fracture surface of
sandstone specimen was parallel to the directions of intermediate principal stress and mini-
mum principal stress, forming a large angle. Li et al. (2021b) [22] used a true triaxial rock
burst testing machine to conduct surrounding rock failure tests on samples under pre-static
load and dynamic disturbance and found that the threshold of rock burst occurrence and
the frequency and failure degree of rock burst increased with the continuous increase of
axial pressure. Li et al. (2022b) [23] used a true triaxial testing machine to study sandstone
with holes and found that the holes significantly degraded the mechanical parameters of the
specimen, and that the specimen entered the plastic yield stage in advance with decreasing
peak strength. Fan et al. (2018) [24] studied the unloading failure strength of red sandstone
under true triaxial conditions and found that the failure strength of red sandstone under
rapid unloading condition decreased in different levels compared with that under loading
condition. Wang et al. (2015) [25] studied the deformation and failure characteristics of frac-
tured rock mass around the roadway under true triaxial conditions. The fracture angle had
a great influence on the failure characteristics of rock mass; with the increase of the fracture
angle, the compaction phenomenon was obvious, the dilatancy phenomenon showed a
rising trend and the stress–brittle drop coefficient increased. Lee and Haimson (2011) [26]
used a true triaxial testing machine to study granodiorite and found that rock strength
increased with increases in intermediate principal stress. Wang et al. (2018) [27] performed
conventional and true triaxial tests, and the results showed that in the first three stages of
damage, evolution under the conditions of two different time and space distributions of
acoustic emission activities was basically the same. Under the condition of CTT, the fracture
surface of the test decreased with the increase of the confining pressure. However, under
the condition of TTT, it first decreased and then increased with increasing intermediate
principal stress. Wang et al. (2022) [28] used a true triaxial test system to study the me-
chanical properties of red sandstone under four different unloading stress paths and found
that the octahedral shear stress was linearly correlated with the average effective stress.
Hu et al. (2018) [29] used a true triaxial test system and DEM to study the characteristics
and mechanism of rock burst induced by disturbed stress and found that under true triaxial
test conditions, the test failure was mainly tensile splitting, and the generation of tensile
cracks generally preceded the generation of shear cracks. In addition, DEM simulation
results showed that weak dynamic rock burst was the result of tensile and shear failure.
Zhao et al. (2021) [30] used a true triaxial test system to study the mechanical properties of
sandstone under different loading and unloading rates and found that the bulk strain under
a low unloading rate was mainly caused by axial compression and that rock damage was
more serious at a high loading rate. Si et al. (2020) [31] conducted true triaxial testing on
specimens with round holes of 50 mm diameter and found that the axial stress of hole wall
failure increased with the increase of the loading rate, and the rock burst of the hole wall
was more serious when the loading rate was lower. Zheng and Feng (2019) [32] used a true
triaxial testing machine to study specimens with stress induction and found that with the
decrease in the intermediate principal stress, Young’s modulus decreased and the bilateral
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deformation increased. Duan et al. (2017) [33] used DEM to study the failure mechanism
of sandstone; the results show that macroscopic response to σ2 played an important role.
With the increase in σ2, peak stress increased after the first drop, and damaged the angle
increment obtained by numerical simulation increased. The influence of σ2 on Young’s
modulus, however, increased as σ3 and σ2 had less of an effect on the mechanical properties.
Ze et al. (2014) [34] used the true triaxial test system to study the effect of intermediate
principal stress and found that the intermediate principal stress coefficient had a quadratic
function relationship with rock strength. Li et al. (2019b) [35] used DEM to simulate the
unloading process of materials with cracks. With the increase in the unloading rate, the
more severe the failure was, the more the cracks split. Xiao et al. (2021) [36] carried out
laboratory tests and discrete element simulation to study the mechanical properties of
sandstone under the unloading condition of maximum principal stress. The results showed
that: with the increase in maximum principal stress, the bearing limit of sandstone could be
improved, but it was more likely to be destroyed when unloading. Kong et al. (2021) [37]
constructed the dynamic constitutive equation of gas-bearing coal under impact load
through an SHPB test, which clearly explained the influence of different conditions on the
dynamic mechanical properties of coal samples.

Kong et al. (2019) [38] studied the damage evolution mechanism of gas-bearing coal in
this process and the formation reasons of acoustic emission signals by carrying out loading
tests on gas-bearing coal. Du et al. (2015) [39] revealed the influence of intermediate
principal stress on the failure of platen by true triaxial unloading test. Zhao et al. (2014) [40]
used the true triaxial strain explosion test system to study the strain explosion process
by changing the unloading rate, and the results show that the strain explosion is more
likely to occur when the unloading rate is high. Fan et al. (2020) [41] used the true triaxial
test system to carry out the unloading test under cyclic load path. The research results
show that: with the increase of cyclic load before unloading, the elastic modulus and
unloading strength increase first and then decrease, and the failure mode of rock changes
from tensile failure to mixed tensile shear failure. Lu et al. (2021) [42] through uniaxial
compression, triaxial compression, and true triaxial unloading tests on basalt, the results
show that the stress–strain curves under uniaxial and true triaxial compression show strain
softening, and the stress–strain curves under triaxial compression show strain hardening.
Miao et al. (2011) [43] conducted rock burst tests on granite with the true triaxial testing
machine, and the results showed that the debris or irregular massive debris of granite was
related to stress conditions and boundary conditions.

The results of the above research have a guiding significance for understanding coal
dynamic disasters such as rock instability and rock burst in the process of coal mining,
and provide an important reference for studying the mechanical properties under different
actual triaxial loading and unloading conditions. In underground engineering construction
and mining processes, the surrounding rock stress state is complex, to better meet the
“three highs a disturbance” complex stress conditions; this research uses independent
research and development of the multifunctional fluid–structure coupling triaxial test
system for studying the sandstone under the different loading and unloading rates; the
complex stress conditions of the instability of the roadway surrounding rock were examined
in order to carry out the research.

2. Test Device and Scheme

2.1. Sample Device and Sample

Based on the self-developed true triaxial multifunctional fluid–structure coupling test
system (as shown in Figure 1), mechanical tests of true triaxial sandstone under different
loading and unloading rates are carried out. The system can provide the maximum pressure
of 6, 6 and 4 MN in three directions to meet requirements of this test [44].
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Figure 1. True triaxial fluid–structure coupling test system.

The samples taken in this test were from Mine No. 12 of PingMei ShenMa Groupin
China. The sample is a 100 × 100 × 100 mm cubic specimen with the end face flatness
within 0.02 mm. Young’s modulus E of the sandstone is 10.6 GPA, and Poisson’s ratio v of
the sandstone is 0.31. The apparent density is 2260 kg/m3. This indicates that there are
no obvious joints and fissures, in line with the standards of the International Society for
Rock Mechanics.

2.2. Test Scheme

To better meet conditions of field stress, the loading and unloading methods of this test
are σ3 single-side unloading and σ1 single-side loading. In this test, two sets of mechanical
tests were performed on the sandstone at different loading and unloading rates, named
group H and group G. For group H. The loading rate was kept the same and the unloading
rate was changed. For group G, the unloading rate was kept the same and the loading rate
was changed. The details of the test are shown in Table 1. The test stress path is shown in
Figure 2, and proceeds as follows:

Table 1. Test schemes of different loading and unloading rates.

Specimen
Number

Loading
Rate/(mm•1−)

Unloading
Rate/(kN•s−)

Specimen
Number

Loading
Rate/(mm•1−)

Unloading
Rate/(kN•s−)

H1 0.2 G1 0.001
H2 1 G2 0.003
H3 0.003 2.5 G3 0.005 1
H4 3 G4 0.008
H5 5 G5 0.012

First, the stresses in the three directions are added synchronously at40 MPa with a force
control of 2 kN/s. The σ3 remained unchanged, σ1 and σ2 continue to be simultaneously
loaded to 60 MPa. The σ2 and σ3 remained unchanged and σ1 continued to be loaded to
80 MPa. When the hydrostatic pressure was reached, the σ1 was loaded in a displacement
control way, and the σ3 was unloaded at a single side in a force control way. When the
sandstone sample broke, the test was stopped.
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Figure 2. Stress–strain characteristics.

3. Experimental Results and Analysis

3.1. Variation of Peak Strain and Peak Deviant Stress under True Triaxial Loading and
Unloading Rates

The peak stress and strain of rock are important indicators to measure the mechanical
properties of rock, and important mechanical parameters can be obtained from them. In
order to better analyze deformation characteristics of sandstone at different loading and
unloading rates, the curves of peak strain-loading (unloading) rate (Figure 3a) and peak
deviatoric stress-loading (unloading) rate (Figure 3b) were drawn.

 

Figure 3. Peak strain-loading (unloading) rate curve: (a): different loading rate conditions,
(b): different unloading rate conditions.
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In Figure 3a, εimax is the peak strain under different loading rates, and ViG is the
loading rate. It can be found from the figure that the peak maximum principal strain first
decreases rapidly and then decreases slowly as the loading rate increases. With the increase
in the loading rate, ε3max increases first and then slowly decreases, then slowly increases
and then slowly decreases, and ε2max decreases slowly with the increasing loading rate,
and εvmax rapidly first and then slowly with the increase in the loading rate. Meanwhile,
it can be found from Figure 3a that the variation of εvmax is basically consistent with that
of ε1max. ViH in Figure 3b is the unloading rate. It can be found from Figure 3b that ε1max
increases rapidly first and then slowly decreases with the increase in the unloading rate,
then increases rapidly and finally slowly increases. With the increase in the unloading
rate, ε3max firstly decreases slowly, then increases slowly, and finally decreases slowly. ε2max
increases slowly with the increase in the unloading rate. Eventually, it slowly decreased;
εvmax decreases rapidly first, and then slowly with the increase in the loading rate; the
variation in εvmax is similar to that of ε1max.

It can be found from Figure 4a that the peak deviational stress first increases, then
decreases rapidly, and finally slowly decreases as the loading rate increases. This is be-
cause the increase in loading rate accelerates the fracture rate of the sandstone specimen.
Although the loading rate is very high at this time, the time required for the rock to fracture
is also reduced, and the increase in the peak deviational stress is greatly reduced when the
unloading rate is high. It can be found from Figure 4b that the peak deviationic stress first
increases rapidly, then slowly, then rapidly, and finally slowly decreases with the increase
in the unloading rate. When the unloading rate is low, the increase in peak deviationic
stress is higher.

Figure 4. Peak deviatoric stress-loading (unloading) rate curve: (a): different loading rate conditions,
(b): different unloading rate conditions.

To better understand the influence of the increasing loading and unloading rate on
peak strain and deviational stress, the slope K of the line between the other four points is
plotted against G1 and H1, respectively. The value of K, based on G1 and H1, shows the
effect of the increasing loading and unloading rate on peak strain and deviational stress. At
the same time, K (displacement generated at unit loading and unloading rate) is an indicator
to analyze the influence of increasing loading and unloading rate on rock deformation and
strength. Table 2 shows the values of K for different loading rates, and a negative value
of K indicating a decreasing displacement. Kε1 represents the response of the increasing
loading rate to the displacement in the σ1 direction. Kε2 represents the response of the
increasing loading rate to the displacement in the σ2 direction. Kε3 represents the response
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of the increasing loading rate to the displacement in the σ3 direction. Kεv represents the
response to peak volume strain after increasing the loading rate. Kσ represents the response
to deviatoric stress as the loading rate increases.

Table 2. Slope K of the line between the other four points and the base point under the condition of
the loading rate.

Slope Number Kε1 Kε2 Kε3 KεV Kσ

G2-G1 −0.1168 0.0683 −0.1096 −0.1576 5.7574
G3-G1 −0.1360 0.0509 −0.0614 −0.1466 −6.1034
G4-G1 −0.1304 0.0466 −0.0428 −0.1263 −8.1351
G5-G1 −0.0932 0.0318 −0.0386 −0.1000 −4.5491

It can be found from Table 2 that Kε1 decreases first and then increases with the
increase in the loading rate, indicating that the response to ε1 becomes faster and then
slowly decreases with the increase in the loading rate, and the response to ε1 becomes
slower with the increase in the loading rate. With the increase in the loading rate, Kε2
decreases and Kε3 increases gradually. It shows that the response of ε2 to the increase in the
loading rate is slower and the response of ε3 to the increase in the loading rate is slower.
With the increase in the loading rate, KεV increases gradually, which means that εv responds
more and more slowly to the increase in the loading rate. In addition, it can be found from
the table that the absolute values of Kε1, Kε2 and Kε3 are the largest; thus, the fracture of
the sandstone specimen is dominated by the increase in ε1. It can be found from Table 3
that Kε1 and KεV decrease with the increase in the unloading rate. εv and ε1 respond slowly
to the increase in the unloading rate. Although Kε2 and Kε3 show no obvious change rule,
the change degree is not significant. At the same time, it can be found from the table that
the absolute values of Kε1, Kε2 and Kε3 are the largest, which means that under different
unloading rates, the increase in ε1 also leads to the failure of sandstone specimens.

Table 3. Slope K of the line between the other four points and the base point under the condition of
unloading rate.

Slope Number Kε1 Kε2 Kε3 KεV Kσ

H2-H1 128.57 9.57 4.88 123.885 11,970.26
H3-H1 60.61 8.1425 18.025 70.49 6503.73
H4-H1 60.59 12.3028 −1.9843 46.2986 4988.28
H5-H1 42.41 6.6945 4.4455 36.3055 3132.19

3.2. Damage Characteristics of Sandstone under True Triaxial Loading and Unloading Rates

In underground space engineering such as tunnels and roadways, damage to sand-
stone is associated with the conditions of excavation. To explore the damage properties of
sandstone under different opening conditions, real triaxial tests were performed at different
loading and unloading rates. Under realistic triaxial loading and unloading rates, the extent
of damage to the sandstone increases with the increase in time under three-dimensional
stress. For the intact sandstone, the initial damage variable D = 0. However, the sandstone
specimens we took in the laboratory were both macroscopically and microscopically de-
fective. To obtain more accurate damage variables, [45] Qin et al. (2018) optimized the
damage state of the traditional constitutive model which was based on Weibull statistical
damage mechanics. The damage value and the initial damage coefficient k were obtained
for each characteristic point:

m =
1

lnE − lnEM
(1)

σmax = Eεmax

(
ke−

1
m

)
(2)
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According to Equation (2), the initial damage coefficient k can be obtained:

k =
σmax

Eεmax
elnE − lnEM (3)

where m is the mean value of the materials; E is the elastic modulus of rock materials;
EM is the secant modulus of the peak, EM = σmax

εmax
; εmax is the maximum principal strain

of the sandstone peak. σmax is the peak maximum principal stress. Table 4 shows the
material coefficient m and the damage coefficient k for the sandstone specimens selected
for this test.

Table 4. Material coefficient and damage coefficient of the sandstone specimen.

Specimen
Number

Damage
Coefficient

Degree of
Material Mean

Specimen
Number

Damage
Coefficient

Degree of
Material Mean

G1 1.0000 2.0000 H1 0.9999 3.0894
G2 0.9858 2.2216 H2 0.9999 2.2216
G3 1.0000 2.3100 H3 0.9999 2.1465
G4 0.9999 2.8277 H4 0.9999 1.7948
G5 0.8892 3.0415 H5 0.9999 1.6428

Damage values for each characteristic point of the sandstone specimens can be ob-
tained from the damage coefficient, material mean value, peak maximum principal stress
and peak maximum principal strain:

Dcr = 1 − ke
−1
m ε (4)

Dth = 1 − ke
−1
m (1−Dcr)

m
(5)

Dc = 1 − ke
−1
m (1−Dcr)

2m
(6)

Db = 1 − ke−( 1
m )

m 1
m (1−Dcr)

m
(7)

Da = 1 − e(1−Dcr)
m −Dm

cr
m (8)

where Dcr is the peak damage value; Dth is the elastic limit point damage value, the end
point of the elastic damage; Db is the damage value at the half peak intensity point; Da is the
initial damage value for linear elasticity. According to Formulas (4)–(8) above, the damage
values of each feature point under different loading and unloading rates are calculated as
is shown in Tables 5 and 6. Figure 5 shows the distribution of each feature point.

Table 5. Damage values of feature points under different loading rates.

Specimen Number Dcr Dth Dc Db Da

G1 0.8636 0.00069 0.0000015 0.000021 0.00044
G2 0.7223 0.0258 0.0015 0.0044 0.0126
G3 0.7358 0.0264 0.0015 0.0052 0.0137
G4 0.6548 0.0793 0.0122 0.0284 0.0379
G5 0.6440 0.1055 0.0330 0.0481 0.0526

Table 6. Damage values of characteristic points under different unloading rates.

Specimen Number Dcr Dth Dc Db Da

H1 0.6791 0.0502 0.0053 0.0128 0.0235
H2 0.7223 0.0258 0.0015 0.0044 0.0126
H3 0.8581 0.0038 0.00005 0.00069 0.0033
H4 0.8918 0.0007 0.000002 0.000035 0.00048
H5 0.9477 0.00005 0.0000001 0.000002 0.00004
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Figure 5. Distribution diagram of each feature point.

As shown in Table 5, under the conditions of different real triaxial loading rates, such
as the direction of σ1 loading and the direction of σ3 unloading, the sandstone specimen
has little damage, with no microcrack occurring before the Dc line elastic damage ending
point. The rate of native crack propagation is slow. As the σ1 direction continues loading
and the σ3 direction continues unloading, the damage value increases significantly at the
elastic limit point of Dth, but the damage value of sandstone specimen H1 remains small
and can be ignored at this point; thus, crack growth and the development of H1 occur after
the elastic limit point of Dth. The remaining specimens are considered to have begun to
expand before Dth; thus, it can be found that the loading rate will affect the propagation
rate of the fissures in the rock. However, as can be seen from Figure 6 (D is damage value; V
loading rate) that shows the loading rate—damage value curve of each characteristic point,
the damage value of peak point decreases with the increase in the loading rate; G1 with the
lowest loading rate has the largest peak damage value. This is probably because the low
loading rate is more conducive to the increase in the number of cracks. At the same time, it
can be found from Table 5 that increasing the loading rate when it is low has a larger effect
on the peak damage value of sandstone than increasing the loading rate when it is high. In
addition, Dth, Dc, Db and Da all increase with the increase in the loading rate. When the
loading rate is low, Dth, Dc, Db and Da are small. This does not favor the initial damage of
the internal structure of sandstone during the elastic stage. Since damage to the rock begins
to expand from internal cracks, the macro damage to the sandstone specimen is easier and
faster when the unloading rate is higher. It can be seen from Table 5 that the damage of
sandstone specimens at different loading rates is mainly in the stage from Dth to Dcr.
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Figure 6. Loading rate–damage value curve of each characteristic point.

It can be found from Table 6, under the conditions of different loading and unloading
rates in the true triaxial, with the loading in the σ1 direction and unloading in the σ3
direction, that sandstone basically has no damage at the elastic limit point. As the direction
of σ3 continues unloading and the direction of σ1 continues loading, the only H1 and
H2 with a low unloading rate occur an obvious increase before the Dth elastic limit point.
Meanwhile, from Figure 7 (D is damage value; V1 is the unloading rate) the unloading
rate can be seen—the damage value curve of each characteristic point shows that Dth, Dc,
Db and Da all decrease with the increase in the unloading rate. With the increase in the
unloading rate, the initial damage rate of the internal structure of sandstone is slower, and
the reduction in the unloading rate causes more damage to the sandstone specimen during
the initial elastic stage. However, it can be seen from the figure that the peak damage value
increases with the increase in the unloading rate; thus, the internal damage of sandstone
can be accelerated when the unloading rate is low, but the number of cracks in macroscopic
failure will decrease. As the failure of rock begins to expand from the internal cracks, the
macro failure of the sandstone specimen is easier and faster when the loading rate is low,
but the damage to sandstone will be reduced. It can be seen from Table 6 that the damage
of the sandstone specimens with different unloading rates is mainly in the stage from Dth
to Dcr.
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Figure 7. Damage curves of unloading rate and each characteristic point.

Deviational stress is the main factor responsible for the macroscopic failure of the
internal structure. To analyze the damage response capacity of deviational stress to rock
under different loading and unloading rates, a deviational stress damage compliance Δq
is introduced:

Δq =
Dcr

σ1−3
(9)

where σ1–3 is the deviatoric stress difference between loading and unloading starting point
and peak point; Dcr is peak damage value, according to Equation (9). The deviational stress
calculated is shown in Figures 8 and 9.

It can be found from Figure 8 that as the loading rate increases, the deviational stress
damage compliance first decreases and finally increases, and the deviational stress response
capacity becomes slower. However, when the loading rate decreases to 0.12 mm·1−, the
response capacity of deviational stress to sandstone increases again, because when the
loading rate is too high, the bearing capacity of sandstone decreases.

From Figure 9, it is shown that with the increase of unloading rate of deviator stress
damage increase compliance, and the increasing rate is stable, but when the unloading
rate is lower, increased compliance deviatoric stress injury after unloading rate change
is small; therefore, when the unloading rate increased to a certain value, the deviatoric
stress damage compliance of sandstone began to stably increase and the response ability to
sandstone damage stably increased.

3.3. Brittleness Characteristics of Rock under True Triaxial Loading and Unloading Rates
3.3.1. Stress Brittle Drop Factor

In traditional materials, materials that produce large deformation but do not crack
are ductile materials with good ductility, or, on the contrary, are brittle materials. For rock
materials, the key to distinguishing brittle from ductile is the type of rock failure; that is, the
form of the rock failure process itself. Nowadays, there are many studies on rock brittleness
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under unicycle compression or triaxial confining pressure, but there are few studies on rock
brittleness under true triaxial condition [46].

Figure 8. Deviatoric stress damage flexibility–loading rate curve.

Figure 9. Deviatoric stress damage compliance–unloading rate curve.
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Figure 10 shows the stress–strain characteristic curve of specimen H3, calculated to be
47.12%. Based on the stress-brittle drop process of the non-vertical drop model derived
from Ge (1997), Shi et al. (2006) [47,48] determined the stress-brittle drop coefficient R in
combination with the typical stress–strain curve generalization diagram of rock (Figure 10):

R =
b
a

(10)

where a and b are strain-related parameters, a = εp − εn, b = εb − εp, εp is the maximum
principal strain of peak strength, εb is the maximum principal strain of residual strength,
and εn is the strain of residual strength corresponding to the initial loading stage. According
to Equation (10), the smaller R is, the more serious the stress brittle failure of rock is.

 
Figure 10. Classical stress–strain curves of brittle rocks.

3.3.2. Variation Characteristics of Specimen Characteristic Parameters under Different
Loading Rates

Under the same initial stress path and different loading and unloading rates, the stress
brittle drop coefficients and are function of the characteristic paramecium and the loading
rates, which can be expressed as follows:

R =
εb(v)− εp(v)
εp(v)− εn(v)

(11)

In the experiment, the characteristic parameters at different loading rates are shown in
Figure 11. As can be seen from Figure 11, the displacement of the maximum principal strain
direction at the peak strength point, the displacement of the residual strength point and the
residual strength point all showed an increasing trend for the displacement of the loading
section, and the increasing trend was basically the same. The dotted line in the figure
fitted curve: εn = −3714.729v2 + 0.254 + 91.639v; εp = −4594.288v2 + 0.519 + 94.123v;
εb = −5046.028v2 + 0.847 + 97.952v.
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Figure 11. Curves of the relationship between residual strength point, peak point and residual
strength point corresponding to the maximum principal strain displacement of loading segment
point and loading rate under different loading rates.

Combined results:

R(v) =
−451.74v2 + 0.328 + 3.829v
−879.559v2 + 0.265 + 2.484v

(12)

Equation (11) is the relation between stress brittle drop coefficient and loading rate at
different loading rates. Through Equation (11), the stress brittle drop coefficient at different
loading rates can be obtained, as is shown in Figure 12. With the increase in the loading
rate, the stress brittle drop coefficient increases, and sandstone brittleness weakens.

3.3.3. Variation Characteristics of Specimen Characteristic Parameters under Different
Unloading Rates

Under the same initial stress path and different unloading rates, the stress–brittle drop
coefficients and are functions of the characteristic parameters of the specimen, which can
be expressed as follows:

R =
εb(v)− εp(v)
εp(v)− εn(v)

(13)

In the experiment, the characteristic parameters at different unloading rates are shown
in Figure 13. As can be seen from Figure 13, the displacement of the maximum principal
strain direction at the peak strength point, the displacement of the residual strength point
and the residual strength point all show an increasing trend for the displacement of the
loading section, and the increasing trend was basically the same. The dotted line in the fig-
ure fitted curve: εn = 0.02046v2 + 0.96941− 0.18168v; εp = 0.01959v2 + 1.21853 − 0.20361v;
εb = 0.02705v2 + 1.55467 − 0.25897v.
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Figure 12. The relation curve between stress brittle drop coefficient and loading rate at loading rate.

Figure 13. Curves of the relationship between the maximum principal strain displacement and
unloading rate of the loading segment corresponding to residual strength point, peak point and
residual strength under different unloading rates.
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Combined results:

R(v) =
0.00746v2 + 0.33614 − 0.05536

−0.00087v2 + 0.24912 − 0.02193v
(14)

Equation (14) is the relationship between stress brittle drop coefficient and unloading
rate under different unloading rates. According to Equation (14), the stress brittle drop
coefficient under different unloading rates can be obtained. As is shown in Figure 14, with
the increase in the unloading rates, the stress brittle drop coefficient first decreases and the
sandstone brittleness increases, and then the sandstone brittleness decreases. When the
unloading rate is low, its brittleness remains relatively stable, and when the unloading rate
reaches 5 kN/s, it decreases sharply, which is caused by the vertical drop in the stress–strain
curve after the peak, which causes the abnormal increase in εb − εP. Therefore, this method
is not suitable for rock brittle assessment at high unloading rates.

 
Figure 14. The relation curve between stress brittle drop coefficient and unloading rate at different
unloading rate.

4. Discussion

In underground engineering construction, the risk of rock mass instability is often
reduced by slowing down the excavation rate and reducing the excavation footage, the
essence of which is to adjust the rate of surrounding rock stress loading and unloading
caused by excavation, so as to reduce the possibility of rock mass instability and rock
burst [49]. During underground excavations, high-stress areas are more prone to failure,
and rock mass instabilities and failures are frequent. Under the condition of high-stress
single-side unloading, the surrounding rock failure is the composite failure of tensile,
splitting and shear [50]. Huang and Huang, 2010, [51] conducted a triaxial unloading test in
the laboratory and found that the unloading rate and initial confining pressure have a great
influence on the brittleness and tensile fracture characteristics of rock, and this influence is
more obvious when unloading at high speed and high initial confining pressure. Whether
the roadway is stable is closely related to the supporting conditions and methods. Under
the condition of true triaxial single-plane in-flight test, the failure mode of rock samples
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changes from brittle cracking to dynamic rock burst failure with the increase in the failure
rate of support [52].

During coal mining and roadway excavation, the surrounding rock mass subjected
to disturbance stress undergoes instability failure, which is different for different degrees
of excavation depth and tunneling rate. According to the analysis in Section 3.2, the
peak damage value of sandstone decreases with the increase in loading rate for different
loading rates. In this case, the likelihood of inducing rock mass instability is lower, and
the excavation strength and turning rate can be appropriately increased to ensure rock
mass stability during mine excavation and roadway excavation. The damage value of
the sandstone increases with the off-loading rate in the case of a two-fold differential off-
loading rate. At this point, the likelihood of inducing rock mass instability increases. We
can reduce the mining intensity and reduce the running footage of the roadways through
the coal to ensure the stability of the rock mass. In addition, when the perturbation stress
of the surrounding rock mass is too high, the accumulated strain energy of the empty
rock mass is suddenly and violently released, resulting in an explosion-like brittle fracture
of the rock mass. Rockfalls can cause large amounts of rock to fall and produce loud
sounds and gas waves that can not only destroy mines but also endanger buildings on the
surface. According to the analysis in Section 3.3, the brittle failure of sandstone weakens
with increasing loading rate for different loading rates. However, the brittle failure of the
sandstone is enhanced as the loading rate is increased at different offloading rates. As
mentioned above, the offloading rate can be reduced at different offloading rates to ensure
the stability of the rock mass. However, according to the analysis in Section 3.3, the brittle
failure of sandstone is stronger at low offloading rates. Therefore, in the actual process of
mine production and road tunneling, the appropriate excitation intensity and turning rate
must be chosen to achieve safe and efficient production.

5. Conclusions

To ensure the safety of underground space excavation and to provide a theoretical
basis for its use in laboratory tests, mechanical tests of sandstone real triaxial at different
loading and unloading rates were performed based on the self-developed multi-function
real triaxial test system. The results are shown as follows:

(1) With the increase in the loading rate, the peak ε1, ε3 and εv decrease, and the peak ε2
increases, and the peak deviational stress increases first and then decreases. With the
increase in the unloading rate, the peak ε1 and εv increase, and the peak ε2 decreases
first and then increases, and the ε3 increases first, then decreases and then increases
and the peak deviational stress increases.

(2) Under different loading and unloading rates, with the increase in loading and un-
loading rates, the damage of sandstone specimens is mainly from the online elastic
damage end point to the peak point, and the peak damage value decreases and Dth,
Dc, Db, Da increase with the increase in the loading rate. The peak damage values
increase and Dth, Dc, Db, Da decrease with the increase in the unloading rate.

(3) With the increase in the loading rate, the stress brittle drop coefficient of sandstone
increases, and the brittle failure weakens. With the increase in the unloading rate, the
stress brittle drop coefficient of sandstone decreases first and then increases, and the
brittle failure of the rock first becomes stronger first and then weaker. However, the
stress brittle drop coefficient appears abnormal at a high unloading rate.

(4) With the increase in the loading rate, Kε1 first decreases and then increases, and Kε2
gradually decreases, Kε3 gradually increases, and KεV gradually increases. With the
increase in the unloading rate, Kε1 and KεV decrease, and the change in Kε2 and Kε3 is
not obvious.
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Abstract: A long time lag is the main characteristic of gypsum mined gob collapse disasters. With the
coring of a gypsum rock specimen from the supporting pillars in gob, which formed over several
years, the strength weakening effect of the gypsum rock with long-term overlying strata pressure
is revealed by experimentation. The results show that: uniaxial compression stress–strain curves
represent major differences in different lateral depths of the same supporting pillar. With the increase
in lateral depth, peak strength increases and the corresponding strain decreases, which becomes more
obvious as the age increases. As a function of time, peak strength decreases and the corresponding
strain increases in the shallow part of the pillar as the age increases. Peak strength fluctuates in the
middle part and increases in the deep part; the corresponding strain fluctuates in the middle and
deep parts, but demonstrates the opposite changing law. Finally, the reason for the above law was
comprehensively and thoroughly researched and demonstrated. The maximum strength weakening
rate of gypsum rock in the shallow part of a supporting pillar of 0.5 m depth was 21.06% in the year
1996. The slow strength weakening effect of gypsum rock with long-term overlying strata pressure is
the essential reason why gypsum mined gob collapses occur in subsequent years or even decades.

Keywords: gypsum rock; strength weakening; mine gob collapse; uniaxial compressive strength;
elastic and plastic

1. Introduction

According to incomplete statistics, the amount of underground mined gob in
metal–non-metal mines is as high as 432 million cubic meters in China, which formed
after other mineral resources had been mined. It has become one of the most serious
problems in the mining field, both at present and in the future [1]. Gypsum is an indis-
pensable and important mineral resource in the field of civil and construction engineering.
At present, underground gypsum mines mainly use the room-pillar and strip mining
methods, which have formed a large area of the hanging mine gob. According to statistics,
only in Shandong Province, China is the hanging mine gob of a gypsum mine as high as
2.5 million square meters. Gypsum rock pillar is the main supporting structure in gypsum
mined gob, and it can remain stable with long-term loading. After several years or even
decades, large areas of hanging mine gob may collapse integrally, induced by damage and
the sudden failure of the gypsum rock pillar. For example, the Wanzhuang gypsum mine,
located in Hubei Province, China, was put into operation in 1996 and closed in 2012, but a
large portion of the mine’s gob collapse accident occurred in 2015 [2]. Gypsum mine gob
collapse accidents display the significant characteristics of the chaining effect and large
scale of the space and a long time lag (20 years or even longer).

Aiming at the gypsum mined gob collapse disaster, many scholars have researched
the collapse mechanisms and influential factors. In terms of the collapse mechanism,
Xu et al. constructed a plastic supporting system of pillar-beam for the gypsum mined
gob and analyzed the collapse mechanism by applying mutation theory [3,4]. Xia et al.
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constructed a cusp mutation model of a “pillar-roof and protecting layer” support system
and studied the mechanism of structural instability, which was combined with nonlinear
dynamics [5,6]. Zheng et al. revealed the long-term stability evolution mechanism and
damage mode of gypsum mined gob [7,8]. Extensive works have focused on factors
influencing gypsum mined gob’s collapse. Li et al. analyzed factors influencing gypsum
mined gob’s collapse systematically [9]. Aiming at water’s effect on the stability of gypsum
rock, Liu et al. studied the influence of water on the strength weakening mechanism of
gypsum rock, from aspects of the water-filled state and brine immersion through designing
different experiments [10–12]. Creep is the typical mechanical property of gypsum rock.
Liu et al. researched the creep characteristics of gypsum rock and its stability through
uniaxial compression experiments and the step loading test [13–15]. A large number of
other scholars have also carried out research work on the collapse hazard of gypsum mined
gob based on different methods and perspectives [16,17].

Gypsum rock pillars exist in complex geological environments. During the decades
from gypsum mined gob formation to collapse, how does the strength of gypsum rock
change under the long-term pressure of the overlying strata and the coupling effect with
water and disturbance? The clearing strength and weakening mechanism effects of the
gypsum rock with long-term overlying strata pressure are the keys to revealing the collapse
mechanism of gypsum mined gob and predicting the collapse’s lag time. A few scholars
have conducted some studies on time’s effect on rock strength. Zhou et al. proposed
a model of the temporal evolution of rock strength, based on analyzing a large number
of experiment results [18,19]. Liu et al. conducted an experiment and simulation study
on the time effect of the fracture extension of deeply buried barite in Jinping, Sichuan
Province, China [20]. Jin et al. established a rock weathering model considering time
and buried depth [21]. Li et al. established a non-probability reliability prediction model
based on interval theory for the time-dependent stability of gypsum rock, considering
various factors [22,23].

In summary, revealing the strength evolution law of gypsum rock with long-term
loading is the key to predicting and preventing a large percentage of gypsum mined gob
collapse accidents. To this end, relatively little research work has been attempted thus far.
In the paper on the Luneng gypsum mine in Shandong Province, China, as an engineering
background, gypsum rock cores were extracted from different gypsum rock pillars in
different types of mined gob, which formed in different years. The uniaxial compressive
strength of gypsum rock is used as a reference to reveal the strength evolution law of
gypsum rock at different depths in the lateral direction of the gypsum rock pillar and the
strength weakening effect of gypsum rock with long-term overlying strata pressure.

2. Coring from the Gypsum Rock Pillar

2.1. Situation of Gypsum Mine Gob

The Luneng gypsum mine is located in Tai’an City, Shandong Province, China and
was put into production in 1996, with a production scale of 600,000 t/a. It adopts the
shallow-hole and room-pillar mining methods, with a width of 4–5 m for gypsum rock
pillar, 4–5 m for room, and 4 m for mining height. Over the past several years, the Luneng
gypsum mine has continued mining operations and has formed a large-scale hanging mine
gob—more than 750,000 m2—supported by gypsum rock pillars.

2.2. Coring from Gypsum Rock Pillars

Once the mining area was mined over, the area was closed. Especially for gob that
had been mined over for many years, the environment of the mine gob is complex and
changeable, and original power and water supply systems are unavailable, which makes
the coring work difficult and dangerous. Combined with basic equipment, such as an
electric drill, battery and coring sleeve, simple and portable equipment for coring from
gypsum rock pillars was used. The coring sites are different gypsum rock pillars of II-1
gypsum layers in different mine gob, which formed in different years. The thickness of the
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II-1 gypsum layer is 5.86 m. The mechanical parameters of gypsum rock are as follows:
uniaxial compressive strength 24.12 MPa, tensile strength 3.61 MPa, internal friction angle
29.8◦, cohesion 2.75 MPa, and Poisson’s ratio 0.29.

In order to ensure the accuracy of sampling and comparability of subsequent indoor
tests as much as possible, all of the coring sites of gypsum rock pillars were carried out in
gob of the relatively stable II-1 gypsum layer, with similar geological and mining technical
conditions and the same size. Three to five gypsum rock pillars with high integrity and
a width of 5 m were selected for coring in the middle position of mine gob in different
years. The coring location was 1.0–1.5 m from the bottom of the gypsum rock pillar,
and coring holes were taken at an angle of 45◦ on both sides of pillar to the oblique top,
with a depth of 2.5–3.0 m, so that drill holes on both sides could cross in the middle of
the pillar, which ensured that all cores within the lateral range of the gypsum rock pillar
could be obtained. Drilled cores were sorted and numbered by year and then processed
into standard specimens in the laboratory. The coring process is shown in Figure 1.

    
(a)                               (b) 

    
(c)                                (d) 

Figure 1. Coring method and gypsum rock specimen. (a) Coring parameter, (b) scene picture,
(c) gypsum rock cores, and (d) standard gypsum rock specimen.

3. Uniaxial Compression Strength Test of Gypsum Rock

3.1. Experimental Equipment

The experiment mainly uses a Shimadzu AG-X250 rock testing machine, which is
mainly used for uniaxial compression, tension, cyclic compression, and other experimental
research of rock and concrete, with 0.2 ms interval sampling accuracy. The experimental
equipment and process are as shown in Figure 2.
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   (a)                    (b)                          (c) 

Figure 2. Experimental equipment and process. (a) Shimadzu testing machine, (b) process,
and (c) failure of gypsum rock specimen.

3.2. Uniaxial Compression Strength Curve

In order to study the strength variation law along the transverse of a gypsum rock
pillar in different years and the strength weakening effect of gypsum rock with long-
term overlying strata pressure, gypsum rock specimens in 0.5 m, 1.5 m, and 2.5 m at the
lateral depth of the pillar in different years were selected for a uniaxial compression test.
Considering the intermittent and broken features of cores during field coring of gypsum
rock pillars in mine gob, gypsum rock test specimens were allowed to fluctuate by 0.1 m
at the lateral depth of the pillar, for which the final selected gypsum rock test specimens
were 0.5 ± 0.1 m, 1.5 ± 0.1 m, and 2.5 ± 0.1 m at the lateral depth of the pillar. In order to
maintain the accuracy of the test, displacement control was selected as the loading mode,
with a parameter of 0.01 mm/s. The uniaxial compression stress–strain curves of gypsum
rock in different years and lateral depths of the pillar are shown in Figure 3.

 
(a) In 1996 

Figure 3. Cont.
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(b) In 2000 

 
(c) In 2008 

 
(d) In 2013 

Figure 3. Cont.
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(e) In 2017 

Figure 3. Uniaxial compression stress–strain curve of gypsum rock in different years. (a) Year of 1996,
(b) year of 2000, (c) year of 2008, (d) year of 2013, and (e) year of 2017.

3.3. Evolution Law of Strength Curve

By comparing the uniaxial compression stress–strain curves of gypsum rock in differ-
ent years and at different lateral depths of pillars, the following laws can be obtained:

(1) The peak strength of gypsum rock gradually increases with the increase in lateral
depth, and the trend is more and more obvious with the increase in age. The difference
value of peak strength in different lateral depths gradually increases as the age increases.
For example, the maximum difference value of the uniaxial strength of gypsum rock at the
lateral depth of the pillar in 1996 was 9.41 MPa, while it was only 1.15 MPa in 2017.

(2) With the lateral depth of the gypsum rock pillar increasing, strain values corre-
sponding to the peak strength of gypsum rock display a decreasing trend, and the difference
value of the strain gradually increases as the age increases. For example, the maximum
strain difference value corresponding to the peak strength in different lateral depths was
0.3% in 1996, while it was only 0.13% in 2017.

(3) The compaction stage of the uniaxial compression stress–strain curve of gypsum
rock gradually increases and the elastic stage decreases as the age increases. For gypsum
rocks located in the shallow part of the pillar, such as at 0.5 m, the increase in age was
especially obvious. The compaction stage tends to decrease gradually with the increasing
lateral depth of the pillar, and it becomes less and less obvious with decreasing age.
For example, the compaction stage and stress–strain curves of gypsum rock in different
lateral depths of the pillar in 2017 were basically the same.

4. Strength Weakening of Gypsum Rock

4.1. Evolution Law of Peak Strength

The uniaxial compression strength of gypsum rock as a reference parameter can reveal
peak strength and strain evolution law of the effect of time in different years, ss shown in
Figures 4 and 5.
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Figure 4. Evolution law of peak strength in different years.

 
Figure 5. Evolution law of strain in different years.

Based on the changing curve of peak strength and corresponding strain of gypsum
rock in different lateral depths of pillars and different years, the following conclusions can
be drawn:

(1) Peak strength and strain of gypsum rock in different lateral depths of pillars display
different evolutionary laws with increasing age, which indicates that load magnitude and
the elastic–plastic state of gypsum rock in different lateral depths are different, with long-
term overlying strata pressure [24,25].

(2) In the shallow part (0.5 m) of the gypsum rock pillar, the peak strength of gypsum
rock continues to decrease with increasing age, for example, peak strength was 19.04 MPa in
1996, but 23.65 MPa in 2017, and both of them were smaller than the original peak strength
of gypsum rock, which was 24.12 MPa, while the corresponding strain to peak strength
exhibits an opposite evolutionary law, that is, continues to increase with increasing age.
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(3) In the middle of the gypsum rock pillar (1.5 m), the peak strength of gypsum
rock fluctuates with increasing age, and is greater or less than the original peak’s strength.
At a deep location of the gypsum pillar (2.5 m), peak strength of gypsum rock continues to
increase with increasing age and greater than original peak strength, which indicates that
plastic hardening has occurred in the gypsum rocks [26,27]. The strains corresponding to
peak strength in the middle and deep locations both exhibit fluctuating changes, but fluctu-
ating changing patterns are opposite, which indicates that the loading state of the gypsum
rock pillar with overlying strata pressure is not fixed.

(4) Gypsum rock pillars are subjected to weathering with long-term loading, and phe-
nomena of surface-to-internal fragmentation and swelling, exfoliation and shedding gradu-
ally appear. This intensifies with increasing age, and conical pillars even appear, as shown
in Figure 6.

 
(a) 

 
(b) 

Figure 6. Pictures of gypsum rock pillars in different years. (a) Formed in 1996 and (b) formed
in 2017.

With long-term overlying strata pressure, the most superficial layer of the gypsum
rock pillar is gradually broken and dislodged as a function of stress concentration and
weathering. The failure of the most superficial layer caused increasing loads at the middle
of the gypsum rock pillar, which induced the internal structure of the gypsum rock to be
compressed and dense, and strain corresponding to peak strength decreased, while the
load at the deep position of the gypsum rock pillar decreases and produces elastic–plastic
unloading, inducing strain corresponding to increasing peak strength. When the most
superficial layer of the gypsum rock pillar is exfoliated, it leads to stress concentration in the
inner layer of the gypsum rock pillar, which induces elastic unloading in the middle position
of the gypsum rock pillar and strain corresponding to increasing peak strength. On the
contrary, an increasing load in the deep position of the gypsum rock pillar induces plastic
hardening, and the peak strength rises and corresponding strain decreases. With long-term
overlying strata pressure, the gypsum rock pillar maintains the cycling process mentioned
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above, which indicates that the broken gypsum rock pillar is formed by layer-by-layer
denudation and shedding.

(5) Due to the weathering effect on the surface layer of the gypsum rock pillar, inducing
fracture of gypsum rock by extending and crack through causes the quality index RQD
of the actual cores taken out at the site to be smaller, which is also the reason why the
compaction stage continues to increase and strength continues to decrease in the shallow
part of the gypsum rock pillar with increasing age. The shallow part of the gypsum
rock pillar causes continuous shedding and is an effective support area of the pillar, which
induces a loading state in the middle of the changing gypsum rock pillar. Finally, alternately
generating pressure-dense and elastic unloading induces changes in peak strength and
strain fluctuations. The deep part of the gypsum rock pillar as the main bearing part
continues to creep with a long-term load and plastic hardening occurs, which has been
proved by an obvious jamming phenomenon during coring. That leads to continuously
increasing peak strength of the gypsum rock and is greater than the original peak strength.
The fluctuating change in the loading state of the gypsum rock pillar causes an increasing
or decreasing load in the deep part of pillar, which induces elastic–plastic unloading
and plastic hardening. This is the reason why the strain corresponds to fluctuating peak
strength changes.

4.2. Strength Weakening of Gypsum Rock

To quantitatively evaluate the strength weakening effect of gypsum rock with long-
term overlying strata pressure, the strength weakening rate of gypsum rock in different
years is assumed to be [28–30]:

η =
σc − σT

σc
× 100% (1)

where σc is the original peak strength of gypsum rock, MPa, and σT is the peak strength of
gypsum rock in different years, MPa.

Based on the peak strength of gypsum rock specimens in different years and at lateral
depths, the strength weakening rate curves of gypsum rock were obtained, as shown
in Figure 7.

Figure 7. Strength weakening rate of gypsum rock in different years.

The strength weakening rate curves show a similar pattern with peak strength varia-
tion. The strength weakening rate of gypsum rock in the shallow part (0.5 m) of the pillar
continues to increase with increasing age, to a maximum of 21.06% (1996). The middle part
of the pillar (1.5 m) displays a fluctuating increase, while the deep part (2.5 m) exhibits
an inverse increase. However, both strength weakening rates are low. The weathering
of the gypsum rock pillar in closed gob is an extremely slow process. In other words,
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peak strength, magnitude of strain change, and strength weakening rate are small and slow.
The gypsum rock pillar can maintain long-term stability, which is the essential reason why
gypsum mined gob collapses after years or even decades.

5. Conclusions

Aiming at significant characteristics of the lagging gypsum mined gob collapse disaster,
the strength weakening effect of gypsum rock with long-term overlying strata pressure
was revealed by experiment. The main conclusions are as follows:

(1) There are significant differences in the uniaxial compression stress–strain curve
of gypsum rock in different years and at different lateral depths of gypsum rock pillars.
The peak strength of gypsum rock increases as the lateral depth of the pillar increases,
and the corresponding strains exhibit a decreasing trend. With increasing age, this becomes
more obvious. The compaction stage shortens with increasing lateral depth but increases
with increasing age. The stress–strain curves in different depths tend to be consistent with
decreasing age.

(2) Peak strength and the corresponding strain of gypsum rock are different in different
lateral depths and years. In the shallow part of the gypsum rock pillar, peak strength de-
creases with increasing age, while strain displays the opposite evolutionary law. Peak strength
fluctuates in the middle part and continues to increase in the deep part, which becomes
greater than the original peak strength. The strain in the middle and deep parts exhibits
fluctuation changes, but the fluctuating laws are opposite.

(3) Subjected to long-term weathering, the compaction stage increases and strength
decreases in the shallow part of the gypsum rock pillar. The pillar’s layer-by-layer shed-
ding causes changes in the pillar’s effective supporting area, inducing the loading state
of the fluctuating changes in the middle part of the pillar, alternately producing a com-
paction stage and elastic unloading along with peak strength and strain fluctuating changes.
The deep part is the main load bearing part, with the phenomenon of plastic hardening
due to continuous creep with a long-term load, inducing a peak strength increase.

(4) The maximum strength weakening rate of gypsum pillar in the shallow part (0.5 m)
is 21.06%. Weathering in closed gob is an extremely slow process, and peak strength, strain
change, and the strength weakening rate are all small. This is the reason why gypsum
mined gob collapse occurs after years or even decades.
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Abstract: Close extra-thick coal seams are subject to the broken overburden of mined coal seams, and
the deformation and damage of the roadways is serious, which affects the safe operation of the mine.
To reduce the deformation and damage of the roadways, this paper studied the deformation and
damage law of the gob-side roadway in close extra-thick coal seams through numerical simulation
and field monitoring, compared and analyzed the deformation and damage characteristics of the
roadway under different reinforcement support methods, determined the optimal reinforcement
support method, and carried out field verification. The obtained results indicated that the deformation
and damage of the gob-side roadway showed asymmetric characteristics. The large deformation
of the coal body in the deep part of the roadway wall is an important reason for the continuous
occurrence of roadway wall heave in the coal pillar. Under the action of unbalanced support pressure,
the floor is subject to the coupling effect of horizontal extrusion pressure and vertical stress that cause
extrusion mobility floor heave. The horizontal and vertical displacement of the coal pillar side of the
roadway under different support methods is much larger than that of the solid coal side. Increasing
the anchor cable length and fan-shaped arrangement can improve the support effect. Grouting at the
coal pillar side can significantly improve the bearing capacity and stability of the coal pillar. The effect
of floor grouting is much better than the anchor cable in controlling the floor heave. The integrated
reinforcement method of anchor cable + coal pillar side grouting + floor grouting has the best effect
with the least horizontal and vertical deformation. The research results are of great significance for
ensuring the stability of similarly endowed roadways.

Keywords: close distance coal seams; roadway support; roadway deformation; grouting reinforce-
ment; control technology

1. Introduction

In order to improve the mining rate of coal resources, reduce unnecessary mining lanes,
and solve the problem of mining succession tension, gob-side entry retaining technology has
been widely used [1–4]. Close extra-thick coal seams form a special overburden structure
due to the mining of the overlying coal seams. Under the action of overburden structure,
the deformation and damage of the gob-side roadway are serious. With the increase of
mining depth, the degree of damage becomes more and more intense, causing damage to
the roadway and equipment.

Related scholars have conducted a lot of research on the stress and deformation
damage characteristics of the surrounding rock of gob-side roadways. Wang et al. [5] and
Han et al. [6] investigated the structural mechanical causes of key block fracture at the roof
of a gob-side roadway and found that bimodal stresses existed on both sides of the gob-side
roadway and in the roadway in the low-stress area, and pointed out that the mechanical
transfer mechanism of the surrounding rock in the vertical direction was weaker and the
surrounding rock was most stable when the roadway was located outside the key block
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fracture line. Li et al. [7] investigated the spatial and temporal evolution of fractures in the
surrounding rock of a gob-side roadway under the pressure generated during mining, and
the results showed that coal pillar deformation and rupture were the cause of destabilization
and damage of the surrounding rock. Zheng et al. [8] established a mechanical model of
the overburden rock of a gob-side roadway and analyzed the large deformation and stress
field distribution of the roadway overburden rock, and the results showed that a large
deformation of the roadway was caused by the stress field superimposed by the lateral
transfer stress formed in the overburden rock formation, the oversupport pressure caused
by mining, and the regional ground stress. Slashchov et al. [9] analyzed the minimum
principal strain changes of rocks in different working faces and strata, and found that due
to the existence of gob, the overburden pressure in part of the goaf decreased, but in the
pressure bearing area of the solid coal pillar, the overburden of the main roof of the roadway
was reactivated. Some scholars believe that filling the gob area can reduce the movement
of the overburden rock layer and decrease the deformation of the gob-side roadway [10,11],
but this method becomes more and more difficult to achieve with the increase of mining
depth. Guo et al. [12] concluded that the length of the overhanging roof is the main factor
affecting the stress distribution and deformation of the rock surrounding the roadway,
and with the decrease of the overhanging length, the influence of the movement and load
transfer of the overburden rock layer in the mining area on the stability of the tunnel. Liu
et al. [13] analyzed the stress characteristics of the direct top of the gob-side roadway, and
found that the roof deformation was symmetrically distributed, with the maximum roof
deformation occurring in the middle of the roadway, and gradually decreasing with the
increase of coal seam stiffness. Feng et al. [14] tested the mechanical properties of rock, and
based on the energy analysis results, established a rock damage model by using the relative
change of the dissipated energy ratio, and then evaluated the accuracy of the rock damage
model with the peak strength and peak strain of rock as evaluation parameters.

Based on the research on the deformation mechanisms and deformation characteristics
of the rock surrounding the gob-side roadway, the corresponding control measures are
becoming more and more abundant. Studies have shown that the deformation and damage
characteristics of roadways also have asymmetric characteristics due to the inhomogeneity
of the stress conditions of the rock surrounding the roadways under the action of mining,
so the control strategy based on asymmetric, high-prestressed anchor cables has a good
effect on controlling the stability of the surrounding rock [15–17]. Peng et al. [18] studied
the reasonable coal pillar size and roadway support method for isolated comprehensive
mining workings in extra-thick coal seams using stress limit balance theory, the internal
stress field distribution law, and the finite element method, and proposed the combined
support method of “anchor mesh cable” + “reinforced ladder beam” + “steel belt”, which
can effectively reduce the displacement. Ren et al. [19] established a mechanical model and
numerical simulation model to study the influence of the interaction between the bracket
and the roof on the stability of the support of a gob-side roadway, and the results showed
that the bracket resistance increased with the increase of width, and the optimal width was
3 m. Zheng et al. [20] derived a formula for calculating the maximum settlement of the
roof slab and proposed the fenestration control technology of grating side-entry retaining,
and the results showed that with the advancement of the working face, the deformation
of the whole process of the gob-side roadway was effectively controlled. Xie et al. [21]
and Xie et al. [22] analyzed the damage mechanism and controllable engineering factors
causing deformation in the surrounding rock of the gob-side roadway, and proposed an
asymmetric support scheme with prestressed anchor cable as the core member, which was
verified in engineering practice. Based on the numerical simulation, Begalinov et al. [23]
conducted a detailed study on the stress and deformation state of the rock around the
transportation roadway, and adopted an adjustable support method according to the rock
mass stability to control the deformation of the roadway to the maximum extent. He
et al. [24] analyzed the deformation mechanism of the surrounding rock with theoretical
and numerical simulations, and found that the high volume ratio of the inelastic zone is the
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main reason for the severe deformation of the surrounding rock, and proposed a combined
support technology with “reinforced anchor cable + W band + π beam + single hydraulic
pillar” as the core, which was verified in the test section of the roadway. Yang et al. [25]
concluded that coal pillars will gradually lose their bearing capacity under the influence
of mining stress, leading to a sudden increase in the overhanging length of the roof and
causing abnormal stress concentration in the tunnel surrounding rock, and proposed that
strengthening the support density in the stress concentration area could effectively improve
the surrounding rock deformation. Ma et al. [26] concluded that one of the reasons for the
failure of the adit under the hard roof and soft floor is the insufficient support strength
at the end of the gob-side roadway, so they proposed the support concept of “improving
the support strength to achieve cutting the roof along the digging side”, and the results
showed that the anchor net, roof anchor, single hydraulic strut, and roof bolting technology
can ensure the support effect. Guo et al. [27] found that after the damage of the main roof
in the dynamic pressure zone, its rotary sinking sharply increased the deformation and
damage of the tunnel envelope, and proposed a support design consisting of high tension,
constant resistance, and the use of large deformation anchors rods + single hydraulic strut
+ steel beam + U beam. Li et al. [28] studied the mechanical properties of grouted rock from
both macroscopic and microscopic aspects by using shear and compression experiments,
and found that the elastic modulus of rock mass was greatly improved after grouting.
MałKowski et al. [29] studied three different roadway support schemes for six years, and
determined the time of secondary equilibrium and the strain of support unit after the rock
mass is damaged so as to guide the rationality of support installation under specific stope
and geological conditions. Dychkovsky et al. [30] studied the visualization of the formation
principle of the stress–strain state in the coal support pressure area and evaluated the
rock mass occurrence conditions. The results showed that when the width of the support
pressure area was 18 m, the maximum stress was reduced to 70 MPa, which can be used as
the basis for identifying the bearing capacity of the mine and the excavation roadway.

In summary, it can be seen that fruitful results have been achieved for the deformation
and damage characteristics and support technology of gob-side roadways, but not much
research has been conducted for the gob-side roadway support of the overburden coal
seams that have been mined under the condition of close extra-thick coal seams. However,
in this occurrence condition, the deformation and damage of the roadway are serious; the
stability is low, and it is easy to cause damage to personnel, property, and equipment. The
existing research results can not meet the requirements of roadway deformation control.
Therefore, it is necessary to apply further efforts to improve the stability of the roadway. In
this paper, we studied the deformation and damage law of a close extra-thick coal seam
gob-side roadway through numerical simulation, compared and analyzed the deformation
and damage characteristics of the roadway under different reinforcement support methods,
determined the optimal reinforcement support method, and carried out field verification.

2. Background and Method

2.1. Engineering Overview

The 305# coal seam of the Tashan coal mine is one of the few extra-thick coal seams
in China, with an average burial depth of 435 m and a variation coefficient of 0.16%, and
which is a stable coal seam. The 4.67 m layer above the coal seam 305# is the 102# coal seam
of the Carboniferous Taiyuan Group, with an average seam thickness of 3 m, and mining
was completed in July 2015. The protected coal pillar between the 10,201 working face and
10,203 working face mining void area of coal seam 102# is 20 m, as shown in Figure 1a.
At present, the mining of the 30,503 working face of coal seam 305# has been started by
using long-wall comprehensive mining to release the top coal-recovery process, which
is typical in mining of extra-thick coal seams under close mining areas, and its gob-side
30,501 working face has been completed. The 30,503 working face has a strike length of
1738.58 m and a tendency length of 193 m. The average thickness of coal seam 305# is 14 m,
and between it and coal seam 102# is 4.67 m-thick mudstone seam.
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(a) 

(b) 

Figure 1. Diagram of the 30,503 working face layout. (a) Layout plan. (b) Cutaway layout.

The initial design of the 30,501 working face used roadway 1 as the transportation
roadway; the horizontal distance of this roadway from the coal pillar left in coal seam 2#
was 15 m. When the roadway was dug to 925 m, due to the serious mine pressure, the
roadway dig program was changed and roadway 2 was used instead. The current mining
is underway for the 30,503 working face of the coal seam 305# seam of the Carboniferous
Taiyuan Group. It is planned to repair roadway 3 above roadway 1 as the return airway of
30,503, and in the process of repairing to 925 m, due to the structural damage of roadway 1
and serious roof fall, the working face of 30,503 was rearranged by the method of leaving
an 8 m coal pillar in the gob-side entry driving, and the repair roadway was filled with high
water material. After the roadway layout of working face 30,503, the horizontal distance
between the roadway and the remaining coal pillar of overlying coal seam 102 # is 28 m. The
gob-side is a rectangular section along the floor with a height of 4.0 m and a width of 5 m.
Under the disturbance of back mining at the working face, the deformation and damage of
the gob-side roadway is intense when crossing the filling roadway, which seriously affects
the safe back mining at the working face, and the roadway layout is shown in Figure 1. The
gob-side roadway is supported by a combination of an anchor rod and an anchor cable.
The roadway is supported by left-handed, high-strength, rebarless anchor rods with a roof
anchor rod size of Ø22 mm × 2400 mm and a side anchor rods size of Ø20 mm × 2200 mm
with a preload torque of no less than 400 N·m. The anchor cable adopts 1 × 19 strands of
Ø22 mm × 8300 mm high-strength low-relaxation prestressing strand with an ultimate
breaking force of ≥550 kN and a pretensioning force of 200 kN. The roof anchor rods
are 6 rows each with inter-row spacing of 1000 mm × 1000 mm, the side anchor rods are
4 rows each with inter-row spacing of 1000 mm × 1000 mm, and the 5 anchor cables are
symmetrically arranged along the centerline and both sides of the roadway with inter-row
spacing of 1300 mm × 2000 mm as shown in Figure 2. Affected by the mining stress of
the working face and the complex mining environment around the gob-side roadway, the
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deformation and damage of the gob-side roadway under the existing support conditions is
still serious. The middle and upper part of the roadway are greater than the lower part,
and the coal pillar side is greater than the solid coal side, as shown in Figure 3.

Figure 2. Schematic diagram of section support of the 30,503 gob-side roadway.

 
Figure 3. Deformation and damage characteristics of the roadway.

2.2. Model Construction

The FLAC3D numerical model was established with the geological background of
the Tashan coal mine, as shown in Figure 4. The coal seam 305# is buried at 435 m, and
the horizontal elevation is between +1005~+1019 m. Considering the influence of repeated
mining of the coal seam, the model simulated back mining for both coal seams 102# and
305#. Considering the size of the model and the computational efficiency, the top burial
depth of the model was set to 335 m. The model size is 640 m × 400 m × 130 m (XYZ) with
530,504 grids. The thickness of coal seam 305# in the model was 14 m, the thickness of
immediate roof was 4.6 m, the thickness of coal seam 102# was 3 m, and the width of the
remaining coal pillar was 20 m. The width of the 30,503 gob-side roadway was 5 m, the
height was 4 m, the west part of the gob-side roadway was 8 m solid coal area for roadway
1 and 3 areas, the east part was 8 m narrow coal pillar for the mining area, the west part
was 15–35 m solid coal for the overburden of coal seam 102#’s left coal pillar area, and the
rest of the overburden rock thickness is given according to the actual situation of the mine.
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(a) 

 
(b) 

Figure 4. Numerical model. (a) Numerical model. (b) Model cross-section.

This numerical study selected the Mohr–Coulomb intrinsic structure model to study
the deformation and damage control technology of a gob-side roadway in close extra-thick
coal seam, and the physical and mechanical parameters used in the numerical model were
obtained from the laboratory experimental results of coal rock samples in Tashan mine, as
shown in Table 1. The cohesion and tensile strength were measured. The bulk modulus,
shear modulus, and internal friction angle were calculated as follows:

K =
E

3(1–2μ)
(1)

G =
E

2(1 + μ)
(2)

ϕ = 30
(

1 − μ

1 − μ

)
+ 15 (3)
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Table 1. Physical and mechanical parameters of the coal rocks.

Rockiness
Thickness

(m)
Density
(kg/m3)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Cohesion
(MPa)

Internal Friction
Angle (◦)

Tensile Strength
(MPa)

Sandy mudstone 51 2400 5.08 3.5 2.78 32.21 1.32
Clasticite 15 2450 5.49 3.78 2.94 33.15 1.52

Fine Sandstone 3 2470 8.77 6.58 4.77 36.79 2.98
Sandy mudstone 8 2400 5.08 3.5 2.78 32.21 1.32

2# Coal 3 1340 4.93 3.25 2.67 31.22 1.04
Kaolinite 5 2500 7.8 7.63 5.86 32.17 1.57
3~5# coal 14 1340 4.93 3.25 2.67 31.22 1.04

Kaolinite mud 4 2546 6.65 4.33 3.63 35.83 2.38
Siltstone 5 2470 7.81 5.62 4.24 35.93 2.71
7# Coal 2 1340 4.93 3.25 2.67 31.22 1.04

Sandy mudstone 21 2400 5.08 3.5 2.78 32.21 1.32
High water materials 4 1310 1.1 0.7 0.25 31.22 0.5

The parameter values of the abutment structure elements are shown in Table 2.

Table 2. Parameter values of the abutment structure elements.

Type
Bolt

Length/mm
Grout

Length/mm
Diameter/mm

Tensile
Strength/kN

Row
Spacing/mm

Anchor rods 8300 2700 20 200 1300 × 1000
Anchor cables 2400 800 22 120 1000 × 1000

2.3. Boundary Condition

The bottom of the model was set as a fixed boundary, the stress boundary conditions
were applied around the model, the boundary conditions of the model were set by the
results of ground stress measurements, the model vertical load was applied according to
the change of burial depth, and the horizontal stress was calculated on the left and right
according to the lateral pressure coefficient of this coal bed. Field measurements yielded
a vertical load size of 8.25 MPa at the top of the model and a lateral pressure coefficient
of 1.2, and then the horizontal stress at different burial depths along the vertical could be
calculated by the following equation:

σxx = 1.2γH (4)

σyy = 1.2γH (5)

where γ is unit weight, H is the depth below the ground surface.

2.4. Roadway Monitoring Line Layout

Numerical simulations showed that 20 m ahead of the working face is the peak area
of mining stress. Therefore, in order to quantitatively reveal the deformation and damage
characteristics of the two sides and the floor of the gob-side roadway under the existing
support conditions, eight monitoring lines were arranged at the position of 20 m ahead of
the working face as shown in Figure 5. The monitoring line A is located at the height of the
roof of the roadway. With an interval of 1 m, a total of 4 monitoring lines were arranged.
The floor monitoring line starts from the position of 1 m from the floor, with an interval of
1 m, and a total of 4 lines were arranged. The section size of the roadway was 5 m × 4 m.
The length of the monitoring line at the solid coal side and the coal pillar side was 8 m, and
the length of the floor monitoring line was 6 m. All monitoring lines were arranged parallel
to the roadway floor.
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Figure 5. The 30,503 gob-side roadway monitoring line layout.

3. Results and Discussion

3.1. Deformation and Damage Characteristics of the Gob-Side Roadway under Existing Support
Conditions

When the working face is mined to 100 m in a direction, the horizontal displacement
distribution laws of each monitoring line of the two sides of the roadway 20 m ahead of
the working face are shown in Figure 6. Due to the roof sinking, the roof of the roadway is
no longer at the height of the monitoring line A, so the data of monitoring line A are not
analyzed. It can be seen from Figure 6 that under the influence of mining, the horizontal
displacements of the monitoring lines on two sides of the roadway were basically the same.
The maximum deformation of the solid coal side was 0.69 m, which occurred 1 m from the
roadway wall and then gradually decreased. The horizontal displacement of coal pillar
side near the 30,501 gob area showed a continuous increasing trend, and the maximum
displacement of the coal pillar side could reach 1.4 m. It can be seen by comparing the
displacement of the coal wall of the coal pillar that the deformation at B and C monitoring
lines in the middle and upper parts of the roadway were larger than that at D, showing
asymmetric deformation characteristics, consistent with the site deformation characteristics.
Based on this, it can be seen that the large deformation of the coal body in the deep part is
an important reason for the continuous occurrence of roadway wall heave in the coal pillar,
and the roadway wall heave in coal pillars cannot be controlled by using only anchor rods
and anchor cables for reinforcement support. The deformation within 2~3 m of the solid
coal side within the influence area of mining is still large, and the existing 2.2 m anchor rods
support method of the roadway side cannot control the roadway wall heave. Improving
the bearing capacity of the coal pillar side and using longer anchor cables to support the
two sides are feasible measures to improve the stability of the gob-side roadway.

Figure 6. The horizontal displacement distribution law of the two sides of the gob-side roadway at
20 m ahead of the working face.
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The vertical displacement of each monitoring line at different distances from the floor
is shown in Figure 7. The floor of the roadway was obviously affected by mining. The
maximum floor heave of each monitoring line basically occurred in the middle of the
roadway, and the maximum displacement at 1 m from the roadway floor was 0.41 m.
Under the action of high stress in the two sides of the roadway, the floor heave occurred
continuously, and the displacement decreased gradually with the increase of the distance
from the floor. The displacement was almost zero at the position of 4 m from the floor,
less affected by mining and static load stress. For the 30,503 gob-side roadway, the vertical
stress generated after the mining-induced overburden high-level and low-level main roof
breakage acted on the gob-side rock surrounding the roadway, and the concentrated stress
was transmitted to the floor through the two sides of the roadway. The floor was extruded
into the roadway by the coupling of horizontal extrusion pressure and vertical stresses under
the action of unbalanced support pressure, and the extruded fluid floor heave occurred [31].

Figure 7. The vertical displacement distribution of the floor 20 m ahead of the working face (the
monitoring line layout map shows 6 m).

3.2. Stress and Displacement Distribution Law of the Roadway Wall under the Roadway
Wall Reinforcement
3.2.1. Optimization of the Support Method of the Roadway Wall

Based on the deformation and damage characteristics of the 30,503 gob-side roadway,
it is known that the existing anchor rod support depths are shallow and do not achieve
effective support, and the coal deformation inside the coal pillar side of the roadway is large.
The support of the two sides under the existing support method of the roadway should be
optimized to ensure the safety of the subsequent working face retrieval. Therefore, long
anchor rods or anchor cables and coal pillar side grouting were considered for reinforcement
support. Considering the cost of support, the existing support materials of the mine were
used for reinforcement support, including 2.2 m and 2.4 m anchor rods and 8.3 m anchor
cables. With the existing support method, the length of the two sides anchor rods is 2.2 m
and the spacing is 1.0 m. The effective control of the roadway can no longer be achieved by
using the existing anchor rods, and the number of anchor rods may aggravate the shallow
coal fragmentation by reinforcement, which further leads to the increase of deformation.
Therefore, the existing 8.3 m anchor cables were divided into two 4.15 m-long anchor cables
for reinforcement support of the two sides. Under the influence of mining, the middle
part of the solid coal side heaves, and the middle and upper part of the coal pillar side
heaves seriously. Therefore, the roadway sides reinforcement method was carried out for
these parts, and the anchor cable reinforcement design includes the following four options:
(1) three 4.15 m anchor cables were used to support the two sides, which were arranged
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in the middle of the existing two rows of anchor rods and arranged in 212 three flowers
with the existing anchor rods. The distance between rows was 1.0 m, 2.0 m, the first row
was 0.8 m from the top of the roadway wall, and the third row was 1.2 m from the floor, as
shown in Figure 8a. (2) Three anchor cables were used; the inter-row spacing was 1.3 m,
2.0 m. The first and third rows were 0.8 m from the roof and floor, they were reinforced at
15◦ to the roadway wall, and the middle anchor cable was perpendicular to the roadway
wall, as shown in Figure 8b. (3) Four anchor cables were used, with inter-row distance of
1.1 m and 2.0 m. The first row was 0.3 m from the roof and 15◦ from the roadway wall and
the remaining three rows were arranged vertically on the roadway wall, with inter-row
distances of 1.2 m and 2.0 m, as shown in Figure 8c. (4) Four anchor cables were used,
with inter-row spacing of 1.2 m, 2.0 m. The first row was 0.3 m from the roof and 15◦ from
the roadway wall, the second and third rows were perpendicular to the roadway wall,
and the fourth row was 0.9 m from the floor and 15◦ from the roadway wall, as shown in
Figure 8d. Different support schemes have different support effects on the roadway due to
the different number of anchor cables, the row spacing between anchor bolts, and the angle
between the anchor cables and the two sides. Under certain conditions, the greater the
support density, the longer the support length, and the more the support angle conforms to
the stress distribution, the more obvious the support effect that can be achieved.

  
(a) (b) 

  
(c)  (d)  

Figure 8. Anchor cable reinforcement method for the two sides of the roadway. (a) Reinforcement
support method 1. (b) Reinforcement support method 2. (c) Reinforcement support method 3.
(d) Reinforcement support method 4.

Based on the results of on-site drilling and numerical simulation analysis, the broken
coal pillar is an important cause of wall heave, so grouting reinforcement support was
carried out on the side of the coal pillar. The reinforcement method mainly includes four
methods with the grouting depths of 2 m, 3 m, 4 m, and 5 m at the side of the coal pillar.
The research shows that when the coal is grouted, the stiffness and shear strength of the
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fracture surface of the coal and rock mass will be greatly improved, thus improving the
strength and bearing capacity of the coal and rock mass [32–34]. In this paper, we simulated
the effect after grouting by increasing the strength and stiffness of the coal body within the
grouting range when simulating the grouting support on the coal pillar side. In the model,
the strength and stiffness and friction of the coal body increased by 1.2 times compared
with the parameters in Table 1. The diagram of grouting range is shown in Figure 9.

  
(a) (b) 

  
(c) (d) 

Figure 9. Coal pillar side grouting reinforcement method. (a) Grouting 2 m. (b) Grouting 3 m.
(c) Grouting 4 m. (d) Grouting 5 m.

3.2.2. Deformation and Damage Characteristics of the Roadway Wall

When the working face was mined to 100 m strike, the horizontal displacement
distribution law of each monitoring line on the two sides of the roadway 20 m ahead of
the working face under different reinforcement support methods is shown in Figure 10.
The horizontal displacement variation law of each monitoring line under different support
methods was basically the same, and the horizontal displacement of the roadway wall
on the coal pillar side was much greater than that on the solid coal side. Compared
with the horizontal deformation of the two sides of the gob-side roadway under the
original support, each reinforcement support method reduced the deformation of the
two sides of the roadway and played a role in enhancing the support capacity. Among
them, the first reinforcement method had the worst effect, the second reinforcement and
third reinforcement had few differences, and the fourth reinforcement method had the
best control effect. Additionally, the effect of the more broken coal pillar side was more
obvious under the anchor cable-reinforced support, compared with the original support
deformation reduced by more than 20%, as shown in Tables 3 and 4.
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(a)  (b)  

 
(c)  (d)  

Figure 10. Horizontal displacement of the two sides of the roadway under the anchor cable reinforcement
method. (a) Monitoring Line A. (b) Monitoring Line B. (c) Monitoring Line C. (d) Monitoring Line D.

Table 3. Percentage reduction in deformation under solid coal side anchor cable reinforcement.

Reinforcement Method/
Location

Method 1 Method 2 Method 3 Method 4

Monitoring Line A 5.00% 14.80% 14.80% 22.00%
Monitoring Line B 5.00% 11.00% 11.00% 16.00%
Monitoring Line C 11.00% 14.00% 14.00% 18.70%
Monitoring Line D 5.00% 16.00% 16.00% 20.00%

Table 4. Percentage reduction of deformation under coal pillar side anchor cable reinforcement.

Reinforcement Method/
Location

Method 1 Method 2 Method 3 Method 4

Monitoring Line A 11.80% 19.80% 19.8% 27.70%
Monitoring Line B 15.50% 22.20% 22.2% 27.00%
Monitoring Line C 11.30% 18.20% 18.2% 26.00%
Monitoring Line D 10.80% 18.00% 18.0% 22.00%

The vertical displacement distribution on the two sides of the roadway under different
anchor cable reinforcement methods is shown in Figure 11. It can be seen from Figure 11
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that the vertical displacement control on the two sides of the roadway was obvious with
different reinforcement methods, especially on the coal pillar side, which indicates that
the use of anchor cable reinforcement at this stage can improve the stability of two sides.
Comparing the four reinforcement methods, we can see that the fourth reinforcement
method had the best effect, followed by the second and third, and the first one had the
worst effect. In order to determine the reinforcement effect of anchor cable reinforcement
support on the shallow part of solid coal and the deep part of the coal pillar, the deformation
at 1 m in the shallow part of the solid coal side and 4 m in the middle of coal pillar side under
different reinforcement methods were compared with the deformation under the original
support method, and the results are shown in Tables 5 and 6. The deformation of the coal
pillar side’s vertical pressure under the influence of mining was more serious, the effect of
using reinforcement anchor cable was obvious, the first one could reduce the deformation
by about 10%, and the best effect was achieved by using the fourth reinforcement method,
which could reduce the deformation by more than 20% compared with the original one.

  
(a)  (b)  

 
(c)  (d)  

Figure 11. Vertical displacement of the two sides of the roadway under the anchor cable reinforcement
method. (a) Monitoring Line A. (b) Monitoring Line B. (c) Monitoring Line C. (d) Monitoring Line D.
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Table 5. Percentage reduction in deformation under solid coal side anchor cable reinforcement.

Reinforcement Method/
Location

Method 1 Method 2 Method 3 Method 4

Monitoring Line A 14.00% 15.60% 15.60% 17.00%
Monitoring Line B 6.00% 13.00% 13.00% 21.00%
Monitoring Line C 4.00% 11.70% 11.70% 27.50%
Monitoring Line D 4.800% 12.20% 12.20% 26.00%

Table 6. Percentage reduction of deformation under coal pillar side anchor cable reinforcement.

Reinforcement Method/
Location

Method 1 Method 2 Method 3 Method 4

Monitoring Line A 10.00% 20.00% 20.00 21.30%
Monitoring Line B 13.00% 17.90% 17.90% 23.00%
Monitoring Line C 12.00% 19.40% 19.40% 25.00%
Monitoring Line D 14.20% 21.40% 21.40% 28.00%

All reinforcement methods play a role in reducing the deformation of two sides of the
roadway, mainly because the 4.15 m long anchor cable can stabilize the broken coal body in
the deeper part of the sides compared with the existing 2.2 m-long anchor rods, improving
the range of the stability area of the roadway side. The main reason why method 4 is more
effective than other support methods is that its fan-shaped arrangement provides multi-angle
support to two sides of the roadway and covers a wider area than the vertical roadway.

The coal pillar side is severely broken due to multiple mining disturbances. In order
to determine the reasonable grouting depth of the coal pillar side of the roadway wall,
vertical stress data were extracted from each monitoring line position of the two sides
of the roadway under different grouting depths, as shown in Figure 12. The vertical
stress distribution on the solid coal side was basically unchanged compared to the original
support method, and the peak stress on the coal pillar side was significantly increased
compared with that without grouting. Additionally, this shows that grouting the coal pillar
can effectively improve the bearing capacity and stability of the coal pillar. Comparing the
stress distribution on the side of the coal pillar when the grouting depth was 2 m, 3 m, 4 m,
and 5 m, we can see that the peak stress still appeared at 2 m. It shows that the low-level
main roof broke at the position 2 m above the coal pillar, resulting in the formation of a
stress concentration zone on the coal pillar. When 2 m grouting was used, the peak stress at
each monitoring point on the coal pillar basically reached 23~26 MPa. With the increase
of grouting depth, the stress distribution gradually changed to bimodal distribution, with
the peak stress near the roadway wall gradually decreasing and the peak stress near the
gob area gradually increasing, indicating that the integrity of the coal pillar is continuously
improving. The vertical stress distribution in the ungrouted area on the side of the gob is
basically the same as under the original support method.

To further determine the reasonable depth of coal pillar side grouting, the horizontal
deformation of two sides after different grouting depths and anchor cable support are
shown in Figure 13. Although only the shallow part of the coal pillar side was grouted, it
still could significantly reduce the deformation of two sides of the roadway, indicating that
improving the bearing capacity and integrity of the coal pillar is an effective measure to
ensure the stability of the roadway [35]. The grouting at the coal pillar side of the roadway
wall reduced the deformation of the solid coal side, mainly because the grouting improves
the bearing capacity of the coal pillar to the overburden. Additionally, the coal pillar side
can bear more pressure transmitted by the overburden rock layer and share the stress of
the solid coal side. The improved integrity of the coal pillar side also improved the ability
to resist the deformation and damage of the roadway under the influence of mining. The
deformation of the roadway decreased and the performance of coal pillar side was more
obvious. Comparing the effect of the anchor cable support and grouting in the roadway,
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we can see that the effect of grouting was better than anchor cable support. Comparing
the effect of different grouting depths, it was found that the deformation reduction on
the coal pillar side was not obvious as the grouting depth increased, and the difference
in deformation between 2 m and 5 m after grouting was less than 0.05 m. Considering
economic and other factors, therefore, 2 m grouting can be considered for the coal pillar
side in the reinforcement process.

 
(a)  (b)  

  
(c) (d) 

Figure 12. Vertical stress distribution in the two sides of the roadway at different grouting depths.
(a) Monitoring Line A. (b) Monitoring Line B. (c) Monitoring Line C. (d) Monitoring Line D.
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(a)  (b)  

  
(c) (d) 

Figure 13. Horizontal displacement of the two sides of the roadway under different reinforcement
methods of the roadway. (a) Monitoring Line A. (b) Monitoring Line B. (c) Monitoring Line C.
(d) Monitoring Line D.

3.3. Stress and Displacement Distribution Pattern of the Roadway Wall under the Floor
Reinforcement
3.3.1. Optimization of the Roadway Floor Support Method

The floor reinforcement support of the roadway includes floor anchor cable support
and grouting. The grouting method of the floor is the same as that of the coal pillar side.
The reinforcement support of the floor anchor cable includes the following three methods.
(1) Five 4.15 m anchor cables were used; the first and last two were 0.7 m from the roadway
wall, and the inter-row distance was 0.9 m × 2.0 m; (2) four anchor cables were used to
support the vertical downward direction 1 m from the roadway wall, and the inter-row
distance was 1.0 m × 2.0 m; (3) five anchor cables were used to support the floor of the
roadway, with the first and last distance from the two sides being 0.3 m and the inter-row
distance being 1.2 m × 2.0 m, corresponding to the way the roof of the roadway was
supported. The anchor cable reinforcement method is shown in Figure 14.
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(a) (b) 

 

 

(c)  

Figure 14. Anchor cable reinforcement method at the floor of the roadway. (a) Reinforcement method 1.
(b) Reinforcement method 2. (c) Reinforcement method 3.

3.3.2. Deformation and Damage Characteristics of the Roadway Floor

When the working face was mined to 100 m strike, the vertical deformation distribu-
tion of the roadway floor under different anchor cable and grouting reinforcement methods
is shown in Figure 15. Under the action of high stress on two sides of the roadway, the
floor of the roadway had a continuous floor heave, the deformation damage of the floor
was not reduced by increasing the anchor cable only, and the use of floor grouting obvi-
ously reduced the amount of floor heave of the roadway. The floor heave in the middle
of the roadway floor under unsupported conditions was close to 0.5 m, and the anchor
cable support was basically unchanged, indicating that the floor has been very broken
under the influence of mining. The rock bearing capacity can not be improved by anchor
cable support alone, and the maximum value of floor heave after grouting is 0.2 m, which
is 60–70% lower than that before grouting. At 2 m below the floor of the roadway, the
maximum value of floor deformation under the unsupported condition was 0.38 m, which
decreased to 0.06 m after grouting. After the floor grouting, the sinking amount of the two
sides of the roadway is also significantly reduced. This is because after the floor bearing
capacity is improved, the force of the two sides cannot make the roadway more deform
more, resulting in heaving and the coal body of the two sides will not sink.
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(a) (b) 

 
(c) 

Figure 15. Vertical displacement of the floor under the floor reinforcement method of the roadway.
(a) Floor. (b) 1 m below the floor. (c) 2 m below the floor.

In order to determine the optimal integrated reinforcement method for the roadway, a
comprehensive analysis of the above reinforcement methods was performed. The deforma-
tion of the two sides of the roadway under different reinforcement methods are shown in
Figures 16 and 17. The support effect of the anchor cable + the grouting support method
was better than that of the simple anchor cable reinforcement support, but there was no
obvious difference with the grouting reinforcement method. The comprehensive reinforce-
ment method of the anchor cable + coal pillar side grouting + floor grouting at the side of
the roadway had the best effect, with the lowest horizontal and vertical deformation, the
reduction of vertical deformation was especially more obvious. The increase of vertical
stress caused by mining is the direct cause of roadway deformation and damage. The floor
heave of the roadway will further aggravate the increase of deformation on two sides. Based
on this, it can be seen that when the strength of the floor is increased, on the one hand, it can
bear more vertical stress caused by mining, so that the vertical stress can be transferred to a
deeper depth. On the other hand, it can resist a larger floor heave in the floor.

The deformation of the roadway floor under different reinforcement methods is shown
in Figure 18. From Figure 18, it can be seen that the use of floor grouting was still the most
effective measure to control the floor heave. This is because the anchor cable and grouting
reinforcement support increased the bearing capacity of the roadway wall. The stress
concentration of the roadway wall increased, and the greater vertical stress was transferred
to the floor, which increased the floor heave of the roadway.

Comparing only grouting and joint reinforcement support of the roadway floor, it
can be seen that the deformation of the floor heave at depth increased to about 0.1 m after
supporting the two sides, while the shallow part was basically unchanged. It can be seen
that the joint anchor cable + grouting was the most effective measure to ensure the safety of
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the roadway, as the deformation and damage of the roadway wall and floor under different
reinforcement methods were combined.

  
(a) (b) 

  
(c) (d)  

Figure 16. Horizontal displacement of the two sides of the roadway under different reinforcement
methods. (a) Monitoring Line A. (b) Monitoring Line B. (c) Monitoring Line C. (d) Monitoring Line D.

 
(a) (b) 

  
(c) (d) 

Figure 17. Vertical displacement of the two sides of the roadway under different reinforcement
methods. (a) Monitoring Line A. (b) Monitoring Line B. (c) Monitoring Line C. (d) Monitoring Line D.
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(a)  (b)  

 
(c)  

Figure 18. Vertical displacement of the floor under different floor reinforcement methods in the
roadway. (a) Floor. (b) 1 m below the floor. (c) 2 m below the floor.

3.4. Field Application and Validation

In order to determine the effect of the joint anchor cable + grouting joint reinforcement
support method to reduce roadway deformation and damage after application in the field,
a laser rangefinder was used to monitor the roadway deformation within 250 m of the
roadway ahead of the working face during the back mining of the 30,503 working face.
The displacements of the roof and floor of the roadway and the two sides are shown in
Figure 19. From Figure 19, it can be seen that affected by mining, the rapid deformation
stage of the roadway was mainly concentrated within 50 m ahead of the working face, and
the roadway deformation was large.

Near the working face, the deformation of the two sides was still about 600 mm, and
the distortion of the ceiling and floor was still almost 350 mm. However, the deformation
gradually decreased and stabilized with the increase of the distance ahead of the working
face. This shows that after using the anchor cable + grouting support reinforcement, the
deformation pattern of each monitoring point of the roadway was kept consistent and the
deformation was better controlled. Compared with the deformation data of two sides of
the roadway and the roof and floor without reinforcement support (Figure 20), the overall
deformation of two sides was reduced by 50% and the roof and floor were reduced by
about 40%. In the field observation, it is found that after the combined support of anchor
cable and grouting, the floor heave and roadway wall heave still exists, but compared with
the previous support, they are better controlled, which means that the existing support
methods can better ensure the stability of the roadway during the recovery period.
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(a) (b)  

Figure 19. Deformation data after roadway reinforcement. (a) Roof–floor displacement. (b) Two
sides displacement.

  
(a)  (b) 

Figure 20. Deformation of the gob-side roadway wall. (a) Deformation of roof and floor. (b) Defor-
mation of two sides.

4. Conclusions

4.1. Main Contributions

The close extra-thick coal seams are subject to the broken overburden of mined coal
seams, and the deformation and damage of the roadway is serious, which affects the safe
operation of the mine. In this paper, we studied the deformation and damage law of a gob-
side roadway in close extra-thick coal seam by numerical simulation and field monitoring
and compared and analyzed the deformation and damage characteristics of the roadway
under different reinforcement support methods. Finally, the optimal reinforcement support
method was determined and we verified it on site. The main contributions of the study
are listed below. The gob-side roadway in close extra-thick coal seam has asymmetric
deformation damage characteristics; the coal pillar side deformation was greater than
that of the solid coal side. The large deformation of the coal body in the deep part of the
roadway wall is an important reason for the continuous appearance of roadway wall heave
in the coal pillar.
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The horizontal and vertical displacement of the coal pillar side under various support
methods was significantly different than that of the solid coal side. Each reinforcement
support method reduces the deformation of the two sides of the roadway. Among them,
increasing the length of anchor cable and arranging it in a fan shape can improve the
support effect remarkably. The bearing capacity and stability can be greatly increased by
grouting at the coal pillar side. Grouting to strengthen the integrity of the floor is the most
effective way to avoid and control floor heave since its effect on regulating floor heave is
significantly better than that of anchor cables. Therefore, the comprehensive reinforcement
method of anchor cable + coal pillar side grouting + floor grouting at the roadway wall has
the best effect, especially the vertical deformation.

4.2. Limitations and Prospects

The limitation of this paper is that the optimized support results for the gob-side
roadway in the close extra-thick coal seam obtained in this study are based on the horizontal
coal seam, but whether it is applicable to other inclined coal seams needs further research
and verification. Additionally, based on the understanding of the limitations of this paper,
in the future, the author will conduct large-scale physical similarity simulation to further
study the instability characteristics of the gob-side roadway in close extra-thick coal seam,
and provide guidance for roadway instability control under this condition.
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Abstract: As a kind of non-coal pillar roadway support technique, gob-side entry retaining is of great
significance to improve the production efficiency of a fully mechanized working face. However,
the construction of the roadway is often subject to the surrounding rock conditions, the application
is mainly concentrated in the nearly horizontal and gently inclined coal seam conditions, and the
application in the steeply inclined coal seam conditions is relatively less. This paper is based on the
gob-side entry retaining roadway construction of the 58# upper right 3# working face in the fifth
district of Xinqiang Coal Mine, and describes the investigation in which we measured the advanced
abutment stress, mining stress, and roof stress and analyzed the moving rule of roof. On this basis, in
this work, we determined the filling parameters and process and investigated the filling effect from
the perspective of the deformation of the filling body and the surrounding rock. The results show
that the influence range of the advanced abutment stress in the working face is about 20~25 m, the
stress in the upper part is intense, and stress in the middle and lower parts are relaxed. The setting
load, the cycle-end resistance, and the time-weighted mean resistance at the upper end of working
face along the direction of length are the largest, followed by the middle part, and the lower end is
the minimum. When exploiting the steep inclined coal seam, the upper part of the working face is
more active than the lower part, and the damaging range of overlaying strata is mainly in the upper
part of the goaf. With this research, we established the filling mining process in steeply inclined
coal seams and determined the relevant parameters. The gangue cement mortar filling can ensure
the deformation of the filling body, the surrounding rock of the roadway is small in the process
of roadway retention, and the stress of the filling body is also small, which ensure the successful
retention of the roadway. This study verifies the possibility of repair-less exploitation and provides a
reference for the popularization and application of the gob-side entry retaining technique in steep
inclined coal seam.

Keywords: steeply inclined coal seam; gob-side entry retaining; roadside filling; surrounding
rock control

1. Introduction

China has rich coal resources, accounting for about 40% of the world’s production.
For a long time to come, coal will be an irreplaceable dominant energy resource [1,2].
However, coal belongs to non-renewable energy. It has become an urgent problem to
select an advanced mining technology to reduce the loss of coal resources [3]. As a kind
of non-coal pillar roadway support technique, gob-side entry retaining can reasonably
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develop existing coal resources and improve the recovery rate of coal resources [4,5]. Its
research and promotion are significant to the development of the coal industry.

Although the gob-side entry retaining technique has been widely used worldwide, its
application effect is often subject to the surrounding rock conditions of roadway retention,
especially the stability of the roof [6–8], and the high cost also restricts its further promotion.
To solve these problems, scholars have conducted a lot of research on the strata behavior,
applicable conditions, reasonable support forms and new support materials. Through
theoretical analysis and numerical simulation, Zhang et al. analyzed the roof cutting
stress relief mechanism and the temporal and spatial evolution law of surrounding rock
stress, and verified it in the field [9,10]. Bai et al. [11–13] used site investigation data,
numerical simulation, and theoretical calculation to establish the dynamic mechanical
model of the roof, and studied the roof bending deformation mode of the retained roadway.
Fan et al. [14,15] used grouting cable to control roof cutting, built a surrounding rock
support model composed of coal wall, support, and goaf gangue, and verified it in the
working face. To analyze the subsidence law of roof after gob-side entry retaining in
close coal seam, Liu et al. [16,17] calculated the stress distribution of the roof after mining,
verified it by numerical simulation, and analyzed the failure process of the roadway roof
under closed goaf, which provided guidance for gob-side entry retaining design with
similar geological conditions. Chang et al. [18–20] combined numerical simulation and
theoretical calculation to study the surrounding rock control effect of high-water fillings
with different widths. Kumar et al. [21–23] put forward a construction method for roadway
retention by using bag material and verified the feasibility using an indoor mechanical
test based on the characteristics of thin coal seam mining. Li et al. [24,25] studied the key
parameters of high-water filling material support when the retaining roadway in high-gas
thin coal seams and studied the ground stress law by using roof displacement and filling
body deformation.

In these studies, the stress state of surrounding rock and the interaction between
support and surrounding rock were comprehensively analyzed. On this basis, scholars also
carried out various explorations of gob-side entry retaining technology under different geo-
logical conditions and coal seam occurrence conditions and accumulated rich experience
and lots of application cases. Qin et al. [26,27] used FLAC3D numerical simulation software
to analyze the stress distribution law of gob-side entry retaining in thin coal seams and
found that the horizontal stress gradually decreased with the advancement of the working
face. He et al. [28–31] conducted directional fracturing of the roof with constant resistance
and large deformation anchor cables and studied the reasonable support scheme under
thick coal seam mining with numerical simulation and field observation. Guo et al. [32–34]
studied the construction scheme of gob-side entry retaining technology under thick and
hard roof conditions, proposed the pre-splitting blasting method, and conducted exper-
iments on the site. Qi et al. [35–37] proposed a new scheme of gob-side entry retaining
technology in three-soft coal seams based on the mechanical and numerical calculation
model, including roadway expansion and large section roadway support, which provided
theoretical guidance for construction under similar geological conditions. Based on site
investigation and numerical analysis, Das et al. [38–40] analyzed the failure mechanism of
the soft roof of a roadway in gently inclined coal seams and determined the bolt support
parameters after working face advancement.

The above research mainly focuses on the geological conditions of the working face in
the near-horizontal and gently inclined coal seam, which further fills the research gaps in
the law of strata behavior, roadway support methods, and roadside filling techniques in
gob-side entry retaining, and has been successfully applied onsite. However, there are still
many problems in the application of gob-side entry retaining technology in medium-thick
or thick coal seams with complex occurrence conditions, especially in large dip angle coal
seams [41]. Some steeply inclined coal seams have not achieved the expected results in
application, which limited the further application of the gob-side entry retaining technique.
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The steeply inclined fully mechanized mining face in Xinqiang Coal Mine is rare in
China. The research on the gob-side entry retaining technique in the working face needs
to solve key problems, such as reasonable retention of the filling body, filling system and
method, and stability of the filling body [42–44]. Related research can not only provide
guarantees for safe and efficient production under the condition of steeply inclined coal
seam, but also enrich and develop the gob-side entry retaining technology. Based on
the gob-side entry retaining of the 58# upper right 3# working face in the fifth district of
Xinqiang Coal Mine, we measured the advanced abutment stress and roof weighting, and
analyzed the roof activity law. On this basis, we determined the filling parameters and
process of the steeply inclined working face and investigated the filling effect from the
perspective of the stress and deformation of the filling body and the surrounding rock. The
theoretical and practical research in this paper can solve the problem of mine production
and provide a demonstration for the popularization and application of the gob-side entry
retaining technique under special working conditions.

2. Survey and Requirements in the Field

2.1. General Situation of Working Face

Xinqiang Coal Mine belongs to the Qitaihe Mining Bureau, using cross-cut develop-
ment in a multi-level division of the vertical shaft method; the depth of the two horizons
are −50 m and −300 m. There are, altogether, four production districts: 2#, 3#, 5#, and 6#.
The location of the mine is shown in Figure 1. The fifth district is located in the eastern part
of the mine. There are, altogether, three layers of coal seam, 54#, 58#, and 59#, which are all
coking coal and lean coal. The coal seam is roughly east-west strike and south dip. The dip
angle is between 27◦ and 55◦ with an average of 45◦. With the deepening of mining, the
dip angle of coal seam gradually increases. The fifth district 58# upper right 3# working
face belongs to 2# mining horizon, and the depth is −156.83 m~−190 m, the strike length is
330 m, and the inclination length is 54~60 m. The immediate roof of the coal seam is 12.3 m
siltstone, while the upper roof is 2.3 m medium sandstone and the floor is 17.0 m siltstone.

 

Figure 1. Distribution of steeply inclined coal seams and mine location.

The recoverable reserves of the fifth district 58# upper right 3# working face are
52,000 tons, adopted from the longwall backward mining method. The mining technol-
ogy used a shearer drum to load coal, an armored face conveyor to transport coal, hy-
draulic supports to support the roof, and the total caving method to manage the roof. A
MG2 × 125 (100)/580 (480) WD drum shearer and a ZY3600/12/28 shield hydraulic sup-
port was selected. The upper roadway belongs to 2# working face and the lower roadway
is 3#. The gob-side entry retaining roadway located in the 58# upper right 3# working face
are shown in Figure 2. The average thickness of coal seam is 2.0 m, the height of the shearer
is 1.25~2.58 m, the cutting depth of the drum is 0.8 m, and the effective support height is
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1.2~2.8 m. The working face adopts the double drum one-way coal cutting method. The
cycle footage is 0.8 m, and the mining height is 2.0 m, which is mined along the coal seam
floor. The drum cuts triangular coal in the upward direction after feeds at the upper end,
and then cuts coal in the downward direction. After the shearer sweeps the floating coal in
the upward direction, the conveyor sequentially moves and supports.

(a) 

 
(b) 

Figure 2. Views of gob-side entry retaining in 58# upper right 3# working face: (a) plan view;
(b) sectional view.

2.2. Problems and Demands in the Field

Although the gob-side entry retaining technique has been valued and developed in
China, it is restricted by the surrounding rock conditions and the stability of the roof is a key
factor in construction effects [45]. The 58# upper right 3# working face in the fifth district of
Xinqiang Coal Mine adopted the fully mechanized mining method; the advancing speed
of the working face was fast, resulting in mining imbalance and a difficult replacement
of the working face. To alleviate the production stress caused by mining imbalance, the
gob-side entry retaining technology was adopted to retain the transportation roadway of
the 3# working face as the return airway of the 4# working faces.

3. Roof Behavior in a Fully Mechanized Working Face in Steeply Inclined Coal Seam

3.1. Law of Advanced Abutment Stress

In the position of 100 m ahead of the working face on the coal side in the lower groove
of the 58# upper right 3# working face in the fifth district, we drilled and installed a survey
station. There were seven boreholes with depths of 2 m, 5 m, 8 m, 11 m, 14 m, 17 m,
and 20 m. The height was about 1.5 m away from the roadway floor and the angle was
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consistent with the coal seam dip angle (45◦). The corresponding length of the stress sensor
was installed into the borehole, numbered 1, 2, 3, 4, 5, 6, and 7. Among them, the No. 5
borehole stress sensor has oil leakage due to poor sealing during installation and the stress
data has been zero. The other six borehole stress sensors have data, which can be used
normally. The layout parameters of drilling and stress sensors are shown in Figure 3.

 

Figure 3. Schematic drawing of stress borehole measuring points.

The advanced abutment stress of the working face increases obviously from the initial
stress at the position of about 6 m ahead of the working face, as shown in Figure 4. With the
increase of the distance, the stress reaches the maximum at about 10 m from the working
face, and the average peak stress is 14 MPa. After reaching the peak value, the stress begins
to decrease, but is still higher than the initial stress; the influence continues to the position
of 20~25 m from the working face and then restores to the initial stress value gradually.
When the measuring point is about 25 m away from the working face, the stress sensor
counting begins to change, indicating that the advanced abutment stress of the working
face begins to affect the stress. The influence range of the advanced support stress of the
working face is about 20~25 m, which is consistent with the empirical value of the end
advanced support distance given in the field. Therefore, the end advanced support distance
of the working face can meet the requirements of 25 m.

Figure 4. Distribution map of advanced abutment stress in working face.
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3.2. Law of Rock Stress Activity

The measuring areas are arranged in the upper, middle, and lower parts along the
face length direction of the 58# upper right 3# working face in the fifth district. We selected
a support and installed stress gauges in each area to record the time-weighted mean
resistance. The working face is a steeply inclined working face and the support quality
of the hydraulic support in the working face is closely related to the three supports at the
lower end. As a result, the support at the lower end was also selected and the digital stress
gauge was installed. There are 60 hydraulic supports in the working face in total, and the
stress gauges are installed on the 3#, 20#, and 36# supports to record the support resistance
and the strata behavior. The position of the measuring points and the selected support are
shown in Figure 5.

 

Figure 5. Layout drawing of rock stress measuring point.

The roof weighting data in each part of the working face are shown in Table 1, where
Km represents the end-of-cycle coefficient and Kt represents the time-weighted coefficient.
According to Table 1, the 36# support weighted four times, the maximum stress step is
23.3 m, the minimum is 18.6 m, and the average is 20.5 m. The maximum influence range is
2.8 m, the minimum is 2.1 m, and the average is 2.35 m, and the dynamic load coefficients
during the weighting period are Km = 1.29 and Kt = 1.28. Therefore, the stress strength in
the upper part of the working surface (36# support) is intense. The 20# support weighted
four times, the maximum stress step is 25.6 m, the minimum is 21.6 m, and the average is
23.6 m. The maximum influence range is 3 m, the minimum is 1.2 m, and the average is
2.375 m, and the dynamic load coefficients during the weighting period are Km = 1.21 and
Kt = 1.22. Therefore, the stress strength in central part of working surface (20# support) is
mild. The measurement shows that the 3# support weighted three times, the maximum
stress step is 34.6 m, the minimum is 30.4 m, and the average is 32.4 m. The maximum
influence range is 3.2 m, the minimum is 2.4 m, and the average is 2.8 m, and the dynamic
load coefficients during the weighting period are Km = 1.06 and Kt = 1.04. Therefore, the
stress strength in the lower part of the working surface (3# support) is mild. At the same
time, it can be seen from Table 1 that the dynamic load coefficients of the upper, middle,
and lower roof weighting are 1.28, 1.21, and 1.04, respectively, which are values far less than
the dynamic load coefficient of gently inclined coal seam. The average periodic weighting
step distance of the upper, middle, and lower parts of the working face is 20.5 m, 23.6 m,
and 32.4 m, respectively, which is much larger than that of gently inclined coal seam. The
roof stress behavior of coal seam in the working face is mild and the periodic weighting is
not obvious.

The roof stress distribution along the face length direction of the steeply inclined
fully mechanized working face is different when affected by the mining method, the coal
and rock occurrence conditions and support quality, and especially the dip angle of coal
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seam [46,47]. The stress distribution in the long direction of the working face during the
periodic weighting and non-periodic weighting is shown in Figure 6.

Table 1. Roof weighting data in working face.

Support Number Number of Weighting Step Distance(m) Range of Influence (m)
Dynamic Load Coefficient

Km Kt

36 4 20.5 2.35 1.29 1.28
20 4 23.6 2.37 1.22 1.21
3 3 32.4 2.8 1.06 1.04

 
(a) (b) 

Figure 6. Distribution of roof stress along the length direction of working face: (a) weighting period;
(b) non-weighting period.

It can be seen in Figure 6a that, during the weighting period, the working resistance in
the lower end of the working face is the lowest, the setting load Po is only 1557 kN, the cycle-
end resistance Pm is 1782 kN, and the time-weighted mean resistance Pt is 1653 kN. With
the increase of distance, the working resistance of the support in the middle of the working
face also increases, with an increase of 610 kN, 834 kN, and 707 kN, respectively. With the
further increase of the distance from the headgate, the setting load, cycle-end resistance,
and time-weighted mean resistance in the end of the working face are the maximum,
which are 2713 kN, 3050 kN, and 2922 kN, respectively. During the weighting period, the
average setting load of the three supports is 2145 kN, which is 69.39% of the rated setting
load (3092 kN). The average cycle-end resistance is 2482 kN, which is 68.94% of the rated
working resistance (3600 kN). Therefore, the design makes full use of the rated bearing
capacity of the support while ensuring reliability. It is shown in Figure 6b that, during
the non-weighting period, the working resistance also shows a trend of increasing with
distance. At the lower end of the working face, the setting load, the cycle-end resistance and
the time-weighted mean resistance are all minimum values, which are 1506 kN, 1686 kN,
and 1589 kN, respectively. With the increase of the distance from the headgate, the working
resistance increases slightly, reaching 1811 kN, 2032 kN, and 1894 kN in the middle of the
working face. The maximum values of setting load, cycle-end resistance, and time-weighted
mean resistance appear at the upper end of the working face, and the resistance values are
2170 kN, 2391 kN, and 2322 kN, respectively, during the same stress period.

3.3. Characteristics of Roof Weighting

The gravity effect of overlying strata in steeply inclined coal seams is different from
that in nearly horizontal and gently inclined coal seam, resulting in different roof weighting
characteristics.
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(1) The roof behavior of steeply inclined coal seam is mild; periodic weighting is not
obvious. The weighting strength is significantly lower than that of gently inclined
coal seam, while the weighting step distance is significantly larger than that of gently
inclined coal seam. The reason is that the component force of the gravity action of
overlying strata on the roof of coal seam is much smaller than that of gently inclined
coal seam. This also leads to hydraulic support stress in the steeply inclined coal seam
working face being small; support performance can meet the requirements, so the
support design should mainly consider the support equipment anti-skidding.

(2) The periodic weighting difference of each position in the face length direction of
steeply inclined coal seam is large, but the overall weighting difference of the working
face is not large, especially the upper and central parts. In comparison, the periodic
weighting at the upper end of the working face is stronger than that at the middle of
the working face, while the periodic weighting at the middle is stronger than that at
the bottom of the working face. The reason is that the dip angle of coal seam is much
larger than the natural repose angle of coal and rock mass. When the immediate roof
is broken, the weak immediate roof rock mass in the upper part of the goaf rolls down
to the lower part under the action of self-weight, forms a state of full enrichment
in the top, semi-enrichment in the middle, and hanging in the bottom in the length
direction of the working face. Therefore, the periodic weighting step distance and
dynamic load coefficient are inconsistent in the length direction of the working face.

4. Gob-Side Entry Retaining and Backfilling Process in Steeply Inclined Coal Seam

4.1. Advantages of the Gob-Side Entry Retaining Technique

The gob-side entry retaining technique has the following advantages for the 58# upper
right 3# working face in the fifth district of Xinqiang Coal Mine:

(1) The gob-side roadway is synchronously filled and maintained with the advance of the
working face, which ensures the normal transportation of the material, raw coal, and
fresh air of the working face. It is also conducive to the safe production of the mine.

(2) The roadways retained along the goaf can be used as the flat roadway in the next
working face, which can save the tunneling cost of the roadway and avoid continuous
tension and mining imbalance.

(3) The district sublevel coal pillar between working faces is omitted, which greatly
improves the recovery rate of coal resources.

4.2. Determination of Filling Parameters

The haulage roadway of the working face is excavated along the coal seam roof. In
the process of roadside filling, the retention roadway is strengthened by the support. The
roof and floor of the roadway in the goaf side are punched with anchor cables to maintain
the stability of the roadside filling body. To prevent the slurry from overflowing into the
roadway due to the fluidity of the slurry during the initial grouting of the filling material,
the wooden plate is added between the anchor cables and the filling body. The personnel
have difficulty entering the goaf side, so the slurry flows naturally in the early stage of
backfilling and stops grouting when the size of the filling body is qualified. The physical
properties of the slurry determine the natural resting angle of the filling body and the plane
section of the filling body is finally trapezoidal, as shown in Figure 7.

According to the geological conditions of the coal seam in the mine, the total stress of
overlying strata on the filling zone can be directly calculated according to the multiple rock
weight method (estimation method) Pt [48]. The formula is as follows:

Pt = ngSγM cos α (1)

The working resistance of filling body PT is:
PT = σSt (2)

The strength requirements of roadside filling body is:
PT ≥ Pt (3)
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The filling body will not be damaged, the roadway retained along the goaf can be
completely preserved [49]. Three formulas stand together and can be derived that:

St ≥ ngSγM cos α/σ (4)

In the formula, St is the area supported by filling body; n is the rock weight multiple
according to the medium stability below the roof consideration, generally taken as 6~8;
g is the gravitational acceleration, S is the roof area supported by filling body, which is
S = ab; a is the length of filling body along the roadway direction, b is the width of the roof
supported by the filling body, γ is the density of roof strata, M is the cutting height; α is
the dip angle of coal seam, taken as an average of 45◦; and σ is the compression of the
filling body.

The shape of the filling body is trapezoidal due to the geological conditions of roadside
filling in steeply inclined coal seam, so the sum of the upper and lower boundaries of the
trapezoid determines that the cross-sectional area of the filling body should not be less
than 6 m. Considering that the filling body is incompressible, the filling body supports the
overlying strata other than the immediate roof and the main roof. For safety purposes, the
designed average width of the filling body is 3 m, as shown in Figure 8.

Figure 7. Trapezoid filling body and roof structure.

 

Figure 8. Geometric dimensions of filling body (mm).
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4.3. Process of Backfilling

(1) Processing and transportation of filling materials

After drying the sand, stone, and fly ash in the ground workshop, put the materials
into the mixer according to the prescribed ratio and mix evenly. Then, load the mixture into
the woven bag and transport it to the underground working surface by the mine truck.

(2) Filling and pumping of filling materials

According to the advancing time of the working face, each advancing cycle (0.8 m)
of the working face should fill once. The filling pump is used to transport the uniformly
stirred material through the pipeline into the filling space isolated by the baffle.

(3) Filling space

Clean the floating coal after the downward cutting of the cutting coal machine in the
working face. The support is pushed forward from the bottom to the top, the fourth support
that is close to the upper side of the filling body of the working face is retained, and the
filling space is formed behind the bent support. The filling bag and the filling partition are
laid in the filling space to resist the impact of a small amount of gangue on the goaf side. At
the same time, the trapezoidal partition is laid behind the shield beam of the lower end row
head frame, the rectangular partition is erected on the roadway wall, and the single pillar is
initially blocked. The filling space surrounded by roadway wall, unmoved support (fourth
support), bent shield beam, and filling body are shown in Figure 9. Subsequently, the outlet
of the filling pipeline enters the filling port of the filling partition and the filling material is
injected into the space. At the same time, thick wood plates are placed in advance above
the filling bag to buffer the roof subsidence and prevent the roof subsidence of the retaining
wall from crushing the wall before it reaches the predetermined strength.

Figure 9. Schematic drawing of filling space.

(4) Complete filling work

At the end of filling, the filling material is no longer filled in the pump, the material
in the pipe should be pushed clean with plastic balls, and the full-length pipe should be
washed once with water to prevent solidification and blockage of filling materials in the
pipe. At the same time, the next filling preparation work should be done. The filling pump
is arranged in the transportation roadway. When the working face is pushed over, the
filling pump does not need to be moved because it is in the retained roadway, and the
filling pipeline only needs to be extended outward.

The sequence and process of gob-side entry retaining in Xinqiang Mine are shown in
Figure 10.
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Figure 10. Process of backfilling.

4.4. Filling Effect Monitoring

To examine the filling effect and the strength and deformation characteristics of the
roadside filling body, we installed displacement sensors (Figure 11a), borehole stress
sensors (Figure 11b), and surrounding rock deformation sensors (Figure 11c) during the
process of roadside filling to record experimental data and investigate whether the fill-
ing body meets the strength and deformation requirements. The letters A to F in the
figures represent sensors in different locations, and the letters with circles represent the
corresponding indicators.

   

(a) (b) (c) 

Figure 11. Layout drawing of sensors: (a) displacement sensors; (b) borehole stress sensors;
(c) surrounding rock deformation sensors.

5. Investigation of Filling Effect

5.1. Deformation Characteristics of Filling Body

The stress sensors are embedded in the filling body after the roadside filling. The
transverse and longitudinal deformation of the filling body obtained by a period of testing
is shown in Figure 12.

The deformation of the filling body can be roughly divided into five stages. In the
initial construction stage of the filling body, the distance from the working face is generally
about 10 m and the deformation of the roadway roof is small. The filling body cannot be
actively bear stress and the deformation in two directions is almost zero. In the range of
10~20 m away from the working face, the rock stress begins to appear; the amount and ratio
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of the roof-to-floor convergence gradually increase and the filling body gradually begins to
actively bear stress. Due to the high strength of the cement mortar filling body in the initial
solidification stage, the roof subsidence is not large at this stage. In the distance of about
20~40 m from the working face, the overlaying strata of the roof moves violently and the
roof-to-floor convergence further increases. The vertical and horizontal deformation of the
filling body can reach 57 mm and 31 mm. In the range of 40~80 m away from the working
face, the activity of roadway roof strata gradually eases, the deformation of filling body
gradually stabilizes, and the longitudinal deformation generally does not exceed 100 mm.
At about 80 m away from the working face, the filling body becomes stable and there is
basically no vertical and horizontal deformation.

Figure 12. Deformation curves of filling body in different stages.

5.2. Stress Characteristics of the Filling Body

The borehole stress sensors were installed in the roadside backfills in different distances
from the working face to measure the loads borne by the backfills at different locations in
the backfills, as shown in Figure 13.

Figure 13. Load variation curve in filling body.
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With the increase of the distance from the working face, the trend of the load in the
roadside filling body can be roughly divided into three stages. At about 10 m from the
working face, the displacement of the roadway roof increases, and the filling body gradually
begins to bear a certain load. Subsequently, the load shows an increasing trend with the
increase of distance. The fastest increase is in the range of 20~40 m. At about 40 m from
the working face, the filling body reaches the ultimate strength, about 6 MPa. In the range
of 40~80 m from the working face, the filling body gradually tends toward a plastic yield
state under the action of a severe deformation of the roadway roof and the bearing capacity
reduces as the load reduces. The deformation of the roadway roof tends to be stable and
the load distribution in the roadside filling body tends to be stable and no longer decreases
in the range outside of 80 m.

5.3. Deformation Characteristics of Roadway-Surrounding Rock

When the working face advances, the roof and floor of the retained roadway are
always in the state of spatial motion. The activity intensity of the roadway roof and
floor is related to the distance from the working face, which leads to a different roof
convergence. Figure 14a shows the relationship between the displacement of the roof and
floor of the retained roadway behind the working face and the distance from the working
face. Figure 14b shows the relationship between the displacement of the two sides of the
reserved roadway and the distance from the working face.

 
(a) (b) 

Figure 14. Variation curve of roadway-surrounding rock: (a) roof-to-floor convergence; (b) two ribs
convergence.

It can be seen from the measurement results that the displacement of the roof-to-floor
convergence and two ribs of the retained roadway slightly changes within the range of
10~20 m from the working face. In the range of 20~50 m from the working face, the roof-to-
floor convergence and the two ribs’ displacement increase rapidly, and the displacement
is approximately linear with the length of the working face. At about 50 m from the
working face, the sum of the two ribs’ displacement reaches about 116 mm. In the range of
50~80 m from the working face, due to the stable motion state of the surrounding rock, the
displacement of the two ribs of the roadway numerically increases, but the increase rate is
less than the previous stage. At about 80 m away from the working face, the surrounding
rock movement becomes stable and the roadside filling body bears a stable load. The
roof-to-floor convergence is less than 100 mm, and the displacement of the two ribs is not
more than 140 mm.
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6. Conclusions

To study the gob-side entry retaining technique in steeply inclined coal seam, we
measured the advanced abutment stress, mining stress, and roof stress, and analyzed the
moving rule of roof based on the gob-side entry retaining roadway construction of the 58#

upper right 3# working face in the fifth district of Xinqiang Coal Mine. On this basis, in this
work, we determined the filling parameters and process of the steeply inclined working
face and investigated the filling effect from the perspective of the stress and deformation of
the filling body and the surrounding rock. The results show that:

(1) The influence range of the advanced abutment stress of the working face is about
20~25 m, which is consistent with the empirical value of the advanced support
distance in the field. The stress intensity in the upper part of the working face is
intense; the stress intensity in the middle and lower part of the working face is mild.

(2) During the period of periodic weighting or not, the setting load, the cycle-end resis-
tance, and the time-weighted mean resistance at the upper end of the working face
along the direction of length are the largest, followed by the middle part, and the
lower end is the minimum. The increase is greater during the weighting period than
during the non-stress period.

(3) The overlaying strata in the upper part of the working face is more active than the
lower part when mining steeply inclined coal seam. The range of rock failure is
mainly in the upper part of the goaf, the upper roof has a tensile fracture due to
sliding instability, and the lower part is unevenly filled by falling gangue. Due to the
rotary instability stress on the filled gangue, the floor heave phenomenon is obvious.

(4) The filling mining process of steeply inclined coal seam is established. The multiple
estimation method was used to determine and calculate the relevant parameters of
trapezoidal backfill and the field observation was carried out. The roadside filling
body constructed by gangue cement mortar material has a fast setting speed and
strong bearing capacity. After filling, the deformation of the filling body and the
roadway-surrounding rock is small and the stress of the filling body is small, indi-
cating that the filling effect is good. This study verifies the possibility of repair-less
exploitation and provides reference for mines with the same conditions.
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Abstract: To understand the early warning signs of damage during the coal mass deformation
process, an integrated monitoring procedure was designed that combines the apparent resistivity
(AR) and acoustic emission (AE) of coal damage under multi-step loading. The spatiotemporal
response characteristics of AR and the time-varying evolution of AE were studied and the varying
correlation between the two was discussed. Additionally, the macro–microscopic mechanics of the
AR response during the coal deformation process was explored. The results show that the AR and
AE signals corresponded well with the applied load during the coal deformation process. In the early
loading stage, variations in AR and AE signals were not apparent. As the applied load increased,
the high-resistance area of AR increased and the AE signals became active. The local variation
characteristics of AR could be used to indirectly invert the internal structure of the coal samples.
The electrical variation in the loaded coal was mainly controlled by the conductive surface of cracks.
The acoustic and resistivity methods can strongly complement the spatial and temporal dimensions
of early warning systems for disasters. The AE technique can continuously monitor a test area for
abnormal occurrences in the engineering site, and AR tomography images that are obtained can be
used to locate inversions in the source coal in order to take pre-emptive action before disaster occurs.
This research can provide new ideas for monitoring and early warning systems for coal and rock
dynamic disasters.

Keywords: multi-step load; acoustic emission; resistivity method; coal fracture; spatiotemporal
evolution; early disaster warning

1. Introduction

With the increasing intensity and depth of coal mining in China, coal–rock dynamic
disasters, such as rock burst, roof fall, and coal and gas outburst, are becoming more
serious [1]. A coal–rock dynamic disaster is a complex process in which internal mi-
crofractures develop and multiply under external load perturbation until visible damage is
produced [2–4]. Therefore, studying the evolution characteristics of coal mass deformation
and rupture in different loading stages and accurately capturing the early warning signs
of damage could provide a theoretical and methodological basis for disaster prediction
and prevention at engineering sites. At the same time, the process of coal mass rupture
produces a variety of physical effects, such as changes in AE, electrical signals, and other
physical information [5–7]. In addition, joint monitoring and multi-source information
analysis by various means could help us more thoroughly understand the early warning
signs of coal mass deformation and rupture and solve the limitation that single sources of
information cannot accurately identify disaster sources.
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AE is a phenomenon in which tiny cracks that exist inside a material close under
external loading and energy is released in the form of elastic waves when new cracks
develop, expand, and penetrate [8]. Recently, many scholars have conducted extensive
research on AE signals during the coal mass loading process. Jia et al. revealed the spatial
and temporal evolution characteristics of coal damage during this process by studying the
physical behavior and AE signals of coal at different depths under triaxial compression
conditions [9]. Li et al. adopted the Hilbert–Huang transform (HHT) method to examine
the detailed structural characteristics of coal masses that were damaged at different loading
stages by analyzing AE waveform characteristics [10]. Dou et al. conducted uniaxial
compression tests on sandstone samples that involved pre-cracking at different dip angles
and investigated the effect of the crack dip angle on the fracture mechanism using AE and
scanning electron microscopy (SEM) [11]. Zhang et al. analyzed the AE signals of coal
samples under true triaxial loading and unloading during the process of deformation and
failure and found that the multifractal characteristics of AE were able to reflect the degree of
stress and damage in the coal samples [12]. Feng et al. studied the fracture characteristics of
coal mass under dynamic loading and the AE signal response and found that the dynamic
intensity was bimodal. In addition, the AE peak counts and energy increased linearly with
the impact velocity but decreased with increased axial static load [13]. Kong et al. studied
the variance and autocorrelation coefficients of AE signal sequences by introducing critical
moderation theory [14]. Li et al. conducted uniaxial compression experiments on sandstone
samples with different water content and collected AE signals. They found that the water
content significantly affected the mechanical behavior and AE signals of the sandstone
samples [15]. Through AE monitoring, Wang et al. conducted quantitative inversion of
the source mechanism of rock fracture and obtained the spatiotemporal evolution law
of the source parameters, such as microcracking type, fracture size, azimuth orientation,
dissipated energy, etc. [16]. The passive and real-time AE monitoring technique has
irreplaceable advantages in coal and rock fracture monitoring.

Resistivity is one of the important physical parameters of coal mass, and there have
been many in-depth studies on the variation law of the resistivity of coal under different
conditions. Jiang et al. studied the variation in the resistivity of quartz sandstone and
limestone under uniaxial loading conditions and introduced Maxwell’s conductivity for-
mula to analyze those variations during experiments [17]. Li et al. derived and tested
an analytical expression for the damage variables of rock samples based on resistivity
characterization and obtained the damage evolution equation for typical rock samples.
They also proposed discrimination criteria and pre-damage characteristics for the damage
state of rock samples [18]. Jia et al. studied the variation in resistivity response during
the process of crack development, expansion, and merging in saturated green sandstone
under uniaxial loading and proposed a method for fracture potential prediction based
on resistivity anisotropy [19]. Liu et al. investigated the AR of coal samples during the
process of uniaxial loading. The correspondence between AR and stress was also analyzed
to reveal the mechanism of AR response to coal damage [20]. Xu et al. conducted Brazilian
splitting tests on two groups of vertical and parallel limestone samples and obtained the
resistivity law for two loading modes. Their test results proved the evolution law for
resistivity damage variables [21]. The above results all show that the resistivity method can
effectively reflect the characteristics of deformation and rupture during coal loading, which
is one of the main methods used for active geophysical exploration in mines.

The above research shows that the study of resistivity change in loaded coal mass has
mainly been limited to the temporal variation characteristics of resistivity, and the spatial
variation characteristics during the loading process have been less studied. In addition, it
is difficult to monitor electrical signals throughout the whole process of coal mass loading
in real time due to the limitation of sampling frequency of the measuring instrument.
Moreover, while the AE technique can monitor the test area in real time and is sensitive
to the moment of coal mass rupture, compared with the active detection technique, the
main disadvantage of AE for dynamic disaster prediction is that the advance time is not
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long enough. In other words, when the AE signal is detected, the damage or fracture has
already occurred, while an active detection technique such as resistivity can predict the risk
in advance, before the disaster occurs, and it is difficult to reflect the internal evolution state
of the coal mass during the loading process in all aspects. The two observation methods,
AE and resistivity, both have their advantages, but the correlation between them in the
spatial and temporal dimensions of coal fracture warning still needs to be further clarified.

This paper integrates the DC resistivity method and the AE technique to test the
AR and AE signal response laws during the multi-step coal mass loading process. The
focus is on analyzing the spatial and temporal evolution characteristics of the AR of
the coal mass to reveal the change mechanism from the microscopic and macroscopic
perspectives. By exploring the spatial and temporal correlation of the AR-AE response to
the coal damage process, a new idea for dynamic disaster warning based on the integration
of passive monitoring and active detection is proposed. The research results provide an
important theoretical foundation and experimental basis for further clarifying the evolution
of coal rupture damage and enriching the technical system of dynamic disaster monitoring,
prevention, and control.

2. Experimental Preparation and System

2.1. Sample Preparation

The coal samples were taken from the 11061-machine tunnel of the Fangshan coal mine
in Yuzhou City, Henan Province, China. The coal samples were processed by a method
recommended by the International Society for Rock Mechanics and Rock Engineering
(ISRM). Standard specimens with a diameter of 50 mm and height of 100 mm were used,
and non-parallelism and non-perpendicularity were controlled to within ±0.05 mm. A
total of 18 coal samples were used, numbered sequentially from M-1 to M-18. To facilitate
the analysis, the basic parameters of the tested coal mass were analyzed industrially, and
the results are shown in Table 1. The tested coal was relatively soft, with the following
properties: density ρ = 980 kg/m3, Poisson’s ratio ν = 0.26, Young’s modulus E = 1.2 GPa,
and uniaxial compressive strength (UCS) = 4.2 MPa. The p-wave and S-wave velocity were
1180 and 670 m/s, respectively.

Table 1. Basic parameters of coal samples.

Parameters Moisture (Mad/%) Ash Content (Ad/%) Volatile Fraction (Vdaf/%)

Value 1.15 7.32 12.20

2.2. Experimental System

The experimental coal mass AR–AE system mainly included four parts: loading
system, shielding system, AE acquisition system, and electrical parameter acquisition
system, as shown in Figure 1.

The experimental loading system consisted of a SANS-Y4306 electro-hydraulic servo
press platform. The platform was mainly composed of a servo press, a DCS loading control
box, and a PowerTest V 3.3 control program, with maximum load capacity of 3000 kN and
data acquisition frequency up to 20 Hz. Three loading methods could be realized: force
control, displacement control, and constant load control.

The experimental shielding system consisted of an AFGP-II high-efficiency shielding room,
with a shielding range of 50 MHz–1 GHz ≥ 110 dB, 300 kHz ≥ 110 dB, 100 kHz ≥ 100 dB, and
14 kHz ≥ 80 dB to meet the shielding requirements of the experiment. In order to avoid the
conduction of excitation current to the press during electrical detection, insulating paper
was placed at the upper and lower ends of the coal mass prior to the experiment to avoid
direct contact with the press and ensure the accuracy of the test results.
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Figure 1. Experimental system: (1) press head; (2) AE probe; (3) preamplifier; (4) electrodes; (5) insu-
lating paper; (6) AE data acquisition system; (7) acquisition base station; (8) electrical method host;
(9) press control system; (10) shielding room.

The AE acquisition system was a PAC-II system from Physical Acoustics, USA. The
system consists of an A/D converter module, pre- and gain amplifiers, and waveform
processing module, which can realize efficient acoustic signal acquisition using multiple
channels (up to 32) by computer. In order to ensure that there is no interference between
channels, a preamplifier is connected to each channel through a shielded line. Two Nano-30
miniature AE sensors (diameter = 8 mm; height = 8 mm) with a resonant response at
300 kHz were used in the experiments to measure the time-varying parameters (i.e., AE
counts) during the deformation process of loaded coal specimens. The AE sensors are
placed in the special fixture, and the fixture chuck is glued to the surface of the sample by
hot-melt adhesive.

The electrical parameter acquisition system consists of a Huizhou Institute YBD-11Z
type network parallel electrical method host, acquisition base station, and patch electrodes.
The signal acquisition of the instrument can reach up to 64 channels, the measuring voltage
accuracy is ±0.3 mV, and the sampling interval can be set from 1 to 20 ms. The pure copper
patch electrode is 7 mm long, 4 mm wide, and 0.5 mm thick, and is fully coupled with
the sample by conductive epoxy adhesive and connected to the acquisition base station by
silver-plated shielding wire.

2.3. Experimental Schemes and Procedures

In this study, uniaxial multi-step loading was used, the loading control method was
force-controlled, the rate was set to 20 n/s, and the step load was maintained for 30 s with
increments of 1 kN. The AE acquisition parameters were assigned as sampling frequency
of 20 MHz and amplification of 40 dB. The electrodes were arranged in a two-dimensional
symmetric arrangement, as shown in Figure 2. The electrical parameters were collected
using the AM method with a power supply time of 0.1 s and a sampling interval of 10 ms.
The mechanical parameters, AE signals, and electrical parameters of the coal sample were
collected simultaneously during the whole loading process.

450



Sustainability 2022, 14, 10061

 
Figure 2. Electrode arrangement.

After the acquisition, the data processing was mainly done by the parallel electro
fabrication instrument with WBD 3.0 analysis software. First, the data were imported
into the software and preprocessed through the main interface to reject distortion points
and bad data. Then, the coordinates were set according to the actual position of the
electrode in the 3D space, and the space type and device type were entered. Next, the
measurement line was segmented, and the appropriate azimuth and inclination angles
were set to form a symmetric profile. Finally, the AR values were calculated and plotted
into an AR tomography image.

3. Analysis of Experimental Results

3.1. Analysis of Variation Characteristics of AR and AE

According to the characteristics of the time–load curve, the AR of each sample during
the dead load and the unloaded moment was extracted for calculation, and then drawn
in an AR tomogram and marked. Tomograms with similar AR data were marked with
the same color scale, and the AE counts of the whole loading process were extracted for
comparative analysis. Due to space limitations, two representative samples, M-3 and M-11,
were selected for description, and the analysis of sample M-3 is emphasized.

The temporal characteristics of AE counts during the multi-step loading of sample
M-3 and the changing pattern of tomography images of AR evolution at different stages
are shown in Figures 3 and 4. It can be seen that native microscopic cracks in the coal mass
gradually closed to form new conductive channels under the action of axial stress at the
early stage of loading, resulting in the development of a low-resistance point-like potential
in the original strip-like central high-resistance imaging area with increasing load. However,
due to the low stress level, the overall structure of the sample did not undergo extensive
pose adjustment, so the chromatic aberration of the tomography imaging map changed
slowly and the low-resistance region still dominated. The AE counts did not produce
significant changes; only discrete signals were generated by the influence of microscopic
crack closure in the late stage of this phase, which were maintained at a low level.

At the late stage of loading, the AR tomography image started to show divergent
behavior; the left and lower resistance values had complete convergence and produced a
significantly increased resistance value, while the central high-resistance area continued to
spread and produced signs of penetration in the lower part. At this time, the microscopic
fracture development inside the coal mass moved from disorderly to orderly and the
expansion speed accelerated sharply, forming a macroscopic main rupture and irreversible
damage by converging with and penetrating the primary fracture. When the current flowed
through the rupture area, conductivity decreased and the high-resistance imaging area
filled the interior of the profile compared with the previous stages. At this stage, the AE
signal intensity increased significantly, the counts increased sharply and intensely, and a
sudden increase occurred near the stress peak while reaching the instantaneous maximum.

451



Sustainability 2022, 14, 10061

 
Figure 3. Relationship curves of time–load and AE rate for sample M-3.
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Figure 4. Tomography images of AR evolution of sample M-3 at different dead load stages.

The temporal characteristics of AE counts during the multi-step loading of sample
M-11 and the changing pattern of tomography images of AR evolution at different stages
are shown in Figures 5 and 6. It can be seen that the AR and AE counts of sample M-11
had similar evolution laws compared with sample M-3. For AR, in the initial loading stage,
the high-resistance region showed a decreasing trend due to the effect of primary fracture
closure. With the gradually increasing load, AR gradually increased under the influence
of fracture development and confluence inside the coal sample. At the same time, the
relatively high-resistance area continued to expand with increasing load-bearing degree
in the middle and late stages of the loading process, producing a magnitude change. In
addition, the AE response and stress change also maintained good consistency. When the
coal load increased one level, the active degree of AE counts increased, but in the dead load
stage, the AE counts were very weak and a quiet period appeared. Altogether, the overall
experience can be roughly divided into three stages: stable silence area, intermittent pulse
area, and rapid increase area.

 
Figure 5. Relationship curves of time with stress and AE rate for sample M-11.
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Figure 6. Tomography images of AR evolution of sample M-11 at different dead load stages.

3.2. Analysis of Time Series Variation Characteristics of AR

In order to gain further insight into the time-varying law of local AR during the
deformation process of loaded coal samples, some key points with high resistance and
obvious AR variation were selected within the tomography image, marked as A–F in
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Figures 7 and 8. Then, the time-varying characteristics of AR response at these key points
were extracted, and the results are shown in Figures 9 and 10.

 
Figure 7. Position of each point of sample M-3.

 
Figure 8. Position of each point of sample M-11.

 
Figure 9. Relationship between load and AR of sample M-3.
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Figure 10. Relationship between load and AR of sample M-11.

As can be seen from Figures 8 and 10, although there are differences in the temporal
evolution patterns of the AR high-resistance points of different coal samples, the overall
change trends have reasonable similarity. On the whole, there are three main forms of
high-resistivity point evolution:

(1) It develops from the low-resistivity point. In the initial loading stage, the change
of AR resistance at the corresponding position is relatively stable and maintained at a low
level. When loaded to a certain moment, its resistance value increases, indicating that the
externally applied elastic strain energy accumulates in the weak unit surface inside the
coal mass with increased load, forming a local stress concentration area. When the load
exceeds its strength, the strain energy will be released outward, producing local rupture
and gradually spreading with the increased stress.

(2) It evolves from the original high-resistance point. In the initial stage, the random
distribution of the primary fractures inside the coal sample gradually closes with increased
load, resulting in a slowly decreasing trend of AR at the corresponding location. However,
when the load reaches a certain level, the resistance value of this part suddenly increases,
producing a magnitude change, indicating that the primary fissures or defects that were
closed start to redevelop under the influence of high stress, or new fissures are produced.

(3) Part of the original high-resistance point decreases to a lower level and no longer
changes. This is caused by the non-homogeneity of the coal mass, in turn causing the
bearing capacity of different parts of the coal sample to be strong or weak with the same
load, which may lead to no further development of internal primary fissures or defects
after closure.

From the AR tomography image and load curve, it can be seen that changes in
the high-resistance points constitute the main controlling factor in the change in overall
AR value. Furthermore, most of the high-resistance points show a changing trend of
slowly decreasing, then sharply increasing with increased stress. The overall AR value
should show the same rule, which indicates that the evolution of high-resistance points
is mainly controlled by fracture propagation in the coal mass. In addition, it can be seen
in the AR tomography image that the location of the final penetration damage of the coal
sample coincides with the high-resistance area by comparing the physical maps of M-3
and M-11 after destruction (Figures 11 and 12). Therefore, the time and degree of fracture
development at the corresponding location within the coal mass can be inferred from the
variation pattern of AR at each point.
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Figure 11. Photograph of sample M-3 after damage.

 

Figure 12. Photograph of sample M-11 after damage.

4. Discussion

4.1. Macro–Microscopic Mechanism Analysis of Resistivity Change of Loaded Coal Mass

A coal mass is an anisotropic non-homogeneous crystalline formation that develops
under long-term complex conditions. The natural biochemical structure and composition
and degree of water saturation have a significant influence on the original conductivity of
coal mass and the type of conductivity (Figure 13) [22,23]. According to solid–dielectric
theory, the electrical types of solid medium can be divided into two categories by the type
of conductive carriers and the migration mode. One type is electron conductivity, generated
by the directional movement of intermolecular electron clouds, and the other type is ion
conductivity, caused by the migration of positive and negative ions in the filter-diffusion
electric field in minerals and solutions [24]. The conductive properties of coal mass consist
of both, but the electrical response of different aspects of coal differ in their sensitivity to
the two conductivities in different incubation environments.
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Figure 13. Structure model unit model of coal in different metamorphic grade: (a) lignite; (b) an-
thracite; (c) sub-bituminous coal; (d) high-volatility bituminous coal; (e) low-volatility bitumi-
nous coal.

For example, in the case of coal with low coalification, the internal aromatic nuclei of
its molecules are filled with more interspersed polar oxygen-containing functional groups,
which are arranged in a random and disordered cross-linked pattern through side chains
and bridge bonds under the influence of van der Waals forces, resulting in weak electrical
conductivity, dominated by the ionic conductivity type. For coal with high coalification, the
internal functional groups account for a lower percentage. Due to the reduced cross-linking
density, the polymerization capacity of the aromatic layer is improved and the internal
molecular structure is more regular [25]. This arrangement also enhances the electron
transport path and activity range, resulting in stronger electron conductivity than coal mass
with low coalification. Therefore, the coal mass, a kind of solid dielectric, will interfere
with the directional migration of internal carriers, thus generating current and breaking the
equilibrium of the initial electric field in the native medium when carrying a certain load.

Take the ion-conducting coal mass shown in Figure 14, and assume that certain ions
in the gap at the lowest potential energy level in the absence of external interference for
thermal vibration will be in a semi-stable state, since the surrounding ions have a binding
effect on them. If the ion wants to participate in the conductivity, it must break this binding
effect. When the energy obtained by the external disturbance is greater than the binding
energy, the ions will overcome the barrier and jump to another gap, and the diffusion
process is accompanied by the generation of ion current. Here, it is assumed that ions with
a vibrational frequency of v at the lowest potential energy in semi-stable position A and
B undergo thermal vibration (between the two points can be regarded as equipotential
distribution), and the energy generated by the vibration obeys Boltzmann’s distribution
law. The ion is defined as n0. The binding potential barrier of adjacent ions is μ0 [26].
Based on the above conditions, the number of ions that comfortably leap to the semi-stable
position of another gap along a certain direction, overcoming the potential barrier per unit
time, can be derived as:

n =
n0

6
(1)

The ion potential barrier in the gap does not remain in equilibrium under the action
of electric field E. Ions migrate more easily if they conform to the direction of the electric
field, and less easily if they don’t conform to the direction of the electric field. Therefore,
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the remaining number during the directional migration of ions along the direction of the
electric field in unit time is:

Δn = nA→B − nB→A =
n0

6
ve−

u0
kT

(
e

Δu
kT − e−

Δu
kT

)
(2)

In the presence of a weak electric field, it is:

Δu =
1
2

δqE << kT (3)

e±
Δu
kT ≈ 1 ± δqE

2kT
(4)

This leads to the following formula:

Δn =
n0qδv
6kT

e
u0
kT (5)

where q is the ionic charge and δ is the average leap distance.
The macroscopic average drift rate v of the ions along the electric field direction is:

v =
qδ2v
6kT

e−
u0
kT E (6)

Combining the above equations yields ion mobility μ as:

μ =
qδ2v
6kT

e−
u0
kT (7)

The electrical conductivity γ of the dielectric is:

γ =
n0q2δ2v

6kT
e−

u0
kT (8)

For electron conductivity, the expressions for mobility and conductivity were still
derived through the ion conductivity expressions. The difference is that δ and n0 in
the electron conductivity expressions represent electron charge and average electronic
transition distance, respectively. According to the analysis of the above equation, it can be
seen that if the coal mass has not been damaged, the increased stress will cause compression
of the space, restricting the free movement of ions between coal molecules, leading to
decreased mobility and conductivity of ions, thus hindering the ion leap activity and
resulting in increased resistivity. The performance of electrons is the opposite: the electron
cloud links more closely before the coal molecules are disturbed by stress, which expands
the range of electron transport. This makes the electron leap in the gap easier, so the mobility
and conductivity of electrons increases, resulting in a decreasing trend of resistivity with
increasing stress. In summary, the two conductivity mechanisms that contribute to the
conductivity and resistivity changes of the coal mass under load are opposed. Therefore, to
investigate the resistivity changes of coal mass under load, it is necessary to consider the
weights of electron and ion conductivity in the conductivity of the coal mass, and to perform
individual analyses for different coal qualities. In addition, based on the characteristics of
the basic parameters of the tested coal samples and the variation law of AR with increasing
stress, it can be noted that the conductivity of the coal mass with the sampling location is
mainly dominated by electronic conductivity.

On the other hand, many studies have found that coal resistivity dominated by both
electronic and ionic conductivity showed a significant increase after a certain time point
when the coal mass was loaded at a high level [17–21]. This is because the high stress level
intensifies the instability of the coal mass structure, the strain energy accumulated in the
internal weak unit face in the early stage starts to release, and internal fissures develop
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continuously and form a two-dimensional connection trend in the three-dimensional
space. Due to the change in the conductive structure, the conductive medium in the
space conducts current both in series and parallel with the fissure development direction.
At this time, several conductive mechanisms play a role in the time series successively
or simultaneously, and produce different behaviors near the fracture plane. Under the
coupling effect, the electrical effect will evolve into mutual promotion and exclusion. The
AR evolution tomography image and local AR variation of the samples show that the AR
exhibits obvious anisotropic characteristics at the high-stress stage, and the high-resistance
region produces a magnitude change relative to the background value. Comparing the
morphology of the samples after peak damage reveals that the high-resistance region of all
samples is generally consistent with the crack orientation after destabilization.

  
 

(a)  (b)  

 
(c)  

Figure 14. Electric field distribution caused by space charge of medium: (a) original potential
distribution; (b) potential distribution after distortion; (c) ionic potential energy in solid medium.

The resistivity response of the coal mass during loading results from the interaction
of multiple conductive mechanisms and is influenced by external factors such as electric
field strength and test direction. In addition to its properties, the resistivity change of the
coal mass during loading is still mainly contributed by the development of macroscopic
fracture-conductive surfaces, which cannot hinder the overall resistivity trend even under
the disturbance of the applied electric field.

4.2. Exploration of Joint AR-AE Response Method for Coal Rock Fracture Warning

Many scholars have studied the AE technique, and some of their results have been
applied to the field of monitoring and forecasting coal dynamic disasters [27–32]. How-
ever, based on the feedback from experiments and engineering sites, there are still many
bottlenecks hindering early warning by the AE technique. On the one hand, due to the
complex geological conditions of an underground coal mine, the elastic stress wave gen-
erated by a coal mass during rupture will be irregularly attenuated by its anisotropy and
non-homogeneity in the coal seam, which leads to a less strong final signal received by the
AE instrument compared with the active source signal noise suppression. In addition, the
AE signal is not received far enough ahead of time, i.e., the damage has already occurred
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when the signal is received. On the other hand, although the resistivity method has a
strong ability to distinguish the geological information of the detection area, it is limited
by the construction conditions and sampling frequency, and cannot monitor the target
area in real time as the AE technique does. Based on the abovementioned factors and the
measured experimental results, the characteristics of AE and AR tomography during the
process of loading the coal sample were further studied qualitatively. Additionally, passive
monitoring–active detection, i.e., the integrated AR–AE technique, for early warning of
coal or rock failure disaster was proposed.

The high AE counts and fluctuation degree were used to determine the loaded stage
of the coal mass. From the previous experimental results, it can be seen that AE has the
characteristics of low amplitude, small amplitude, and continuous fluctuation in the low
load-bearing stage. In the middle load stage, the AE signal is relatively active, presenting
irregular discrete signal characteristics and a pulse peak higher than 5000. In the high-stress
stage, the AE counts show high amplitude, burst-type behavior, and more intensity. In
addition, the characteristics of AE counts in the constant load stage are apparent, and all of
them have a certain window. It is known from the previous study that sample M–3 still had
a small number of AE signals even in the steady pressure stage when it was finally close to
destruction, which indicates that coal mass can be subjected to a high degree of load, and
the maintenance of stress still causes coal mass fracture expansion and nucleation. The AE
signals of sample M-11 had a short calm period before the stress reached the peak. All of
the above characteristics can be captured as precursor signals of coal mass destabilization.

The spatiotemporal evolution characteristics of AR tomography were used to identify
the internal fracture sources of coal mass. Due to the heterogeneity of coal mass, the load-
bearing capacity of different internal parts varies even under the same loaded conditions,
so the fracture evolution characteristics also differ, as well as the internal conductive
structure evolution. However, it can be seen from the AR tomography images and temporal
variation characteristics that the temporal variation characteristics of the loaded coal mass
can reflect the local variation and loading state to a certain extent. Combined with the
resistivity variation mechanism of the loaded coal mass, the conductive type of coal mass
can be obtained, while the spatial variation characteristics can invert the internal stress
concentration area, fracture location, and development state. A comprehensive analysis of
both can invert the location of the rupture source, which can provide a basis for determining
early warning and prevention areas at engineering sites.

The above results show that both acoustic and electrical signals during the loading
of the coal mass are controlled by the mechanical behavior. Meanwhile, the strength of
the AE signal not only reflects the internal rupture level of the coal mass, but also has a
highly positive correlation with the degree of AR change. Through comparative analysis, it
can be found that after the AE signal becomes active and appears with high-value pulses
greater than 5000 and less than 8000, the overall resistance value of the AR tomography
image will show an order of magnitude change, indicating that the coal mass may have
entered the destabilization state, which is defined as a secondary warning response. The
AE signal appears to be a calm or small dense signal after exhibiting pulse values greater
than 8000. At the same time, the high-resistance area of the AR develops to fill the interior
of the tomography image, which indicates that damage is coming, and this is defined as
the first-level warning response.

In view of the above factors, AE signal amplitude and variation characteristics can
be used to monitor the loading state of coal during the whole process of engineering field
application, and phased detection apparent resistance tomography images can be used to
locate the source of rupture and make a secondary judgment of the loading state.

5. Conclusions

(1) In the process of multi-step loading, the AR and AE signals of coal samples have
good correspondence with the load changes. At the early stage of loading, the primary
fracture gradually closes under pressure, the original high-resistivity area and overall
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resistance value of the sample gradually decrease, and AE is maintained at a low level. The
maximum value is reached near the stress peak.

(2) The AR changes in each region during the loading process of coal samples are
anisotropic, and the spatial and temporal evolution characteristics of the internal high-
resistance region can indirectly reflect the degree and location of fracture development in
coal samples. In addition, areas with small AR in the early loading period are more likely
to form stress concentration areas and produce deformation and rupture when the loading
degree is higher. Therefore, field applications should be focused on areas with these two
kinds of AR variation characteristics.

(3) From the microscopic point of view, the coal mass can be regarded as a solid
dielectric with both ionic and electronic conductivity, and its natural biochemical structure
and composition determine which conductive property is dominant. If ionic conductivity
is dominant, the resistivity of the loaded coal mass will increase with stress before damage
occurs, while the opposite is true if electronic conductivity is dominant. From the macro-
scopic point of view, the resistivity change of the loaded coal mass is influenced by the
evolution of its internal structure, and the development of its fissure-conductive surface
represents the main contribution to the electrical property change.

(4) Before coal mass rupture, AE and AR signals exist with different precursor char-
acteristics. For application at engineering sites, the AE method as a means of passive
monitoring can continuously monitor the test area and obtain the degree of coal mass
loading through temporal signal changes. With the resistivity method, as an active means
of detection, the temporal and spatial changes of AR characteristics can invert and locate
the stress concentration area and rupture source, and the two parts of precursor information
can verify and complement each other.
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