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The use ofmultisource information fusion technology to predict the risk of water inrush fromcoal floor is a research hotspot in recent
years, but the current evaluationmethod ismainly based on a constant weight evaluationmodel. Using constant weights to reflect the
control effect of changing factor state values on water inrush evaluation has obvious limitations, and it is unable to describe the
control effect of the hydrogeological condition mutation on the water inrush from the floor. In order to solve the above problems,
this manuscript introduces the idea of variable weight into the field of water inrush evaluation, expounds on the significance of
variable weight theory for water inrush evaluation, analyzes the characteristics of mine water inrush variable weight evaluation,
and, on this basis, further combines GIS-based multisource information fusion technology and typical engineering case to
compare with the evaluation effect map, evaluation unit, and comprehensive evaluation values. The differences between the
variable weight model (VWM) and the constant weight model (CWM) are analyzed, which proves that the evaluation process of
the variable weight evaluation model is more reasonable and can effectively improve the evaluation accuracy.

1. Introduction

Mine water risk has always been one of the important factors
restricting coal mining in China, and it is of great application
value to carry out research on mine water inrush risk predic-
tion technology [1–5]. In China, the forecast of coal floor
water inrush has been studied for more than 40 years. In
the early 1960s, according to a large number of mine water
inrush data, the empirical formula of the water inrush coeffi-
cient method (WICM) for predicting water inrush was
summarized, and it has been used until now [6–8]. However,
there are many factors influencing water inrush disaster
[9–12]. The WICM only considers the water pressure and
aquiclude thickness. It does not fully reflect the nonlinear
dynamic phenomenon controlled by multifactors. Based on
the above reasons, from the beginning of the 20th century
to the present, some scholars have adopted the geographic
information systems (GIS) with linear or nonlinear integra-
tion technology and proposed the water inrush evaluation

method based on multisource information fusion technol-
ogy. For example, Dai et al. analyzed the water inrush risk
of the 11th coal seam in Hancheng mining area using GIS
and analytic hierarchy process (AHP) [13]. Wu et al. pro-
posed a karst water inrush water risk prediction method
based on GIS and artificial neural network (ANN) coupling
technology [14]. Hu et al. obtained the weights of the evalu-
ation factors through AHP and the entropy weight method
and further determined water inrush risk zonation by using
GIS technology [15]. Similar studies also include Liu et al.
[16], Chen et al. [17], and Ruan et al. [18]. This type of
method can better solve the problem of water inrush predic-
tion [19]. However, in the process of applying multisource
information fusion technology to predict water inrush, the
currently widely used evaluation model is the weighted aver-
age model: Mðx1, x2,⋯, xmÞ =∑m

i=1wixi, where xi is the state
value of factors influencing water inrush and wi ∈ ½0, 1� is
the weight of the influencing factor and needs to satisfy
∑m

i=1wi = 1 [20, 21]. In this model, regardless of how the

Hindawi
Geofluids
Volume 2021, Article ID 8812144, 12 pages
https://doi.org/10.1155/2021/8812144

https://orcid.org/0000-0002-3283-5999
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8812144


state vector X = ðx1, x2,⋯, xmÞ of each factor changes, the
weight vector W = ðw1,w2,⋯,wmÞ of the factor always
remains unchanged. This method reflects the relative
importance of individual factors in the overall evaluation
system to a certain extent and has certain scientific nature
and applicability. However, under certain weight vector
levels, the water inrush evaluation result is not only related
to each basic importance of influencing factors but also
related to the magnitude of the factor state value and the
combination relationship of the state value of each factor;
that is, the state vector X = ðx1, x2,⋯, xmÞ of the constant
coping factor of the weight vector W = ðw1,w2,⋯,wmÞ
has a certain limitation. The CWM ignores the influence
of the internal differences of the factor state value on the
evaluation process and is unable to describe the control
effect of the change of state value caused by the change of
hydrogeological conditions. The more factors involved in
the evaluation, the more average the weights, the greater
the probability of making a wrong judgment.

In order to solve the above technical defect, this paper
introduces the variable weight idea into the process of water
inrush risk evaluation. The VWM can realize the change of
factor weight value with the change of its state value, which
can more accurately reflect the influence effect of water
inrush by a sudden change of hydrogeological condition.
The evaluation process is more consistent with the law of
occurrence of water inrush and has a positive effect on
improving the accuracy of water inrush evaluation. The
method proposed in this paper can provide a reference for
the risk evaluation of water inrush from the coal floor in areas
with similar geological conditions in the world.

2. Overview of the Research Area

2.1. Physical Geography. Weng’an Coal Mine is located in
Weng’an county in Guizhou province within the geographic
coordinate of 107°28′30″~107°32′30″ (east longitude) and
26°57′57″~27°03′15″ (north latitude); the geography loca-
tion is shown in Figure 1. The topography of the mining area
is generally high in the south and low in the north. The east-
ern and western regions are the ridges with a north-south
direction, while the central region is a valley, with a long strip
of about 20 km length and 3-5 km width.

2.2. Meteorological and Hydrological. The climate type of the
mining area belongs to the subtropical humid monsoon
climate, and the rainy season is concentrated from April to
September, with the annual rainfall reaching 1148.2mm.
The rainfall in the rainy season accounts for more than
70% of the total annual rainfall. The surface water system
of the mining area belongs to the tributaries of Baishui river
tributary, Yangtze river basin. And the Baishui river runs
through the whole area, and it is the main river in the region.
Along both sides of the Baishui river develops a seasonal
stream with short flow, small water, and dry season.

2.3. Geological Conditions. According to the borehole data,
the exposed strata from old to new are the Middle Permian
System Maokou Formation (P2m), Upper Permian System

Emeishan Basalt Formation (P3β), the Upper Permian
System Wujiaping Formation (P3w), the Upper Permian
System Changxing Formation (P3c), the Lower Triassic
System Yelang Formation (T1y), and the Quaternary (Q).
The mine is located on the wings of the Yangzi washing horse
syncline of quasistation, and the oblique axis is distributed in
the north-south direction. The dip angle of the two wings is
10-37°, which is basically symmetrical. Three faults are
developed in the mining area, one fault is nearly northeast-
ward and extends longer, and the other two faults are near
east-west and small in scale. The coal-bearing strata are
Permian Wujiaping Formation (P3w). It is a set of gray, light
gray thin-layered carbon mudstone and silty mudstone with
argillaceous siltstone, containing four layers of coal; only
Dth coal seam can be mined. It is the target coal seam for
this evaluation (Figure 2).

2.4. Hydrogeological Conditions. According to the geological
borehole data of the mining area, the lithology of Middle
Permian Maokou Formation (P2m) is gray to grayish thick
layer and the massive micritic limestone powder, containing
a small amount of irregular chert nodule, and its thickness is
greater than 60m. According to the results of a hydrogeolo-
gical survey, the karst fissure of this aquifer is strongly devel-
oped and belongs to a water-rich confined aquifer. There is a
wide distribution range between limestone and main coal
seam of Maokou Formation, but the thickness of which is
not uniform. As an aquiclude, basalt can generally function
as a water barrier under natural conditions. However, under
the coupling of mining stress and high-pressure water, water
inrush is easy to form in the weak area of the aquiclude.

3. The Thematic Maps of the Factors

At present, there has been a lot of research in the field of
water inrush control factors, such as Wu et al. [22], Li et al.
[23], and Zeng [24]. Based on the previous research data,
according to the hydrogeological conditions and the current
geological exploration degree, ignoring the factors that have
little effect on the water inrush process, the following six
key control factors were selected as the control factors for
the water inrush from the floor in Weng’an Coal Mine: (1)
Equivalent thickness of effective aquiclude (ETEA): the effec-
tive aquiclude is equal to the total thickness of the aquiclude
minus the depth of the failure zone of the mine, and the
equivalent thickness is the thickness that converts the effec-
tive thickness of different lithologies into the same standard
lithology. (2) Thickness of brittle rock under failure zone of
the mine (TBRFZM): there are brittle rocks such as sand-
stone and limestone in the aquifuge, which have strong com-
pressive capacity for preventing water inrush. Therefore, the
total thickness of brittle rock after the failure zone is reduced
as one of the evaluation indicators of water inrush. (3) Distri-
bution of faults and folds (DFF): the rock mass integrity of
the aquiclude in the fault and fold distribution is generally
poor, and the fractures formed by these geological structures
can easily become the passage of groundwater into the mine.
(4) Rock quality designation of aquiclude (RQDA): the rock
quality designation of aquiclude refers to the ratio of the core
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length obtained by drilling to the corresponding actual dril-
ling footage, which can reflect the degree of fracture develop-
ment of the aquiclude. (5) Water abundance of limestone
aquifer (WALA): the water abundance of the aquifer is the
water-bearing capacity of the aquifer, which determines the
amount of water inrush. (6) Water pressure of limestone
aquifer (WPLA): high water pressure is the driving factor
for the groundwater suddenly flooded into the mine, and it
is a prerequisite for the formation of water inrush. The data
of various influencing factors of water inrush from the D
coal floor of Weng’an Coal Mine were collected and orga-
nized, and the original data were processed and interpolated
to generate thematic maps of various control factors and
establish the factor database. For the method of data pro-
cessing and interpolation calculation, please refer to Wu
et al. [22, 25]. Because of the limited space, only the WPLA
thematic map is taken as an example in the text, as shown in
Figure 3; the other thematic maps (Figures S1–S5) are in
Supplementary Materials.

The purpose of normalizing is to eliminate the influence
of different dimensions on the evaluation results, so that it is
statistically significant and comparable [19, 26]. The normal-
ization formula used is as follows:

Ni = η + u − ηð Þ × xi −min xið Þð Þ
max xið Þ −min xið Þ : ð1Þ

Ni is the normalized value, min ðxiÞ is the minimum

state value, max ðxiÞ is the maximum state value, u is
the upper limit of the normalized range, and η is the lower
limit of the normalized range; in the normalization process,
u = 1, η = 0.

Among the identified influencing factors, the WALA,
RQDA, WPLA, and DFF are positively related to the water
inrush risk, which means that the larger the quantified value
of these factors, the more likely it is to produce a sudden
change. The ETEA and DFF are negatively correlated. In this
paper, the negative correlation data is normalized by (1 −Ni).

4. Risk Evaluation of Water Inrush Based
on VWM

4.1. Overview of Variable Weight Theory. The variable weight
theory is a new comprehensive decision-making method first
proposed in the book Fuzzy Sets and Projectable Random Sets
in the 1980s. Subsequently, Li [27, 28], Liu [29], Li and Li
[30], Cai and Li [31], and other mathematicians continued
their research on this theory and gradually formed a rela-
tively complete theory. The VWM can realize the weight
changes with the change of the factor state value, so that
the influence of each factor on the evaluation system under
different combination states is better reflected by the change
of the weight, which makes it a more scientific weight. The
relevant content of the variable weight theory can be found
in references, which will not be explained in the paper.
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4.2. Evaluation Steps

(1) Determine the water inrush risk evaluation factors of
the coal seam floor and produce thematic maps

(2) Use the analytic hierarchy process (or other weight
calculation methods) to determine the constant
weight of each factor

(3) Formulate the weight adjustment plan and construct
the state variable weight vector formula according to
the plan (formula (3)). It should be noted that
researchers can construct the corresponding state
variable weight vector according to the actual geolog-
ical conditions of the coal mine

(4) On the basis of determining the state variable weight
vector formula, according to formula (2), establish
the water inrush risk assessment model and use
Matlab software to compile the solution program

(5) According to industry specifications and the geologi-
cal conditions of the research area, determine the var-
iable weight interval thresholds of different factors.
Through continuous debugging of the model, deter-
mine the optimal weight adjustment parameter values

(6) On the basis of determining the model parameters,
the variable weight of different evaluation units of
each factor is calculated. According to the state value

and variable weight of the factors in different evalua-
tion units, the comprehensive evaluation value of all
evaluation units is obtained

(7) Identify the accuracy of the water inrush risk assess-
ment results

4.3. Evaluation Idea and Model. In the process of GIS-based
floor water inrush risk evaluation, the evaluation area will
be divided into many evaluation units, each evaluation unit
contains all the control factors, and the status value of each
control factor is different in different evaluation units. Espe-
cially when the status value of a factor in the evaluation unit
is very high or very low, it often means that this factor has a
stronger control effect on water inrush. In order to avoid the
very high or very low state value of a factor in the evaluation
unit being neutralized by other factors, the model can signif-
icantly increase the weight value of this type of factor. At the
same time, the high state value will lead to a significant
increase in risk, but the state value is very low and does not
necessarily significantly reduce the risk; therefore, the weight
of the high state value is increased by a larger amount in the
model. It should be noted that the weight of each factor is a
secondary adjustment based on its constant weight, so the
adjusted weight value does not change the relative impor-
tance relationship between each factor. According to the
ideas, a risk evaluation model for water inrush based on
variable weight theory is constructed [22], as follows:
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RI = 〠
m

i=1
wi ⋅ f i x, yð Þ = 〠

m

i=1

w 0ð Þ
i Vi Xð Þ

∑m
j=1w

0ð Þ
j V j Xð Þ

f i x, yð Þ

= w 0ð Þ
1 V1 Xð Þ

∑m
j=1w

0ð Þ
j V j Xð Þ

f1 x, yð Þ + w 0ð Þ
2 V2 Xð Þ

∑m
j=1w

0ð Þ
j V j Xð Þ

f2 x, yð Þ

+⋯+ w 0ð Þ
m Vm Xð Þ

∑m
j=1w

0ð Þ
j V j Xð Þ

f m x, yð Þ,

ð2Þ

where RI is the risk index, wi is the variable weight
vector, f iðx, yÞ is the state value, x and y are the coordi-
nates, wð0Þ is the constant weight vector, m is the number
of factors, and VðXÞ is the state variable weight vector,
expressed as follows:

V j xð Þ =

ea1 bj1−xð Þ + p − 1, x ∈ 0, bj1
� �

,

c, x ∈ bj1, bj2
� �

,

ea2 x−bj2ð Þ + p − 1, x ∈ bj2, bj3
� �

,

ea3 x−bj3ð Þ + ea2 bj3−bj2ð Þ + p − 2, x ∈ bj3, 1
� �

,

8
>>>>>>><

>>>>>>>:

ð3Þ

where a1, a2, a3, and p are adjustment weight parameters;
in this evaluation, a1 = 1:46, a2 = 0:9, a3 = 0:819, and p =
1:635. bj1, bj2, and bj3 are threshold values of the jth factor
variable weight interval.

The different status values of the factors have different
control effects on water inrush, and the variable weight
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Figure 3: The thematic map of WPLA.
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Table 1: Variable weight interval of main control factors.

Main controlling factors
Variable weight interval

0, bj1
� �

bj3, 1
� �

bj2, bj3
� �

bj3, 1
� �

WPLA 0 ≤ x < 0:288 0:288 ≤ x < 0:561 0:561 ≤ x < 0:818 0:818 ≤ x ≤ 1
ETEA 0 ≤ x < 0:196 0:196 ≤ x < 0:537 0:537 ≤ x < 0:728 0:728 ≤ x ≤ 1
TBRFZM 0 ≤ x < 0:228 0:228 ≤ x < 0:506 0:506 ≤ x < 0:825 0:825 ≤ x ≤ 1
WALA 0 ≤ x < 0:288 0:288 ≤ x < 0:561 0:561 ≤ x < 0:818 0:818 ≤ x ≤ 1
DFF 0 ≤ x < 0:500 0:500 ≤ x < 0:800 0:800 ≤ x ≤ 1
RQDA 0 ≤ x < 0:183 0:183 ≤ x < 0:567 0:567 ≤ x < 0:800 0:800 ≤ x ≤ 1
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interval threshold determines the degree of weight adjustment
of different types of state values of each factor. In ½bj3, 1�, the
weight increases as the state value increases; in ½bj2, bj3Þ, the
weight increases as the state value increases, but themagnitude
of the increase is smaller than the ½bj3, 1� interval. In ½bj1, bj2Þ,
the weight is neither increased nor decreased; at ½0, bj1Þ, the
weight increases as the state value decreases. In this paper,
according to the characteristics of the difference in the spatial
distribution of the state values of the factors, the clustering
analysis method is used to determine the variable weight
interval of each main control factor, as shown in Table 1.

4.4. Water Inrush Risk Evaluation. Before multifactor fusion
analysis, firstly, the composite superposition processing must
be carried out. The information superposition function of
GIS technology is used to superimpose the thematic maps
of control factors, and the information storage layers of each
relevant factor are combined into one information storage
layer to form the superimposed units containing all relevant
factor information. Then, the constant weight of each evalu-
ation factor is determined according to the analytic hierarchy
process. On this basis, Matlab software is used to calculate the
coal floor water inrush variable weight vulnerability evalua-
tion model (formula (2)), and the weight calculation program
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can be obtained from Supplementary Materials. Finally, the
water inrush vulnerability evaluation index of all superim-
posed units is obtained. Then, the natural break classification
method in GIS software is used to classify, and finally, a floor

water risk evaluation partition map is formed (Figure 4). For
comparative analysis, we also made a partition map based on
constant weights (Figure 5). The weights were obtained using
the AHP, which was proposed by Saaty [32]. This method

Table 2: Comparison of typical unit evaluation results.

Controlling
factors

Normalized
value

Constant
weight

Variable
weight

Constant weight evaluation
value

Variable weight evaluation
value

WALA 0.196 0.1478 0.1121 0.0290 0.0220

RQD 0.483 0.0564 0.0565 0.0272 0.0273

WPLA 0.286 0.2956 0.2670 0.0845 0.0764

TBRFZM 0.325 0.1292 0.1290 0.0420 0.0419

DFF 1.000 0.1128 0.1763 0.1128 0.1763

ETEA 0.367 0.2582 0.2591 0.0948 0.0951

Total value 1 1 0.3903 0.4389
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obtains the factor weight by calculating the maximum eigen-
value of the judgment matrix and the eigenvectors. The
constant weight calculation results are shown in Table 2.

5. Evaluation Effect Analysis

5.1. Comparison of Evaluation Maps. From the evaluation
results (Figure 4), the fragile region areas are mainly distrib-
uted in the northern, central, and southeastern parts of the
mining area. The main reason is that the WALA is rich and
the WPLA is large in the northern mining area. The RQDA
is poor, and the crack is very developed in the middle of the
mining area. The ETEA is very thin in the southeastern min-
ing area. The overall trend of the evaluation results of the two
models is basically consistent, and the location of each fragile
region is roughly the same, but the risk degree and scope of
local have a difference; by the local amplification maps of
Figures 6 and 7, it can be seen that the central position eval-
uation result of this region is the red fragile region under the

VWM. And under the CWM, the corresponding position
evaluation result is the orange fragile area. The main reason
for the difference is the uplift of limestone in the Maokou
Formation in this area, and its aquiclude is very thin. The
ETEA is much smaller than the surrounding area. The
conventional CWM cannot reflect the sudden change of
the ETEA in this area by adjusting the weight value. But
in the process of variable weight evaluation, the weight of
ETEA in this area is increased from the constant value of
0.2582 up to 0.326~0.336. Therefore, the control effect of
ETEA on water inrush is effectively highlighted. Compared
with the traditional CWM, the evaluation results are more
in line with the law of mine floor water inrush evaluation,
which can better describe the control effect of key influenc-
ing factors on water inrush, and the evaluation results are
more accurate.

5.2. Comparison of Evaluation Results of the Typical Unit. A
typical evaluation unit in the research area is selected, and a
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comprehensive evaluation value is calculated by using two
methods of VWM and CWM (Table 2).

From Table 2, it can be clearly seen that the normalized
value of the DFF of the evaluation unit is extremely large,
and the value is 1, which means that there is a geological
structure at the location, and it is easy to induce a water
inrush disaster. Compared with other factors, the DFF plays
a stronger control role in water inrush. However, in the eval-
uation process of the CWM, the risk of these two factors was
neutralized by the other five factors, resulting in the risk com-
prehensive evaluation value being reduced to 0.3903. And by
using the VWM for risk evaluation, according to the magni-
tude of the state value of control factors, VWM redistribute
the weight of the control factors and increase the weight
value of the DFF; the weight value increased from 0.1128 to
0.1763, so that the risk comprehensive evaluation value
increased to 0.4389, which effectively prevents the key con-
trol factor of water inrush from being neutralized by other
factors. Therefore, compared with the CWM, the evaluation
process of the VWM is more in line with the actual geological
conditions of the mining area, and the risk evaluation results
are more accurate.

5.3. Comparison of the Range of Comprehensive Evaluation
Values. For each evaluation superimposed unit in the study
area, both two evaluation methods of the CWM and the
VWM are used to calculate the risk index of water inrush.
From the final calculation results, the risk index range of
the CWM is 0.3456554~0.8890497 and the risk index range
of VWM is 0.314419~0.925728. The risk index distribution
ranges of all evaluation units are shown in Figure 8. It can
be seen that the risk index range of the VWM is larger than
the CWM, and the dispersion is better. For the GIS-based
multisource information fusion risk evaluation method of
coal seam floor water inrush, a larger value range and a better
dispersion mean that it is easier to determine the critical
thresholds of different risk zones.

6. Conclusion

The coal seam floor water inrush evaluation technology
based on GIS combined with linear or nonlinear mathemat-
ical theory is the current research hotspot, and the CWM is
currently widely used. In order to overcome the shortcom-
ings of the traditional evaluation method, the variable weight
theory is introduced into the field of risk evaluation of water
inrush from coal floor and puts forward the variable weight
evaluation idea of water inrush. The VWM can overcome
the defect that the weight value of the traditional evaluation
model remains unchanged and can consider the effect of state
value change of the influencing factors on the water inrush,
especially the state value mutation on the water inrush, which
can effectively improve the evaluation accuracy of water
inrush based on multisource information fusion technology.
In addition, the CWM is greatly affected by human factors in
the weight determination process. The VWM realizes the
weight change based on the constant weight, which will also
be affected by certain human factors, but the weight change is
determined according to the objective difference of the factor
state value, which can effectively reduce the influence of
human factors.

Combined with the example of the water inrush evalua-
tion project of the coal floor in Weng’an Coal Mine, the
differences in evaluation effects between VWM and CWM
are compared from three aspects: evaluation map, typical
unit, and comprehensive evaluation values. It is demon-
strated that the VWM can better reflect the control effect of
mine hydrogeological condition mutations on water inrush;
the evaluation process and evaluation results are more consis-
tent with the formation mechanism of coal floor water inrush.

The current VWM still has defects such as the lack of a
versatile method of parameter determination, the evaluation
process will be disturbed by human factors, and the research
on the change law of the weight value under the condition
that the state values of different factors are combined with
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each other is not deep. In the follow-up research work, it is
necessary to continue to improve the variable weight evalua-
tion theory of water inrush from coal floor, reduce the inter-
ference of human factors on the evaluation process, and
explore a VWM that is more consistent with the evaluation
characteristics of water inrush from coal floor.
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The distributed optical fiber sensing (DOFS) is a technique that can obtain full spatial and temporal information concerning the
behavior of a large range of measurand fields along a fiber path and realize the distributed monitoring of the overburden section
under mining. To calculate the height of water-flowing fractured zone caused by the exploitation of coal, this study employed
distributed optical fiber sensors with OSI-C-S optical frequency domain reflectometry (OFDR) technology and designed a
similar-material model test based on the engineering geological conditions of Daliuta Coal Mine. Through the test, deformation
characteristics of overlying strata were studied, the linear relationship was summarized between the strain gradient and the
shear stress measured by fiber sensors when the rock layer cracks, and a method was proposed of using the measured strain to
measure the height of the water-flowing fractured zone in overlying strata. The test results show that there are several locations
where the sign of the shear stress changes (positive to negative or vice versa) in the overlying strata during the initial stage of
coal seam mining. As the working face advanced, the change locations gradually concentrated at the place where the rock
cracks. By identifying the breakpoints of the rock and the locations where the sign of the shear stress measured by fiber sensors
changes, this paper calculated the height of the water-flowing fractured zone in Daliuta Coal Mine. After comparing the height
with the abscission layer position in the model test and the predicted height by the empirical formulas in the specification, it has
been found that the three results are basically consistent, which in turn verifies the accuracy of this method.

1. Introduction

After the coal seam is mined, the overlying strata gradually
move to the gob. According to the severity of deformation
and failure of the rock mass, the overlying strata in the gob
can be divided into three zones: caving zone, fracture zone,
and bending zone. The caving zone and fracture zone are col-
lectively called the water-flowing fractured zone [1]. The
water-flowing fractured zone caused by the exploitation of
coal can form a channel for water inrush in the mine and
pose a threat to the safety of coal mining under a body of
water. As the height of the water-flowing fractured zone is a
key parameter, therefore accurate calculation of its height is
very important for safe mining as well as environment con-
servation [2]. According to the mining thickness of coal seam

and the properties and distribution characteristics of overly-
ing strata, many theoretical formulas for calculating the
height of water-flowing fractured zones have been proposed
[3–5]. However, because coal mines are widely distributed
in China, and geological conditions, overburden structures,
and mining techniques in different areas vary greatly, the
existing proposed formulas are affected by regional parame-
ters, hypothetical conditions, and applicability, therefore
cannot be used universally. For example, for the numerical
simulation method, it is difficult to select the rock mass
parameters involved, the model is difficult to accurately
match the actual project, and it needs to be verified with
actual monitoring data [6]. The monitoring of rock mass
deformation is an important means to master the deforma-
tion rules of overlying strata. Common field-testing
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techniques for measuring the overburden deformation
include loss observation of flush fluid, electromagnetic
method, and borehole TV system. These testing techniques
have their own advantages and disadvantages depending on
the geological conditions and mining conditions. The loss
observation of flush fluid is simple, but the test accuracy is
greatly affected by human factors and the test time is rela-
tively longer [7]. The electromagnetic method is affected by
factors such as formation properties, structural distribution,
and image interpretation and is mainly used to assist detec-
tion [8]. The borehole TV system can observe the geological
conditions in the borehole by using photos or video images.
The test method is simple, but the detection accuracy is
undermined when the borehole contains water or the hole
collapses [7, 9].

The distributed optical fiber sensing (DOFS) technology
has many advantages such as distributed monitoring, long
distance monitoring, good durability, strong anti-interfer-
ence, and good performance of coordinating with the mea-
sured object. Though DOFS has been widely used in
geotechnical engineering [10–12], the application research
of this technology in the coal mining field is still in the explo-
ration stage due to such features as the large depth of coal
seams, complex multifield effects of rock and soil, and the
sever deformation of mined overburden. In recent years, by
analyzing the abnormal characteristics of measured values
and the surge loss point of the optical fiber cable [13], the
peak of the Brillouin frequency shift [14], and the layer of
the fiber cable breakpoint [15], many research achievements
have been made in measuring the height of the water-flowing
fractured zone. But no specific criteria have been established.
Through making a similar-material test model and using
optical frequency domain reflectometry (OFDR) technology,
this study analyzed the deformation and failure characteris-
tics of overburden under mining conditions, studied the
strain distribution rules, explored the strain changes and
shear stress sign changes when the rock cracks, and proposed
a method of using the measured strain to measure the height
of the water-induced fractured zone in overlying strata. This
paper has provided theoretical basis and technical support
for the identification of rock cracks and safe mining of coal
mines.

2. Theoretical Method to Measure the Height of
the Water-Flowing Fractured Zone

2.1. OFDR Test Principle. Optical frequency domain reflec-
tometry technology (OFDR) is a strain measurement tech-
nology based on variations of Rayleigh scattered light. It
uses continuous wave frequency scanning technology to
establish the linear dependence of frequency drifts of Ray-
leigh back-scattered light spectrum with the strain and tem-
perature along the length of an optical fiber, thus realizing
the distributed measurement of the measured structure and
obtaining a high spatial resolution [16, 17].

When using OFDR to measure the tested structure, tem-
perature changes affect the strain value. Therefore, the strain
test of optical fiber was performed indoors under different

temperature conditions. The test results are shown in
Figure 1.

It can be seen from Figure 1 that when the structure was
measured by using the OFDR, a strong linear relationship
existed between the change in strain and temperature with
the slope of 7.8913με/°C. That is, for each change of 1°C in
temperature, the measured strain will change accordingly
by 7.8913με. According to the laboratory tests, a change of
less than 10°C in rock mass temperature caused by aquifer
leakage would result in a variation of 80με in strain [18],
which was far smaller than the strain (greater than 600με)
generated during rock damage. Therefore, the temperature
change induced by aquifer leakage when the cracks appeared
in the rock layer had few impacts on the measured strain and
could not affect the strain-based identification of open
fractures.

2.2. Measure the Height of Water-Flowing Fractured Zone by
Analyzing Strain Measured through Vertical Boreholes. In
order to grasp the characteristics of deformation and failure
of overlying strata under mining conditions, an optical fiber
sensor was laid from the ground to the coal mining area.
Figure 2 shows the distributed monitoring and deformation
characteristics of overlying strata under coal mining.

There are two steps to determine the height of the water-
flowing fracture zone based on the DOFS technology.

2.2.1. Rock Breakpoint Identification. It can be seen from
Figure 2 that the coal seam mining caused the rock strata to
move and deform towards the direction of the gob
(worked-out area at the bottom) and two zones (water-flow-
ing fractured zone and bending zone) were gradually
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generated in the overlying strata. The tensile strength of the
rock was far weaker than its compressive strength. Most of
the deformation was tensile deformation. When the stress
of the rock caused by the mining of the coal seam is greater
than its tensile strength, the rock will be damaged [13]. The
identification of the breakpoint at this time can be calculated
by formula (1).

σ½ � ≥ σt: ð1Þ

In the formula, ½σ� is the stress on the rock caused by coal
seammining, which is calculated by the formula ½σ� = Erock ⋅ ε
. Here, Erock is the elastic modulus of the rock and ε is the
strain on the rock. Before tension cracks appeared within
the rock, the fiber sensor deformed along with the surround-
ing rock. Therefore, the strain monitored by the fiber sensor
is considered as the degree of rock deformation. σt is the ten-
sile strength of the rock.

2.2.2. Identification of Overburden Fracture Position. With
the advance of the working face, the immediate roof and
the basic roof were successively damaged, fractures and
abscission layer occurred due to settlement differences
between the main key stratum, inferior key stratum of the
overlying rock layer or the hard rock, and the lower rock
mass. When a fracture occurred in a key stratum or hard
rock, the key stratum or the upper rock layer was settled,
and the lower rock layer was further compressed.

In Figure 2, when fractures occurred in the rock, the
upper and lower rock layers were relatively far away from
each other, but shear deformation occurred between the fiber
sensor and the rock. At this point, the direction of the shear
stress on the fiber sensor at the lower part of the fractured
rock was deviating from the mining area, while the direction
of the shear stress on the fiber sensor at the upper part of the
fractured rock was pointing to the mining area. The shear
stress on the rock mass can be calculated by formula (2) [19].

τ = Efiber ⋅D
4 ⋅

dε
dx : ð2Þ

In the formula, τ is the shear stress acting on the sensing
optical fiber. The shear stress pointing to the mining area
takes a negative value, and the shear stress deviating from
the mining area takes a positive value.

Efiber is the elastic modulus of the fiber sensor; D is the
diameter of the fiber sensor; dε/dx is the strain gradient of
fiber sensor along the vertical direction of overlying strata.

According to formula (2), the shear stress between the
fiber sensor and the surrounding rock and soil mass is pro-
portional to the strain gradient. The changes of the strain gra-
dient directly reflect the magnitude of shear stress.

The overburden deformation started from the roof of the
coal seam and gradually extended from the bottom to the top.
By using formula (1) to identify rock breakpoints and using
formula (2) to calculate the highest location where the shear
stress changed from a positive value to a negative one, the
study pinned down the height of the water-flowing fractured
zone at the current mining stage.

3. Similar-Material Model Test of Coal Mining

3.1. Test Model Design. As one of the seven largest coal fields
in the world, Shendong Coalfield is the largest coalfield with
proven reserves in China. Daliuta Coal Mine in the Shendong
Coalfield is located in the northernmost part of Shenmu
county, 57 km away from the center of the county. By refer-
ring to the drilling data of J60 in Daliuta Coal Mine and using
the working face of 2-2 coal seam as the background, the
study made a test model with the length, height, and width
at 300 cm, 105.9 cm, and 30 cm, respectively, based on the
similarity theory.

According to field conditions of Daliuta Coal Mine, the
following similarity parameters are selected: geometrical sim-
ilarity ratio (taken as Cl = 100), time similarity ratio
(Ct =

ffiffiffiffiffi

Cl

p

= 10), bulk density similarity ratio
(Cγ = γM/γH = 1:5), and stress similarity ratio
(CR = RM/RH = Cl ⋅ γM/γH = 150). In the formula CR = RM/
RH = Cl ⋅ γM/γH , RM and RH are the mechanical strength of
the prototype and the model, respectively, and γM and γH
are the bulk density of the prototype and the model, respec-
tively. The mechanical parameters of the prototype and test
model of Daliuta Coal Mine and the ratio of similar materials
are shown in Table 1 [20].

The inclination angle of the strata in Daliuta Coal Mine is
near horizontal. For the ease of laying, the model was treated
as horizontal rock formations. Each rock stratum in the test
model was developed based on the ratio for similar physical
properties in Table 1. River sand was used as aggregate,

Coal mining area  

Distributed optical
fiber demodulator

Sensing fiber

𝜏

𝜏

Key stratum Fracture

Bending zone

Water flowing
fractured zone

Figure 2: Distributed monitoring and deformation characteristics of overlying strata under coal mining.
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calcium carbonate and gypsum were used as cement raw
materials, and borax was used as retarder. After various
materials were mixed evenly, the materials with similar phys-
ical properties were generated. In order to ensure the strength
of the laying model, the generated materials were hammered
and compacted layer by layer from the bottom to the top in
the model test bed. The thickness of each layer of coal rock
stratum was no more than 3 cm, and the surface of each layer
was coated with coarse mica powder to separate the layers.
The river sand used in the model was dried and screened to
remove large particles and ensure particle uniformity and
stability of test data. In the model test, wood strips with a
length of 5 cm and a height of 4.2 cm were closely arranged
to simulate coal seams to facilitate coal mining and ensure
the same advance distance. According to the geometric sim-
ilarity ratio, the actual advance distance and mining height
simulated in this model test are 5m and 4.2m, respectively.

3.2. Overlying Stratum Monitoring Scheme for Coal Seam
Mining. The test used OSI-C-S OFDR to measure the distri-
bution of overburden strain during coal seam mining. Test
equipment is shown in Figure 3.

Table 2 shows the test parameters of the OSI-C-S OFDR
test equipment.

The test used the polyurethane sheath fiber sensor with a
diameter of 2mm to test the overburden strain. Figure 4
shows a physical view and a cross-sectional view of the poly-
urethane sheath fiber sensor.

The mechanical properties and sensing properties of the
polyurethane sheath fiber sensor are shown in Table 3.

The outer layer of the polyurethane sheath fiber sensor
is made of a smooth soft adhesive material. During the
mining process, the monitoring positions may be stag-
gered, affecting the accuracy of the measured data. There-
fore, the fiber sensor in the test section was coated with
colloid and sand and was dried to increase the roughness
of the surface and to improve the coupling between the
fiber sensor and the model rock mass. Figure 5 shows
the pretreatment of the fiber sensor.

Figure 6 shows the similarity model made by similar
materials of rock stratum in Daliuta Coal Mine in Table 1.

As can be seen from Figure 6, in order to ensure that the
mining boundary does not affect the deformation of overly-
ing strata of the coal seam, the open-off cut of 2-2 coal seam
in the test was located at 75 cm from the left of the model,
with the advance distance of the model being 125 cm and
the advance distance of the simulated working face being
125m. In order to detect the characteristics of overburden
deformation of coal seam, line B and line C fiber sensors were
embedded in the mining area of coal seam, and line A and
line D fiber sensors were embedded in the pillar area of coal
seam. The distances between lines A, B, C, and D and the left
boundary of the model were 50 cm, 115 cm, 190 cm, and
250 cm, respectively. Considering the high-intensity mining
of overlying strata in the coal seam, a section which was
115 cm to 170 cm away from the left boundary was selected
as the study area, to test the method for measuring the height
of the water-flowing fractured zone in the process of coal
seam mining.

Before the coal seam mining test, all fiber sensors were
connected to the test instrument independently and the ini-
tial strain of overburden was tested. Each time when the
working face advanced by 5 cm, the test model was left to
stand still for 30 minutes. The data collection of each mining
stage started only after the overburden deformation was sta-
bilized during 30 minutes. This data collection procedure was
adopted until the end of the test. The actual overburden
strain equals to the overburden strain caused by coal seam
mining minus the initial strain.

4. Test Result Analysis

After the working face passed the monitoring point of line B,
the roof of the coal seam was taken as the starting reference
point, and the deformation range from the starting reference
point up to the ground was defined as the affected depth. The
overburden strain distribution caused by each mining of the
coal seam is shown in Figure 7.

As can be seen from Figure 7, the working face passed the
monitoring section of line B fiber sensor. As the working face
advanced by 5 cm, the strain value at the distance of 5 cm
away from 2-2 coal seam roof was 1433με. After comparing
the strain value with the tensile strength of the rocks in
Table 1 and combining the calculation of formula (1), it
can be indicated that at this time, the rock layer 5 cm away
from the roof has been damaged and the upper rock mass
was in a stable state. With the advance of the working face,
the strain value decreased gradually due to the stress release
of the rock mass in the original disturbance area, but the
strain between the key stratum of fine sandstone (9) and
sandy mudstone (8) increased gradually. As the working face
advanced to 40 cm, the strain gradually concentrated at
14.3 cm and 37.8 cm away from the roof of the coal seam,
and its magnitude was 662με and 1836με, respectively. After
comparing the strain value with the tensile strength of the
rocks in Table 1 and combining the calculation of formula
(1), it can be indicated that the rock strata broke at this time.
As the working face advanced to 55 cm, the strain value
surged at the place 37.8 cm away from the roof of the coal
seam, reaching 6065με, after which the test signal weakened
and the strain value could not be measured accurately.

Figure 3: OSI-C-S OFDR test equipment.
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Table 2: Test parameters of the OSI-C-S OFDR instrument.

Name Test length
Number of test

channels
Spatial

resolution
Sampling rate

Strain test
range

Strain test
accuracy

Temperature
range

Option
Up to
100m

4 1mm or 1 cm
4 hz as the
fastest

±12000με ±1.0 με -200°C~1200°C

(a) Physical map

Fiber

Polyurethane
elastic sheath

(b) Profile

Figure 4: Polyurethane sheath fiber sensor.

Table 3: Mechanical properties and sensing performance of polyurethane sheath fiber sensor.

Parameter
category

Fiber
diameter/mm

Core
diameter/mm

Maximum
breaking force/N

Modulus of
elasticity/GPa

Coefficient of
strain/MHz/με

Temperature
coefficient/MHz/°C

Strain
measuring
range/με

Value 2.0 0.9 220 0.2 0.04998 1.89 -10000~20000

(1) glue applying (2) sand sticking (3) drying (4) finished product

Figure 5: Pretreatment of fiber sensor.
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Figure 6: Rock distribution, fiber sensor arrangement, and research scope in model test (unit: cm).
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According to the overburden strain distribution in
Figure 7, formula (2) was adopted to calculate the distributed
shear stress of the fiber sensor after the working face passed
the monitoring section of line B. The calculation result is
shown in Figure 8. In order to facilitate the analysis of prob-
lems, this paper chose the distributed shear stress of the fiber
sensor when the working face advanced to 5 cm, 30 cm, and
55 cm, respectively (as shown in Figure 8). It can be seen
from Figure 2 that the distribution of tensile fractures in rock
strata was related to the sign changes of shear stress during
coal mining. Therefore, the mean value of the shear stress
of the fiber sensor was obtained to form a solid line in
Figure 8 by averaging the shear stress in the same direction
(indicated by a dotted line). According to the position where
the sign of the shear stress changed in the solid line in
Figure 8, the overburden deformation caused by coal seam
mining has the following characteristics: when the working
face advanced to 5 cm, the sign of the shear stress changed
for the first time at the position 5 cm away from the roof of
the coal seam. When the working face advanced to 30 cm,
the damaged rock mass moved towards the gob due to the
pressure of the overlying strata, and the overlying rock strain
gradually increased from the bottom to the top, and a num-

ber of sign change points of shear stress appeared. However,
according to the rock breakpoint identification formula (1),
the rock at the abovementioned positions where the sign of
shear stress changed has not been broken. When the working
face advanced to 55 cm, the degree of overburden disturbance
intensified, and the change points of shear stress gradually
concentrated at the positions 14.3 cm and 37.8 cm away from
the roof of the coal seam. The magnitude of the shear stress
exceeded the tensile strength of the rock. Therefore, in this
test, it can be concluded that when the working face advanced
to 55 cm, the height of the water-flowing fractured zone was
37.8 cm.

In order to grasp the characteristics of overlying stratum
deformation and failure during coal seam mining, according
to the monitoring requirements of photogrammetry system,
noncoding points were set at 10 cm intervals along the hori-
zontal and axial directions of the model, starting from the left
boundary of the coal seam roof and model frame in the
model test. In order to compare with the monitoring results
of mining-induced overburden strain, representative images
about overburden deformation after the working face passed
through line B fiber sensor were selected, as shown in
Figure 9. Figure 9(a) shows that when the working face
advanced to 5 cm, the rock layer 5 cm away from the roof
of the coal seam collapsed and moved towards the gob.
Figure 9(b) shows that when the working face advanced to
40 cm, cracks appeared 14.3 cm and 37.8 cm away from the
roof of the coal seam. Figure 9(c) shows that when the
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working face advanced to 60 cm, the abscission layer was
formed at 37.5 cm away from the roof of the coal seam, and
the rock layers below the abscission layer were settled and
compressed.

The height of the water-flowing fractured zone calculated
by using the proposed strain-based method is basically the
same with the deformation and failure results of the overly-
ing strata in the model test.

The formula for calculating the height of the water-
flowing fractured zone in building, water, railway, and main
shaft roadway pillar and coal mining specification (specifica-
tion in short) is shown in formula (3) [3].

H = 100∑M
1:6∑M + 3:6 ± 5:6: ð3Þ

In the formula, ∑M is the cumulative thickness. The
cumulative mining thickness of the coal seam in this test
was 4.2 cm.

According to formula (3), the predicted height of the
water-flowing fractured zone is between 35.1 cm and
46.3 cm. This predicted height includes both the height of
the water-flowing fractured zone calculated by the measured
strain and the height of the abscission layer in the model test.
It shows that the proposed method for calculating the height
of water-flowing fractured zones in this paper is reliable.

5. Discussion

(1) The method of using the measured strain to calculate
the height of the water-flowing fractured zone shows

that as long as there was a crack between the upper
and lower stratum layer, the sign of the shear stress
changed. Due to the high resolution of the OFDR
instrument, in the early stage of coal seam mining,
even small strain differences in the overburden mon-
itoring section can cause sign changes of the shear
stress in many places. As the working face advanced,
the crack that has appeared gradually closed, the
shear stress gradually increased, and the sign changes
concentrated at specific positions. Influenced by the
fiber sensor’s own strength, the overburden strain
distribution curve was centered on the maximum
deformation position of the rock mass, with the value
gradually decreasing from that position to both the
top layer and bottom layer. Therefore, when calculat-
ing the rock layer strength according to formula (1), a
large fracture range appeared, which was not consis-
tent with the results of the model test. The height of
the water-flowing fractured zone can be accurately
calculated only by combining the rock breakpoint
identification formula (1) with the fracture position
identification formula (2)

(2) In the study of coupling between the fiber sensor and
surrounding medium, Madjdabadi et al. [21] fixed
the fiber sensor to the beam body with binder and
analyzed the process of coordinated deformation
and strain transfer between the two. Zhang et al.
[22] developed a test device for testing the interaction
between the fiber sensor and soil and proposed a cou-
pling coefficient to quantitatively describe the cou-
pling. In the aspect of mining-induced overburden

Collapse

(a) Working face advanced to 5 cm

Fissure

(b) Working face advanced to 40 cm

Abscission layer 

(c) Working face advanced to 60 cm

Figure 9: Overburden deformation and failure diagram after the working face passed line B fiber sensor.
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deformation measurement by DOFS technology, the
coupling between the fiber sensor and rock mass is
affected by the interaction between the two materials
and rock mass structure, which needs further theo-
retical derivation and experimental verification to
establish the shear-stress-based fracture identifica-
tion criterion

(3) Using single-point sensors such as resistance strain
gauge or vibrating string stress meter to monitor
mining-induced overburden deformation is prone
to problems including leakage detection and electro-
magnetic interference [23]. By applying OFDR tech-
nique, the position where overburden fracture
occurs is detected accurately. However, the strain
measurement range of this technology is ±12000με.
The initial deformation test in the overburden model
test is relatively accurate. But when large deformation
occurs, for example, an abscission layer forms, the
test signal weakens until the fiber sensor breaks, and
the signal cannot be tested. At present, Brillouin opti-
cal time domain reflectometry (BOTDR), Brillouin
optical time domain analysis (BOTDA), Brillouin
optical frequency domain analysis (BOFDA), and
other testing instruments are widely used in the field
of rock and soil deformation monitoring, and their
strain measurement range is ±15000με [24]. The
Brillouin back-scattering signal of the BOTDR
instrument is very weak, so it is easy to miss the signal
when the rock breaks and an abscission layer forms
in the model test. However, this instrument has the
advantage of single-end measurement, and no circuit
is needed, which is suitable for field test. According to
stimulated Brillouin effect, BOTDA and BOFDA
instruments receive strong signals and have a high
spatial resolution, which are suitable for indoor
model test. But this kind of equipment requires
double-ended measurement to form a test loop, and
the whole monitoring section cannot be measured
when the rock mass deformation is too large and
the fiber sensor breaks in the field application. There-
fore, in the overburden monitoring during coal seam
mining, it is important to select suitable test instru-
ments and fiber sensors according to the measure-
ment range and develop fiber sensors suitable for
measuring large deformation

6. Conclusion

(1) Based on the overburden strain distribution under
the mining condition of coal seam, the study detected
the deformation and failure state of rock mass. By
combining the coordinated deformation characteris-
tics between the fiber sensor and surrounding rock
and soil mass, this paper summarized a linear rela-
tionship between the shear stress and strain gradient
of the fiber sensor. By observing the position where
the sign of the shear stress was changed from positive
to negative, the study then detected the fracture posi-

tion and proposed a method to predict the height of
the water-flowing fractured zone. In addition,
according to the similarity model test by using similar
materials of Daliuta Coal Mine, the height of the
water-flowing fractured zone was calculated to be
37.8 cm based on measured strain. This result is in
close agreement with the actual rock failure height
in the model test and the predicted height by empir-
ical formulas’ result in the specification, which indi-
cates that the calculated result of the proposed
method meets the engineering practice. Besides, this
method has the characteristics of distributed mea-
surement, high sensitivity, and good stability and
has a good application prospect in measuring the
height of the water-flowing fractured zone in time
in the process of coal mining

(2) The OFDR measurement result shows that there was
a strong linear relationship between strain and tem-
perature. In general, if the change of temperature
caused by water seepage from aquifer was small, the
strain magnitude had little influence on the identifi-
cation of rock fracture position. Due to the limitation
of the deformation of the fiber sensor, the test signal
was weakened when large deformation occurred, so
it was difficult to measure the strain accurately.
Therefore, it is necessary to develop a fiber sensor
suitable for large deformation of overlying strata.
The fracture position can be detected by the strain
measured by the fiber sensor and the location where
the sign of the shear stress changed, but the fracture
identification based on shear stress value requires
further study
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Mining high-gas coal seams in China has the characteristics mining of deep, high storage and low permeability, and low drainage
efficiency, which seriously restrict the efficient prevention and control of mine gas disasters. Based on the characteristics of low
viscosity and permeability, phase change pressurization, and strong adsorption potential energy of liquid CO2, the technology
system of liquid CO2 displacement for high-gas and low-permeability coal seam was developed, and field industrial of low-
pressure (0.5~2.5MPa) and medium-pressure (2.5~15.0MPa) combined injection test was carried out. In this test, the mode of
injection followed by drainage was adopted, and the gas drainage effect was investigated for 30 days. The test results show that
the effective influence radius of CO2 in this test is 20m, and the liquid seepage radius is 5 to 7m. After the injection of liquid
CO2 into coal seam, the average gas drainage concentration and drainage purity of all drainage holes were increased by 3.2 and
3.4 times, respectively, and the gas promotion effect was significant. Taking the liquid CO2 low-medium-pressure displacement
gas test area as the calculation unit, from the comprehensive benefit analysis, compared with the original drainage mode, the
liquid CO2-combined pressure injection process can save 34.7% of the engineering cost and shorten the gas drainage standard
time by 45.9%. Therefore, the application of this technology has important technical support and reference significance for the
efficient management of gas in the same type of mine.

1. Introduction

“High storage and low permeability” is a common attribute
of most of the coal seams in deep mines in China. That is,
as the depth of coal seam mining increases, the gas content
of the coal seam increases, and the permeability is low, which
restrict the efficient extraction of coal seam gas and the effec-
tive prevention of mine gas [1]. Gas disaster can be said to be
not only the most destructive disaster affecting mine safety
production but also a serious threat to the safety of produc-
tion workers one of the major disasters [2]. Excessive emis-
sions of CH4 cause incalculable damage to the
environment, and the greenhouse effect of CH4 is 25 times
that of CO2 [3]. From the perspective of energy utilization
and environmental protection, gas is a kind of efficient and

clean energy; capturing and utilizing this gas are able to
decrease greenhouse gas emissions [4]. Coalbed methane
(CBM) is abundant in China. With the importance of envi-
ronmental protection in China, enhanced coalbed methane
(ECBM) recovery technology has become the focus of gas
prevention and control.

ECBM recovery technology is one of the key technologies
that must urgently be addressed in the process of coalbed
methane development both within and outside of China.
Based on the mechanism of CH4 generation, storage, and
migration, increasing coal seam CH4 production mainly
starts from two aspects: one is to promote the desorption of
coalbed methane, so that the CH4 adsorbed on the inner sur-
face of the coal matrix pores can be changed from the
adsorbed state to the free state as much as possible, and the
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diffusion of CBM from the matrix and micropores to the
cracks is expanded [5]. The second is to expand the gas migra-
tion channel, so that CBM seeps to the borehole along more
fracture channels [6, 7]. To improve the efficiency of CBM
disaster control and reuse in deep well mining, a variety of coal
seam permeability enhancement and gas drainage promotion
technologies have been developed, mainly including protective
layer mining, hydraulic fracturing, hydraulic slotting, high-
energy detonation wave blasting fracturing, shock wave frac-
turing, and liquid CO2 blasting [8–10]. From the analysis of
the engineering application effect, the above-mentioned tech-
nical processes can obviously improve the permeability of the
coal seam and achieve the purpose of promoting gas drainage.
However, due to the limitations of the technology, there are all
kinds of technical defects and negative effects in the engineer-
ing application process. Therefore, it is very urgent to research
and develop a new innovative technology for gas extraction in
high-gas permeability and low-permeability coal seams.

Liquid CO2 is a fluid with the properties of low viscosity,
easy permeability, phase change enhancement, and high
adsorption potential. The liquid CO2 injection into a coal seam
improves gas extraction by fracture enhancement and displace-
ment replacement, with incomparable advantages in reservoir
construction and CBM income elevation. On the one hand,
coal has a higher adsorption capacity for CO2. The adsorption
of CO2 by coal is about 2-10 times that of CH4, and the injec-
tion of CO2 reduces the partial pressure of CH4 and promotes
the desorption of CH4 [11]. On the other hand, after the com-
petitive adsorption of CO2 and CH4, CBM is replaced. Further-
more, liquid CO2 injection into the coal seam will generate
phase change pressurization, which will increase the mutual
reverse seepage and diffusion rate of CO2 and CH4 in the coal
seam, and then promote the CH4 escape from the coal seam
[12]. In terms of engineering applications, the United States,
Canada, Poland, Japan, etc. have all carried out engineering
tests of CO2 injection, flue gas, air, nitrogen, etc. to ECBM
recovery, and significant results have been achieved [13–19].
However, because the output phase of liquid CO2 is unstable,
the aging characteristics are complex and dynamic. Relatively
few fundamental studies on ECBM recovery technologies using
liquid CO2 have been conducted, and related studies have
mainly focused on the promotion of coal seam gas drainage
by gaseous and supercritical CO2 [20, 21].

Based on the special properties of liquid CO2, this paper
develops a liquid CO2 cracking coal seam and gas displace-
ment technology system suitable for high-gas and low-
permeability coal seams. The research team carried out engi-
neering tests at the 401102 working face of Mengcun Coal
Mine of Binchang Mining Group, Shaanxi Coal Mining
Group. The feasibility of the process technology was
debugged on site, the key parameters of the field test were
investigated, and the comprehensive benefits of the process
technology were verified by subsequent gas drainage effects.

2. The Principle of Liquid CO2 Enhance
Permeability and Displace CBM

2.1. Effect of Liquid CO2 on Permeability Enhancement. Coal
is a porous medium; a large pore volume is ineffective despite

being interconnected in a porous medium. Microcapillary
pores, which do not allow a fluid to pass through, and pores
surrounded by microcapillary pores are considered an inef-
fective pore space for infiltration. Liquid CO2 is used as a
low-temperature fluid (with a low temperature of -19.5°C).
The original temperature of the actual coal seam on-site is
higher than 30°C. When liquid CO2 is injected into the coal
seam, convective and phase transformation heat transfers
take place upon contact with the coal mass, causing an
increase in temperature. A temperature gradient is generated
inside the coal matrix scaffold, forming thermal stress. Dur-
ing the injection of liquid CO2, heat exchange with the coal
mass takes place when CO2 infiltrates the pores and fractures,
causing a cryogenic freezing damage effect [22], triggering a
shrinkage of the coal matrix scaffold and damaging the struc-
ture of the pores and fractures of the coal mass. During the
heat exchange between liquid CO2 and coal, liquid CO2
undergoes a phase transformation and an increase in both
temperature and pressure as the coal matrix swells [23],
inducing a compressive or tensile stress in the pore network
inside the coal mass, which forces coal pores to restructure
and cracks to extend and elongate. As a result, most of the
ineffective pore space, which does not allow a fluid flow,
becomes interconnected. Consequently, an ineffective pore
space in the coal matrix transforms into an effective pore
space, improving the effective porosity of the porous
medium. The pore surface area of coal is expanded to a cer-
tain extent, improving the permeability [24] (as shown in
Equation (1)) [25]. The gas migration channel can be broad-
ened, allowing coal seam gas to flow toward the extraction
borehole through more cracks, thus achieving an enhanced
permeability by liquid CO2 [26].

μi = −λi
dp
dx

= −λigradp, ð1Þ

where μ is the flow rate (m2·Pa-1·s-1), λ is the permeability
coefficient, and dp/dx is the total pressure gradient in the
direction of pressure reduction (Pa·m-1).

2.2. Displacement Effect of Liquid CO2. The process of gas dis-
placement through the injection of liquid CO2 into highly
gassy coal seams is illustrated in Figure 1 [27]. Liquid CO2
is injected into a borehole and diffused along the cracks of
the coal seam around the borehole [28]. Under the effect of
cryogenic damage from CO2 and the thermal stress generated
from the heat exchange between the CO2 and the coal seam, a
swelling of the coal matrix occurs [29]. The coal pores are
restructured and the cracks elongate, increasing the effective
porosity and permeability of the coal [30], causing an infiltra-
tion of liquid CO2 into the coal. When infiltrated into a cer-
tain zone, liquid CO2 absorbs heat from the coal and
gradually transforms into a gaseous state. Gaseous CO2 con-
tinues to infiltrate under pressure and a difference in concen-
tration. Numerous studies have shown that 80%–90% of gas
is in an adsorbed state under identical conditions [31] and
that the adsorption capacity of CO2 in a coal matrix is higher
than that of CH4, leading to competitive adsorption between
them [32]. Subsequently, the partial pressure of CO2 entering
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the adsorption site of the coal matrix increases from the
transport force, and with the transformation stress of liquid
CO2, thereby lowering the partial pressure of the CH4, the
adsorption-desorption equilibrium of the gas components
inside the coal matrix is destroyed. The adsorption sites of
CH4 are occupied by CO2molecules with a higher adsorption
capacity, leading to the desorption and displacement of CH4
molecules [33, 34]. As the volume of the CO2 injection
increases, the CH4 molecules are driven out of the coal mass
through the competitive adsorption of CO2, changing from
an adsorbed state to a free state (as shown in Equation (2)).
Simultaneously, as the migration channel of the gas is
extended, a difference in concentration is formed by the com-
ponents of the gas mixture at the two ends of the gas migra-
tion channel, displacing the CH4 molecules into the
corresponding migration channel [35], as shown in Equation
(3). Eventually, the dual effects of pressure and a difference in
concentration cause a large number of CH4 molecules to seep
and diffuse through the voids of the coal toward the extrac-
tion borehole [36].

∂ci
∂t

+∇ −Di∇cið Þ = −Qi, ð2Þ

where i is the gas component (CO2 or CH4), ci is the concen-
tration of component i (kg·m-3),Di is the diffusion coefficient
of component i (m2·s-1), and ▽ is the Hamiltonian operator.

ci pð Þ = aibipi
1 + bCO2

pCO2
+ bCH4

pCH4

ρiρc, ð3Þ

where ciðpÞ is the adsorption capacity of component i (kg·m-

3), aCO2
and aCH4

are, respectively, the maximum adsorption
capacity of CO2 and CH4 when they are adsorbed separately
in the coal seam (kg·m-3), bCO2

and bCH4
are adsorption equi-

librium constants of CO2 and CH4, respectively (MP-1), and
pCO2

and pCH4
are the adsorption partial pressure of CO2

and CH4, respectively (MPa).

3. Process System for Methane
Displacement with Liquid CO2 in High-Gas
and Low-Permeability Coal Seam

This on-site test was selected at the mechatronics chamber of
the 401102 working face in the 4# main coal seam of Meng-
cun Mining Co., Ltd. in the Binchang mining area, Shaanxi
(as shown in Figure 2). The 4# coal seam belongs to low
metamorphic bituminous coal, and internal fissures devel-
oped not well. The average coal thickness is 13.0m, and the
average inclination angle of the coal seam is 3°. Coal industry
analysis and coal quality determination results are shown in
Table 1.

The predicted value of absolute gas emission in the mine
is 110.5m3/min, while the predicted value of relative gas
emission is 8.1m3/t. The 4# coal seam is a typical coal seam
with high gas, low permeability, and bursting liability. When
gas extraction is carried out by dense drilling, problems such
as high cost, long extraction time, and poor extraction effect
exist. Mengcun Coal Mine has successively adopted hydrau-
lic fracturing, hydraulic slicing, and other technologies, aim-
ing to reduce the bursting liability of coal seam and improve
the efficiency of gas extraction. Through the above technical
effect analysis, it can reduce the impact of coal seam and
improve the permeability of coal seam. However, due to the
water-locking effect of the large-area pore and fracture net-
work in the coal seam [37], the effect of gas extraction is
reduced.

Therefore, based on technology comparison and compre-
hensive benefit analysis, the mine chose to develop liquid
CO2 displacement technology. The purpose is to improve
the efficiency of coal seam gas extraction through the imple-
mentation of technical processes and reduce the cost of mine
gas disaster management.

3.1. Test Process System. The process diagram of the liquid
CO2 pressure injection system is shown in Figure 3. It is
mainly composed of a liquid CO2 tanker, a cryogenic pres-
sure pump, a data acquisition instrument (DAI), a pressure
transmitter (PT), a pressure-resistant conveying pipeline, a
stop valve, and a pressure relief valves and other components.
The cryogenic pressure pump is mainly used for boosting
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Figure 1: Schematic diagram of coal seam liquid CO2 injection gas flow displacement.
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Figure 2: The location of the on-site test.

Table 1: Coal industry analysis and coal quality test results.

Coal sample
Industrial analysis (%)

f x
Coal composition (%)

R0
max(%)Mad Vad Aad FCad V0 I0 E0

Nonstick coal 3.73 35.53 6.92 51.21 2.46 54.36 43.55 20.8 0.63

Mad is the moisture content of the coal; Vad is the volatile matter of the coal; Aad is the ash content of the coal; FCad is the fixed carbon of the coal; f x is the
hardness coefficient of the coal; V0 is the vitrinite of the coal; I0 is the inertia of the coal group; E0 is the coal body’s external group; R

0
max is the coal body’s

maximum vitrinite reflectance.
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Figure 3: Process diagram of liquid CO2 injection system.
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liquid CO2, with rated power of 22KW, flow rate of 2000 L/h,
and maximum working pressure of 15MPa, which can
supercharge and convey liquid CO2. The data acquisition
instrument can realize multiple sets of data acquisition and
monitoring, mainly collecting pump outlet pressure, orifice
pressure, etc. The monitoring medium of the tank vehicle dif-
ferential pressure meter (vortex flowmeter) is liquid, which is
mainly used to monitor the flow rate in the pressure injection
process and count the accumulative pressure injection
amount. The pressure transmitter has a range of 0–30MPa
and mainly monitors the variation of orifice pressure in the
process of injection. The conveying pipeline is a high-
pressure rubber hose with pressure resistance of 0–40MPa,
which has the characteristics of high-pressure and low-
temperature resistance. Globe valve and relief valve are
mainly used for backflow, relief, and blowout of pipeline at
the end of pressure injection [8].

3.2. Drilling Layout of Working Face. The field test was car-
ried out in the newly excavated 401102 electromechanical
chamber. The coal seam in the test area is well distributed,
and no gas drainage is carried out. A total of 15 in seam bore-
holes were constructed, 2 of which were boreholes for the
injection of liquid CO2 (1# and 2#), and 13 were observation
boreholes (1#–13#). The drilling layout of the working face is
shown in Figure 4, and the detailed parameters of the drilling
design are shown in Table 2.

4. Industrial Test Results and Discussion

4.1. Dynamic Parameter Analysis of CH4 Displacement by
Liquid CO2 in High-Gas and Low-Permeability Coal Seam.
The liquid CO2 low-pressure injection system adopts the direct
injection of liquid CO2 tanker, and the maximum pressure of
liquid CO2 tanker is 2.5MPa. Low-temperature pressure pump
is used to supercharge liquid CO2 with a flow rate of 2000L/h
and a maximum working pressure of 15MPa. The pressure
transmitter and data acquisition instrument were used to mon-
itor the pressure change of the orifice and check the stability of
the system. Meanwhile, the CO2 verification tube (20% range)
was used to detect the influence radius of CO2 seepage.

Low-pressure injection was mainly used to debug the
reliability and stability of the injection system. The liquid
CO2 transformed into gaseous CO2 to disturb the concentra-
tion gradient of gas in the steady state of the coal. The
medium pressure injection was mainly based on the low-
temperature freezing damage and instantaneous phase
change of liquid CO2, which in order to expand the CO2
migration radius and increase the influence range of CO2 dis-
placement gas in the coal seam. When the liquid CO2 was
injected, the pressure gradient and the concentration gradi-
ent together drove the migration of CO2 molecules and com-
peted with the gas in the coal for adsorption and desorption,
so as to achieve efficient gas extraction.

4.1.1. Pressure Change during Injection of Liquid CO2 into
Bedding Borehole

(1) Pressure Change of Liquid CO2 Injection at Low Pressure
of Coal Seam. The liquid CO2 tank was used to conduct two

low-pressure injection on the 1# injection hole (1#‐1L, 1#‐2L)
and 2# injection hole (2#‐1L, 2#‐2L), respectively. The injec-
tion parameters are shown in Table 3. The variation of orifice
pressure during injection was observed, as shown in
Figures 5(a) and 5(b). Using liquid CO2 increases the perme-
ability and displacement function, pushing the gas migration
and desorption, and through the aperture of the gas extrac-
tion effect for 30 days observation. At the same time, in the
original area, select raw gas drainage borehole as a compari-
son and mainly observed the gas concentration of extraction,
extraction of pure gas amount, and comprehensive inspec-
tion of liquid CO2 displacement test effect of CBM.

It can be seen from the pressure curves of injection pro-
cesses in 1# and 2# injection holes. The maximum pressure
of each hole during the second injection is greater than the
maximum pressure of the first one, and the rate of pressure
rise is higher than the first one. In the initial stage of pressure
injection, liquid CO2 had good permeability and fast perme-
ability in the coal. During the second injection, the coal
matrix expanded, and the pore pressure in the coal body
increased [38, 39]. At this time, the permeability was rela-
tively slow, and the pressure gradually increased and kept
balance.

Figure 5(b) is an enlarged diagram of the downward
trend of each pressure curve. According to the analysis, the
pressure decline rate of the second injection is slower than
that of the first injection. The pressure curve of 2#-1 declines
faster and finally reaches 0 due to leakage of #9 observation
hole around 2# injection hole. When liquid CO2 is injected
into coal seam, it changes from liquid to gaseous state. Gas
molecules will adsorb on the surface of coal, resulting in the
decrease of surface tension of coal and the expansion of coal
matrix. At the same time, under the action of overburden
stress, the increase of CO2 adsorption pressure and effective
stress both increase the internal expansion coefficient of coal
[40]. In this case, CO2 slowly permeates and diffuses under
the action of internal pressure difference and concentration
difference of coal seam, and competitive adsorption with
CH4 occurs in the coal matrix [41].

(2) Pressure Change of Liquid CO2 Injection at Medium Pres-
sure of Coal Seam. The stability of the system was verified by
the test of the liquid CO2 low-pressure injection system. The
injection hole and observation hole were checked, and the
leakage area was sealed. On the basis of the low-pressure
injection system, the liquid CO2 medium-pressure injection
system adopts the low-temperature pressure pump to pres-
surize. The 1# injection hole (1#‐1M, 1#‐2M) and 2# injection
hole (2#‐1M, 2#‐2M) are, respectively, pressurized. The max-
imum working pressure of the low-temperature pressure
pump is 15MPa, and the flow is 2000 L/h. The pressure
transmitter and data acquisition instrument were used to
monitor the pressure change of the orifice and check the sta-
bility of the system. Meanwhile, the CO2 verification tube
(20% range) was used to detect the influence radius of CO2
seepage [42]. The injection parameters are shown in
Table 4. The variation of orifice pressure during injection
was observed (as shown in Figures 6(a) and 6(b)).
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According to Figure 6(a), it can be seen that there are
basically two stages in the pressure change curve during
medium pressure injection. After the initial pressure rises to
a certain value, the pressure will remain stable for a period
of time and keep rising with the increase of pressure and flow.
The reason why the pressure of 1#‐1 drops to 0.48MPa is that
leakage phenomenon is observed around 1# inspection hole.

The variation trend of boost rate of medium pressure
injection is similar to that of low-pressure injection. The
maximum pressure at the second injection of each hole was
greater than that at the first injection; meanwhile, pressure
rise rate is higher than that of the first injection. Figure 6(b)
is an enlarged diagram of the downward trend of each pres-
sure curve. The second injection drop rate of medium pres-
sure injection is slower than that of the first injection.

The pore pressure rises and slippage effect gradually
decreases with the increase of injection pressure during
medium pressure injection. The gas molecules adsorbed on
the surface of the coal matrix increase, and the coal matrix
expands further. In this case, CO2 in coal seam under the
action of internal pressure and the concentration difference

of slow diffusion compete with CH4 in coal matrix inside.
Low-pressure and medium-pressure injection tests have
proved the stability of the system. At the same time, the seal-
ing quality of the borehole is a key factor in the test. In order
to maintain the pressure, sufficient liquid CO2 raw materials
should be ensured.

4.1.2. Effective Influence Radius of Liquid CO2 Displacement.
According to 2# injection hole pressure and the temperature
curve of 5m and 7m (as shown in Figure 7), the pressure and
temperatures at 210min were taken as a reference. The pres-
sure and temperature values corresponding to distances of
5m and 7m are (4.06MPa, -20.70°C) and (4.06MPa,
13.90°C) respectively. CO2 is liquid at 5m away from the
injection hole, while CO2 is gaseous at 7m away from the
injection hole, so it can be judged that the seepage radius of
liquid CO2 is from 5m to 7m.

In the process of injecting liquid CO2 into coal seam, the
migration force generated in the process of phase transition
to gaseous CO2. The seepage of liquid CO2 along the large-
scale through fracture and the diffusion of gaseous CO2 in
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Figure 4: Schematic diagram of drilling layout of liquid CO2 injection system.

Table 2: Drilling parameter design table.

Drilling name Hole depth (m) Azimuth (°) Inclination (°) Aperture (mm) Sealing length (m)

Injection hole 140 90 0.5°–1° 113 40

Observation hole 140 90 0.5°–1° 113 12

Original drainage hole 140 90 0°–1° 113 12

Table 3: Table of low-pressure injection parameters.

Drilling
name

Volume of
injection (m3)

Rate of flow
(m3/min)

Pressure rise rate
(MPa/min)

Maximum
pressure (MPa)

Dwell time
(min)

Depressurization rate
(MPa/min)

Minimum
pressure (MPa)

1#‐1L 2.0 0.028 0.020 0.70 105 0.010 0.17

1#‐2L 1.8 0.038 0.069 1.50 38 0.008 0.42

2#‐1L 1.8 0.040 0.048 0.95 58 0.040 0

2#‐2L 2.0 0.030 0.041 1.30 12 0.022 0.11
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Figure 5: Variation of orifice pressure during low pressure injection.

Table 4: Table of medium pressure injection parameters.

Drilling
name

Volume of
injection (m3)

Rate of flow
(m3/min)

Pressure rise rate
(MPa/min)

Maximum
pressure (MPa)

Dwell
(time/min)

Depressurization rate
(MPa/min)

Minimum
pressure (MPa)

1#‐1M 2.0 0.018–0.025 0.048 3.16 25 0.038 0.48

1#‐2M 2.0 0.020–0.025 0.090 3.28 15 0.005 2.73

2#‐1M 2.0 0.015–0.020 0.040 5.30 30 0.027 1.34

2#‐2M 2.0 0.015–0.025 0.067 5.90 25 0.010 3.50
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Figure 6: Variation of orifice pressure during medium pressure injection.
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the open pore were promoted. This is a solid-liquid-gas cou-
pling process, temperature, stress, concentration, and other
multifield coupling results. Therefore, in order to determine
the effective influence range of liquid CO2 displacement in
coal seam, the effective influence range of CO2 in coal seam
was determined by the concentration of CO2 in coal seam.
After a period of holding pressure, the CO2 concentration
of each observation hole on both sides of the injection hole
was monitored by using industrial CO2 calibration tube (with
a maximum measurement range of 20.0%, where a measure-
ment of 20% indicates that the CO2 concentration exceeded
the measurement range). The variation of CO2 concentration
in observation holes at different distances is shown in
Figures 8. The CO2 concentration at different distances after
first medium pressure injection in 1# and 2# holes is shown
in Figure 8(a), and after second injection in 1# and 2# holes
is shown in Figure 8(b).

According to the data analysis of gas drainage, the maxi-
mum original CO2 concentration in coal seam is 2.78%. As
shown in Figure 8(a), when the low pressure is injected, the
accumulated injection quantity of liquid CO2 is 3.8m3 in
the 1# injection hole, and the concentration of CO2 was
2.4% at 25m from 1#, slightly lower than the maximum orig-
inal CO2 content of coal seam by 2.78%. The concentration of
CO2 was 1.64% at 25m from no. 2 less than 2.78% of the
maximum original CO2 concentration in coal seam, when
liquid CO2 was injected 3.8m3 cumulatively. It showed that
the gas-phase migration range of liquid CO2 might be 20–
25m, and the minimum is not less than 20m. From
Figure 8(b), it showed that the CO2 concentration at the dis-
tance of 25m from 1# injection hole is 1.6%, which is lower
than 2.78% of the maximum original CO2 concentration of
coal seam.While the accumulated injection quantity of liquid
CO2 is 4.0m

3 in no. 2 injection hole, the CO2 concentration
is 1.2% at 25m from 2# injection hole, which is lower than
2.78% of the maximum original CO2 concentration in coal
seam. It can be concluded that the gas-phase migration of liq-

uid CO2 might be in the range of 20–25m, and the minimum
is not less than 20m.

Therefore, the effective influence radius of liquid CO2
displacement is basically the same between low-pressure
injection and medium-pressure injection, the gas migration
range is 20–25m, and the minimum is not less than 20m.
The CO2 diffusion is faster in the middle-pressure injection,
but with the increase of the injection volume and pressure,
it could spread further. Based on the observation of the distri-
bution of CO2 concentration after the injection holes of 1#
and 2#, it is determined that the effective influence radius
of gas displacement by liquid CO2 is 20m in bedding boring
of 4# seam in Mengcun coal mine; this result is basically sim-
ilar to the method and results used in previous field tests [43].

4.2. Analysis on Gas Displacement Effect of Coal Seam by
Liquid CO2. After field test of gas displacement by liquid
CO2 injection in coal seam of 401102 mechatronics chamber,
the effect of gas drainage was investigated for 30 days, and the
gas drainage concentration and flow rate were observed. The
gas drainage purity was calculated, while the 5#–9# observa-
tion hole was selected; the Y01–Y05 was selected as the con-
trast hole. The contrast hole are 30m away from the test area
in the same roadway; the effect of gas displacement by liquid
CO2 was investigated by comparing the average gas drainage
concentration and the average gas drainage purity between
the test area and the original gas drainage area. The relation-
ship between the average gas drainage concentration and the
average gas drainage purity is shown in Figures 9(a) and 9(b).

As shown in Figure 9(a), the maximum concentration of
gas drainage from observation holes in the test area is
39.28%, the minimum is 9.39%, and the average is 17.73%,
while the maximum, the minimum, and the average concen-
tration of gas drainage from original holes are 11.64%, 1.46%,
and 5.60%, respectively. The concentration of gas drainage in
the test area is 3.2 times that of the original gas drainage.
According to the concentration curve of gas drainage from
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observation hole, it can be seen that in the early period of liq-
uid CO2 injection, the coal matrix was embrittled deformed
by the low-temperature damage of liquid CO2, and the pores
of coal body developed twice. The fractures continued to
expand and extend; the pore ratio of coal and the permeabil-
ity of coal seam increases; meanwhile, there were more
migration pathway. Under the action of concentration differ-
ence and pressure difference, the gas can be released advanta-
geously, and the moving power and rate of gas in coal seam
can be further improved. With the heat exchange between
liquid CO2 and coal, liquid CO2 is gradually transformed into
gas and diffused in coal; meanwhile, it competed with CH4 in
coal to adsorb and displaces the adsorbed CH4 in coal. The

concentration of gas extraction decreases rapidly and fluctu-
ates about 17% after 5 days.

It can be seen from Figure 9(b) that the change law of gas
extraction purity is consistent with the change law of gas
extraction concentration from observation hole and original
gas extraction hole. The comparison curve of gas extraction
purity can be divided into three stages, which correspond to
the ①, ②, and ③ stages of the curve, and the 123 stages of
the curve, respectively; a large amount of free CH4 is trans-
ported along the original fracture of coal seam and the new
fracture formed by pressure injection of liquid CO2, and the
attenuation coefficient of gas extraction purity is 0.5583, the
attenuation coefficient of gas extraction purity is 0.7426 in
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the original gas extraction area, and the gas in the experimen-
tal area is more favorable for gas drainage.② and③ stages of
curves show that after 15 days of gas pumping, CO2 gas is
adsorbed in the coalbed matrix, which forms competitive
adsorption with CH4 and displaces the adsorbed CH4, and
the pure measuring range changes periodically. Among
them, the attenuation coefficient of the pure gas extraction
is 0.3229 and 0.2236, and the attenuation coefficient of the
pure gas extraction is 0.1685 and 0.0830 in the original gas
extraction area, the gas extraction purity is relatively low,
and the gas attenuation coefficient is kept at a relatively low
level, while the gas extraction purity remains at a relatively
high level in the experimental area with the CO2 percolation
and diffusion, CO2 adsorption in the coal matrix and dis-
placement of CH4. In the test area, the maximum value and
the average value of gas extraction purity are 0.313m3/min,
0.029m3/min, 0.109m 3/min, 0.70m3/min, 0.011m3/min,
and 0.032m3/min, respectively. The purity of gas extraction
in the test area is 3.4 times of that of the original gas extrac-
tion, and the active period of gas extraction is about 30.
The results show that liquid CO2 injected into coal seam
increases the gas drainage flow, especially the displacement
effect of gas is the most obvious. Based on the 30-day obser-
vation data, the gas drainage effect of CH4 test in coal seam
driven by liquid CO2 is obviously improved, and the gas
drainage efficiency will inevitably decline in the later period
and timely observation of pressure injection effect [44, 45].

4.3. Comprehensive Benefit Analysis

4.3.1. Economic Benefit Analysis. By means of measuring the
gas pressure and gas concentration of coal seam before and
after the injection of liquid CO2, it is shown that the gas pres-
sure of coal seam in the field test area reduced by 12% after 30
days promoting of gas drainage. Ton coal with gas content
decreased from 3.12m3/t to 1.41m3/t, which decreased the
gas pressure and gas drainage time significantly. According
to the gas displacement test using liquid CO2 and the bore-
hole layout for mine gas extraction, the economic costs of
the project under two scenarios were compared. An observa-
tion area with a length of 70m was applied as the basis of the
calculation. In the original gas drainage area, there were 28
boreholes for methane extraction, distributed at intervals of
2.5m, each of which was 140m long. In the observation area
used during the test, there were 15 boreholes of 140m in
length and with a liquid CO2 consumption of 20m3, with 2
of the boreholes used for the pressure injection. The con-
struction cost of the boreholes was RMB 55 per meter. The
costs of the liquid carbon dioxide displacement zone
included the construction cost of the boreholes, cost of labo-
ratory equipment, and the raw material cost of the liquid
CO2. A cost comparison is shown in Table 5. It was calcu-
lated that a reduction in the project cost of approximately
RMB 139,700 can be achieved from the gas displacement test
through the use of CO2 within this calculation unit, cutting
the project cost by 34.7%.

4.3.2. Time Analysis of Gas Extraction Standard. Because the
gas emissions of the mine are mainly from the mining face of

the production layer, a predrainage rate of the gas of η ≥ 35%
was set based on the standard for coal mine gas extraction
(where η is the volume of gas extracted/volume of gas
reserve). Combined with the characteristics of the experi-
ment area used in this study, a calculation unit of 80m in
length with a working face of 180m in width was selected
for comparison with the time required to meet the gas extrac-
tion standard.

For the volume of gas extracted, η represents the volume
of gas extracted from a unit of coal mass within the target
time period (m3).

For the volume of the gas reserve, the gas reserve from the
coal mass is within the control area of the unit of the predrai-
nage borehole (m3).

For the calculation of the gas reserve, a length of 80m
with a 180m wide working face, an average coal seam thick-
ness of 13m, and an average original coal seam gas content of
3.12m3/t were applied. Therefore,

Qreserve = 80 × 180 × 13 × 1:36 × 3:12 = 584000m3: ð4Þ

According to the observation data of the volume of pure
gas extracted from a single borehole, the average gas emission
from a single borehole in the original extraction project was
0.032m3/min, whereas that from a single borehole in the
experimental project of gas displacement using CO2 was
0.109m3/min. As a result, the corresponding predrainage
times required to meet the standard are as follows:

T1 =
Qreserve × η

Qdaily extraction
= 58:4 × 0:35

0:032 × 24 × 60 × 24ð Þ = 185 d, ð5Þ

T1 =
Qreserve × η

Qdaily extraction
= 58:4 × 0:35

0:109 × 13 × 60 × 24ð Þ = 100 d:

ð6Þ
From the above calculations, it was found within the cal-

culation unit that the predrainage time required to meet the
standard for the original extraction project was 185 days,
whereas that for the gas displacement through the liquid
CO2 project was 100 days. The time required to meet the
standard was decreased by 85 days, thus reducing the extrac-
tion time by 45.9%, and significantly improving the extrac-
tion efficiency. Within the calculation unit, the gas
extraction time required to meet the standard was decreased
by 85 days, cutting the drainage duration by 45.9% [42].

5. Conclusions

(1) A liquid CO2 pressure injection system was tested
using a low-pressure injection system in high-gas
and low-permeability coal seam. The results showed
that the injection process system is stable. The
dynamic parameters such as pressure and flow rate
keep fluctuating characteristics in the process of liq-
uid CO2 injection. Among them, the pressure of liq-
uid CO2 injection at low pressure fluctuated
between 0.7MPa and 1.51MPa, while that of liquid
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CO2 injection at medium pressure ranged from
5.3MPa to 5.9MPa. When the single hole liquid
CO2 injection volume reaches 4-6m3, the liquid seep-
age radius is 5 to 7m, and the effective migration
radius of CO2 is 20m in the process of liquid CO2
displacement gas in the test area through the distri-
bution law of CO2 gas concentration in the coal seam

(2) It was found from the inspection of the gas extraction
field during the test process that the concentration of
CH4 extracted increased from 5.60% to 17.73% after
the injection of liquid CO2 into the coal seam,
increasing the concentration of gas extracted by 3.2-
fold. The pure flow of gas extracted increased from
0.032m3/min to 0.109m3/min, increasing the pure
flow of gas extracted by 3.4-fold. The gas extraction
efficiency improved significantly

(3) The test results of gas displacement using liquid CO2
in calculation unit showed that the project cost can be
reduced by 34.7% and the time required to meet the
extraction standard within the calculation unit can
be shortened by 45.9%. The use of gas displacement
technology by applying liquid CO2 can not only
reduce the project cost but also improve the
extraction efficiency and shorten the time required
to meet the extraction standard, ensuring a contin-
uous mine production. A reduction in the effi-
ciency of the gas extraction was not considered in
the selection of the calculation unit. In an actual
experiment, a second pressure injection into the
original boreholes can be conducted when a reduc-
tion in the extraction efficiency occurs, ensuring
that the concentration and pure flow of the gas
extracted are maintained at highly efficient levels.
The new technology and reference for mine gas
extraction were put forward
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The effects of roughness and normal stress on hydraulic properties of fractures are significant during the coupled shear flow test.
Knowing the laws of fluid flow and solute transport in fractures is essential to ensure the nature and safety of geological projects.
Although many experiments and numerical simulations of coupled shear flow test have been conducted, there is still a lack of
research on using the full Navier-Stokes (N-S) equation to solve the real flow characteristics of fluid in three-dimensional rough
fractures. The main purpose of this paper is to study the influence of roughness and normal stress on the fluid flow and solute
transport through fractures under the constant normal stiffness boundary condition. Based on the corrected successive random
addition (SRA) algorithm, fracture surfaces with different roughness expressed by the Hurst coefficient (H) were generated. By
applying a shear displacement of 5mm, the sheared fracture models with normal stresses of 1MPa, 3MPa, and 5MPa were
obtained, respectively. The hydraulic characteristics of three-dimensional fractures were analyzed by solving the full N-S
equation. The particle tracking method was employed to obtain the breakthrough curves based on the calculated flow field. The
numerical method was verified with experimental results. It has been found that, for the same normal stress, the smaller the
fracture H value is (i.e., more tough the fracture is), the larger the mechanical aperture is. The ratio of hydraulic aperture to
mechanical aperture (eh/em) decreases with the increasing of normal stress. The smaller the H value, the effect of the normal
stress on the ratio eh/em is more significant. The variation of transmissivity of fractures with the flow rate exhibits similar
manner with that of eh/em. With the normal stress and H value increasing, the mean velocity of particles becomes higher and
more particles move to the outlet boundary. The dispersive transport behavior becomes obvious when normal stress is larger.

1. Introduction

In some rock masses with low permeability, fractures are the
main channels for fluid flow. The hydraulic characteristics of
fractures are of great concern in some rock mechanics and
geotechnical applications, such as nuclear waste disposal,
geothermal energy mining, and deep mineral mining. The
fluid flows through the fractures while the solutes or particles
also move with the fluid by the convection and diffusion
mechanisms. Understanding the laws of fluid flow and solute
migration behavior in fractures is essential to ensure the
safety of these geological engineering.

The fracture surface of the natural rock mass is generally
rough [1], causing the rock fractures to be composed of void
spaces and contact areas, rather than many studies assumed
that fractures are composed of two relatively smooth parallel
plates. Fluid bypasses the contact area and flows through the
void space with tortuosity. The characteristics of void space
geometry and the contact area distribution have significant
effects on the hydraulic properties of a fracture [1]. It has
been demonstrated that the fluid flow and transportation
process in a single fracture are heavily influenced by the
roughness of the fracture surface, and the mechanical aper-
ture of a rock fracture is usually larger than its hydraulic
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aperture [2]. Li et al. [3] implemented a series of coupled
shear flow tests to analyze the influence of geometric features
of fracture on rock mechanical behavior and proposed the
empirical correlations to evaluate the effects of surface rough-
ness and contact area on the behavior of fluid flow through
rough fractures. Zou et al. [4] investigated the effects of wall
surface roughness on fluid flow through fractures; the result
indicated that the flow rate and the roughness of the fracture
surface are the main reasons for the dynamic evolution of the
vortex area in the flow field; when the flow rate is high, the
fluid flow field is usually not only nonlinear but also con-
stantly produces eddies in the boundary layer region of the
rough fracture which will affect the solute transportation in
fractured rock masses. Wang et al. [5] adopted 3D lattice
Boltzmannmethod and combined wavelet analysis technique
to investigate the impact of surface roughness on the nonlin-
ear fluid flow 3D rock fractures. The result shows that the pri-
mary roughness mostly controls the pressure distribution
and fracture flow paths at a large scale, whereas the secondary
roughness determines the nonlinear properties of the fluid
flow at a local scale.

For a single rock fracture, the roughness of the upper and
the lower surfaces is the same under the initial conditions,
and then, the deformation occurs with the normal stress
and shear stress applied to the natural rock [6–8]. In order
to study the effect of shear on fluid flow in fractures, some
scholars have carried out a series of experimental and numer-
ical simulation research on coupled shear flow. The labora-
tory research on the shear behavior of fractures is usually
implemented under the condition of constant normal stress
(CNL). However, for many field situations, the normal stress
imposing on the fracture surface will change during the
shearing process. The expansion of fractures is usually con-
strained by the closed environment which is represented by
the constant normal stiffness (CNS) [9]. Therefore, it is nec-
essary to study the shear characteristics of the fractures under
the boundary condition of constant normal stiffness. Indrar-
atna et al. [9] studied the effect of initial normal stress levels
on shear behavior of joints under CNS conditions. The result
revealed that the initial normal stress has significant effect on
the shear dilation rate. Different initial normal stresses will
lead to the variety of the distribution of voids and contact
areas in the fractures under shear.

In rock mechanics and rock engineering practices, the
fractures are usually simplified to two parallel plates in which
the fluid flow follows the cubic law. However, the parallel
models are inadequate to describe the hydraulic and trans-
port properties of natural fractures with rough surfaces
[10]. To further take into account the geometrical character-
istics of fractures, the simplified forms of the full Navier-
Stokes equations, such as the Reynolds equation [11–17]
and the Stokes equations [18, 19], were used in the estimation
of hydromechanical properties of rock fracture. The flow rate
and Reynolds number in natural rock fracture are not always
small, and the inertial effects usually increase with the com-
plexity of void space geometry; therefore, the nonlinear term
is not always negligible [4, 20–25]. Without considering the
influence of inertia effects, the simplified form usually shows
deviation from the actual situation. In order to accurately

describe the fluid flow in the fractures, numerical simulation
by solving the full N-S equations should be adopted, espe-
cially for rough natural fracture.

Many coupled shear flow experiments have been carried
out. These studies mainly focused on using the simplified
N-S equation to describe the fluid flow in a two-
dimensional fracture. And there is still a lack of research on
using the full N-S equation to solve the real flow characteris-
tics of fluid in three-dimensional fractures. It should be noted
that most of published research considered only simplified
fracture surface topography or specific boundary conditions
(e.g., constant normal stress boundary). A comprehensive
study of the impact of normal stress and roughness on fluid
flow and particle transport under the constant normal stiff-
ness boundary condition was rarely presented in existing
publication. In this study, several 3D fracture surfaces with
different roughness coefficients were obtained at first. The
fracture used for numerical simulation was composed of
two fracture surfaces with the same roughness and the initial
aperture was zero. A series of shear tests under the constant
normal stiffness with different normal stress were then
employed. Finally, a number of numerical simulations by
solving the full 3D Navier-Stokes equations were adopted
to investigate the fluid flow behavior and solute transporta-
tion through fractures.

2. Geometry Model of 3D Rough Fractures

2.1. 3D Self-Affine Fracture Surface. The natural rough rock
fracture surface typically follows a self-affine fractal distribu-
tion [26–28], and the topography of a fracture surface can be
characterized by fractional Brownian motion (fBm) [29].
Several methods such as the Fourier transformation, the ran-
domized Weierstrass-Mandelbrot function, and the
successive-random addition (SRA) were widely used to
model the fBm [30–33]. In this study, the efficient SRA algo-
rithm, which is easy to understand and use, is adopted to gen-
erate rough fracture surface.

In fBm, the surface asperity height is defined as a random
and single-valued function zðx, yÞ of two independent spatial
variables, x and y. The stationary increments, zðx + hx, y +
hyÞ − zðx, yÞ, over the distance ðlagÞ h displays a Gaussian
distribution with zero mean and variance σ2 [5, 34]. The sta-
tistical self-affinity of fBm can be expressed as follows:

z x + hx, y + hy
� �

− z x, yð Þ� �
= 0,

σ hð Þ2 = h2H ⋅ σ 1ð Þ2,
ð1Þ

where <· > represents the mathematical expectation, and H
is the roughness exponent or Hurst exponent varying from
0 to 1 and related to the 3D fractal dimension (Df ) by Df =
3 −H.

Liu et al. developed a corrected SRA algorithm to gener-
ate the 3D self-affine fracture surfaces which overcomes the
problems associated in the traditional SRA algorithms that
provide stochastic fractal distributions of questionable scal-
ing and correlation properties [30, 35]. In this study, a series
of rock fracture surfaces, with H = 0:5, 0.55, and 0.6 (the
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corresponding joint roughness coefficient (JRC) was calcu-
lated using Equation (2) [36] and the values are 18.2940,
12.3983, and 6.5396), respectively, were generated by employ-
ing Liu’s algorithm. These surfaces are both 204.8mm in
length and width. As shown in Figure 1, the fracture surface
asperity becomes flatter with the increase of H.

JRC = 32:2 + 32:47 log Z2, ð2Þ

Z2 =
1

M Δxð Þ2 〠
M

i=1
zi+1 − zið Þ2

" #1/2
, ð3Þ

whereM is the number of intervals, Δx is the interval, and zi is
the height of surface.

2.2. Aperture Distribution of Fractures under Different
Normal Stress. A lot of research revealed that the aperture
which is defined as the distance between the two fracture sur-
faces has a significant influence on the hydromechanical
characteristics of the rock fractures [37–41]. In this study,
it is assumed that the two fracture surfaces are in contact
with each other at the initial condition. The aperture
between the surfaces was assigned zero. When shearing
occurs, the fracture surfaces separated in the horizontal
and vertical directions. Under a specific shear displacement,
the aperture distribution can be calculated by the following
formula [37]:

b x, yð Þ =
z x + us, yð Þ − z x, yð Þ + un, for z x + us, yð Þ − z x, yð Þ + un > 0ð Þ,
0, for z x + us, yð Þ − z x, yð Þ + un ≤ 0ð Þ:

(

ð4Þ

In the above, zðx, yÞ is the asperity height of the gener-
ated 3D self-affine fracture surfaces, us is the shear displace-
ment, and un is the normal displacement or dilation caused
by the shear displacement.

Research on the fracture shear behavior in the laboratory
was usually carried out under constant normal stress bound-
ary conditions, where the normal stress always remains con-
stant and the rock joint dilates freely during shearing [9].
However, some researchers have pointed out that the joint
dilation may be constrained by a restricted environment,
which usually represents a constant normal stiffness condi-
tion (CNS) in engineering practice and the CNS boundary
conditions are more applicable to many areas [9, 42–45]. In
this study, the following analytical model of dilation and

shear displacement under CNS conditions proposed by
Indraratna et al. [9] was used to calculate the dilation caused
by shear displacement.

δv =
ðδh
0

v
•� �
dδh, ð5Þ

where δh is the shear displacement and v• is the dilation rate
that change with the ratio of shear displacement to peak
shear displacement (δh/δh−peak) for a fracture subjected to
shear under CNS boundary condition.

The value of dilation rate can be calculated by the follow-
ing equation.

v
• =

0, for 0 < δh
δh−peak

 !
≤ c0,

v
•
peak 1 − 1

c0 − 1ð Þ2
δh

δh−peak
− 1

 !2 !
, for c0 <

δh
δh−peak

 !
≤ 1,

v
•
peak exp − c1

δh
δh−peak

− 1
 ! !c2

 !
, for δh

δh−peak

 !
> c0:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð6Þ

Here, c1 and c2 are decay constants which can be calcu-
lated from experimental data. δh−peak is peak shear displace-
ment. The value of c0 at which the dilation rate is assumed
to begin is about 0.3 for rough fracture [14, 46]. v•peak is the
peak dilation rate and can be obtained from the following
equation.
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Figure 1: Generated self-affine fracture surfaces with H = 0:5, 0.55, and 0.6.

Table 1: Related parameters for numerical simulation.

Parameters Value

Hurst exponent 0.5; 0.55; 0.6

Shear displacement (mm) 5

σn0 (MPa) 1; 3; 5

c0 0.3

c1 0.3

c2 1.2
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v
⋅

peak= tan β

1− Kn −α×sec2β+λð Þð Þ
� �,

α =
δh‐peak × JRC × π

M × ln 10 × σn0 × 180 ,

β = 1
M

× JRC × log10
JCS
σn0

� 	
,

λ = kni × V2
m

kni ×Vm + σn0ð Þ2 :

ð7Þ

In the above, JRC is the joint roughness coefficient, JCS is
the compressive strength of the joint surface, M is the dam-
age coefficient that is given a value of 1 or 2 under low normal
stress or high normal stress, Kn is the CNS at an external
boundary, σn0 is the initial normal stress, kni is the initial
joint normal stiffness at zero normal stress level, and Vm is
the maximum closure of the joint. Related parameters which
are used in numerical simulation are listed in Table 1.

Either the joint roughness coefficient or the normal stress
can significantly affect the aperture distribution under the

shearing. Limited by the challenging computational capacity
of solving the N-S equations for the 3D roughness fractures
with high precision, only a square area with a side length of
27.6mm on the surface which is in a certain range of x = ½
135, 162:6�mm and y = ½54, 81:6� mm was cut out to form
the 3D models. Fractures exhibit poor connectivity, and no
obvious fluid flow can be observed with small shear displace-
ment. Finally, 5mm was selected as the shear displacement,
with which some of the main flow channel formed and the
contact area was more concentrated. Figures 2–4 show the
aperture distribution of different roughness fractures with
the shear displacement of 5mm under different normal
stress.

3. Fluid Flow and Solute Transport Simulation

3.1. Fluid Flow Simulation

3.1.1. Governing Equation. The governing equation for a sin-
gle fluid flow in a fracture is Navier-Stokes equations, which
are derived from Newton’s second law and are strict state-
ments of the momentum conservation. For the steady-state
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Figure 2: Aperture distribution with H = 0:5: (a) σn0 is 1MPa, (b) σn0 is 3MPa, and (c) σn0 is 5MPa.
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Figure 3: Aperture distribution with H = 0:55: (a) σn0 is 1MPa, (b) the σn0 is 3MPa, and (c) σn0 is 5MPa.
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and incompressible single Newtonian fluid, the Navier-
Stokes equation can be expressed in a vector form as follows:

∇•u = 0,

u•∇ð Þu = ν∇2u −
1
ρ
∇p + f,

ð8Þ

where u is the flow velocity which contains three velocity
components in 3D rock fracture, ν is the kinematic viscosity
of fluid defined as ν = μ/ρ, ρ is the fluid density, p is the pres-
sure, and f represents the body forces acting on the fluid.

The N-S equations are a set of nonlinear partial differen-
tial equations coupled with velocity and pressure fields [20].
The left of the N-S equations contains a nonlinear convection
acceleration term, and the right has a viscous diffusion term,
so the governing equation of viscous fluid is a nonlinear con-
vection diffusion equation. It is difficult to use theoretical
methods to obtain accurate solutions for complex three-
dimensional flows, except for a few simple fluid flows which
can obtain analytical solutions. In this study, the commercial
FEM software of COMSOL Multiphysics was employed to
simulate the fluid flow through the roughness fractures under
the shearing. The density and viscosity of water at 10°C were
taken as ρ = 0:9997 × 103 kg/m3 and μ = 1:307 × 10−3 Pa s.

3.1.2. Boundary Conditions. In this study, the y axis direction
was selected as the main fluid flow direction. The two bound-
aries at y = 0mm and y = 27:6mm were set as the inlet
boundary and outlet boundary. The combination of flow rate
and pressure boundary conditions was used. Four laminar
entrance inflow conditions with different constant flow rates
were adopted at the inlet boundary to investigate the effect
of inlet flow condition on the hydromechanical properties
of rough fractures and the solute transport in fractures.
At the same time, set the pressure at the outlet boundary
to zero. The remaining upper, lower, and the two side
boundaries were set to no flow and no slip, where the fluid
velocity relative to the walls’ velocity is zero. Such boundary
conditions are consistent with many laboratories’ experi-
ment conditions [20].

3.2. Solute Transport Simulation. The particle tracking
approach was adopted to simulate solute transport based
on the flow result obtained from steady-state flow field. In
this study, only advection process was considered, and the
particles were driven by the fluid and transported along the
fluid flow path. The random dispersion due to diffusion of
the solute particles within the fluid in fractures and other
retardation mechanisms such as sorption or decay were not
taken into account [17]. The particle tracking method in
the fluid was used to compute the motion of particles in a
background fluid. The particle momentum comes fromNew-
ton’s second law, which states that the net force on a particle
is equal to its time rate of change of its linear momentum in
an inertial reference frame. The particles in the fluid are
driven by drag force and its momentum can be described as
follows:

d
dt

mpv
� �

= FD,

FD = 1
τp

 !
mp u − vð Þ:

ð9Þ

Here, mp is the particle mass, τp is the particle velocity
response time, v is the velocity of the particle, u is the fluid
velocity, and FD is the drag force.

Once the flow velocity was calculated element by element
by solving the N-S equation, all the particles travel following
the streamlines. Particles were initially placed at one edge of a
FEM element. They follow the velocity of each element. The
travel time in each element was given by magnitude of the
velocity of the element as follows [47]:

Δtij =
xi+1j − xij



 




vj j : ð10Þ

In the above, Δt j
i is the travel time of particle j in tracking

step i, ∣x ji+1 − x ji ∣ is the travel distance of particle j inside the
element corresponding to the tracking step i, and ∣v ∣ is the
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Figure 4: Aperture distribution with H = 0:6: (a) σn0 is 1MPa, (b) σn0 is 3MPa, and (c) σn0 is 5MPa.
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magnitude of the velocity vector of the element correspond-
ing to the tracking step i.

The total residence time for a particle j is the sum of the
time of all the elements that the particle is passing through.

t j = 〠
m

i=1
Δtij, ð11Þ

where t j is the total travel time of particle j, andm is the num-
ber of tracking step for particle j.

The number of particles injected at each position along
the entrance of the fracture is proportional to the velocity.
This means that more particles will be attracted to places with
higher flow velocity. From the particle tracking simulation,
the breakthrough curve that represents the relationship
between the percentage of particles collected at the outlet
boundary and time can be obtained using the tracking time
of each particle. The Peclet number can be defined in terms
of the variance and mean travel time using the following
equation [48].

Pe = 2
�t
σt

� 	2
, ð12Þ

where σt
2 and �t are the variance and mean travel time,

respectively.

4. Result and Analysis

Three self-affine fracture surfaces were generated with H =
0:5, 0.55, and 0.6, respectively. The fracture models were
composed of two fracture surfaces with the same roughness
coefficient at the initial state. For fracture models with differ-
ent H, a shear displacement equaling to 5 mm was used and

three normal stress that equal to 1 MPa, 3 MPa, and 5 MPa
were loaded on the models with CNS boundary in the shear
simulation. For each model, the normal displacement was
calculated using the Equation (4). The final void distribution
of each model was different due to the application of different
normal stresses. Four flow rates that equal to 1:443 × 10−8
m3/s, 1:443 × 10−7 m3/s, 1:443 × 10−6 m3/s, and 1:443 × 10−5
m3/s were adopted at the inlet boundary. The corresponding
Reynolds (Re) numbers are 0.4, 4, 40, and 400 which exist in
ground flow in rock engineering, hydraulic engineering, and
laboratory experiments [20].

4.1. Characteristics of Aperture Distribution. Distribution
characteristics of aperture have an important influence on
the simulation of fluid flow in fractures. The evolution of
fracture aperture can be calculated with the values of asperity

Table 2: Statistical parameters of local mechanical aperture.

σn0 (MPa) Mean aperture (mm) Standard deviation (mm)

H = 0:5
1 1.4092 0.202

3 1.0432 0.202

5 0.7917 0.202

H = 0:55
1 1.0138 0.161

3 0.733 0.161

5 0.5600 0.161

H = 0:6
1 0.5887 0.1283

3 0.423 0.1283

5 0.3297 0.1283
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Figure 5: The normal displacement (un) varies with normal stress (σ0).
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height and the normal displacement during shear. Figure 5
shows the relationship of the variations of normal displace-
ment and the normal stress for fractures with different
roughness coefficients. Both roughness and normal stress
can significantly affect the normal displacement. For all
fracture models, the normal displacement (un) generally
decreased as the normal stress (σ0) increased. At the same

time, as the magnitude of H increased, the normal displace-
ment (un) became smaller. In other words, the rougher the
fracture surface was, the greater the normal displacement
(un) could be obtained under the same normal stress during
the shear. This can be attributed to the fact that the peak dila-
tion rate decreases with an increasing normal stress but
increases with the increasing JRC which represent the
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roughness coefficient of surface. The larger the JRC value is,
the rougher the surfaces are [9]. Many studies have shown
that the aperture of fractures usually obeys a normal distribu-
tion [20, 49]. According to the obtained apertures, Gaussian

fitting was performed on the aperture of each fracture model.
Some statistical parameters (the mean aperture and the stan-
dard deviation) of local mechanical aperture under different
normal stress with different H are listed in Table 2. Figure 6
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is the aperture density distribution of fracture under normal
stress 1MPa with H value equaling to 0.5. Both mean value
and its standard deviation are decreased with the increment
of normal stress and increased with the roughness.

Figures 2–4 show the spatial distribution of fracture aper-
ture. The local apertures were discretely distributed in space,

but showed good connectivity. For a fracture with higher
roughness at a lower normal stress, there was no contact area
between opposite fracture surfaces. In contrast, some contact
areas (small white squares representing zero aperture) were
appeared gradually with lower roughness at a higher normal
stress. Small aperture zones were shown around the
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contacting area and fluid flow through the main channel with
higher aperture.

4.2. Hydraulic Characteristics of the Fracture. Generally, the
calculated hydraulic aperture was lower than the mean
mechanical aperture due to the existence of contact areas
within the fractures and the tortuosity of streamlines. The
complexity of the void geometry decreased as the shear dis-

placement increased. At the same time, more flow channels
emerged accompanied with the decrease of contact ratio.
When the shear displacement became larger, the void geom-
etry became more like parallel plates model with large
mechanical aperture. While choosing 5mm as the shear dis-
placement, the calculated ratio of hydraulic aperture to
mechanical aperture is basically from 0.8 to 0.975 during
the shear of both three fractures (Figures 7–9). As shown in

Tr
an

sm
iss

iv
ity

 (m
2 /s

)

0.0 2.0E-6 4.0E-6 6.0E-6 8.0E-6 1.0E-5 1.2E-5 1.4E-5

Q (m3/s)

1.2E-4

1.4E-4

1.6E-4

1.8E-4

2.0E-4

Xiong’s experiment data

Figure 12: Transmissivity varies with flow rate with Xiong’s experiment data [1].

Tr
an

sm
iss

iv
ity

 (m
2 /s

)

0.0 2.0E-6 4.0E-6 6.0E-6 8.0E-6 1.0E-5 1.2E-5 1.4E-5
Q (m3/s)

2.6E-4

2.8E-4

3.0E-4

3.2E-4

3.4E-4

3.6E-4

3.8E-4

Simulation data

Figure 13: Transmissivity varies with flow rate with simulation data.

10 Geofluids



0 10 20 30 40 50 60 70 80 90 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

H = 0.5
Q = 1.443×10–8m3/s

C
/C

0

Time (s)

H = 0.5
Q = 1.443×E–7m3/s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
/C

0

0 1 2 3 4 5 6 7 8 9 10

Time (s)

H = 0.5
Q = 1.443×10–6m3/s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
/C

0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)

H = 0.5
Q = 1.443×10–5m3/s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
/C

0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time (s)

σ0 = 1 MPa

σ0 = 3 MPa

σ0 = 5 MPa

(a)

Figure 14: Continued.

11Geofluids



0 10 20 30 40 50 60 70 80 90 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

H = 0.55
Q = 1.44×10–8m3/s

C
/C

0

Time (s)

H = 0.55
Q = 1.44×10–7m3/s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
/C

0

0 1 2 3 4 5 6 7 8 9 10

Time (s)

H = 0.55
Q = 1.44×10–6m3/s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
/C

0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)

H = 0.55
Q = 1.44×10–5m3/s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
/C

0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time (s)

σ0 = 1 MPa

σ0 = 3 MPa

σ0 = 5 MPa

(b)

Figure 14: Continued.

12 Geofluids



Figure 7, the rougher fracture with H equaling to 0.5 exhibits
larger decrease comparing to other fractures with lower H
value since the rougher fracture could produce more complex
void geometries during the shearing. Lower normal stress
produces larger shear dilation and results in larger local aper-
ture. It can be seen from Figure 7 that the value of eh/em
decreases with the increment of σ0.

The variation of transmissivity of fractures with the flow
rate exhibited similar manner with that of eh/em, since the
transmissivity is proportional to eh

3. Figure 10 elucidates
the relationship of transmissivity and flow rates with H =
0:6 under different normal stress. It can be observed that
the measured transmissivities under larger normal stress
have smaller values and decrease with the flow rates, which
indicates that transmissivity not only changes significantly
with the increasing of flow rates but also affected by the

normal stress. Figure 11 shows the relationship of transmis-
sivity and flow rates with σ0 = 1MPa.

Experiment data from Xiong et al. [1] were used to verify
the proposed numerical method. Various flow rates from
Xiong’s experiment were imposed on the inlet boundary of
fracture with H value 0.6. The normal stress was set as
1.5MPa and the shear displacement adopted was 8mm
according to Xiong’s experiments. Due to lack of original
experimental data on the fracture geometry, the fracture
was randomly generated with JRC 6:5. Figures 12 and 13
show the results from experiments and simulations, respec-
tively. It could be seen that the simulation results show the
same trend with the experimental data and the values of
transmissivity are close. The difference between experimental
and simulation values is very likely caused by the difference
of fracture geometry in the simulations and the experiments.
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Figure 14: Breakthrough curves for different fracture models with different roughness coefficients: (a) H = 0:5, (b) H = 0:55, and (c)H = 0:6.
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4.3. Solute Transport Simulation. In the previous section, flow
velocity fields were calculated by using the N-S equation. Par-
ticles transported following different velocity trajectories
with different numbers. The effects of flow velocity through
the fractures on the particle movement characteristics were
investigated in this section.

According to the simulation results of particle tracking,
the breakthrough curves were obtained. As shown in

Figure 14, the breakthrough curves shift to the left without
changing their shape when normal stress becomes larger.
The mean velocity of particles becomes higher, and more
particles move faster to the outlet boundary with larger
normal stress. When H = 0:6, a long tail appears on the
breakthrough curve and the number of particles finally
reaching the outlet decreases with the increment of normal
stress, which can be explained by the occurrence of contact
areas. For the fracture with H = 0:6, the contact areas grad-
ually appear with the increment of normal stress, which
leads to the preferential flow field. Particles travel through
the preferential flow. Such preferential transport behavior
will result in earlier arrival of particles through the high-
velocity zone in fracture, but heavy tailings of particles
spread in the low-velocity zones around the contact areas
[50]. The very low transmissivity region increases with
the normal stress and more particles get trapped in this
zone. With increasing roughness, the inclination of the
breakthrough curves becomes larger. The preferential flow
phenomenon becomes more obvious with larger H value
and particles travel through the channels with higher
velocity.

The mean and standard deviations of particle travel time
were calculated using results obtained by solving the N-S
equation at the identical percentage of particle collection at
the outlet (Table 3). Using the statistical parameters of travel
time, the Pelect numbers (Pe) for characterizing the disper-
sion of the transport can be obtained by Equation (12). The
relationship between Pe and normal tress presents the similar
evolution trend under different flow rates. Figure 15 shows
that the Pe numbers decrease with increasing normal stress
andH value. In other words, the dispersion (α) increases with
increasing normal stress and H value, since Pelect number
(Pe) has an inverse relationship with dispersion (Pe = L/α,
where L is the fracture length). One interpretation for this
behavior may be that the preferential flow channels gradually
appeared with the increasing normal stress and H value. The
formation of preferential flow results in more discretization
velocity field and finally causes the dispersive transport
behavior of particles.

5. Conclusion

In this paper, several 3D self-affine fracture surfaces were
generated at first by using the SRA method and then the
effects of surface roughness and normal stress on fluid
flow and solute transport in fractures were investigated
through a series of coupled shear flow simulation. The
fluid flow was simulated by solving the N-S equations,
and the solute transport was simulated by the particle
tracking method with the fluid velocity fields predicted
by solving the N-S equations. The results revealed that
the roughness and the normal stress may have significant
influence on the fluid flow field and the residence time
of particle, which is an important issue that needs to be
considered in the safety assessment of radioactive waste
repositories in fractured crystalline rocks.

Roughness may affect the tortuous degree of flow channel
and make a sudden change of local mechanical aperture

Table 3: The mean and standard deviations of particle travel time.

H value σ0 (MPa) Mean (s) Standard deviation (s)

Q = 1:443 × 10−8 m3/s

0.5

1 55.9300 10.3600

3 41.5710 8.87400

5 31.4200 7.68000

0.55

1 40.6900 7.93000

3 29.2800 6.39100

5 22.0400 5.54000

0.6

1 24.1600 5.32900

3 17.1700 4.31500

5 13.2300 3.92100

Q = 1:443 × 10−7 m3/s

0.5

1 5.60400 1.05300

3 4.14900 0.88120

5 3.11600 0.74460

0.55

1 4.06900 0.79010

3 2.91900 0.63700

5 2.20000 0.55360

0.6

1 2.41100 0.52870

3 1.68600 0.40910

5 1.31900 0.39110

Q = 1:443 × 10−6 m3/s

0.5

1 0.55380 0.10366

3 0.40990 0.08748

5 0.30460 0.06889

0.55

1 0.40350 0.07723

3 0.28810 0.06015

5 0.21390 0.04990

0.6

1 0.23520 0.04545

3 0.16750 0.03753

5 0.12980 0.03602

Q = 1:443 × 10−5 m3/s

0.5

1 0.05757 0.01007

3 0.04300 0.00843

5 0.03228 0.00665

0.55

1 0.04227 0.00735

3 0.03071 0.00593

5 0.02264 0.00467

0.6

1 0.02536 0.00462

3 0.01769 0.00352

5 0.01316 0.00304
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which will make a profound impact on fluid flow and particle
transport. The normal stress mainly affects the fracture aper-
ture which can change the flow field in turn and finally affects
the travel path and residence time of particles.
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The strength reductionmethod embedded in a distinct element code was used to analyse the stability of a slope in a coal mining area
that had been reinforced twice, primarily with pile and retaining wall, followed by porous steel-tube bored grouting. For the primary
reinforcement, the factor of safety was calculated, slip surface and failure mechanism were determined, and the damage
phenomenon of primary reinforcement was analysed in detail. Failure time of slope without further strengthening was predicted
by applying a new quantitative method based on monitoring displacement data. The slope instability at the primary reinforced
stage was verified by these analyses. For the second reinforcement, the effect was evaluated by combining the new factor of
safety and the final monitoring data, which validates the slope stability. Especially, variations of displacement and factor of
safety due to water influence are analysed. Through this procedure, a systemic method for the slope safety evaluation and
assurance is presented for engineering practice reference.

1. Introduction

The soil and rock material of slope is usually the porous
unsaturated or saturated media [1], and the stability of
the slope has a great relationship with the strength of
the soil and rock material, the reinforcement measures,
the influences of water, earthquake, and external load [2, 3].
Due to the disturbance caused during the process of infra-
structure construction, rainfall in the monsoon season, the
fragile geology, and the variation of topography, land sliding
happens more often. In engineering practice, the landslides
which are a potential threat to human life and transportation
security are constantly monitored to ascertain that people
could be safely evacuated and the damage to property could
be minimized or eliminated. Therefore, slope stability is still
an issue which needs to be analysed in detail. In the past
decades, researchers developed plentiful methods for slope
stability analysis. The authors recommend that the slope sta-
bility and safety assessment should include as many factors
as possible.

Generally, the factor of safety (FOS) calculation is an
appropriate and convenient way to evaluate slope stability.
As a traditional and well-established method, the limit
equilibrium method (LEM) is widely used by geotechnical
engineers, not only for its simplicity in estimating FOS
with a fewer input data but also for its ability to accom-
modate complex geometries and variable soil and water
pressure conditions [4]. For example, Liu et al. [5] devel-
oped an efficient direct Monte Carlo simulation (MCS)
method, called adaptive MCS, for slope system reliability
analysis based on LEM; Wang et al. [6] proposed a 3D
slope stability analysis method based on the Pan’s maxi-
mum principle and under the framework of LEM. Despite
all of its benefits, LEM has some pivotal deficiencies, such
as neglecting the stress-strain relation of geomaterials and
assuming numerous arbitrary slip surfaces for FOS calcula-
tion, which cannot represent a realistic failure mechanism.
The limit analysis method (LAM), including upper and
lower boundary approaches, has been used and improved
by many researchers for slope stability analysis since Drucker
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and Prager [7] applied plasticity limit theorems in soil
mechanics. Chen [8] has systematically reviewed the theory.
Zhao et al. [9] proposed a new parameter back analysis
method by combining the 2D/3D upper bound LAM and reli-
ability theory to accurately determine the shear strength
parameters for a 3D slope with a single failure surface. Adopt-
ing finite elements and linear programming, Sloan [10, 11]
and Kim et al. [12] conducted both lower bound and upper
bound analyses. Although LAM is rigorous in the sense for
statically admissible stress fields for lower bound analysis
and kinematically admissible velocity fields for upper bound
analysis, its application in complicated real problems is still
limited and it is seldom used for routine designing. The
strength reduction method (SRM) has been used in slope sta-
bility analysis as early as 1975 by Zienkiewicz et al. [13]. After-
wards, many researchers [14–18] have applied it. The major
advantage of SRM is that the critical slip surface is determined
by reducing selected strength parameters under the gravity
load until failure occurs. Therefore, it is convenient to use
SRM for slope stability analysis in engineering practice.

In addition, the failure time of slope (FTS) is another
important quantitative method based on monitoring dis-
placement data to analyse the slope stability. Considering
complicated boundary conditions, doubtful triggering failure
mechanisms, and the heterogeneity of the geomaterials, it is
extraordinarily difficult to predict FTS by adopting the rheo-
logical theory and rock fracture mechanics. An empirical
approach is diffusely preferred, which is derived from the
accelerating creep stage and fundamentally using displace-
ment or deformation rates for the failure indicators. Most
of these empirical equations are based on power and expo-
nential laws [19]. According to the measured slope displace-
ments versus time before failure taking the form of the
tertiary creep curve, Terzaghi [20] showed the presence of a
connection between creep and landslides. Saito [21, 22]
concluded a method for FTS prediction by laboratory mea-
surements of the strain rate during secondary creep using
load-controlled triaxial tests. Zavodni and Broadbent [23]
introduced an equation to predict two stages of creep and
the time of failure. Fukuzono [24] through an experimental
study of small-scale slope models found the logarithm of
acceleration displacement to be proportional to the loga-
rithm of the velocity of surface displacement of the slope.
Later, Fukuzono [24, 25] proposed an inverse velocity
method to predict the time of failure. Based on the research
of Fukuzono [24, 25] and through theoretical analysis on
power law creep under different loading conditions, Voight
[26] deduced the correlation of velocity, time at the predic-
tion moment, and the time of failure. Rearranging the equa-
tion of Saito [21] and comparing it with Fukuzono’s [24]
inverse velocity method, Mufundirwa [27] invented a new
method termed the SLO method for prediction of FTS.

In this paper, the authors analysed the stability of a
slope that was reinforced twice, primarily with pile and
retaining wall and secondly with porous steel-tube bored
grouting. Using the geological data, the FOS in primary
reinforced condition was calculated via the Universal Dis-
tinct Element Code (UDEC) equipped with the Shear
Strength Reduction Method (SRM), which is capable of

automatically locating the critical failure surface. Subse-
quently, FTS was predicted with the SLO method of
Mufundirwa [27]. After that, the second reinforcement effect
was evaluated by combining the monitoring data and the
numerical simulation results. In addition, variations of dis-
placement and FOS due to water influence are analysed.
Through this procedure, a systematic approach for the slope
safety evaluation and assurance is presented for future engi-
neering practice reference.

2. Engineering Background

The 55m wide slope is located in a coal mining area,
which is also near the mileage of K18+170 Beijing-
Zhuhai Highway in the south of China. The slope, consist-
ing of three steps, was primarily reinforced with pile and
retaining wall. The first step was reinforced by piles and
a 5m high retaining wall (Figure 1). Covered with a pro-
tective frame, the second one was 10m high. The third
step of 10m height had a protective frame and a row of
piles on the top. The natural slope is located above these
structures. The second and the third steps were backfilled
with soil in order to lower the ramp rate from 1 : 0.75
to 1 : 1.

2.1. Engineering Geology. To determine the engineering geo-
logical characteristics and the slip surface, four exploration
holes were drilled along the sliding direction of the slope.
Detailed exploration results showed that the lithological
layers of the slope from top to bottom consisted of the
overlying Quaternary soil (I artificial fill soil, II Quaternary
alluvium layer 0-4.8m), highly weathered limestone (4.8-
6.5m), peat layer (6.5-10.0m), moderately weathered lime-
stone (10.0-13.75m), carbonaceous shale (13.8-21.0m),
followed by thin and slightly weathered sandstone and alter-
nating layers of carbonaceous shale (21.0-30.5m).

On the basis of the geological mechanics analysis
method, the engineers supposed the potential sliding sur-
face to occur along the interface of the peat layer. An
engineering geologic profile is shown in Figure 1.

2.2. Damage to Reinforced Structure. In October 2003, a
curved crack of about 35m was found behind the piles of
the third step (Figure 2(a)). The crack after three years of
its formation is shown in Figure 2(b). In addition to this
crack, another 1.5 cm wide transverse crack appeared in the
middle of the third protective frame, which grew to a width
of 30 cm in January 2006 to such an extent that the protective
surface of the mortar rubble loosened and water leaked
through it.

2.3. Displacement of Slope. Being aware of the considerable
change in appearance, the engineers deduced that the dis-
placement rate of the slope was large. Due to the reason that
this highway is a transportation artery in the south of China
and a coal mining area is located behind the slope, in
case of slope failure, there would have been a serious
threat to human life and transportation security. A num-
ber of actions were taken to stabilize it, including safety
monitoring, stability analysis, rereinforcement, and effect
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evaluation. The displacement versus time curves and dis-
placement at depth as shown in Figure 3 were obtained
through monitoring displacement at the surface and at
depth. A tremendous increase in displacement occurred
due to heavy rains during May 2006 to July 2006. Maxi-
mum surface displacement was noted to be about 80mm,
while the distinct displacement change at depth ranged
from 6.5m to 8.5m along the peat layer. The potential
slip surface is shown in Figure 1.

3. Stability Analysis Based on the Discrete
Element Method with SRM

3.1. Constitutive Models of Material and Contacts. TheMohr-
Coulomb failure criterion (equation (1)) is used to describe
the failure of block materials. The constitutive model of con-
tact is the Coulomb slip model with residual strength (equa-
tions (2) and (3), Figure 4) which is used to control the
response of contact in the normal and shear direction [28].

τb = Cb + σb tan φb, ð1Þ

where τb is the shear strength, Cb is the cohesive strength, σb
is the normal stress, and φb is the friction angle of the block.

σn = −knun,
if σn<−T1, σn = 0,
if un < uc, σn = T2,

8>><
>>:

ð2Þ

τs = ksus,
τmax = C + σn tan φ,
if τsj j ≥ τmax, τs = sign Δusð Þ ⋅ Cr + σn tan φrð Þ,

8>><
>>:

ð3Þ

where σn and τs are the normal stress and shear stress,
respectively, kn and ks are the normal stiffness and shear stiff-
ness, respectively, un and us are the normal displacement and
shear displacement, respectively, uc is the contact overlap tol-
erance, T1 and T2 are tensile strength and overlap tolerance
strength, respectively, τmax is the shear strength of contact,
C and Cr are the cohesive strength and residual cohesive
strength, respectively, φ and φr are the friction angle and
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residual friction angle, respectively, and Δus is the incremen-
tal shear displacement.

3.2. Theory Background of SRM in UDEC. The UDEC is a
two-dimensional numerical program based on the distinct
element method for the discontinuum modelling [28]. In
the strength reduction method, the selected strength proper-
ties are reduced until failure occurs and the FOS is calculated.
The method is commonly applied with the Mohr-Coulomb

failure criterion. In this case, the FOS is defined according
to the following equations:

ctrial = 1
Ftrial c,

ϕtrial = arctan 1
Ftrial tan ϕ

� �
,

ð4Þ
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where ctrial is the trial value of cohesion, Ftrial is the trial value
of the factor, c is the cohesion, ϕtrial is the trial value of friction
angle, and ϕ is the friction angle.

The original strength parameters of rock and soil (such as
c and ϕ) are evaluated by tests during survey processes. When
conducting the strength reduction method for the numerical
model, the Ftrial is chosen and the trail values of the strength
parameters are obtained by equations (4 and 5). A series of
simulations are conducted using the trial values of the
factor Ftrialto reduce the cohesion cand friction angle ϕuntil
slope failure occurs (note that if the slope is initially
unstable, cand ϕare increased until the limiting condition is
found). One technique to find the strength values that corre-
spond to the onset of failure is to monotonically reduce (or
increase) the strength parameters in small increments until
a failure state is found.

3.3. Basic Model. The lateral and vertical dimensions of the
numerical model are 120m × 56m, respectively. The mesh
consists of deformable triangle zones. The lower boundary
is assumed to be fixed, while the vertical boundaries at the
left- and right-hand sides are assumed to be on rollers to
allow movement of soil/rock layers.

The pile and retaining wall are represented by a block
with the corresponding material strength, and the cap
rigidity of the pile is free. The slope that was reinforced
by two rows of piles and retaining wall is a 3D problem,
as shown in Figure 5. If the 3D simulation method is used,
the numerical model will be huge and the calculation time
will increase several times than that of the 2D simulation
method. However, the UDEC is a 2D software which sim-
ulates the unit thickness of the slope. For this reason,
some equivalent conversion for piles needs to be done.

As shown in Figure 5, the sliding force in 2D became one
unit of the total sliding force in 3D. Because the distribution
of the piles is discontinuous, the bending stiffness of the pile
should also be equivalently transformed, which means that
the elastic modulus and moment of inertia should be chan-
ged from 3D to 2D conditions. Donovan et al. [29] put for-
ward a simple and convenient method to convert material
parameters of the same distance distribution structure obey-

ing the equivalent conversion rule in the finite element anal-
ysis. Likewise, Zhang et al. [30] proposed the conversion
method for pile, which is used in this paper.

The length of the pile (1) is 28m in the upper part of the
slope, and the length of the pile (2) is 12m in the toe of the
slope, respectively. The section of the pile (1) is 3:0m × 2:0
m with a 6.5m distance between each of the two piles, and
the section of the pile (2) is 2:0m × 1:5m with a 6.0m dis-
tance between the piles. As one part of the pile (2) was
inserted into a continuous retaining wall, it was difficult to
distinguish between them. So only the pile (1) and part of
the pile (2) are converted, and the material parameters of
the inserted part of the pile (2) are considered to be the same
as that of the retaining wall for simplicity. Referring to the
method of Zhang et al. [30], the width of the pile (1) and pile
(2) are taken to be 3m and 2m, respectively, and the thick-
ness of these two is taken as 1m in the numerical model.
The corresponding parameters of the pile were calculated as
follows:

For pile (1)

E1′ =
E0I1
d1I1′

= E0 × 2 × 33/12
6:5 × 1 × 33/12 = 0:308E0 = 0:924 × 1010pa:

ð5Þ

For the part of the pile (2) which was not inserted into the
retaining wall

E2′ =
E0I2
d2I2′

= E0 × 1:5 × 23/12
6 × 1 × 23/12 = 0:25E0 = 0:75 × 1010pa: ð6Þ

Poisson’s ratio of the pile is 0.2, so the bulk and shear
modulus can be obtained using the following equations.

K = E
3 1 − 2υð Þ ,

G = E
2 1 + υð Þ ,

ð7Þ
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28
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4.24.2 55 1212
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6
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28

Pile

Figure 5: 3D and 2D calculation model.
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where E1′ is the equivalently transformed elastic modulus of
the pile (1) in 2D condition, E0 is the elastic modulus of the
pile (1) and pile (2) in 3D condition, I1 is the moment of iner-
tia of the pile (1) in 3D condition, I1′ is the moment of inertia
of the pile (1) in 2D condition, d1 is the horizontal distance
between two piles (1), K is the bulk modulus, E is the elastic
modulus, υ is the Poisson’s ratio of the pile (1) and pile (2),
and G is the shear modulus.

Table 1 summarizes the material parameters used in the
analyses. The Mohr–Coulomb constitutive model was used
for each layer. The soil/rock properties used in this study
were originally obtained from geological exploration.

In order to get the joint parameters between different
layers. The in situ shear tests should be carried out or the
intact samples with joint should be taken from the slope
and be tested on the laboratory. However, the above tests
were not conducted due to the difficulty of in situ shear tests
and taking the intact sample with a joint between layers dur-
ing that time. From a conservative point of view, the friction
angle and cohesion of the joint between two layers are
assumed to be the same as that of the weaker layer, and the
joint tensile strength is not considered. The joint normal
and shear stiffnesses were calculated using the following for-
mula [28] and are equal to one another.

kn = ks = 10 max K + 4/3ð ÞGð Þ
Δzmin

� �
, ð8Þ

where zmin is the smallest width of an adjoining zone in the
normal direction.

3.4. The Simulation Results

3.4.1. FOS Calculation. In order to reduce the left boundary
effects on the inclined soil and rock layers, we have added

the rectangle block on the left boundary. The rectangle block
has several layers and the values of material parameters are
the same with the inclined soil and rock layers. The failure
state of velocity arrows identified using the SRM analysis
shows that the minimum FOS is 1.06 (Figure 6). Obviously,
the velocity at the outlines of the first layer and pile head is
larger than that of the other layers. The slope surface move-
ment is caused mainly by the first three layers because the
modulus and strength parameters of these three highly
weathered layers are small.

3.4.2. Displacement. Displacement in the lateral direction for
the slope is depicted in Figure 7. It can be confirmed that
there is large surface displacement in the second and third
step, with maximum values of about 0.3m and 0.35m,
respectively. The displacement is large in the cap of pile, in
the upper part of the slope, which means that the bending
stiffness of the pile was not adequate. Therefore, this phe-
nomenon is logical in a way that the protective surface of
mortar rubble loosens in these steps. Between the second step
and the pile, there is a displacement difference which is
shown behind the pile in Figure 7. This simulation result
can explain why the crack behind the pile grew (shown in
Figure 2).

3.4.3. Slip Surface. According to the maximum shear strain
contours shown in Figure 8, the layer with a floating range
of the shear strain from 0.04 to 0.1 represented by yellow
and red is concluded to be the slip surface. It is the peat layer
and is the weakest layer in the slope. This simulation result
adheres to the deep displacement monitoring data shown in
Figure 3. The failure mechanism of this slope is that the first
two layers slid along the weakest peat layer whose strength
was greatly influenced by water.

Table 1: Material parameters.

Layers
Density
(kg/m3)

Cohesion
(kPa)

Friction angle
(°)

Bulk modulus
(MPa)

Shear modulus
(MPa)

Quaternary soil 1900 18.5 14.7 2.0 1.1

Serious weathered limestone 2100 70 28 25 15

Peat layer 1950 4.7 10.9 1.5 0.7

Moderate weathered limestone 2200 200 30 867 550

Carbonaceous shale 2060 65 21.5 23.5 14.5

Slightly weathered sandstone 2250 800 35 1700 1150

Pile (1) 2500 920 38 5130 3850

Pile (2) 2500 920 38 4167 3125

Retaining wall 2400 820 36 18000 11600

Contacts
kn

(MPa/m)
ks

(MPa/m)
Friction angle

(°)
C (kPa)

Between quaternary soil and serious weathered limestone 57.78 57.78 14.7 18.5

Between serious weathered limestone and peat layer 24.33 24.33 10.9 4.7

Between the peat layer and moderate weathered limestone 24.33 24.33 10.9 4.7

Between moderate weathered limestone and carbonaceous shale 214.17 214.17 21.5 65

Between carbonaceous shale and slightly weathered sandstone 214.17 214.17 21.5 65
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From the simulation results exhibiting small FOS and
monitoring data confirming a large displacement rate, the
authors deduce that this slope is not safe and the primary
reinforcement process with pile and retaining wall has not
reached the anticipant goal. Referring to Figures 7 and 8, it
can be concluded that if the slope movement continues to
increase, the pile will become unstable (bending stiffness does
not satisfy the requirement) and the slope will fail.

4. Failure Time Prediction without the
Second Reinforcement

In this section, the authors analyse the monitoring surface
displacement data shown in Figure 3 and adopt the SLO

method to predict the failure time of slope (FTS) since the
FOS is very small.

4.1. Theory and Background of Predicting Method. As early as
1950, Terzaghi [20] concluded that there are some connec-
tions between the creep of rock or soil mass and landsliding.
After that, numerous researches have been carried out to find
out the slope failure characteristics corresponding to the
standard creep curve. Some researchers have verified that a
slope will become unstable if the slope’s sliding velocity accel-
erates or displacement versus time curve is similar to the ter-
tiary creep curve. There are several laws describing the
displacement versus time relationships during tertiary creep
which can be used to forecast time of slope failure. These

Factor of sa�ey
velocity vectors
maximum = 7.920E–03

Block plot

7.920E–04
1.574E–03
2.376E–03
3.168E–03
3.960E–03
4.752E–03
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7.920E–03
8.712E–03

1.06

Figure 6: FOS and the failure state of velocity vectors.
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methods were proposed by Saito [21, 22], Fukuzono [24, 25],
Voight [26], Fukui and Okubo [31], and Mufundirwa [27], as
shown in Table 2.

In Table 2, where _ε is the strain rate or velocity, ε is the
strain or displacement, B, α, D, and n are constants, T f is
the failure time, t is the time, u is the displacement, and
du/dt is the velocity.

The SLO method used in this paper for failure time pre-
diction was proposed by Mufundirwa [27]. After substituting
displacement u instead of strain ε and differentiating Fukui
and Okubo’s equation [31], equation (9) is deduced.

du
dt

= −
B

T f − t
: ð9Þ

By rearranging equation (9), equation (10) is obtained.

t
du
dt

= T f
du
dt

− B, ð10Þ

where is the failure time evaluated as the slope of tðdu/dtÞ
versus du/dt curve for equation (10); this new method is
termed the SLO method.

Utilizing the monitoring data, the velocity is calculated
using equation (11), which can filter the measured data in

order to smoothen the short-term deformation deviations
that can be insignificant or may cause “false” results [32].

du
dt

� �
i

= ui − ui−n
ti − ti−n

, i = n + 1, n + 2,⋯mð Þ, ð11Þ

where ðdu/dtÞi are the computed velocity points, ui is the
monitoring displacement, ti is the corresponding time of
monitoring displacement, tm is the time at the instant of
prediction, and um is the displacement at the instant of pre-
diction. In this equation, the sampling value n is selected to
yield a positive velocity only.

4.2. Predicting Results. Based on the monitoring surface dis-
placement of four sites mentioned in Figure 3, the prediction
procedure is displayed as follows. Choosing equation (10) to
calculate all data which are smoothened using equation (11),
the predicted results are shown in Table 3 (R is the correla-
tion ratio).

The monitoring data in Figure 3 include the recorded
surface displacement from 1st of January 2006 to 16th of July
2006, a total of 196 days. However, the predicted results in
Table 3 indicate the slope failure time to range from 200 to
212 days, which means that if this tertiary-like slope move-
ment continues (without any further strengthening), the
landsliding will occur between 22nd of July 2006 to 1st of
August 2006. It can be concluded that the T f for sampling

Table 2: Time to failure prediction method.

Researcher Equation Comment

Saito [21] _ε = B/ T f − t
� �n n = 1, pure

n ≠ 1, generalized

Fukuzono [24] _ε−1 = A α − 1ð Þ T f − t
� �� 	1/ α−1ð Þ α ∈ 1:5, 2:2½ �

Inverse-velocity method

Voight [26] _ε−1 = A α − 1ð Þ T f − t
� �

+ _ε1−αf

h i1/ α−1ð Þ
α ∈ 1:7, 2:2½ �

Fukui and Okubo [31] ε = −B log T f − t
� �

+D

Mufundirwa [27] t du/dtð Þ = T f du/dtð Þ − B SLO method

Table 3: Predicted results.

Monitoring sites Sampling value n = 1 Sampling value n = 2

C1
t du/dtð Þ = 208:3701du/dt − 9:3555

R = 0:9948
t du/dtð Þ = 212:1759du/dt − 8:1735

R = 0:9968

C2
t du/dtð Þ = 201:7514du/dt − 4:9768

R = 0:9995
t du/dtð Þ = 204:4508du/dt − 4:0417

R = 0:9997

B2
t du/dtð Þ = 200:1146du/dt − 9:2177

R = 0:9937
t du/dtð Þ = 206:4073du/dt − 9:2170

R = 0:9963

B3
t du/dtð Þ = 202:4147du/dt − 16:1495

R = 0:9923
t du/dtð Þ = 205:5890du/dt − 14:7284

R = 0:9915
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value n = 2 is bigger than that for n = 1. However, there is a
difference of just a few days.

5. Second Reinforcement

5.1. Reinforcement Scheme. In order to mitigate the landslid-
ing, the second reinforcement project was launched soon
after the cracking in the primary reinforced structure and
after a large displacement rate of the slope was discovered.
The second reinforcement project included porous steel-
tubes bored grouting, with the grouting area covering the first
three weak layers from the top (Figure 9).

The diameter and separation distance of steel-tubes are
90mm and 1.5m, respectively. The diameter of the drilling
hole for installing the steel-tube is 250mm, and the end of
the drilling hole is in the bottom of moderately weathered
limestone. The cement pastes are injected into Ø22mm
PVC pipe, first flow through interspace between the steel-
tube and drilling hole, then entering into the soil and rock
mass voids, with the grouting pressure controlled less than
2.5MPa. After hardening of the cement pastes, the steel-
tube and the surrounding geomaterials binded so strongly
together that a small pile is produced.

5.2. Effectiveness Evaluation

5.2.1. Final Monitoring Results. Figure 10(a) depicts the final
monitoring surface displacements. Because the soil pore
pressure increased and the strength of the saturated peat
layer decreased during the monsoon rains from the end of
April 2006 to the end of July 2007, the surface displacement
rate monitored for four sites is at a relatively high value with
an average of 0.18-0.41mm/d. As a result of the effect of the
first porous steel-tube bored grouting, the tertiary-like slope
surface movement displacement rate decreased during Sep-
tember 2006 and March 2007. Due to the monsoon in April
2007, the surface displacement rate increased again with an
average of 0.12-0.22mm/d; that is why the second porous
steel-tube bored grouting was conducted soon after October
2007. Then onwards, the slope displacement grew slowly

with an average rate of 0.02-0.03mm/d. The displacement
rate in 2007 was smaller than in 2006, which shows that the
deformation of slope began to converge. While in the same
year, the displacement rate in the rainy season was obviously
bigger than in other seasons, which demonstrates that the
water has a huge influence on slope stability.

Figure 10(b) displays the final displacement monitored at
depth. It can be concluded that the slope’s movement occurs
mainly in the above three layers at a depth of 0m to 8.5m
(Quaternary soil, highly weathered limestone, and peat layer)
and that the slope is stable at depth (displacement rate close
to zero).

5.2.2. Displacement Simulation considering the Water
Influence. In consideration of the quick growing displace-
ment during the monsoon rains, the influence of water has
been analysed. There are two competing effects on the slope
deformation related to the rise of the water level: first, the
increase in pore pressure will generate a decrease in effective
stress leading to shear strength degradation; second, water
flowing in contacts and entering into the material pores will
increase in density and cause settlement. In the numerical
model, we proceed to simulate water can flow in contacts,
pore pressure in block material, and density increases with
water table rising.

The flow rate in contact is given by [28, 33]

q = −kja
3 Δp
l
, ð12Þ

where kj is the permeability factor in contact (whose theoret-
ical value is 1/12μ), μ is the dynamic viscosity of the fluid, a is
the contact hydraulic aperture, and l is the length assigned to
the contact.

Δp = p2 − p1 + ρwg y2 − y1ð Þ, ð13Þ

where p1 and p2 are the pressure in domain 1 and domain 2,
respectively, ρw is the fluid density, g is the acceleration of
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Figure 9: Grouting reinforcement scheme.
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gravity, and y1 and y2 are the y-coordinates of the domain
centers.

The contact hydraulic aperture is given by

a = a0 + un, ð14Þ

where a0 is the contact aperture at zero normal stress and un
is the contact normal displacement.

For block material, shear strength is described as fol-
lows [34]

τb = Cb + σb − pbð Þ tan ϕb, ð15Þ

where pb is the pore pressure in the block material.
After enforcing with grouting, the strength parameters of

the first three layers increased. As a conservative analysis,
only the steel-tube and cement composite piles (the diameter

is 250mm) are added in the numerical model and the param-
eters of the first three layers are invariable. The original
parameters and equivalent conversion parameters which
consider the 2D to 3D effect of the steel-tube and cement
composite piles (refer to equations (6), (8), and (9)) are listed
in Table 4.

The friction angle and cohesion of the joint between the
two layers are assumed to be the same as that of the weaker
layer. The joint normal and shear stiffnesses were calculated
using equation (8). The failure of the block materials is con-
trolled by equation (15). In the following simulations, we
assign kj = 1 × 108 MPa−1 sec−1, ρw = 1000 kg/m3, and a0 =
5 × 10−4 m [28].

The displacement simulation results taking account into
water table variation influence are illustrated in Figure 11.
Figures 11(a) and 11(b) show different water tables in the
slope reinforced with pile and retaining wall and then by
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Figure 10: Final monitoring data: (a) surface displacement data; (b) deep displacement of the slope.

Table 4: Parameters of steel-tube and cement composite pile.

Composite pile Density(kg/m3) Cohesion (kPa) Friction angle (°) Bulk modulus (MPa) Shear modulus (MPa)

Original parameters 2500 810 34.5 16000 10890

Equivalent conversion parameters 2500 810 34.5 1570 1060

10 Geofluids



porous steel-tube bored grouting. Water tables 1-4 represent
the water level in 0m, in the dry season (2006/1/1), in
medium (2006/5/16), and high level (2006/8/16), respec-
tively. Especially, the increase of water level from water tables
3 to 4 presents the whole effects of the monsoon rains.
Figure 11(c) shows the displacement in two conditions corre-
sponding to Figure 11(a) and 11(b). The exact displacement
is bigger than the monitoring data because the deformation
of slope began long before 2006, but the monitoring data
initiate in 2006. That is why our simulated displacement is
bigger than the monitoring displacement. In addition, the
displacement in simulation 1 is obviously larger than in sim-
ulation 2. Assumed displacement in water table 2 (2006/1/1)
as the initial displacement (0mm), the increment is shown in
Figure 11(d). It can be deduced that the maximum displace-
ment increment occurs when the slope is in simulation 1
(primary reinforcement), the minimum occurs when the
slope is in simulation 2 (all porous steel-tubes bored grouting
have been finished), and the monitoring data is between the
maximum and the minimum.

5.2.3. New FOS Calculation. According to the different water
levels in Figure 11(b), the new FOS values are calculated
(Figure 12). As shown in Figure 12, the FOS is decreased with
the increase of water level. The FOS is 1.17 during the highest

water level, 1.39 during the dry season, and 1.42 without con-
sidering water influence, which is higher as compared to the
FOS (1.06) grouting reinforced before. All the new FOS
values are conservative calculation results, because only the
steel-tube and cement composite piles are taken into account
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Figure 11: Displacement simulation results considering water level increase: (a) different water levels in the primary reinforcement condition;
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in the numerical model and the improvement for parameters
of the first three layers by grouting is neglected.

The minimum new FOS and velocity vectors during the
highest water level are shown in Figure 13.

Based on the comprehensive referencing, monitoring,
and numerical simulation results, as shown in Figure 10,
the increment speed of surface displacement and deep dis-
placement of slope both became slow; as shown in
Figure 12, all values of FOS for different water tables are
bigger than 1.0. Therefore, the authors conclude that the
slope became stable and safe after the second reinforcement
project.

6. Conclusion

The stability of a slope was analysed at a primary (pile and
retaining wall) and secondary (grouting) reinforcement
stage. For the primary reinforced stage, the FOS is 1.06
calculated by the Shear Strength Reduction Method embed-
ded in UDEC. In addition, the lateral displacement difference
around the piles was chosen to explain the phenomenon that
the crack emerged behind the piles of the third step. The
shear strain contours demonstrate the sliding surface loca-
tion which is the maximum shear strain area. In fact, it was
the weakest layer of the slope. The failure mechanism of this
slope is such that the first two layers slid along the weakest
layer, i.e., the peat layer. Alongside, the failure time of slope
was predicted applying the SLO method while using the
monitoring data of the tertiary-like slope movement. The
results show that without the second reinforcement scheme,
the slope would have failed between 22nd July 2006 and 1st

August 2006. The small FOS, failure time prediction results,
monitoring data, and site damage phenomenon all show that
the slope is unstable at this primary stage. For the second
reinforced stage, the porous steel-tube bored grouting
scheme was applied twice. When the parameters of the first
three layers were increased by strengthening through grout-
ing, the updated FOS increased to 1.42. Interpreting the final
monitoring data and numerical simulations, two conclusions
are deduced. One that the displacement rate in the rainy sea-
son was obviously higher than in other seasons and the water
table has a great influence on the value of FOS. Secondly, the
deformation of the slope began to converge and the slope is

considered stable keeping in view the new FOS and the sup-
porting monitoring data.

The SRM is a good option for obtaining FOS for this kind
of slopes whose failure mechanism is such that several upper
layers slide along the weakest layer. The SLO method is an
innovative way of quantitative analysis of monitoring dis-
placement data for slope failure time prediction. The authors
highly recommend the system method considering FOS, fail-
ure time prediction results, monitoring data, and the damage
phenomenon to conduct slope stability analysis and rein-
forcement effect evaluation. Future research is expected to
compare more engineering practices for further validating
this system method.
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Mining activities interfere into the natural groundwater chemical environment, which may lead to hydrogeochemical changes of
aquifers and mine water inrush disasters. The study of hydrogeochemical evolution processes of underground aquifers is helpful to
the prevention and control of mine water inrush. The results show that the study area is mainly impacted by four
hydrogeochemical processes: dissolution, cation exchange, desulfurization and reduction, and pyrite oxidation. The Cenozoic
aquifers are dominated by carbonate dissolution and desulfurization. The Permian aquifers are impacted mainly by cation
exchange and sulfate dissolution, followed by pyrite oxidation. The Carboniferous aquifers are mainly impacted by dissolving
sulfate, followed by pyrite oxidation and cation exchange. The hydrogeochemical evolution of the aquifers was controlled by
mining activities and tectonic changes, and a certain regularity in space. For the Cenozoic aquifers, sulfate dissolution and cation
exchange increase from west to east, and desulfurization weakens. For the Permian aquifers, cation exchange and sulfate
dissolution are stronger near synclines and faults, pyrite oxidation is enhanced, and desulfurization decreases from the middle to
the east of the mining area. For the Carboniferous aquifers, there is a higher dissolution of rock salt, pyrite oxidation, and cation
exchange from west to east, and the desulfurization effect weakens.

1. Introduction

Human activities have led to different deterioration trends in
the global groundwater environment; this trend is developing
in a negative direction [1–3]. The mine water inrush and
water contamination are two common groundwater prob-
lems in mining areas of China. After mining, the chemical
environment of the groundwater becomes complex, forming
a multiaquifer system with different hydrogeochemical char-
acteristics. This leads to a complex groundwater flow field
and chemical field. As the aquifer connects with the struc-
ture, different aquifers connect to form a water filling chan-
nel, which causes water inrush accidents and water
pollution [4, 5]. This highlights the importance of studying
water quality types and the hydrogeochemical evolution
characteristics of underground aquifers, which can provide

the basis for the safe production of coal mines and the full
utilization of water resources.

Variations in conventional ion levels in groundwater rep-
resent hydrogeochemical evolution processes. Hydrogeo-
chemical analysis methods used to determine the evolution
of groundwater chemical composition include: hydrogeo-
chemical maps, multivariate statistical analysis, and GIS spa-
tial analysis [6–8]. Huang et al. [9, 10] used a Piper diagram,
Gibbs diagram, and Ion proportion coefficient diagram to
analyse the chemical characteristics of groundwater. Multi-
variate statistical analyses were used to study the hydrogeo-
chemical evolution process mainly include factor analysis,
principal component analysis, and cluster analysis. Compre-
hensive consideration time and space indicators, Chen et al.
[11] successfully revealed the chemical characteristics and
spatiotemporal evolution mechanism of groundwater by
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principal component analysis. Zhang et al. [12] studied the
relationship between the hydrogeochemical characteristics
of groundwater and the multilayer aquifer in a Karst subsided
column mine, by combining a chemical analysis with a
principal component analysis. Gomo et al. [13] used the tra-
ditional hydrochemical analysis method to describe the
underground hydrogeochemical process of a submerged
mine and analysed the groundwater chemical types and
water quality evolution. Sunkari et al. [14] used factor analy-
sis to transform original ion concentration data into a normal
distribution, effectively explained the sourcing of groundwa-
ter ions. In recent years, based on GIS spatial interpolation
analysis, some researchers studied the hydrochemical evolu-
tion process of underground aquifer, drew the hydrogeo-
chemical action spatial map, and quantitatively described
the hydrochemical spatial evolution process and control fac-
tors [15, 16]. In summary, hydrochemical analysis, factor
analysis, and GIS spatial analysis can be combined to
describe the hydrogeochemical evolution process and its con-
trolling factors; this provides important information about
the hydrogeological background.

The Hengyuan coal mine, operated by the Wanbei Coal
Electricity Group, has complicated hydrogeological condi-
tions. The mine is threatened by high-pressure limestone
water and sandstone water from the coal seam roof and floor
and poses potential safety hazards, such as the collapse of the
karst column and water disasters in the loose layers. In this
paper, factor analysis is used to name the main hydrogeo-
chemical processes clearly and accurately, and then, it is
combined with traditional hydrochemical methods. Finally,
GIS spatial analysis reveals the hydrochemical evolution
process of multiaquifer system. The study focused on
identifying the hydrogeological and geochemical character-
istics and control factors of water-filled aquifers. It pro-
vides a scientific basis for accurately identifying potential
water inrush hazard sources and a basis for the rational
protection and utilization of water resources. In addition,
this method has a certain guiding significance for the con-
cealed coalfields in North China.

2. Materials and Methods

2.1. Study Area and Hydrogeological Setting. The Hengyuan
coal mine is located in Huaibei City in north of Anhui Prov-
ince, China (Figure 1(a)). The geographical coordinates are
116°36′04″-116°43′22″E and 33°54′30″-34°0′59″N. The
terrain in the mining area is flat, and the natural surface ele-
vation is approximately 30 to 36m, with a tendency to incline
from the northwest to southeast. There is no bedrock out-
crop; instead, the area is covered by an extremely thick Ceno-
zoic loose layer. The climate in this area is mild, exhibiting a
north temperate monsoon area marine continental climate.
The annual average temperature is 16.8°C, the maximum
temperature is 37°C (July 2019), and the minimum tempera-
ture is -7°C (January 2019). The average annual rainfall is
1067mm, and the rainfall is mainly concentrated in July
and August.

The strata in this area are rarely exposed and are mostly
covered by Quaternary alluvial and proluvial plain materials

(Figure 1(b)). Drilling records show that the strata, from old
to new, are Ordovician (O1+2), Carboniferous (C2+3), Perm-
ian (P), Tertiary (N), and Quaternary (Q). The coal-bearing
strata in the Hengyuan coal mine include the lower Permian
Shanxi Formation and Lower Shihezi Formation. There is no
minable coal seam in upper Shihezi Formation, so it was not
studied. The coal-bearing strata are 343.20m thick and
include eight coal seams (formations) and 2-17 coal seams.
The total thickness of the coal seam is 5.52m. The average
total thickness of the mineable or partially mineable coal
seam is 4.82m, accounting for 87.3% of the total thickness
of the coal seam. For all the seams, 4 and 6 coal seams are
the main mineable coal seams, with an average total thick-
ness of 4.48m, accounting for 81.2% of the total thickness
of the mineable coal seams.

The Cenozoic unconsolidated aquifer can be divided into
three aquifers groups from top to bottom. The Cenozoic bot-
tom aquifer forms a “skylight,” due to the lack of aquiclude in
local areas, which directly cover the coal-bearing strata. They
may also become the water supply source into the Permian
aquifer. The main source of recharge is the regional interlayer
runoff; the lithology of the Permian aquifer is composed of
sandstone, mudstone, siltstone, and coal seam, with mostly
mudstone and siltstone. The Permian aquifer is approxi-
mately 240m thick, with a buried depth of approximately
500m. From the top to the bottom of the mine, the location
and degree of fractures development in the main mining coal
seams are divided across the fifth aquifer, the sixth aquifer,
the seventh aquifer, and the eighth aquifer.

According to water level observations, the water level in
12 Carboniferous aquifer observation holes had dropped to
-146.14m by the end of 2006. The Carboniferous aquifer is
the water supply source for coal seam mining and is one of
the hidden dangers, as water may fill the 6 coal seams. The
lithology of the Ordovician limestone karst fissure aquifer is
light grey thick layered limestone, with different regular grey
and light grey white stripes, and local dolomite. It is pure and
brittle with a microcrystalline structure and high angle frac-
tures. Under normal conditions, no direct water fills the mine
pit. However, it is possible that a water inrush could occur,
with Ordovician limestone water directly entering the mine
pit. This could occur when the shaft and roadway engineer-
ing encounter a water-conducting fault or water flowing sub-
sided column.

2.2. Methods. A total of 74 water samples were collected
between January and July 2018 in the Hengyuan Coal Mine
area. The samples included 9 samples from the Cenozoic
aquifers, 35 samples from the Permian aquifers, and 30 sam-
ples from the carboniferous aquifers (Figure 1).

Before sampling, each clean 550mL polypropylene bottle
and cap was rinsed with water 3-5 times [17–19]. Each water
sample was collected in a bottle, leaving a 5-10ml space at the
top of the bottle. The temperature and pH were maintained
at stable levels after the water samples were collected; a previ-
ously calibrated Hanna portable pH meter was used to mea-
sure all the parameters within five minutes. The water
samples were put through a 0.45μm field filtering mem-
brane, with each water sample divided into three bottles,
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two for anion analysis, and the other for standby experiment.
The water samples were maintained at a low temperature to
support the cation analysis. This prevented a chemical reac-
tion [20, 21]. Eight general hydrogeochemical parameters
were tested: K++Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, pH,

and TDS. The samples for cation analysis were acidified with
nitric acid to pH ≤2. The tests were conducted within 24
hours after sampling at the Anhui University of Science
and Technology, Quality Inspection Center. The Cl−, SO4

2

−, and HCO3
− tests were conducted using ion chromatogra-

phy; and the K++Na+, Ca2+, and Mg2+ tests were conducted
using inductively coupled plasma mass spectrometry. To
review the reliability of test results, the anion and cation bal-
ance was calculated to confirm that any error was the stan-
dard limit of ±5% [22].

In this paper, the SPSS26.0 software was used to generate
a descriptive statistical analysis of the data (Table 1). Then,
the SPSS software was used to conduct a factor analysis on
the hydrochemical data. The factor extraction method
adopted a principal component analysis to reduce interfer-
ence from redundant data, the main factor score equation is
obtained by factor analysis, and the scores of different sam-
pling points are obtained by substituting the variable values
to equation. Finally, the contour map of the main factor score
was drawn by using Surfer software. Thus, the hydrogeo-
chemical characteristics and evolution process of each under-
ground aquifer by spatial analysis of factor score.

3. Results and Discussion

3.1. Statistics Analysis. Table 1 shows the results of the hydro-
chemical statistical analysis for the samples from the Ceno-
zoic aquifers, Permian aquifers, and carboniferous aquifers.
The analysis shows that the pH value of all samples varies
from 7.10 to 8.32, making the entire underground aquifer
weakly alkaline. In the weakly alkaline environment, the
CO3

2− levels are less than 5% of the sum of HCO3
− and

CO3
2−, making it unimportant to assess CO3

2− levels.
The average salinity of the Cenozoic aquifers is

1058.24mg/L. The cation concentrations in the water overall
is highest for K++Na+, followed in descending order by Ca2+

and Mg2+. The anion concentrations are the highest for
HCO3

-, followed in descending order by SO4
2-, and Cl−.

The mass concentration of K++Na+ is 1.5 times and 2.8 times

of the mass concentration of Ca2+ and Mg2+, respectively.
The mass concentration of HCO3

− is 1.5 times and 3.6 times
of SO4

2− and Cl−, respectively.
The average salinity of Permian aquifers is 3371.35mg/L.

The cation concentrations in the water overall are the same as
Cenozoic aquifers, and the anion concentrations are the
highest for SO4

2−, followed in descending order by HCO3
−,

and Cl−. The mass concentration of K++Na+ is 40.5 times
and 75.5 times of the mass concentration of Ca2+ and
Mg2+, respectively. The mass concentration of SO4

2- is 3.8
times and 9.7 times of HCO3

− and Cl−, respectively.
The average salinity of the carboniferous aquifers is

2534.47mg/L. The cation concentrations in the water overall
are the same as Cenozoic and Permian aquifers, and the
anion concentrations are the same as Permian aquifers. This
is consistent with the change of ion concentration in the coal
measure sandstone aquifer. The mass concentration of
K++Na+ is 1.9 and 3.3 times of the mass concentrations of
Ca2+ and Mg2+, respectively. The mass concentration of
SO4

2− is 5.8 and 9.8 times of HCO3
− and Cl−, respectively.

The concentration skewness coefficient of each ionizer in
the three aquifers is close to 0 and adheres to a normal stable
distribution. This indicates that the distribution of ions in the
aquifer is relatively stable and is less disturbed by hydrogeo-
logical conditions and other factors.

3.2. Analysis of Hydrochemical Components. The hydroche-
mical types and distribution of all aquifers in the study area
are shown in Figure 2. The distribution of water sample
drops in the Cenozoic aquifers is relatively concentrated,
with alkaline metal ions Ca2+ and Mg2+ present at greater
concentrations than alkali metal ions K++Na+. The percent-
age of SO4

2− exceeds 80%, and the percentage of HCO3
−

equivalent ranges from 40 to 60%. Therefore, the hydroche-
mical type of the quaternary aquifer is mainly the
SO4·HCO3–Na·Ca(Mg) type. The distribution of water sam-
ples in the Permian aquifers is also relatively concentrated.
The percentages of Ca2+ and SO4

2− equivalents both exceed
80%, and the percentage of Cl− equivalent is within the range
of 40-90%. This indicates that the hydrochemical type is the
SO4·Cl–Ca type. The water samples in the Carboniferous
aquifers are relatively dispersed, with hydrochemical types
of SO4·Cl–Ca·Mg or SO4·Cl–Na·Ca(Mg). This overlaps with
the sample drops of the Cenozoic aquifer and the Permian
aquifers, indicating that the Carboniferous aquifers have

Table 1: Sample indexes-descriptive statistics.

Parameters
The Cenozoic aquifer The Permian aquifer The carboniferous aquifer

Min Max Mean Skewness Min Max Mean Skewness Min Max Mean Skewness

K++Na+ (mg/L) 111 202.47 152.71 0.26 578.6 1550.27 1036.94 0.05 168.65 813.98 398.6 0.48

Ca2+ (mg/L) 79.55 124.73 99.89 0.24 1.13 63.15 25.59 0.63 2.42 447.56 202.17 0.09

Mg2+ (mg/L) 28.81 81.12 54.93 0.09 1.17 38.66 13.73 0.8 5.53 323.69 121.44 1.09

Cl− (mg/L) 91.98 144.67 115.43 0.15 56.46 354.16 171.91 0.82 82.98 188.91 143.39 -0.37

SO4
2− (mg/L) 207.06 417.26 283.62 1.01 833.2 2524.69 1668.09 0.45 1001.36 1770.6 1404.92 -0.16

HCO3
− (mg/L) 279.83 541.86 419.79 -0.35 164.21 692.17 435.72 -0.14 129.91 340.89 240.28 0.29

TDS (mg/L) 899.23 1239.45 1058.24 0.22 2023.48 5005.01 3371.35 0.32 2020.85 3088.47 2534.47 0.02

PH 7.3 8.4 7.57 2.39 7.79 8.32 7.94 1.96 7.1 8.3 7.68 -0.6
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similar hydrogeochemical characteristics and corresponding
hydraulic relations.

The boxplot directly reflects the change of the ion
levels in each aquifer [18]. Figures 3(a) and 3(d) show that
the K++Na+ concentration in Permian aquifers is higher
compared to the Carboniferous, due to the strong chloride
dissolution effect in Permian aquifers. The levels in the
Cenozoic aquifers are the lowest. Cl− in the aquifer is
the most stable ion in groundwater, leaving the Cl− levels
essentially unchanged. Figures 3(b) and 3(c) show that the
Ca2+ and Mg2+ concentration in the Cenozoic and Car-
boniferous aquifers is significantly higher compared to
the Permian aquifers. This is caused by the dissolution
of carbonate and sulfate minerals. In Figures 3(e) and
3(f), the SO4

2− concentration in the Cenozoic to Permian
and Carboniferous aquifers gradually increased overall. In
contrast, the HCO3

− concentration in the water from the
Permian to Carboniferous aquifers gradually decreased.
This was caused by the enhanced sulfate dissolution and
weakened desulfurization acid. Therefore, high HCO3

-

concentrations and low Mg2+ concentrations are character-
istics of the three water-bearing strata. High K++Na+, SO4

2

−, and HCO3
− concentrations and low Ca2+ and Mg2+

concentrations are the characteristics of the Permian aqui-
fers. However, the Carboniferous aquifers are characterized
by high Ca2+, Mg2+, and SO4

2− concentrations and low
HCO3

−concentrations. Because there are equivalent con-
centrations of the same ions in different aquifers, the sim-
ple comparison of changes in ion levels cannot reflect the
main hydrogeochemical process and genesis.

3.3. Ion Source Analysis. There are differences in the ion com-
bination ratio among groundwater components. As such, the
source of groundwater chemical components can be deter-
mined using the ion proportion coefficient method [23].
The bubble diagram of the ion combination ratio of each
aquifer is shown in Figure 4. The bubble size indicates the
change in the TDS concentrations of the samples.

Cl- is the most stable ion in groundwater, and the source
of Na+ can be characterized by analysing γðK+ + Na+Þ/γðCl−Þ
[24–27]. Figure 4(a) shows that γðK+ + Na+Þ/γðCl−Þ > 1 in all
water samples from the three aquifers, and the Na+ concen-
tration increases with as the TDS value increases. This shows
that in addition to the Na+ produced by the dissolution of salt
rock, cation exchange is also a source of Na+. The value of
γðK+ + Na+Þ/γðCl−Þ significantly exceeds 1 in the Permian
aquifer, and the TDS value also exceeds the value in other
aquifers. As such, cation exchange is stronger than in other
aquifers, supporting the enrichment of Na+.

The source of Ca2+ and Mg2+ can be characterized by
analysing γðCa2+ +Mg2+Þ/½γðSO4

2−Þ + 0:5γðHCO3
−Þ� [28–

30]. Figure 4(b) shows that only a small number of the Ceno-
zoic aquifer water samples fall above the y = x line, and the
rest of the samples fall below that line. In particular, the
values of γðCa2+ +Mg2+Þ/½γðSO4

2−Þ + 0:5γðHCO3
−Þ� in the

Permian aquifer is far less than 1. In addition, the TDS values
in the Permian aquifer are significantly higher compared to
other aquifers. It shows that cation exchange has occurred.
Therefore, the dissolution of sulfate and carbonate is not
the only source of Ca2+ and Mg2+, further confirming that
alternate cation adsorption is reasonable.
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When γðCa2+ +Mg2+Þ/0:5γðHCO3
−Þ = 1, it means that

the Ca2+, Mg2+, and HCO3
− in the groundwater are derived

from carbonate dissolution [31]. The Cenozoic and Carbon-
iferous aquifer samples fall above the y = x line. The TDS
values in the Carboniferous aquifer are significantly greater
than in the Cenozoic aquifer. This indicates that Ca2+,
Mg2+, and HCO3

− are mainly derived from dissolution
occurring in the Cenozoic and Carboniferous aquifer. A
small number of the Permian aquifer samples are located
above the line; however, the TDS values remain still higher
compared to other aquifers. This indicates that the carbonate
dissolution is not the only source of Ca2+ and Mg2+ and may
also be caused by cation exchange in the Permian aquifer.

Most Permian aquifer samples align with the conditions of
γðCa2+ +Mg2+Þ/0:5γðHCO3

−Þ < 1. This indicates that there
are other sources of HCO3

−, such as desulfurization.
Based on γðCa2+ +Mg2+Þ/γðSO4

2−Þ = 1, it appears that
Ca2+, Mg2+, and SO4

2− are mainly derived from the sulfate
dissolution in Figure 4(d) [32]. The Ca2+ and Mg2+ concen-
trations are low in the Permian aquifer; however, the TDS
values are higher compared to other aquifers. This is due to
the cation exchange, which facilitates the enrichment of Na+.
In the Permian and Carboniferous aquifers, the ratio of γðC
a2+ +Mg2+Þ/γðSO4

2−Þ in some samples is less than 1, indicat-
ing that sulfate dissolution is not the only source of Ca2+,
Mg2+, and SO4

2−; pyrite oxidation may be another source.
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The expression γðNa+ − Cl−Þ/γðCa2+ +Mg2+ − SO4
2− −

HCO3
−Þ is used commonly to reveal the cation exchange

rate [33]. Figure 4(e) shows that the Cenozoic and Perm-
ian aquifer samples are infinitely close to y = −x, and the
TDS values are larger, confirming there is cation
exchange. Part of the Permian aquifer is above y = −x,
indicating there may be strong cation exchange. In
Figure 4(f), each water sample is close to the y = x line,
which shows the mass concentration balance of the
anions and cations.

The analytical results of each ion combination ratio
show that Na+ is mainly derived from salt rock dissolution
and cation exchange. Ca2+ and Mg2+ are derived from sul-

fate or carbonate dissolution and cation exchange, as
shown in Eq. (1). HCO3

− and SO4
2− are derived from sul-

fate and carbonate dissolution. Because the Permian aqui-
fer in the study area is -350-800m below ground surface,
it is an overall reducing environment. This means that
desulfurization is one of the important sources of HCO3

−

in the Permian aquifer, as shown in Eq. (2). Further, there
are low sulfate levels and high pyrite levels in the Permian
and Carboniferous aquifers. This indicates that the SO4

2−

may be derived from pyrite oxidation, as the deep aquifer
is in an overall reducing environment. However, some
areas are affected by coal mining activities. This leads to
the area becoming a semiopen oxidizing environment,
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Figure 4: Bubble chart of ion combination of different aquifers.
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allowing CO2 and O2 to enter the aquifer and react with
pyrite. as shown in Eq.(3).

Na+ Rockð Þ + Ca2+/Mg2+ Waterð Þ⟶Na+ Waterð Þ
+ Ca2+/Mg2+ Rockð Þ, ð1Þ

SO2−
4 + 2C + 2H2O⟶H2S↑+2HCO−

3 , ð2Þ

FeS2 + 15/4O2 + 7/2H2O⟶ Fe OHð Þ3↓+2SO2−
4 + 4H+:

ð3Þ
3.4. Factor Analysis. Both the R-type factor analysis and
principal component analysis provide approximations of the
covariance matrix and dimension reduction interpretation of
the data set, specifically for the positive index and standardiza-
tion index automatically executed by the SPSS software [34].
The correlation between variables is determined using a corre-
lation coefficient matrix, and the eigenvalues and eigenvectors
of phase relation number matrix are generated. Principal com-
ponents and factors are linearly independent, and the cumula-
tive contribution rate, index standardization, and index
standardization are used. The number of principal compo-
nents and factors is determined without a loss of variables.
The naming basis is the correlation coefficient of principal
components, factors, and variables. The difference is that prin-
cipal component analysis and factor analysis are separate from
the initial factor load matrix. The principal component analy-
sis generates the principal component coefficient matrix, prin-
cipal component, and its value through the unit of the initial

factor load array vector or by dividing the corresponding
eigenvalue root. The factor analysis generates the factor load
matrix by rotating the initial factor load matrix and then
obtaining the factor score and its value through regression.
The R-type factor analysis has the advantage of clearly naming
the main factors and enables a clear comprehensive evaluation
of the causes [35–37]. The factor analysis method generally
includes the following steps [38].

(1) Firstly normalize the indicators, and then standardize
the data to eliminate errors caused by large differ-
ences in values between variables

(2) Use the SPSS software to obtain total variance
explained and rotated component matrix. Total vari-
ance explained meets the contribution rate require-
ment, and the variables in the rotated component
matrix are not lost, thereby comprehensively deter-
mining m principal factors

(3) Calculate the factor loadmatrixBm and classify the cor-
responding variable with the largest absolute value of
the ith column of Bm into Zi category, and then name
Zi for hydrogeochemical effects, which has high clarity

(4) According to the factor score coefficient matrix
obtained by the SPSS software, find the expression
of the main factor score function: SZi = ωiX

The correlation coefficient thermograph (Figure 5)
directly describes the degree of correlation degree among

1.0

0.8

0.6

0.4

0.2

0.0

–0.2

–0.4

–0.6

1

–0.64 1

0.16

–0.2

–0.25

–0.48

–0.39

–0.37

–0.37

–0.097

–0.097

0.0026

0.14

0.13

0.23

1

–0.27

–0.45

–0.063

–0.082

0.95

0.14

–0.19

1

0.16

0.0026

0.54

0.14

0.41

1

–0.063

0.41

1

–0.19

–0.2 –0.25 –0.48 –0.39

–0.27–0.45

0.14

–0.082

1

0.18

0.13

0.54

0.95

0.18

1

0.23

–0.64

–0.55

–0.55

0.47

0.47

0.74

0.74

0.39

0.39

0.88

0.88

0.36

0.36

K++Na+ Ca2+ Mg2+ SO4
2– HCO3

– TDS PHCl–

K+ +N
a+

Ca
2+

M
g2+

SO
42–

H
CO

3–
TD

S
PH

Cl
–

Figure 5: Heat map of the correlation coefficient for each parameter.

8 Geofluids



the variables. The K++Na+ value is positively correlated with
Cl−, SO4

2−, and HCO3
−. This is due to the existence of rock

salt dissolution. The K++Na+ is negatively correlated with
Ca2+ and Mg2+; and TDS is strongly positively correlated
with K+ + Na+ and is negatively related to Ca2+ and Mg2+.
This is caused by cation exchange. There is a weak negative
correlation between SO4

2− and HCO3
−, indicating that desul-

furization has occurred in the aquifers.
The factor analysis method uses the principal component

extraction method to generate the total variance explanation
shown in Table 2. The cumulative variance contribution rate
is 69.078%, and there is no variable loss. Then, two factors
(Z1, Z2) are determined by the rotated component matrix
in Table 3. The variance contribution rate of Z1 is 35.056%,
which is characterized by a high positive loading of SO4

2−

and Na+, and a weak loading of HCO3
−, Ca2+, andMg2+. This

indicates the dissolution of sulfate minerals, pyrite oxidation,
and cation exchange. The variance contribution rate of Z2 is
34.021%, in which Ca2+ and Mg2+ are strongly loaded.
HCO3

− is strongly positively loaded, and SO4
2− is weakly

loaded, indicating the dissolution and desulfurization of
calcite and dolomite, respectively. Therefore, Z1 represents
the dissolution of sulfate minerals, pyrite oxidation, and
cation exchange, and Z2 represents the dissolution and
desulfurization of calcite and dolomite. These are dis-
played using Figure 6.

Table 4 shows the factor score coefficients for the six ions
of K++ Na+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
− in ground-

water samples from the Hengyuan coal mine. These were
used as the variables for analysis, yielding the following factor
score functions:

SZ1 = 0:323x1 − 0:081x2 + 0:075x3 + 0:342x4
+ 0:514x5 − 0:208x6,

ð4Þ

SZ2 = 0:160x1 − 0:278x2 − 0:379x3 − 0:059x4
− 0:215x5 + 0:511x6:

ð5Þ

Substituting the collected data from the 74 water sam-
ples into SZi (Eq. (4) and Eq. (5)) yields the dispersion
point diagram illustrating the groundwater factors Z1-Z2
for the Hengyuan mine (Figure 7). The Cenozoic aquifers
are mainly distributed in the second quadrant, indicating
that calcite and dolomite experience significant dissolution
with desulfidation. The Permian aquifers are mainly dis-
tributed in the first quadrant, with a partial distribution
in the second quadrant. It indicates that the Permian aqui-
fers experience the desulfidation and dissolution of calcite
and dolomite and is accompanied by the dissolution of
sulfate minerals, pyrite oxidation, and cation exchange.
The Carboniferous aquifer samples are mainly located in
the third and fourth quadrants, indicating they are mainly
affected by sulfate mineral dissolution, pyrite oxidation,
and cation exchange. The two Permian aquifer samples
in the figure are in the range of Carboniferous aquifers,
and a Carboniferous aquifer sample in the range of Perm-
ian aquifers. It indicates there may be a hydraulic connec-
tion between Permian and Carboniferous aquifers.

3.5. Hydrogeochemical Spatial Evolution Characteristics. The
K++Na+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
− values of 74

groundwater samples from the Hengyuan Coal Mine were
substituted into the factor score function expression (Eq.
(4), Eq. (5)). A Surfer Kriging interpolation was used to
draw the load score contour map (Figures 8–10) of the
principal factors Z1 and Z2. This was used to describe
the water chemistry control factors of the multiaquifer sys-
tem, as follows.

3.6. The Cenozoic Aquifer. Figure 8 shows that the SZ1
values are negative in the study area, with a uniform dis-
tribution. The SZ1 values range from -2.04 to -1.56. In
contrast, the SZ2 values are positive, with a relatively uni-
form distribution, and the SZ2 values vary between 0.25
and 1. The SZ1 values gradually increase from west to
east, and the SZ2 values gradually decrease. Due to the
control of mining activities in the east, the Cenozoic
aquifer is discharged, and the groundwater flow acceler-
ates from west to east. This increases the dissolution
and contact time of minerals and groundwater. At the
same time, the aquifers are in a semioxidized environ-
ment during mining activities. In addition, the west area
is controlled by structures such as the Wenzhuang syn-
cline and the Mengkou fault, resulting in a relatively
closed groundwater environment. From west to east, the
sulfate dissolution and cation exchange are enhanced,
while the desulfurization effect is weakened.

3.7. The Permian Aquifer. Figure 9 shows that SZ1 values are
positive in most of the study area, with an uneven distri-
bution. In the north, the SZ1 values vary from 0.2 to 2.0;
in the south, they vary from 0.2 to 1.6; and in the east,
they vary from -0.8 to 0.2. SZ2 values are positive and
unevenly distributed in the study area, increasing gradually
from the north and south sides to the middle. A high SZ1
value and a low SZ2 value appear near the Wenzhuang
syncline. Under the action of syncline, this area is a closed

Table 2: Explanation of total variance.

Component
Extraction sums of squared loadings

Total Variance percentage Cumulative percentage

1 2.103 35.056 35.056

2 2.041 34.021 69.078

Table 3: Rotated component score matrix.

Parameters
Component

1 2

SO4
2− 0.926 -0.068

Na+ 0.795 0.561

Cl− 0.677 0.127

HCO3
− -0.068 0.893

Mg2+ -0.116 -0.719

Ca2+ -0.371 -0.625
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recharge area environment with a strong water yield.
There is a long interaction time between groundwater
and minerals, enhancing cation exchange and sulfate dis-
solution. In the area surrounded by the Lvlou fault, the
BF4 fault, and the Xiaocheng anticline, the SZ1 value is
high and the SZ2 value is low. The aquifers are well sealed,
benefitting cation exchange and desulfurization. The SZ1
and SZ2 values are higher from the middle to east. Due
to the long-term mining activities, the Permian aquifer
has become a semioxidized environment in some areas.
This benefits the carbonate and sulfate dissolution and
the pyrite oxidation.

3.8. The Carboniferous Aquifer. Figure 10 shows that the SZ1
values in the study area are unevenly distributed; the values
gradually decrease to the north between the Xiaocheng
anticline and the Lulou anticline and gradually increase
to the south of the Xiaocheng anticline. The SZ2 values
are all negative. The values are low near the Mengkou
fault; the highest value appears to the west of the Meng-
kou fault. The SZ2 values in the south are lower than other

areas overall and are higher at the Lvlou anticline in the
east. The mining activities are mainly located in the north
wing of the Xiaocheng anticline and the west wing of the
Lvlou anticline. The groundwater circulation conditions at
the axis of the anticline are good, enhancing the pyrite
oxidation, the carbonate dissolution, sulfate dissolution,
and cation exchange in the mining area. The groundwater
flow near the Wenzhuang syncline is affected by the
Mengkou fault, which leads to pyrite oxidation, carbonate
and sulfate dissolution, and cation exchange. In contrast,
the aquifers at the syncline are deeply buried, leading to
increased desulphurization.

4. Conclusions

This study investigated the hydrogeochemical evolution
characteristics of the complex underground multiaquifer sys-
tem in Hengyuan Coal Mine in China. Traditional hydroche-
mical analysis methods and Q-factor analysis methods were
used to analyse the collected water samples, leading to the
following conclusions.
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(1) The cation levels in the three aquifers were the
highest for K++Na+, followed in descending
order by Ca2+ and Mg2+. In the Permian and
Carboniferous aquifers, SO4

2− was present at
the highest levels, followed by HCO3

− and Cl−.
In the Cenozoic aquifers, HCO3

− was the highest,
followed by SO4

2− and Cl−. The overall TDS values
of each aquifer were the highest for the coal,
followed by the Taihui and Cenozoic. The TDS
values successively decreased in the Permian, Car-
boniferous, and Cenozoic aquifers. The difference
in ion skewness in different aquifers is due to the
comprehensive reflection of different hydrogeo-
chemical processes

(2) The hydrogeological conditions and mining activities
impact the hydrogeochemical processes of the Hen-
gyuan coal mine. These processes mainly include
carbonate and sulfate dissolution, cation exchange,
desulfurization, and pyrite oxidation. Carbonate

dissolution and desulfurization are significant in
the Cenozoic aquifer, and the cation exchange
and pyrite oxidation in the Permian aquifers are
the most significant. There is significant sulfate dis-
solution, cation exchange, and pyrite oxidation in
the Carboniferous aquifers

(3) The hydrogeochemical evolution process in under-
ground aquifers is mainly controlled by mining activ-
ities, faults, and folds, and the hydrogeochemical
evolution process of aquifers in the study area shows
obvious zonation

Studying the chemical changes of groundwater can pro-
vide a geological basis for the accurate identification of
potential water inrush sources and protection of water
resources and has certain guiding significance for coal mine
safety production. The chemical evolution of groundwater
is a dynamic process, and water chemistry data should be col-
lected regularly to find out the changes of groundwater in

0.20

–0.40

–0.80

0.20

0.8
0

0.40

0.4
0

0.40

0.80

1.20

1.60

0.40
0.80

1.20
1.60

2.0

Wenzhuang

W
en

zh
ua

ng

M
engkou

Xiaocheng

Lv
louD

F5

F57

BF
4

Lv
lo

u

2#

1#

D
inghe

0.70

0.70

1.0

0.40

0.70

1.0

1.0

0.7
0

1.3
0

0.
70

0.
40

Wenzhuang

W
en

zh
ua

ng

M
engkou

Xiaocheng

Lv
lou

D
F5

F57

BF
4

Lv
lo

u

2#

1#

D
inghe

NN SZ2SZ1

1.20 Principal factor SZi score contour

Figure 9: Contours of principal loading scores SZ1, SZ2 for Permian aquifer.

12 Geofluids



coal mine areas. In the future, we can study the evolution
process of ground hydrology and geochemistry from the per-
spective of time and space.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

We gratefully acknowledge the support provided by the
National Key Research and Development Program of
China (NO.2017YFC0804101), the Natural Science Foun-
dation of Anhui Province (NO.2008085QD191 and
NO.1908085ME144), and the Independent Research fund

of The State Key Laboratory of Mining Response and
Disaster Prevention and Control in Deep Coal Mines
(Anhui University of Science and Technology)
(NO.SKLMRDPC19ZZ06). The authors would also like to
thank Dr. Huichan Chai, Dr. Shuhao Shen, and Dr.
Yaoshan Bi for his valuable comments and suggestions
for improvement of the manuscript.

References

[1] Z. Li, B. Zhou, D. Teng,W. Yang, and D. Qiu, “Comprehensive
evaluation method of groundwater environment in a mining
area based on fuzzy set theory,” Geosystem Engineering,
vol. 21, no. 2, pp. 103–112, 2017.

[2] S. M. Gorelick and C. M. Zheng, “Global change and the
groundwater management challenge,” Water Resources
Research, vol. 51, no. 5, pp. 3031–3051, 2015.

[3] D. A. Tran, M. Tsujimura, L. P. Vo, V. T. Nguyen,
D. Kambuku, and T. D. Dang, “Hydrogeochemical character-
istics of a multi-layered coastal aquifer system in the Mekong

–0.60

–0
.3

0

0

–0.30

0

0.30

0.300–0.30

Wenzhuang

W
en

zh
ua

ng

M
engkou

Xiaocheng

Lv
lou

D
F5

F57

BF
4

Lv
lo

u

2#

1#

D
inghe

–1.4

–1.1

–1.4

–1.1

–1.1

-0.8

-0.5

-0
.2

–0
.8

–1
.1

–1
.4

–1
.1

–1.1

–0.8

–1.1

Wenzhuang

W
en

zh
ua

ng

M
engkou

Xiaocheng

Lv
lou

D
F5

F57

BF
4

Lv
lo

u

2#

1#

D
inghe

NN

1.20

SZ2SZ1

Principal factor SZi score contour

Figure 10: Contours of principal loading scores SZ1, SZ2 for Carboniferous aquifer.

13Geofluids



Delta, Vietnam,” Environmental Geochemistry and Health,
vol. 42, no. 2, pp. 661–680, 2020.

[4] H. Yin, H. Zhao, D. Xie, S. Sang, Y. Shi, and M. Tian, “Mech-
anism of mine water inrush from overlying porous aquifer in
Quaternary: a case study in Xinhe Coal Mine of Shandong
Province, China,” Arabian Journal of Geosciences, vol. 12,
no. 5, 2019.

[5] P. Li, J. Wu, R. Tian et al., “Geochemistry, hydraulic connectiv-
ity and quality appraisal of multilayered groundwater in the
Hongdunzi Coal Mine Northwest China,” Mine Water and
the Environment, vol. 37, no. 2, pp. 222–237, 2018.

[6] Y. Xiao, J. Shao, Y. Cui, G. Zhang, and Q. Zhang, “Groundwa-
ter circulation and hydrogeochemical evolution in Nomhon of
Qaidam Basin, northwest China,” Journal of Earth System Sci-
ence, vol. 126, no. 2, 2017.

[7] V. Cloutier, R. Lefebvre, R. Therrien, and M. M. Savard, “Mul-
tivariate statistical analysis of geochemical data as indicative of
the hydrogeochemical evolution of groundwater in a sedimen-
tary rock aquifer system,” Journal of Hydrology, vol. 353, no. 3-
4, pp. 294–313, 2008.

[8] C. Güler, M. A. Kurt, M. Alpaslan, and C. Akbulut, “Assess-
ment of the impact of anthropogenic activities on the ground-
water hydrology and chemistry in Tarsus coastal plain
(Mersin, SE Turkey) using fuzzy clustering, multivariate statis-
tics and GIS techniques,” Journal of Hydrology, vol. 414-415,
pp. 435–451, 2012.

[9] P. Huang and J. Chen, “Recharge sources and hydrogeochem-
ical evolution of groundwater in the coal-mining district of
Jiaozuo, China,” Hydrogeology Journal, vol. 20, no. 4,
pp. 739–754, 2012.

[10] W. G. Cao, H. F. Yang, C. L. Liu, Y. J. Li, and H. Bai, “Hydro-
geochemical characteristics and evolution of the aquifer sys-
tems of Gonghe Basin, Northern China,” Geoscience
Frontiers, vol. 9, no. 3, pp. 907–916, 2018.

[11] L. Chen, W. Xie, X. Feng, N. Zhang, and X. Yin, “Formation of
hydrochemical composition and spatio-temporal evolution
mechanism under mining-induced disturbance in the Linhuan
coal-mining district,” Arabian Journal of Geosciences, vol. 10,
no. 3, 2017.

[12] H. Zhang, G. Xu, X. Chen et al., “Groundwater hydrogeo-
chemical processes and the connectivity of multilayer aquifers
in a coal mine with karst collapse columns,” Mine Water and
the Environment, vol. 39, no. 2, pp. 356–368, 2020.

[13] M. Gomo and D. Vermeulen, “Hydrogeochemical characteris-
tics of a flooded underground coal mine groundwater sys-
tem,” Journal of African Earth Sciences, vol. 92, pp. 68–75,
2014.

[14] E. D. Sunkari, M. Abu, M. S. Zango, and A. M. Lomoro Wani,
“Hydrogeochemical characterization and assessment of
groundwater quality in the Kwahu-Bombouaka Group of the
Voltaian Supergroup, Ghana,” Journal of African Earth Sci-
ences, vol. 169, p. 103899, 2020.

[15] E. D. Sunkari and M. Abu, “Hydrochemistry with special ref-
erence to fluoride contamination in groundwater of the Bongo
district Upper East Region, Ghana,” Sustainable Water
Resources Management, vol. 5, no. 4, pp. 1803–1814, 2019.

[16] E. D. Sunkari, M. S. Zango, and H. M. Korboe, “Comparative
analysis of fluoride concentrations in groundwaters in north-
ern and southern Ghana: implications for the contaminant
sources,” Earth Systems and Environment, vol. 2, no. 1,
pp. 103–117, 2018.

[17] P. Huang, Z. Yang, X. Wang, and F. Ding, “Research on Piper-
PCA-Bayes-LOOCV discrimination model of water inrush
source in mines,” Arabian Journal of Geosciences, vol. 12,
no. 11, 2019.

[18] X. Guo, R. Zuo, J. Wang et al., “Hydrogeochemical evolution of
interaction between surface water and groundwater affected by
exploitation,” Groundwater, vol. 57, no. 3, pp. 430–442, 2018.

[19] H. Zhang, H. Xing, D. Yao, L. Liu, D. Xue, and F. Guo, “The
multiple logistic regression recognition model for mine water
inrush source based on cluster analysis,” Environmental Earth
Sciences, vol. 78, no. 20, 2019.

[20] H. Zhang, G. Xu, X. Chen, J. Wei, S. Yu, and T. Yang, “Hydro-
geochemical characteristics and groundwater inrush source
identification for a multi-aquifer system in a coal mine,” Acta
Geologica Sinica-English Edition, vol. 93, no. 6, pp. 1922–
1932, 2019.

[21] X. Zhang, X. Li, and X. Gao, “Hydrochemistry and coal mining
activity induced karst water quality degradation in the Niang-
ziguan karst water system China,” Environmental Science and
Pollution Research, vol. 23, no. 7, pp. 6286–6299, 2016.

[22] H. Zhang, G. Xu, X. Chen, and A. Mabaire, “Hydrogeochemi-
cal evolution of multilayer aquifers in a massive coalfield,”
Environmental Earth Sciences, vol. 78, no. 24, 2019.

[23] K. A. R. Kpegli, A. Alassane, R. Trabelsi et al., “Geochemical
processes in Kandi Basin, Benin, West Africa: a combined
hydrochemistry and stable isotopes approach,” Quaternary
International, vol. 369, pp. 99–109, 2015.

[24] P. Li, J. Wu, H. Qian et al., “Hydrogeochemical characteriza-
tion of groundwater in and around a wastewater irrigated for-
est in the southeastern edge of the Tengger Desert, Northwest
China,” Exposure and Health, vol. 8, no. 3, pp. 331–348, 2016.

[25] M. Meybeck, “Global chemical weathering of surficial rocks
estimated from river dissolved loads,” American Journal of Sci-
ence, vol. 287, no. 5, pp. 401–428, 1987.

[26] I. Farid, R. Trabelsi, K. Zouari, and R. Beji, “Geochemical and
isotopic study of surface and groundwaters in Ain BouMourra
basin, central Tunisia,” Quaternary International, vol. 303,
pp. 210–227, 2013.

[27] Z. Liang, J. Chen, T. Jiang et al., “Identification of the domi-
nant hydrogeochemical processes and characterization of
potential contaminants in groundwater in Qingyuan, China,
by multivariate statistical analysis,” RSC Advances, vol. 8,
no. 58, pp. 33243–33255, 2018.

[28] P. Huang and S. Han, “Study of multi–aquifer groundwater
interaction in a coal mining area in China using stable isotopes
and major–ion chemical data,” Environmental Earth Sciences,
vol. 76, no. 1, pp. 2–10, 2017.

[29] P. Li, X. He, Y. Li, and G. Xiang, “Occurrence and health impli-
cation of fluoride in groundwater of loess aquifer in the Chi-
nese loess plateau: a case study of Tongchuan, Northwest
China,” Exposure and Health, vol. 11, no. 2, pp. 95–107, 2019.

[30] J. Qian, Y. Tong, L. Ma, W. Zhao, R. Zhang, and X. He,
“Hydro-chemical characteristics and groundwater source
identification of a multiple aquifer system in a coal mine,”
Mine Water and the Environment, vol. 37, no. 3, pp. 528–
540, 2018.

[31] L. W. Chen, D. Q. Xu, X. X. Yin, W. P. Xie, and W. Zeng,
“Analysis on hydrochemistry and its control factors in the
concealed coal mining area in North China: a case study of
dominant inrush aquifers in Suxian mining area,” Journal of
China Coal Society, vol. 4, no. 42, pp. 996–1004, 2017.

14 Geofluids



[32] K. Schacht and B. Marschner, “Treated wastewater irrigation
effects on soil hydraulic conductivity and aggregate stability
of loamy soils in Israel,” Journal of Hydrology and Hydrome-
chanics, vol. 63, no. 1, pp. 47–54, 2015.

[33] P. Li, J. Wu, and H. Qian, “Hydrochemical appraisal of
groundwater quality for drinking and irrigation purposes and
the major influencing factors: a case study in and around
Hua County, China,” Arabian Journal of Geosciences, vol. 9,
no. 1, p. 15, 2016.

[34] S. Jung and S. Seo, “A comparative study on factor recovery of
principal component analysis and common factor analysis,”
Korean Journal of Applied Statistics, vol. 26, no. 6, pp. 933–
942, 2013.

[35] Z. Hoseinzade and A. R. Mokhtari, “A comparison study on
detection of key geochemical variables and factors through
three different types of factor analysis,” Journal of African
Earth Sciences, vol. 134, pp. 557–563, 2017.

[36] J. H. Lee, J. H. Yoon, J. Y. Cheong, H. Jung, and S. G. Kim,
“Hydrogeochemical evaluation of crystalline bedrock grond-
water in a coastal area using principal component analysis,”
Journal of Soil and Groundwater Environment, vol. 22, no. 3,
pp. 10–17, 2017.

[37] A. Dinno, “Implementing Horn’s parallel analysis for principal
component analysis and factor analysis,” The Stata Journal:
Promoting communications on statistics and Stata, vol. 9,
no. 2, pp. 291–298, 2018.

[38] R. Aparecida Mendonça Marques, R. Bruno Dutra Pereira,
R. Santana Peruchi, L. Cardoso Brandão, J. Roberto Ferreira,
and J. Paulo Davim, “Multivariate GR&R through factor anal-
ysis,” Measurement, vol. 151, article 107107, 2020.

15Geofluids



Research Article
Hydromechanical Coupling Characteristics of the Fractured
Sandstone under Cyclic Loading-Unloading

Tong Zhang ,1,2,3 Yang Liu ,1,2 Ke Yang,1,2,3 Ming Tang,1,2 Xiang Yu,1,2 and Fei Yu1,2

1State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep Coal Mines, Anhui University of Science
& Technology, Huainan, Anhui 232001, China
2School of Mining and Safety Engineering, Anhui University of Science & Technology, Anhui 232001, China
3Institute of Energy, Hefei Comprehensive National Science Center, Anhui, Hefei 230031, China

Correspondence should be addressed to Yang Liu; 447253123@qq.com

Received 27 August 2020; Revised 15 September 2020; Accepted 24 September 2020; Published 31 October 2020

Academic Editor: Zhengyang Song

Copyright © 2020 Tong Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The mechanical and hydraulic properties of rock mass play a crucial role in underground engineering. To study the effect of
hydraulic pressure, confining pressure, and axial cyclic loading-unloading on variation of the deformation and permeability in
fractured rock mass, the coupling triaxial experiment of sandstone was conducted. The concept of permeability recovery rate
(PRR) and permeability enhancement reduction rate (PERR) was proposed to characterize the change in permeability. The
results show that the permeability of fractured sandstone quadratically varies with the change of hydraulic pressure and
confining stress. In detail, the permeability decreases with the decrease of hydraulic pressure and increases with the decrease of
confining stress, respectively. Compared with the single-fracture permeability, the double-fracture permeability is more sensitive
to the change of hydraulic pressure. Furthermore, the permeability of fractured sandstone is more dependent on the hydraulic
pressure than the confining stress. With the performance of axial cyclic loading-unloading, the permeability spirals down, and
both the axial and radial residual strains quadratically evolve. Following the first axial cyclic loading-unloading, an obvious
deformation memory phenomenon characterized by a parallelogram shape in axial stress-strain curves was observed for the
sandstone. The cumulative PRR of 85%-95% was maintained in double-fracture sandstone. On the contrary, a fluctuation of
cumulative PRR characterized by “V shape” was observed for single-fracture sandstone. The enhancement effect of axial cyclic
loading on the permeability was characterized by the decrease of PERR for double-fracture sandstone and increase of PERR with
a greater gradient for single-fracture sandstone.

1. Introduction

Understanding the mechanical and hydraulic properties of
rock mass is critical for the safety of underground engi-
neering, such as deep tunnel engineering [1], geothermal
extraction [2–5], radioactive waste treatment [6–8], CO2
geological storage [9–11], deep coal mining [12, 13], and
underground reservoir [14]. The fluid flow mainly
occurred in the strata comprised of plenty of natural and
human activity-induced fractures and was easily influenced
by the variable high stress [15]. To meet the widespread
utilization of energy resources, underground mining has
exploited into the deeper crust [16]. Therefore, recent
research in geo-mechanical and hydromechanical mecha-

nism of fractured rock mass extensively studied in the
deep underground activity.

The hydraulic conductivity as a vital index for fractured
rock mass with the hydromechanical coupling effect has been
extensively investigated using theoretical analysis, field and
laboratory measurements, and numerical simulation [17].
In fractured rock mass, the deformation in the rock matrix
and fracture caused by the effect of hydromechanical cou-
pling also significantly affect the seepage and diffusion of
fluid. Due to the high strength of the rock matrix, the defor-
mation of fracture is more sensitive than that of rock matrix
for stress-dependent deformities [18]. The equivalent contin-
uum and discrete element algorithms have been employed in
the characterization of the response of fractured rock mass to
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changes in stress and hydraulic pressure [19–21]. Consider-
able efforts have been focused on the flow behaviors, includ-
ing Darcy and non-Darcy flow, of fractured rock mass with
the effect of hydromechanical coupling [22–25]. Further-
more, the study on the variation of permeability in deform-
able rough-walled fractures subjected to the change of
fracture geometric is also performed [26, 27].

The rock mass, consist of matrix and fractures, is often
subjected to mining stresses (cyclic or dynamic loads) in deep
coal mining. It is important to study the effect of cyclic min-
ing stresses on rock stratum, which would be beneficial to
predict dynamic hazards in coal mines. Hence, the mechani-
cal and seepage properties of different rocks under compli-
cated stress conditions, especially under cyclic loading and
unloading, have received extensive attention [28, 29]. For
constant-amplitude cyclic loading-unloading, Chen et al.
[30] investigated the deformation modulus of sandstone
under different cyclic loading and found that the tangent
modulus and Poisson ratio show a shape of asymmetric
“X,” and the mean of unloading modulus is larger than the
loading modulus under the sine wave cycle load. Fuenkajorn
and Phueakphum [31] experimentally studied the deforma-
tion parameters and uniaxial compressive strength of salt
rock under the effect of cycle loading and unloading. Liu
and He [32, 33] researched the residual axial and volumetric
strain characteristics with variable confining stress and fre-
quency and described the degradation process of sandstone
with damage variable under cycle loading-unloading. Liu
et al. [34] experimentally investigated the permeability varia-
tion of fractured sandstone under confining stress cyclic
loading. For cycle loading-unloading at different stress levels
or tiered cyclic loading-unloading, Liu et al. [35] carried out
the different stress level cyclic loading experiments to realize
the damage evolution of salt rock and established a formula
to describe the evolution of damage. Zhao et al. [36] studied
the deformation and permeability of sandstone with cycle
loading and unloading of different unloading rates. With
the increase of cycle times, the shape of permeability curves
is ∞ type. The relationship between the variation of axial
strain, unloading rate, and loading stress can be described
with a power function. Jiang et al. [37] experimentally stud-
ied the evolution of permeability, acoustic emission, and
energy dissipation of gas-containing coal under tiered cyclic
loading, described the relative process by defining permeabil-
ity recovery rate, damping ratio, acoustic emission energy
rate and ring count rate, and developing a coal damage vari-
able equation. Duan et al. [38] carried out the hydromechan-
ical experiments to analyze the inherent relationship between
the residual strain, permeability, acoustic emission, and
energy dissipation of gas-bearing coal under the confining
stress cyclic unloading-loading. The existing studies are
mainly focused on intact rock samples, while there are rare
reports on the evolution of deformation and permeability of
fractured rocks under cyclic loading-unloading.

In this study, the hydromechanical experiment of frac-
tured sandstone comprised of single-fracture and double-
fracture is carried out. The deformation and permeability of
fractured sandstone subjected to the change of hydraulic
pressure, confining stress, and axial cycle loading-unloading

are investigated and quantitatively analyzed based on the
permeability recovery rate (PRR) and permeability enhance-
ment reduction rate (PERR).

2. Experimental Methods

2.1. Experiment Principle. During the experiment process, we
assume that (1) the permeable water is an incompressible
fluid; (2) the steady seepage under constant pressure is
regarded as continuous seepage; and (3) for low permeability
fractured sandstone, the seepage obeys Darcy’s law during
experiment process. The permeability formula is expressed
as follows:

k = μLV
AΔPΔt , ð1Þ

where k is the permeability (m2); V is the inflow volume of
the seepage fluid during the time Δ t (m3); μ is the dynamic
viscosity of water, μ = 1 × 10−3 Pa∙s (T = 20°C); L is the
length of the rock sample (m); A is the cross-sectional area
of the rock sample (m2); Δ P is the hydraulic pressure differ-
ence (Pa); and Δ t is the increment of time (s).

2.2. Sample Preparation. The experimental samples were
prepared with a dimension of 50mm × 100mm
(diameter × length). The physical property of density and
porosity is 2350 kg/m3 and 7.78%, respectively. The fractured
rock mass with a single fracture of 100 degree inclined angle
relative to the horizontal plane and two mutually perpendic-
ular fracture of 100 degree inclined angle and 90 degree
inclined angle relative to the horizontal plane were obtained
through the Brazilian splitting test, as shown in Figure 1.
The specific mechanical property of the intact sandstone
under different confining stress is shown in Table 1.

The hydromechanical tests were carried out by triaxial
hydromechanical coupling experimental system, as shown
in Figure 2. The triaxial hydromechanical coupling experi-
mental system includes a triaxial cell and a fluid injection
pump. The scope of confining stress, axial stress, and hydrau-
lic pressure are 0-60MPa, 0-600MPa, and 0-30MPa, respec-
tively. The specific experimental process is presented in
Figure 3.

2.3. Testing Scheme. To investigate the evolution of deforma-
tion and fluid conductivity subjected to the change of
hydraulic pressure, confining stress, and cycle loading-
unloading, the fractured sandstones were loaded into the tri-
axial chamber subjected to a complicated triaxial loading
path, which consists of three parts. In the first part, the axial
and confining pressure were initially loaded to the hydro-
static pressure of 36MPa with a rate of 0.1MPa/s, and the
water pressure was reduced from 4.3 to 0.4MPa with a gradi-
ent of 0.86MPa. In the second part, the axial and confining
pressure decreased from 36 to 18.5MPa with a gradient of
2.5MPa, while maintaining the hydraulic pressure of
0.4MPa. Finally, the axial cyclic loading-unloading stress
was set to an increment of 21.6MPa at each cycle. The spe-
cific loading path is shown in Figure 4.
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3. Experimental Results and Discussion

3.1. Effect of Hydraulic Pressure and Confining Stress. The
deformations in the experiment procedure of 1st and 2nd
are small, which are not the focus of this study. Therefore,
the deformations of 1st and 2nd parts in this research are
not analyzed in detail in Section 3.1.

3.1.1. Relationship between Permeability and Hydraulic
Pressure. The relationship between permeability and hydrau-
lic pressure is shown in Figure 5. The permeability of double-
fracture sandstone is almost three times that of single-
fracture sandstone under the initial stress condition. With
the decrease of hydraulic pressure, the permeability of both
single- and double-fracture sample gradually decreased as a

(a) (b)

Figure 1: Fractured samples: (a) single-fracture; (b) double-fracture.

Table 1: Mechanical property of the sandstone.

Sample no. Confining pressure (MPa) Peak strength (MPa) Poisson’s ratio Elastic modulus (GPa) Cohesion (MPa) Friction angle (°)

1 5 109.42 0.23 6.35

14.76 48.932 15 170.67 0.19 9.01

3 25 225.69 0.18 13.37

Pressure valve

Valve
CO2/N2/CH4

Air compressor

Hydraulic
source

Triaxial
cell

Water
pump

Oil
pump

Flow
detector

Figure 2: Triaxial hydromechanical coupling experimental system.
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quadratic function. Compared with the single-fracture sand-
stone, the double-fracture sandstone is more sensitive to the
change of the hydraulic pressure. This illustrates that seepage

channels of the fractured sandstone are narrowed as the
decrease of the hydraulic pressure, resulting in the decrease
of the permeability. Furthermore, the decrease of double-

Installing
and

sealing

Loading
and

testing

Figure 3: Triaxial hydromechanical coupling experiment process.

1st part 2nd part

3rd part

Confining pressure 𝜎2 & 𝜎3

𝜎2 = 𝜎3

𝛥𝜎1 = 21.6 MPa

𝜎1

Times (s)

Axial stress 𝜎1

L
oa
d
in
g

Water pressure Pin4.3

3.6

108

St
re

ss
 (M

Pa
)

0.4
0

U
n
lo
a
d
in
g

Pin

Pout = Pa

Figure 4: The triaxial loading path for testing.
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fracture sandstone is larger than single-fracture sandstone,
due to more fractures exiting in the double-fracture
sandstone.

3.1.2. Relationship between Permeability and Confining
Stress. Figure 6 depicts the change of permeability of frac-
tured sandstone subjected to the variation of confining stress
at a constant hydraulic pressure. With the decrease of confin-
ing stress, the permeability of both single- and double-
fracture sandstones increases slowly as a quadratic function.
And the permeability of double-fracture sandstone in each
stage is 2.7 times that of single-fracture sandstone. It is
indicating that the effect of confining stress for fractured
sandstone is relatively limited.

3.2. Effect of Axial Cyclic Loading-Unloading

3.2.1. Evolution Characteristics of the Deformation and
Permeability. Figure 7 shows the relationship of the axial
strain, axial stress, and permeability of the fractured sand-
stones in the process of axial cyclic loading and unloading.
For single-fracture sandstone, with axial cyclic loading-
unloading, both axial and radial strains gradually increase,
and the correlative permeability spiralled down quickly in
the compaction stage and slowly in the elastic and plastic
stage. However, for double-fracture sandstone, the perme-
ability slightly changes with axial cyclic loading and unload-
ing. Furthermore, the axial stress-strain curves of both single-
and double-fracture sandstones approximately present a
parallelogram shape after the first cycle, showing obvious
deformation memory characteristics.

The deformation and permeability characteristics of each
cycle stage are presented in Figures 8 and 9. In the first cycle,
the loading and unloading curves of both single-fracture
sandstone and double-fracture sandstone did not form a
closed loop, and a large amount of residual deformation
was observed, resulting in nonlinear properties of rock
materials and damages of artificial fractures [36]. The corre-
sponding permeability decreased dramatically and did not
completely recover with axial loading and unloading. For

single-fracture sandstone, the crossing of permeability curves
at the loading state and unloading state was observed at the
second cycle, while it was not found in the double-fracture
sandstone. This phenomenon indicates that fractures were
majorly compressed in the second cycle. Consequently, the
flow channels were narrowed, and permeability reduced
step-wise. In the third cycle, the permeability curves of both
single-fracture sandstone and double-fracture sandstone
gradually decreased with the loading and unloading, indicat-
ing that the fractures and secondary cracks also compressed
during the third cycle. After the third cycle, the reexpansion
of existing fractures and the generation of secondary cracks
dominated the loading and unloading process. The com-
pressed flow channels were expanded under the action of
hydraulic pressure. As a result, the corresponding permeabil-
ity of single- and double-fracture sandstones gradually
increased. Finally, the axial stress-strain and permeability-
axial strain curves of both single- and double-fracture sand-
stone have similar trend at the fifth loading.

3.2.2. Relationship between Axial Residual Strain and Axial
Cycle Stress. To quantitatively analyze the irrecoverable
deformation of fractured sandstone subjected to the axial
cyclic loading-unloading, the cumulative residual strain,
comprised axial, and radial residual strains are defined.
And the cumulative residual strain εjpi is expressed as [38]:

εjpi = εji − εj1, ð2Þ

where the superscripts j are 1 and 3 represent the axial and
radial directions, respectively; εi

j is the strain at the ith cycle
when the axial stress is 36MPa, %; and ε1

j is the strain for the
initial axial stress of 36MPa, %.

Figure 10 reflects the relationship between the cumulative
residual strain and the cycle loading increment of the axial
stress. Along the axial and radial direction, the cumulative
residual strains increase in form of quadratic function as
the increase in the loading increment of the axial stress. For
cumulative axial residual strain and radial residual strain of

y = 0.012x2 – 0.8186x + 16.708
R2 = 0.9357

y = 0.0121x2 – 0.7788x + 21.391
R2 = 0.9113
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Figure 6: Permeability evolution of fractured sandstones under different confining stresses.
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double-fracture sandstone, the increment of residual strain
increases remarkably in the first cycle and then increases
slowly. Conversely, when the increment of axial stress is
small, the cumulative radial residual strain of single-
fracture is small with a slight increase gradient. The radial
residual strain increases sharply after the second cycle.
Generally, the change of residual strains can be divided into
two stages: the sharp increase stage and slow increase stage.

3.2.3. Evolution of Permeability Recovery Rates (PRR) and
Permeability Enhancement Reduction Rates (PERR). To
quantitatively characterize the permeability change of
fractured rock caused by the axial cyclic loading-unloading
and cyclic loading enhancement at σ1 =108MPa, the concept
of PRR and PERR was proposed, respectively. The PRR is
defined as the ratio of the permeability in every cycle after

unloading to the permeability at time of initial loading
(cumulative PRR) or at the last cycle after unloading (relative
PRR). Similarly, the PERR is defined as the ratio of the
permeability in every cyclic loading at 108MPa to the perme-
ability at initial loading at 108MPa (cumulative PERR) or at
the last cyclic loading at 108MPa (relative PERR). And the
formulas for calculating the cumulative PPR (CPRR) and
cumulative PERR (CPERR) λj

c and relative PRR (RPRR)
and relative PERR (RPERR) λj

r are as follows:

λj
c =

ki
k1

× 100%, ð3Þ

λj
r =

ki+1
ki

× 100%, ð4Þ

𝜎1–𝜀1
𝜎1–𝜀3
k–𝜀1

3196

176

156

136

116

96

76

56

36
–0.4 –0.2 0.2 0.4

Strain (%)
0.6 0.8 10

2.5

2

1.5

1

0.5

0

A
xi

al
 st

re
ss

 (M
Pa

)

(a)

2.5196

176

156

136

116

96

76

56

36
–0.4 –0.2 0.2 0.4

Strain (%)
0.6 0.8 10

2

1.5

1

0.5

0

A
xi

al
 st

re
ss

 (M
Pa

)

𝜎1–𝜀1
𝜎1–𝜀3
k–𝜀1

(b)

Figure 7: Stress-strain and permeability-axial strain curves for fractured sandstones under axial cyclic loading-unloading: (a) single-fracture
sandstone; (b) double-fracture sandstone.
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where the superscripts j = 36 and 108 indicate the PPR and
PERR, respectively, and ki is the permeability at the ith cyclic
loading-unloading and loading when the axial stress is
36MPa and 108MPa, respectively, m2. k1 is the correspond-

ing permeability when the initial axial stress is 36MPa and
108MPa for the first time, respectively, m2.

Figure 11 shows the relationship between PRR and axial
cyclic loading and unloading. During the cyclic loading-
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unloading process, the CPRR of single-fracture sandstone
gradually decreased. This change mainly caused by the con-
tinuous increment of load stress. With the continuously
increasing of axial stress, the seepage channels, consisting of

mainly compressed pores and fractures, were gradually
narrowed. And the CPRR of double-fracture sandstone was
stabled at 85%-95%, while the RPRR of both single- and
double-fracture sandstones shows a certain fluctuation. This
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Figure 9: Stress-strain and permeability-strain curves for double-fracture sandstone at different cycles: (a) the first cycle; (b) the second cycle;
(c) the third cycle; (d) the fourth cycle; (e) the fifth loading.
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indicates that the stress sensitivity of permeability of double-
fracture sandstone is lower than that of single-fracture sand-
stone, because it has more seepage channels.

Figure 12 presents the relationship between PERR and
axial cyclic loading at the axial stress of 108MPa. As the axial
cyclic loading, the CPERR and RPERR of double-fracture
sandstone decreased synchronously, presenting the enhance-
ment effect of cyclic loading. The sandstone pore-fracture
system was further compressed with increased cycle times,
and then, the flow channels were narrowed. In contrast, the
CPERR of single-fracture sandstone increased gradually with
the first three axial loadings in the elastic stage, and the
increasing degree was greater (about 2.4 times), which is
attributed to the dislocation of artificial fracture surface.
With axial cyclic loading time increase, the dislocated spaces
increase, combing with fracture swelling and developing, the
flow channels increase, and the permeability increases dra-
matically. Mine water inrush is one of the main disasters that

restrict the safe and efficient production of coal mines. Com-
bining Figure 12, when mining above or below the deep con-
fined aquifer, especially the effect of repeated mining, even if
the aquifuge is not failure, the displacement of roof and floor
should be controlled reasonably to prevent the dislocation of
vertical fractures, the increase of permeability of rock stra-
tum, and water inrush disaster.

4. Conclusions

Based on the hydromechanical experiments of triaxial load-
ing, the change of the axial and radial strain and permeability
subjected to the effect of the hydraulic pressure, confining
stress, and cyclic loading-unloading was observed. And
cumulative residual strain, PRR, and PERR were proposed
to quantitatively analyze these changes. The main conclu-
sions are as follows:
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Figure 10: The residual strain at different cycle loading gradients: (a) cumulative axial residual strain; (b) cumulative radial residual strain.
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(1) The relative permeability of both single- and double-
fracture sandstone varies as a quadratic function of
hydraulic and confining stress. The permeability of
fractured sandstone is positively related to the
hydraulic pressure, and double-fracture sandstone is
more sensitive to the hydraulic pressure than the
single-fracture sandstone. The permeability of frac-
tured sandstone is negatively related to the confining
stress. However, the effect of confining stress on the
strain is more obvious than the permeability

(2) As the advance of axial cyclic loading-unloading, the
axial and radial strains of fractured sandstone
increase, and the permeability of single-fracture
sandstone spirals down. However, for double-
fracture sandstone, the permeability slightly changes
with more seepage channels. Furthermore, the axial
stress-strain curves approximately present a parallel-
ogram shape after the first cycle, showing obvious
deformation memory characteristics. The CPRR of
single-fracture sandstone decreases first and then
increases. The CPRR of double-fracture sandstone
maintains 85%-95% with a fluctuated RPRR

(3) With axial cycle enhancement loading, the PERR of
double-fracture sandstone decreases gradually; in
contrast, the PERR of single-fracture sandstone dra-
matically increases. For the single-fracture sandstone,
the dislocation of fracture surface was presented and
developed with the increase of the axial loading time,
resulting in the increase of the seepage channels char-
acterized by the increase of the permeability

Nomenclature

PRR: Permeability recovery rate
PERR: Permeability enhancement reduction rate
k: Permeability
V : Inflow volume

μ: Dynamic viscosity
L: Height of the rock sample
A: Cross-sectional area of the rock sample
Δ P: Hydraulic pressure difference
Δ t: Increment of time
εjpi: Cumulative residual strain
CPRR: Cumulative permeability recovery rate
RPRR: Relative permeability recovery rate
CPERR: Cumulative permeability enhancement reduction

rate
RPERR: Relative permeability enhancement reduction rate.
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How to quickly eliminate outburst in long-distance through-coal seam tunnels is one of the major challenges faced by the tunnel
industry in mountainous areas. Compared with coal mine rock crosscut coal uncovering, the work surrounding the rock of
through-coal seam tunnels has a high degree of breakage, large cross-section of coal uncovering, and tight time and space. In
this paper, a method of networked slotting in long-distance through-coal seam tunnels for rapid pressure relief and outburst
elimination is proposed. Based on this method, the corresponding mathematical governing equations and numerical simulation
models have been established. The optimal borehole arrangement spacing and the slot arrangement spacing obtained by
numerical optimization are 2.85m and 3.1m, respectively. Field gas production data of through-coal seam tunnels show that
compared with the traditional dense-borehole gas extraction, the method of networked slotting in long-distance through-coal
seam tunnels for rapid pressure relief and outburst elimination can shorten the extraction time by about 66%, the net quantity
of peak extraction is increased by 3.55 times, and the total quantity of gas extraction when reaching the outburst prevention
index is increased by 1.26 times, which verifies the feasibility of this method and the reliability of numerical simulation results.
This study could be used as a valuable example for other coal deposits being mined under similar geological conditions.

1. Introduction

With the rapid development of the national economies of the
world, high-speed tunnels and railways have formed a
comprehensive transportation system for modern cities to
communicate and connect with each other. However, in some
countries with complex terrain, mountainous areas rich in
various lithologies will be encountered in the process of tunnel
construction, which makes tunnel construction particularly
difficult. As a representative of typical mountainous countries,
China’s mountainous area accounts for two-thirds of the
country’s total area. Especially in the face of the country’s
vigorous development of the central and western regions,
China will usher in a new upsurge in the construction of
large-scale projects of transport infrastructures such as high-
speed railways and expressways. In addition to the complexity
of mountainous terrain, there are many strata with developed
coal measures in western China, which make gas tunnels an

unavoidable challenge in the construction of transport infra-
structures. According to incomplete statistics, in the recent
20 years, more than 70 gas tunnels have been built in China,
penetrating more than 300 coal seams [1]. The critical techni-
cal problems brought by unfavorable geological conditions of
coal measure strata in mountainous areas are one of the
challenges that we need to solve urgently.

Due to the complexity of the geological structures of coal
measure strata, weak and broken rockmass, and high gas pres-
sure, large deformation or even instability and collapse of sur-
rounding rocks and various gas disasters are likely to occur. In
the process of tunnel coal seam uncovering, the instable failure
of coal rock mass in the original high geostress field and high
gas pressure field induces coal and gas outburst accidents,
which is a kind of disaster with the highest intensity and the
greatest danger. Gas tunnel construction in China started
fairly late, and there is no complete set of technical systems
of tunnel coal uncovering and outburst prevention formed.
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The research on tunnel gas disaster mainly focuses on risk
assessment, construction safety management, and monitoring
of surrounding rock deformation, while the research on
outburst prevention technology is little. As a result, the tech-
nology of coal uncovering and outburst prevention measures
in through-coal seam tunnels lags far behind the development
of on-site production practice [2, 3].

The existing design and construction of through-coal
seam tunnels are mainly based on the relevant theories and
experiences of coal mine underground rock crosscut coal
uncovering or coal roadway driving. Through-coal seam
tunnels and underground coal mine roadway driving have
some similarities in excavation and construction, but there
are also obvious differences, especially the characteristics of
large tunnel section and tight time and space for implement-
ing outburst prevention measures, which make the difficulty
and risk of coal uncovering much higher than that of coal
mine rock crosscut coal uncovering. Therefore, it is unscien-
tific to directly use the outburst prevention technology of coal
mine rock crosscut coal uncovering to guide the construction
of gas tunnels, and it is badly in need of research on the
outburst prevention technology regarding the characteristics
of gas tunnels. Li et al. [4], Jiang et al. [5], Wang and Li. [6],
etc. have carried out researches on tunnel coal uncovering
technologies from the aspects of exploration, prediction,
and prevention and control and have achieved fruitful
results. However, due to the extremely low gas permeability
coefficient (as low as 0.01mD) of most coal seams in
Southwest China, the effect of conventional permeability-
enhancing technologies is poor, and it takes a long time to
eliminate outburst and reach the standard. Cheng et al. [7–
9], Lu et al. [10], Feng and Kang [11]Wang et al. [12], etc. have
studied preextraction coal seam permeability enhancement
after coal mine underground hydraulic slotting, and practices
have shown that this technology can quickly and extensively
enhance the coal seam permeability and the preextraction
effect, laying a foundation for quickly eliminating the danger
of gas outburst [13, 14].

By analyzing the characteristics of gas disaster prevention
in long-distance through-coal seam tunnels, this paper puts
forward the method of networked slotting in long-distance
through-coal seam tunnels for rapid pressure relief and
outburst elimination, carries out theoretical and numerical
analysis on the arrangement parameters of boreholes and
hydraulic slots for long-distance through-coal seam tunnels,
and verifies the reliability of this method through field tests
of a gas tunnel in Qinghai, China, thus providing technical
support for the technical system of rapid coal uncovering
and outburst elimination in long-distance through-coal seam
tunnels.

2. Analysis on Technical Challenges of Outburst
Elimination in Through-Coal Seam Tunnels

Long-distance excavation of tunnels along the coal seam
strike and through-coal seams actually has something in
common with coal mine roadway driving, but also has its
particularity. To sum up, the main differences are the
following:

(1) The buried depth of gas tunnels is generally not more
than 300m, and the surrounding rocks have high
degree of breakage affected due to weathering.
Compared with the buried depth up to nearly one
kilometer of coal mines, gas tunnels are more affected
by excavation disturbance, and the possibility of
instability of tunnel-surrounding rocks is higher

(2) Before mining, coal mines generally have detailed
geological survey data, but the geological survey of
gas tunnels is affected by many factors, which leads
to a low degree of geological survey. Therefore, the
formulated outburst prevention measures may not
meet the needs of actual geological conditions

(3) The cross-section of through-coal seam tunnels is
larger than that of coal mine roadway driving. The
cross-section of coal mine roadways is small, gener-
ally not more than 20m2, while the cross-section of
gas tunnels is large. At present, the excavation section
of double-line highway tunnels has exceeded 110m2,
and the excavation section of double-line railway
tunnels is even close to 150m2

(4) For through-coal seam tunnels, outburst prevention is
difficult and the time is tight, which is because the
advanced mining deployment of coal mines leaves
plenty of time and space for the implementation of out-
burst prevention measures, while a gas tunnel has only
a single working face, making it impossible to imple-
ment outburst prevention measures ahead of time

(5) The cross-section excavation of tunnels causes
frequent disturbance to the coal seam, while coal mine
roadways generally adopt the method of full cross-
section uncovering of coal seam at one time. In order
to reduce the energy released during uncovering of
coal and reduce the outburst danger, large-section
tunnels often adopt the method of multiple-section
partitioned coal uncovering, which is disturbed fre-
quently by external forces and has more complex
dynamic response characteristics

(6) Through-coal seam tunnels have higher requirement
for roadway support. The service life of roadways in
a coal mining area will be abandoned after coal min-
ing, and large deformation of roadway is allowed,
while the service period of tunnels is long, generally
ranging from several decades to one hundred years,
and large deformation or large amount of gas emission
is not allowed during the service period

(7) Compared with the available circulating space in coal
mines, gas tunnels’ single-roadway ventilation with a
length of up to one kilometer makes it more difficult
to exhaust smoke and dilute gas

In summary, when excavating and uncovering coal in gas
tunnels, it is necessary to consider the similarities and differ-
ences between long-distance through-coal seam tunnels and
coal mine roadway driving according to specific engineering
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conditions, take targeted outburst prevention measures with
low damage to surrounding rocks on the premise of
accurately predicting outburst dangers, and make timely
adjustment according to the characteristics of dynamic behav-
iors to ensure safe and rapid uncovering of coal seams. This
requires that the preextraction of gas in gas tunnels before
mining needs the characteristics of less disturbance to the
surrounding rocks of roadways, short gas emission period,
high efficiency, etc.

According to the method of networked slotting in long-
distance through-coal seam tunnels for rapid pressure relief
and outburst elimination proposed in this paper, it is necessary
to use as few boreholes and slots as possible to achieve the
highest extraction efficiency, so as to meet the requirements of
outburst prevention in gas roadways or tunnels. In this paper,
through numerical analysis and field test verification on key
parameters of borehole arrangement spacing and hydraulic slot
arrangement spacing for preextraction of gas tunnels, it is
intended to obtain the optimal borehole arrangement spacing
and slotting that meets the gas preextraction index.

3. Mathematical Model Equations

3.1. Coal Mass Deformation Equation. Assuming that thermal
expansion/contraction and matrix expansion/contraction are
isotropic, the constitutive relation of a nonisothermal
deformed coal seam can be written as (compression negative)
[15, 16]

εij =
1
2Gσij −

1
6G −

1
9k

� �
σkkδij +

α

3K pmδij

+ β

3K pf δij +
αT
3 Tδij +

εs
3 δij,

ð1Þ

where σij and δij, respectively, represent total stress tensor and

total strain tensor. G =D/2ð1 + υÞ, D = ½1/E + 1/aKn�−1, K =
D/3ð1 − 2υÞ, α = 1 − K/Ks, and β = 1 − K/a ⋅ Kn, and K is the
bulk modulus of coal, Ks is the bulk modulus of the coal
matrix, Kn is the normal stiffness of a single fissure, E is
Young’s modulus of coal, G is the shear modulus, υ is Pois-
son’s ratio, α and β are coefficients of consolidation, δij is
the Kronecker symbol, and p is pore pressure. In the following
tables, f and m represent matrix and fracture parameters,
respectively; T is the coal reservoir temperature; and αT is
the thermal expansion coefficient of the coal matrix. Based
on Equation (1), the volumetric strain εv is

εv = −
1
K

�σ − αpm − βpf
� �

+ αTT + εs, ð2Þ

where εv = ε11 + ε22 + ε33 is the volumetric strain of coal mass;
�σ = −σkk/3 is mean compressive stress. The volumetric strain
εs generated by adsorption satisfies Langmuir-type curves,
which can be calculated by Langmuir-type equations:

εs = εL
pm

pm + pL
, ð3Þ

where εL is the Langmuir volumetric strain constant, repre-
senting the maximum volumetric strain caused by adsorption,
and PL is the Langmuir pressure constant.

The stress balance equation and geometric equation of
coal containing gas can be expressed as

σij,j + f i = 0, ð4Þ

εij =
1
2 ui,j + uj,i
� �

, ð5Þ

where f i is the body force component and ui is the deforma-
tion displacement in the i direction. Combining Equations
(1)–(5) and sorting them out, the Navier-type coal mass
deformation equation can be obtained:

Gui,jj +
G

1 − 2ν uj,ii − βmpm,i − βf pf ,i − KαTT ,i

− KεL
PL

pm + PL
pm,i + f i = 0:

ð6Þ

3.2. Coal Seam Gas Flow Equation. The gas flow in coal seams
follows the mass balance equation:

∂m
∂t

+∇ ⋅ ρgq
� �

=QS, ð7Þ

wherem is the gas mass per unit volume of coal, ρg is the gas
density in coal mass, q is the velocity vector of Darcy’s law,
and QS is the source item or sink item of gas. Assuming that
gas adsorption only occurs in the coal matrix, the gas occur-
rence mass per unit volume of coal matrix mm and the gas
occurrence mass in fissures mk can be expressed as

mm = ϕmρgm + ρnρc
VLpm
pm + PL

, ð8Þ

mf = ϕf ρgf , ð9Þ
where ρgm and ρgf , respectively, represent the gas density in
coal matrix and coal mass fissures; ϕm and ϕf , respectively,
represent the coal matrix porosity and coal fissure porosity;
ρn is the gas density under the standard condition; and ρc is
the density of coal. According to the equation of the state of
ideal gas, the relationship between gas density and pressure
can be expressed as

ρg =
Mg

RT
p, ð10Þ

whereMg is the molar mass of gas and R is the universal gas
constant.

The mass exchange rate of gas between matrix and fis-
sures is determined by the difference of gas content, which
is directly proportional to gas pressure [17]:

QS =
ρgmkmψ

μ
pm − pf

� �
, ð11Þ
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where ψ = 4ð1/a2x + 1/a2yÞ is the shape factor of coal and ax
and ay are the lengths of the coal matrix.

Because the gaseous mass of gas is very small, ignoring
the influence of gravity on the flow and diffusion process of
gas in the coal seam and assuming that methane migration
in coal seams is laminar, the velocity vector of gas can be
obtained according to Darcy’s law as follows:

qg = −
k
μ
∇p: ð12Þ

Substituting Equations (8)–(11) into Equation (7) and
sorting it out, the governing equation of coal matrix gas pres-
sure changing with time can be obtained. The governing
equation of gas migration in a dual-porosity media model is

∂mm

∂t
+∇ −

km
μ
ρgm∇pm

� �
= −

ρmkmψ
μ

pm − pf
� �

,

ϕf

∂ρf g

∂t
+ ρgf

∂ϕf

∂t
+∇ −

kf
μ
ρgf∇pf

� �
= ρmkmψ

μ
pm − pf

� �
:

ð13Þ

The porosity change in the coal matrix can be expressed
by the following equation [18]:

ϕm = 1
1 + S

1 + S0ð Þϕm0 + α S − S0ð Þ½ �, ð14Þ

where

S = εv +
pm
Ks

− εs − αTT ,

S0 = εv0 −
pm0
Ks

− εL
pm0

pm0 + PL
− αTT0:

ð15Þ

The permeability and porosity of the coal matrix meet the
following relationship [19]:

k
k0

= ϕ

ϕ0

� �3
: ð16Þ

Bring Equation (14) into Equation (16), and coal matrix
permeability

km = km0
1

1 + S
1 + S0ð Þ + α

ϕm0
S − S0ð Þ

� 	� �3
: ð17Þ

Considering the anisotropy of the permeability of coal
mass fissures, for a 2D model, the porosity and permeability
in coal mass fissures can be calculated by the following
equations [20]:

ϕf

ϕf 0
= 1 + 2 1 − Rmð Þ Δεv − αTΔT − Δεsð Þ,

kf i
kf 0

= 1 + 2 1 − Rmð Þ
ϕf 0

Δεj −
1
3 αTΔT −

1
3Δεs

� �" #3

, i ≠ j:

ð18Þ

3.3. Heat Conduction Equation. Assuming that the constitu-
tive equation of heat conduction satisfies Fourier’s law,
ignoring the interchangeability of thermal energy and
mechanical energy, and considering that the temperature
field in a binary medium is unitary, the heat transfer equation
in the coal seam of a dual porosity model can be expressed as
[21, 22]

pCð ÞM
∂T
∂t

+ TKgαg ∇qgm+∇qgf
� �

+ TKαT
∂εv
∂t

= λm∇
2T − ρgmqgmCg∇T − ρgf qgfCg∇T ,

ð19Þ

where λM = ðϕm + ϕf Þλg + ð1 − ϕm − ϕf Þλs and λg and λs are
the thermal conductivity coefficients of solid and fluid
components, respectively. ðpCÞM = ϕmðρgmCgÞ + ϕf ðρgf CgÞ
+ ð1 − ϕm − ϕf ÞðρcCsÞ is the heat capacity of porous media
containing fluid; Cg and Cs are the specific heat capacities
of a fluid and solid under constant volume, respectively; Kg

is the volume modulus of pore gas; and αg = 1/T is the
thermal expansion coefficient of gas.

4. Project Overview and Calculation Model

A highway tunnel in Qinghai is 6024m long with a buried
depth of 116–452m. The surrounding rock of the tunnel is
an interbedding of strongly-moderately weathered macker,
coal seams, and sandstone, and the rock mass has an argilla-
ceous texture and thin-lamellar structure, which is fairly
broken. The main mineral is argillaceous mineral. Due to the
influence of stratum engineering geological conditions, the
joints and fissures in this section are developed, the rock mass
is broken, and the stability of the surrounding rock is poor,
showing a cataclastic texture. According to the detection
result, the left and right tunnels of this tunnel have more than
1,400m or even longer sections passing through the coal seam
gas area. The average thickness of the coal seam is 1.98m, and
the measured gas content and pressure are 11.5m3/t and
1.2MPa, respectively, which has an extremely high risk of coal
and gas outburst. In order to improve the tunneling efficiency
and quickly eliminate the danger of coal and gas outburst in
the exposed coal seam, the water jet slotting technology was
used to achieve permeability enhancement and gas extraction
from the coal seam efficiently [23–25]. To optimize the slot
arrangement in boreholes, a numerical model was established
(as shown in Figure 1) to study the gas distribution in the coal
seam and along the monitoring line under different slot
arrangement modes. An unstructured triangular mesh
domain in the numerical model is created. All the results
obtained in this study are independent of mesh size and time
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step. Considering the construction efficiency onsite, the
designed extraction period was 15 days. The slot length of
the slotted borehole was 1.5m and the width was 0.165m,
the slot spacing in the same along-seam borehole was d1
(Figure 1(a)), and the slot spacing in the same plane of differ-
ent along-seam boreholes was d2 (Figure 1(b)). Parameters of
the simulated coal seam are shown in Table 1.

4.1. Reasonable Slot Spacing in the Same Along-Seam
Borehole d1. Figure 2 is a nephogram of gas distribution in
coal matrix under different slot spacing d1 after 15-day
extraction. It can be seen from Figure 2 that, under the influ-
ence of negative pressure of extraction from the slotted
borehole, the closer to the slotted borehole, the faster the
gas pressure in the coal seam decreased. With the decrease
of the number of slots in the borehole along the seam, the
high gas pressure areas in the coal seam gradually increased.
So, there is an optimal slot spacing arrangement. In China,
the coal seam gas pressure below 0.74MPa is taken as an
index to judge whether the preextraction effect reaches the
standard or not. Therefore, the optimal slot spacing d1 was

determined by detecting the gas pressure on the boundary
monitoring line of the model under different slot spacing d1.

It can be seen from Figure 3 that, when the slot spacing
was 2m, the maximum coal matrix gas pressure between
slots was 0.57MPa, which was far lower than the index of
0.74MPa, but the number of slots was too much, and it
required cutting 9 slots within the 19m long borehole along
the seam, greatly increasing the construction cost. When
the slot spacing was 4m or 5m, the maximum coal matrix
gas pressure between slots exceeded 0.74MPa, which was
easy to bring the risk of outburst to later coal uncovering.
In the end, through simulation, it was found that, when the
slot spacing was 3.1m, the gas pressure between slots was just
less than the index value. Therefore, it was suggested that, in
this study, the slot spacing in the same along-seam borehole
in the coal seam should be designed to be 3.1m, so as to
optimize gas extraction of the coal seam within the extraction
area before tunneling.

4.2. Reasonable Slot Spacing between Different Along-Seam
Borehole d2. Figure 4 is a nephogram of gas distribution in
the coal matrix under different slot spacing d2 after 15-day
extraction. Under the joint extraction of multiple slots, the
gas pressure in the coal seam decreased, especially in the area
between slots. With the increase of slot spacing between
different along-seam boreholes, the residual gas pressure of
the coal seam between slots gradually increased and gradu-
ally exceeded the index value from less than 0.74MPa, which
indicates that there is also an optimal slot spacing arrange-
ment between different along-seam boreholes. By extracting
the gas pressure of coal matrix on the monitoring line 2
(Figure 5), it was found that, when the slot spacing d2 was
2.5m, the maximum gas pressure in the coal seam between
slots was 0.55MPa, which reached the preextraction index.
However, this arrangement is too dense, which will increase
the construction amount. When the slot spacing d2 was

Line 1
d1d1d1

(a)

Line 2
d2d2

(b)

Figure 1: Schematic diagram of numerical simulation and corresponding boundary conditions.

Table 1: Main parameters for numerical simulation.

Model parameter Parameter value

Model size (m) 20 × 1:98
Simulated buried depth (m) 200m

Young’s modulus of coal E (MPa) 1900

Young’s modulus of coal matrix Es (MPa) 8469

Poisson’s ratio of coal υ 0.23

Apparent density of coal ρc (kg/m
3) 1400

CH4 Langmuir volume constant VL (m
3/t) 17.1

CH4 Langmuir pressure constant PL (MPa) 1.729

CH4 dynamic viscosity μ (Pa·s) 1:84 × 10−5

Borehole temperature (k) 293.15

Initial coal mass fissure permeability kf 0 (m
2) 5:9 × 10−17

Initial coal matrix permeability km0 (m
3) 1 × 10−18

Initial matrix porosity ϕm 0.07

Initial coal seam temperature T (K) 303

Maximum adsorption deformation of coal εL 0.025

Coefficient of thermal expansion of
coal matrix αT (K-1)

2:4 × 10−5

Specific heat capacity of coal Cs (J/kg·K) 1:25 × 103

Specific heat capacity of gas Cg (J/kg·K) 1:625 × 103

Coefficient of heat conduction λs (J/kg·K) 0.2

d1=2m

MPa
1.2

1

0.8

0.6

0.4

0.2

d1=3m

d1=4m

d1=5m

d1=3.1m

Figure 2: Gas pressure distribution in coal matrix under different
slot spacing d1 after 15-day extraction.
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2.85m, the residual gas pressure between slots was 0.72MPa,
just reaching the preextraction index. However, when the slot
spacing d2 exceeded 2.85m, reaching 3m or 3.5m, the
residual gas pressure between slots reached 0.79MPa and
0.95MPa, respectively, which exceeded the preextraction
index value of 0.74MPa, and the gas extraction effect failed
to reach the standard. In conclusion, it will be more reason-
able to arrange the slot spacing d2 between different along-
seam boreholes in this coal seam as 2.85m.

5. Analysis and Discussion of
Application Results

In order to verify the correctness of the numerical analysis
results, hydraulic slotting extraction was carried out at the
optimized 2.85m along-seam borehole spacing and 3.1m slot
spacing for the 60m pretunneled through-coal seam tunnel.
For another section of tunnel with the same length, a
single-borehole extraction method was used as a blank
controller for analysis, and the borehole spacing of this
method was 2m. A schematic diagram of the borehole design
of the two methods is shown in Figure 6.

In order to compare the gas extraction effects of the two
methods, we carried out statistical analysis on the field gas
extraction, as shown in Figures 7 and 8, which are, respec-
tively, the variations of gas extraction concentration, the net
quantity of gas extraction, and the cumulative quantity of
gas extraction quantity over time. It can be seen from the
statistical data of gas extraction that it took 44 days to meet
the outburst prevention requirements with the single-
borehole extraction method, while it took only 15 days with
the method of extraction after hydraulic slotting, which
shortens the extraction period by 2/3 and greatly improves
the efficiency. Figure 7 shows that the gas extraction concen-
tration reached the peak concentration of 65% on the 43rd
day by the single-borehole extraction method, while the gas
concentration rose rapidly after hydraulic slotting, reaching
the peak concentration of 61% only on the 8th day. In
Figure 7, the net quantity of gas extraction of single-
borehole extraction kept a relatively gentle trend during the
first 35 days, all of which were below 0.2m3/min, and after
the 35th day, the net quantity of extraction slowly increased
to the peak value of 0.31m3/min. On the other hand, in the
case with hydraulic slotting extraction method, it reached
0.4m3/min on the 2nd day and quickly increased to the peak
value on the 6th day, about 1.1m3/min, which was 3.55 times
of the peak value of the net quantity of extraction with the
single-borehole extraction method. According to the total
quantity of extraction shown in Figure 8, the total quantity
of gas extracted with the single-borehole extraction method
was 10,011m3 after the gas pressure was lower than
0.74MPa, while it reached this value on the 11th day with
the method of extraction after hydraulic slotting, and after
the gas pressure reached the standard, the total quantity of
extraction reached 12,585.6m3, which was about 1.26 times
that of the unslotted extraction method. The data in
Figures 7 and 8 show that, compared with the traditional
single-borehole extraction method, the long-distance
through-coal seam tunnel adopting the method of hydraulic
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Figure 3: Distribution trend of gas pressure in coal matrix on
monitoring line under different slot spacing d1.
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Figure 4: Gas pressure distribution in coal matrix under different
slot spacing d2 after 15-day extraction.
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slotting for quick pressure relief and gas extraction can
quickly shorten the construction period, save the workload,
and achieve the extraction outburst prevention index.

The residual gas quantity and residual gas pressure
obtained with the two extraction methods are shown in
Table 2. Both of the cases can meet the outburst prevention

index, but the method of hydraulic slotting for quick pressure
relief, because of the larger pressure relief area and higher
extraction efficiency, can make the residual gas quantity
and residual gas pressure even lower.

6. Conclusions

(1) The differences between long-distance through-coal
seam tunnels and underground coal mine roadway
driving are analyzed. Compared with coal mine road-
way driving, the work of long-distance through-coal
seam tunnels generally has the characteristics of high
degree of surrounding rock breakage, low degree of
geological exploration, large cross-section of coal
uncovering, tight time and space for implementing
outburst prevention measures, strict control of
surrounding rock deformation, etc. According to
the outburst prevention characteristics needed for
long-distance through-coal seam tunnels, this paper
puts forward the method of networked slotting in
long-distance through-coal seam tunnels for rapid
pressure relief and outburst elimination

(2) The mathematical governing equation and gas
extraction numerical model of the method of
networked slotting in long-distance through-coal
seam tunnels for rapid pressure relief and outburst
elimination has been established. The extraction
simulation optimization analysis has been carried
out on the arrangement of borehole spacing and slot
spacing arrangement in this method, and the results
that have been obtained are the following: the
optimal borehole arrangement spacing is 2.85m
and the optimal slot arrangement spacing is 3.1m

(3) The efficiency of gas extraction of the method of
networked slotting in long-distance through-coal
seam tunnels for rapid pressure relief and outburst
elimination and the method of dense-borehole gas
extraction have been compared and analyzed, and
the reliability of the method of networked slotting
in long-distance through-coal seam tunnels for rapid
pressure relief and outburst eliminations has been
verified. The field experimental data of two kinds of
gas extraction methods in the through-coal seam
tunnel show that compared with the single-borehole
extraction method, the method of networked slotting
in long-distance through-coal seam tunnels for rapid
pressure relief and outburst elimination can shorten
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Figure 6: Schematic diagram of borehole arrangement for single-
borehole extraction and hydraulic slotting extraction.
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Table 2: Outburst prevention index after extraction.

S/N Extraction method
Residual gas
content (m3/t)

Residual gas
pressure (MPa)

1
Single-borehole

extraction
7.2 0.71

2
Hydraulic slotting

extraction
6.5 0.68
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the extraction period by about 66%, increase the net
quantity of peak extraction by 3.55 times, and
increase the total quantity of gas extraction by 1.26
times when the outburst prevention index is reached.
Due to the larger pressure relief area and higher
extraction efficiency, the residual content and resid-
ual pressure of gas with this method are even lower.
The experimental results has verified the correctness
of the numerical analysis results as well as the reliabil-
ity of this method
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With the improvement of informatization and standardization of mine development, it is an inevitable trend to apply computer
technology to the intelligent design of tunnel blasting excavation. Seeking to the problems existing in the intelligent design
system of blasting excavation, a new intelligent design system of blasting excavation is constructed from the perspective of
database technology. The new intelligent design system adopts the design of central database system and subuser rights to meet
the data synchronization and sharing among different users. At the same time, the new system also extracts blasting design
parameters and actual engineering data and designs a more reasonable and comprehensive database structure, database logic,
and data word table. Based on the T-S fuzzy neural network model, the intelligent search rules of excavation blasting data are
also constructed in the new system. Finally, based on Oracle and VB.NET as the new system development platform, MFC, and
ADO as the new system development technology, the new intelligent design system for tunnel blasting and excavation was
completed. The implementation of the new system addresses the needs of blasting data information storage and search and lays
a foundation for the informatization and standardization of tunnel excavation blasting.

1. Introduction

1.1. Research Status of the Intelligent Blasting Design System.
Tunnel excavation is the most basic part of mining. The dril-
ling and blasting method have the advantages of flexibility,
convenience, and speed, which make the drilling and blasting
method widely used in tunnel design and construction [1–3].
At present, the parameter design and data management are
usually compiled manually, which leads to a series of prob-
lems in actual engineering, such as nonstandard blasting
design, complex, and fragmentary blasting parameters.
Therefore, how to change the backward situation of manual
design calculation, drawing, and manual compilation and
management of blasting data has become an urgent problem
in the field of blasting and tunnel engineering [4–6]. With the
continuous development of information technology and
computer hardware, the concept of digital mines continues
to deepen and improve. It has become an inevitable trend

to use computer technology to collect and summarize blast-
ing parameters and to intelligently design and manage blast-
ing and construction information [7, 8]. In recent years,
many experts and scholars have developed a series of blasting
parameter management systems and blasting and tunneling
design software. For example, Li developed a deep hole blast-
ing design system for water conservancy and hydropower
projects based on the Access and Visual Basic platform [9],
Yang et al. based on rules and typical case reasoning mecha-
nisms, while using production rules and maximummatching
reasoning strategies to achieve coal mine tunnel blasting
intelligent design software [10], Zhang et al. combined soft-
ware engineering and artificial intelligence to develop an
intelligent system for tunnel blasting design [11], Mamurekli
developed a set of open-pit mining intelligent design software
based on the expert knowledge base and black box theory
[12], and Chung and Preece developed a database system
based on the SQL language platform [13]. However, the
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current mainstream intelligent design and data management
systems for tunnel blasting still have problems such as insuf-
ficient development depth, incomplete data synchronization,
and chaotic logic flow [14]. In tunneling and blasting,
whether it is parameter management or intelligent design
software development, the key issue is the completeness
and accuracy of the data [15, 16]. Therefore, to fundamen-
tally solve the existing problems in the current tunnel blast-
ing design system is only by solving the data problem. This
paper takes database technology as the key and combines it
with neural network technology and computer programming
technology to develop a new intelligent tunnel blasting
design system, which realizes the use of computer methods
instead of manual management of tunnel blasting data and
further promotes informationization and standardization of
tunnel blasting.

1.2. Problems in Existing Blasting Intelligent Design System

1.2.1. Data Cannot Be Synchronized and Shared. Due to the
development purpose and development platform, most of
the current mining and blasting database systems are only
attached to the software alone and cannot complete the
real-time sharing and interaction of data between users. This
leads to two problems when users use the database system:
one is that data must be updated manually or imported man-
ually, which greatly reduces the efficiency of work and the
accuracy of data; the other is that users are using existing data
for data. In management and intelligent design, there are
obvious differences in the results of queries or calculations.

1.2.2. Selection of Blasting Data Is No Comprehensive and
Data Flow Is Chaotic. The key to the blasting intelligent
design system is data. The incomplete data content and the
confusion of the data logic will prevent users from entering
and querying the corresponding blasting data accurately
and efficiently. At the same time, this problem also makes
the subsequent development of the database suffer from
design and function incompleteness.

1.2.3. Insufficient Use of the Database. At present, in the
mainstream blasting design system, the development of the
database is usually only used as a module of the system or
as a data management tool and only realizes the functions
of data storage calling and management. The functions are
relatively simple, especially the search function, which is usu-

ally based on the database development software. Corre-
sponding to the search mode, there is no intelligent search
matching the characteristics of the tunneling blasting
parameters.

2. Key Issues of Building an Intelligent Design
System for Mine Tunnel Blasting Based on
Database Technology

The design of tunnel blasting is based on engineering empir-
ical data. In this design process, there are many inherent con-
nections between parameters that have not been understood.
Therefore, finding the relationship between blasting design
parameters and blasting results based on tunneling blasting
data and through some mathematical methods has become
an important method to analyze and solve problems in
tunneling blasting. Data is the basis for analyzing blasting
problems, so the development of intelligent design system is
based on database.

Given the existing problems in the development and
implementation of the current blasting and tunneling data-
base system, the paper studied the core issues of the construc-
tion of the mine tunneling blasting database system from the
perspective of database technology, which is mainly reflected
in the following three aspects:

2.1. Database System Structure and User Permissions

2.1.1. Database Architecture. The construction of the data-
base system is related to the basic operating form and struc-
ture of the database system and determines how all users
process blasting data. To solve the problem of data sharing
and synchronization among users, the new intelligent design
system adopts a central database structure system, and the
system model is shown in Figure 1. The new system adopts
a unified central database server when designing the data-
base. The operation interface is only used as a front platform
to reflect users’ data operations. Data between users only
interact through the central data server to complete data syn-
chronization and sharing.

Figure 2 shows the basic workflow of a central database
system model. The overall framework of the system is
divided into four levels: instance, database, database server,
and interface. The running process of the central database
system: after data, commands are issued by multiple users
to the operation interface layer, the unified database system
server layer responds, then the syntax analysis, compilation,
and execution are performed in the memory area of the
instance layer, then the modified data is written into the data
file, the modification information of the database layer is
written into the log file, and finally, the execution result of
the data command is returned to the operation interface layer
to complete the user’s management of blasting data and the
application of the database system.

2.1.2. User Permission. In the database operation of the new
system, three different types of user attributes are designed,
and the corresponding permissions for different user attri-
butes are set accordingly. Its purpose is to facilitate the

Central database server

User-1
User-2 User-3 User-4

User-n

Figure 1: Central database system model.
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management of the excavation blasting data by different
users, ensure the security of data between different users,
and further realize the sharing and synchronization of data.
The specific design scheme is shown in Table 1.

2.2. Database System Design. Database system design is the
core part of the new intelligent design system for tunnel

blasting, which ensures the reasonable and efficient operation
of the new system. The database implementation process
includes three parts: date content and structure (requirement
analysis), data flow and logic (logical design), and data table
design (physical design).

2.2.1. Date Content and Date Structure. The data content
refers to all the data involved in the process of tunnel blasting
which should be included in the database, and the data struc-
ture refers to the structure system of these data stored in the
database.

(1) Data Content. According to references [17–20], in blast-
ing design content and actual blasting experience, the data
of tunnel blasting excavation should include three parts:
engineering-geological parameters, blasting design

Interface
Shared pool

Instance

Database server

Parameter file Data file Control
file

Redo log
file Archive log

file
Redo log

file
Control

fileData file

Data file Database
Password file

System Global Area

Library cache

Language pool Data pool

Database buffer
cache

Redo log
buffer

Data dictionary
cache

Server process

PGA

Figure 2: Basic architecture of the database system operation.

Table 1: User permission design.

User attributes
Operation authority and content

Self-data Not self-data Database system

Common user Modify Access Non

Advanced user Modify Modify Non

System administrator Modify Modify Modify

Data structure

User system

User rights

User infor-
mation

Data trans-
mission

Geological
parameters

Expect blast-
ing results

Design
manual

Charge
structure

Detonation
network

Blasthole
layout

Material
consumption

Contour
control

Blasting
result

Explosive
information

Device
information

Three-dimen-
sional coordi-

nate parameters
of blasthole

Cut parame-
ters

Peripheral
hole

parameters

Auxiliary
hole parame-

ters
Project

overview

Project
information

Engineering
geology

Blasting
design pa-
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Blasting
chart infor-

mation

Blasting
result pa-
rameter

Explosive
and equip-
ment infor-

mation

Figure 3: Date structure of intelligent design system for mine tunnel blasting based on database.
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parameters, and blasting result parameters. Among them, the
suitable engineering-geological parameters include the size of
the design roadway section, surrounding rock type, rock f
value, rock integrity, and groundwater. The suitable blasting
design parameters include cutting mode and parameters,
peripheral hole parameters, single-shot charge quantity,
design cycle footage, and blasting hole layout parameters.

The suitable blasting result parameters include the actual
cycle footage, explosive unit consumption, explosive con-
sumption, and over-under excavation values. Overall, a total
of 96 data contents were designed into the new system.

(2) Date Structure. To facilitate user operation and make the
tunnel blasting data better management and query, three

User

Manage Record Record Record

Blasting
result

Blasting
design

Engineering
geologyUser system

Summarize Compare

Optimize design
parameters

Blasting chart
information

Figure 4: Global E-R diagram of the intelligent design system for mine tunnel blasting based on database.
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Engineering
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Figure 5: Data logic of intelligent design system for mine tunnel blasting based on database.
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parts of data content are extended to six types of data. The
structure is illustrated in Figure 3. These six types of data
are data structures, including user system module, engineer-
ing geology module, blasting design parameter module, blast-
ing chart information module, blasting result parameter
module, explosives, and equipment information module. The
user system module manages user rights, user information,
user data sharing, and synchronization. The engineering geol-

ogy module manages the specific information about the pro-
ject and the geological conditions of the blasting area. The
blasting design parametermodule and the blasting chart infor-
mation module are the core content of data, which manage
blasting design parameters and design drawings. The blasting
result parameter module manages the actual postblast data of
each blasting scheme. The explosive and equipment informa-
tion module manage the explosive and equipment informa-
tion during blasting.

2.2.2. Data Logic and Flow. To simplify the database design
and improve the utilization rate of the database word table,
the database adopts the relational model in the logic design.
When designing a relational database, it is necessary to estab-
lish a logical model for it. The logical model can be repre-
sented by a graph (E-R diagram) composed of entities and
relationships. Due to space limitations, only the global E-R
diagram of the system is shown, as shown in Figure 4. At
the same time, according to the data correlation in the tunnel
blasting design, the data flow diagram in the database is
given, as shown in Figure 5.

2.2.3. Data Table Design. The design content of each corre-
sponding data table is determined by the data content and
data flow direction of tunnel blasting, including system user
table, engineering item table, geological data table, cutting
parameter table, and peripheral hole design table. The total
number of data tables is 38 sheets. The design of each data
sheet includes the following factors: field name, field data
type, length, additional attributes, and remarks. Due to space
limitations, only the datasheet of peripheral hole parameters

Table 2: Design parameters of the peripheral hole.

Field name Field data type Length Additional attributes Remarks

Blasting section number Text 30 Required Index

Number of upper holes Numeral 8 Required Non

Depth of upper holes Numeral 8 Required Non

The angle of upper holes Numeral 8 Required Non

Distance between upper holes and contour Numeral 8 Required Non

Number of side holes Numeral 8 Required Non

Depth of side holes Numeral 8 Required Non

The angle of side holes Numeral 8 Required Non

Distance between side holes and contour Numeral 8 Required Non

Number of bottom holes Numeral 8 Required Non

Depth of bottom holes Numeral 8 Required Non

The angle of bottom holes Numeral 8 Required Non

Distance between bottom hole and contour Numeral 8 Required Non

Hole diameter Numeral 8 Required Non

Charge method Text 30 Required Non

Charge Numeral 8 Required Non

Forward view of the blasthole layout Annex - Storage path File

Side view of the blasthole layout Annex - Storage path File

Design time Time 42 Required Non
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Figure 6: Fuzzy neural network structure based on T-S model.
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is taken as an example. The specific content is shown in
Table 2.

2.3. Data Intelligent Search. There are two main search
behaviors in the new system. One is to search for existing
user names or project names to obtain corresponding blast-
ing data. The other is to search for design conditions or
expected design results to obtain corresponding or similar
blasting design data. The former adopts a common search
model and can be realized by using the search function of
the database itself. The latter is an intelligent search model,
which can be realized only by designing a matching intelli-
gent search algorithm. Considering that there is a certain
“fuzziness” in blasting parameters during the intelligent
search, and the membership weights between search param-
eters need to be calculated, the intelligent search model is
researched and designed based on the T-S fuzzy neural net-
work model to realize the intelligent search behavior of the
new system.

Steps of intelligent search: first, collect the existing blast-
ing design parameters through field tests and reference
records. The parameters include geological condition param-
eters, blasting design parameters, and blasting result param-
eters. Secondly, the collected data is entered into the
database, and part of the data is fuzzy and normalized to
unify the data calculation standard. Subsequently, using T-S
artificial neural network technology to analyze the influence
of geological conditions and blasting design parameters on
the blasting results determines the relationship between geo-
logical conditions, blasting design parameters, and blasting
results, that is, determines the weight relationship between
each parameter. Finally, by judging the weight relationship
of the input search, the result of the intelligent search is
determined.

2.3.1. T-S Fuzzy Neural Network Calculation Rules. The “T-S
fuzzy model” has the characteristics of automatically updat-
ing and continuously correcting the membership function

of fuzzy subsets [21]. The neural network structure of this
model is shown in Figure 6.

The T-S fuzzy model is usually defined in the form of the
following “if-then” rule. When the rule is Ri, its fuzzy infer-
ence logic is as follows:

Ri: if x1 is A1
i, x2 is A2

i, …, xk is Ak
i,then yi = p0

i + p1
ix1

+⋯+pkixk.
A1

i is the sample set of all parameters of the fuzzy system,
pj

iðj = 1, 2, 3,:⋯ , kÞ is the parameter of the fuzzy system,
and yi is the calculation output of the fuzzy rule. The above
inference rules indicate that the determined output yi is a
linear combination of samples corresponding to the fuzzy
input xi.

Suppose that for the x = ½x1, x2, x3,⋯, xk� corresponding
to the input parameter, the membership degree of each input
variable xi is first calculated by fuzzy rules:

μAj
i = exp

− xj − cj
i

� �2

bj
i

 !

j = 1, 2,⋯, k ; i = 1, 2,⋯, n: ð1Þ

cj
i and bj

i represent the center and width of the input func-

tion; cj
i is determined by input parameters, and bj

i is deter-

mined by all input parameters. cj
i and bj

i need to normalize
all samples and parameters before calculation; k is the input
dimension, and n is the number of fuzzy subsets. Then, the
fuzzy calculation of each membership degree is performed
by the method of continuous multiplication by the fuzzy
operator:

ωi = μAj
1 x1ð Þ × μAj

2 x2ð Þ ×⋯ × μAj
k xkð Þ i = 1, 2,⋯, n: ð2Þ

Obtain the model output value y based on the fuzzy cal-
culation result:

y = 〠
n

i=1
ωi p0

i + p1
ix1+⋯pk

ixk
� �

/〠
n

i=1
ωi

= 〠
n

i=1
�ωi p0

i + p1
ix1+⋯pk

ixk
� �

:

ð3Þ

After the T-S fuzzy neural network completes the calcula-
tion, it sorts in descending order according to the magnitude
of the value, sets a threshold Y , and makes the following
reasoning:

Input
parameters

T-S fuzzy
neural network

Calculate the y
value

Threshold
and sort

Output search results

Y

N

Figure 7: Data search flow chart of the database.

Table 3: Fuzzy digital index of joint fissure.

Criteria for the classification <1/m 1-
3/m

3-
5/m

5-
7/m

>7/m

Fuzzy index 0.1 0.3 0.5 0.7 0.9
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If: y > = Y ,then output “Data sample number corre-
sponding to y value.”

2.3.2. The Process of Data Intelligent Search. The process of
intelligent search is shown in Figure 7, which contains two
processes:

(1) Determine the Search Parameters of the Input Fuzzy Neu-
ral Network. Considering the user’s usage habits and blast-
ing site, the intelligent search selects two types of
parameter input modes, one is based on geological condi-
tions, and the other is based on blasting parameters.
Geological condition search data = {hydrological condi-
tions, joints and cracks, roadway section area, roadway
height, width, surrounding rock strength f value, rock
mass stability}. Blasting parameter search data = {cutting
method, the total number of blastholes, charging method,
explosive unit consumption, maximum single-shot charge,
cycle footage}. Among them, some fuzzy indexes (joint
cracks) and text indexes (hydrological conditions) need
to be fuzzified mathematically. Due to space limitations,
only the treatment values of {joint cracks} are shown in
Table 3.

(2) Fitting of Blasting Parameters Based on T-S Model Fuzzy
Neural Network. Based on the blasting data and input con-
ditions, the T-S fuzzy neural network will perform corre-
sponding self-learning and calculate the corresponding
weights. The purpose of self-learning is to analyze the rela-
tionship between existing blasting data, and the purpose of

weight calculation is to obtain the specific weight of deci-
sion data under input conditions. At this time, the input
parameter in the new system is the fitting coefficient of the
neural network = {error calculation, coefficient correction,
parameter correction} (generally it has been designed in
advance). Finally, the system will output the search results
according to the data output rules and complete the intelligent
search at the same time.

3. Realization of Intelligent Design System for
Mine Tunnel Blasting and Driving Based
on Database

3.1. System Development. The new system chose Oracle as
the database development platform [22], VB.NET as the
system software development platform [23], MFC, and
ADO as the development technology [24] and finally
realized the mine tunnel intelligent blasting design
system. Figure 8 shows the startup interface of the new
system. Figure 9 shows the operation interface of the
new system.

3.2. Data Collection. Data collection adopts two methods:
engineering site and document extraction, of which the engi-
neering site is the main one. Figure 10 shows a site parameter
collection; Figure 10(a) is the collection of blasting design
parameters, and Figure 10(b) is the collection of blasting
result parameters.

To ensure the richness and source reliability of tunnel-
ing and blasting data, the new system has collected 594

Login prompt

Enter username
and passwordThe main window

of the system

Figure 8: The startup interface of the intelligent design system for mine tunnel blasting based on database.

Shortcut menu

Operating time
Main display window

Function menu

Figure 9: The operation interface of the intelligent design system for mine tunnel blasting based on database.
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tunneling blasting cases from 7 mines (mining areas) and
43 different roadways through field tests and case collec-
tion schemes for different cutting plans. For cases,
Figure 11 shows the distribution of data sources in the

new system, and Figure 12 shows the number of cases
under various cutting schemes.

4. Application of Intelligent Design System for
Mine Tunnel Blasting Based on Database

Briefly show the practical application of intelligent systems.
Take the needs of an actual project as an example. Table 4

is the search parameter of the application example, which
adopts the intelligent search method, and the default values
are used for other values without specific values. The search
interface is shown in Figure 13, and Figure 14 shows the cor-
responding output results.

It can be found from Figure 15 that through data search,
6 search results that meet the relevance calculation require-
ments are selected from the existing database files. Among
them, the search results of No. 1 and No. 2 have a single
parameter of 100% relevance. Figure 14 shows a schematic
diagram of the specific blasting parameters and blasthole lay-
out scheme numbered 1 in the search results. It can be found
from the figure that the search results meet the search
requirements.

300

250

200

150

100

50

0

72

Wedge cut
Single hole diamond cut
Prismatic cut
Large hole angle cylindrical cut
Spiral cut

102

257

143
122

Figure 12: Number of cases under various cutting schemes.

(a) Collection of blasting design parameters (b) Collection of blasting result parameters

Figure 10: Collection of engineering site parameters.

7

2
1 Maochang bauxite mine

3

6
5
4 Sizhuang gold mine

Xincheng gold mine

Jiaojia gold mine

Wangershan gold mine

Woxi gold mine

Xiangxi gold mine

Figure 11: Data source and data distribution of tunnel blasting in the new system.
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Table 4: Input parameters.

Input parameters Tunnel height/m Tunnel width/m Surrounding rock f value Cycle footage/m Relativity/%

Value 3.5 4.8 12-14 >1.6 80

Search method

Input geological parameters

Input blasting parameters
Data search operation interface

Figure 13: The search interface using intelligent search.

Search result number

Sort search results Project name Number of associated keywords Entry date
Search results window

Search method User Data storage path

Figure 14: The output of the fuzzy search.

Drawing information menu

Drawing information Corresponding blasting
design parameter information

Figure 15: Blasting parameter table and blasting hole layout.
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5. Conclusion

Aiming at the problems of the intelligent design system for
blasting, starting from the key technology of the database,
the research and development of the intelligent design system
for tunnel blasting are carried out. This paper expounds the
core problems in the development of an intelligent tunnel
blasting design system based on database technology and
proposes specific solutions:

(1) The database of the new system adopts a central data-
base system. At the same time, to ensure the synchro-
nization and sharing of data, different user rights are
designed

(2) According to the characteristics of blasting design
and parameters, select appropriate blasting design
parameters and related data. Combining relational
database theory, the database structure, and data
table structure suitable for roadway blasting design
are obtained, and each database table is created

(3) Use the T-S fuzzy neural network model to determine
the intelligent data search rules of the database

Finally, using Oracle as the database development plat-
form, VB.NET as the system front-end and search rule devel-
opment platform, and MFC and ADO as the development
technology, the tunnel blasting intelligent design system
was realized. Through this system, users can conduct unified
management, search, and design of data in the tunnel blast-
ing design process.
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Exploitation of shallow thick coal seams that are overlain by phreatic aquifers may cause loss of the water resource and destruction
of the surface ecological environment. In order to explain the phenomenon that the actual leakage of phreatic water is greater than
the predicted value, field investigation and analogue simulation were carried out, and the nonpenetrative fractured zone (NFZ) was
proposed based on the original three zone theory. Further, a “vertical four-zone model”was established and the overlying strata was
divided into a caved zone (CZ), through-going fractured zone (TFZ), NFZ, and continuous zone (COZ) from the bottom to the top.
The characteristics of fractured rock within NFZ and the determination method of its height were studied. The results showed that
the height of NFZ ranged from 11.55 to 21.20m, which was approximately 0.17 times the combined height of the TFZ and the CZ.
To reveal the mechanism of phreatic water leakage, the permeability of rock within NFZ was studied for their premining and
postmining using an in situ water injection test and laboratory test. The results showed that the permeability of the rock in NFZ
was increased by 7.52 to 48.37 times due to mining, and the magnitude of the increase was nonlinear from top to bottom. The
increase of permeability of tested specimens was also related to the lithology. The results of the study are helpful to the
prediction of the potential loss of phreatic water and the determination of the mining thickness.

1. Introduction

Study on mining induced fractures in overlying strata, and
their influence on rock mass permeability is very important
for underground engineering such as coal, oil, and metal
mining and tunnel excavation [1–3]. Coal, accounting for
approximately 94% of China’s proven fossil energy reserves,
is the most important energy source and the main industrial
raw material to support China’s development [4]. The defor-
mation and failure of overlying strata during coal mining
often lead to ground subsidence and water resources leakage,
thereby threatening production safety and damaging even
destroying ground construction and the ecogeological
environment [5–7].

Many theories including “pressure arch,” “cantilever
beam,” “articulated rock mass,” “preformed fracture,” “vous-
soir beam,” “transferring rock beam,” and “key stratum” have

been put forward to explain the mining pressure and move-
ment of overlying strata [8–11]. These theories have played
an important role in understanding the overburden move-
ment. In addition, the obvious zonation of the movement
and failure of overlying strata due to longwall mining has
been long recognized [12–14]. The “vertical three zone”
model consisting of caved zone, fractured zone, and continu-
ous zone of the strata movement and the distribution of
mining induced fractures has been established [15, 16]. The
fractured zone, also referred to as the vertical through-
going fractured zone, and the caved zone are components
of the fractured water-conducting fractured zone, which is
the main pathway from the overlying aquifer into the gob
[17–19]. However, the zonation is site specific. Other terms
such as separation zone, loose alluvium zone, or downward
fracture zone have been applied to different practical
problems [3, 20–22].
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The height of fractured zone in overlying strata is mainly
influenced by rock mechanics parameters, lithology combina-
tion, stress, mining space size, and geological structure [23–
25]. Methods for estimating the height mainly include mate-
rial simulation, numerical simulation, and field measurement
[26–28]. The results of field measurements are more represen-
tative of the actual situations; however, more effort is needed
[29]. The failure heights of overlying strata have been observed
and measured in hundreds of mining faces in different mining
areas of eastern China. The empirical formula for calculating
the heights of CZ and TFZ applicable to different mining con-
ditions has been developed and included in the regulatory
specifications and widely used [30]. However, there are few
researches and studies in the mining areas of northwest China
where thick coal seams are buried.

The study on permeability variation of fractured rock
during coal mining was mainly based on numerical simula-
tions and field tests [31]. Adhikary and Guo [29] carried
out packer tests in an Australian coal mine to evaluate the
permeability change of mining strata, and the results showed
that the permeability of the surrounding rock was increased
by more than 50 times, while the permeability of the roof
rock over the goaf was increased by more than 1,000 times.
Meng et al. [32] proposed a three-dimensional coupling
model between stress and permeability and pointed out three
stages of the permeability of coal seam roof during coal
mining: decrease, increase, and gradual recovery. However,
only few experimental works have been performed on the
permeability of fractured rock after mining [33, 34].

The loss of sand layer water has a serious impact on coal
mine production and longevity and the ecological environ-
ment in the arid and semiarid areas in NW China. The tradi-
tional three zone model takes the strata above the water
conducting fractured zone as a whole, without considering
its permeability change. However, the reduction of the
water-resisting property of the rock in nonpenetrative frac-
tured zone (NFZ) is the main reason for the loss of water
resources. Using Stope #101 of Jinjitan Coal Mine as the case
study, we designed and drilled nine boreholes from the
ground surface down to the underground workings and
established a “vertical four-zone model” with nonpenetrative
fracture zone (NFZ) being proposed. The height of each zone
was determined using hydrogeological borehole investiga-
tions and analogue simulation. Three types of rock, argilla-
ceous sandstone, fine-grained sandstone, and siltstone
within the NFZ, were studied for their premining and post-
mining water-resistant capacities using in situ water injection
tests and laboratory permeability test. The results are of
significance for designing the mining thickness of coal seams
and determining the risk to loss of phreatic water resources,
which are important theoretical bases for green mining.

2. Mining and Geological Conditions

Jinjitan Coal Mine is located in the northern part of Shaanxi
province and to the south of the Mu Us desert at longitudes
109°42′32″~109°51′44″ and latitudes 38°28′15″~38°35′59″,
encompassing an area of approximately 98.52 km2

(Figure 1). Figure 2 shows the lithology overlying coal seam

2-2. Aquifers that overlie the coal seam include the sandstone
confined aquifers of Yan’an and Zhiluo formations and the
Quaternary phreatic aquifer of Sara Wusu formation. The
water abundance of the confined aquifers is weak with the
unit water inflow (q) ranging from 0.001 to 0.02 L/(s∙m),
while the water abundance of the phreatic aquifer is moder-
ate with q ranging from 0.124 to 0.287 L/(s∙m). In addition,
the phreatic water is the most important water source for
local residents and the ecosystem [35]. Because of lack of
the N2 laterite, the fine-grained sandstone and argillaceous
sandstone become the only relative aquiclude to prevent the
leakage of phreatic water. The valuable phreatic water
resources can suffer a serious leakage crisis during mining if
the permeability of bedrock is increased.

The fully mechanized Stope #101 has elevations between
+991.7 and +1010.4m, whereas the corresponding surface
elevations are between +1229.8 and +1263.7m, respectively.
The panel has a designed advance length of 4,548m and a
designed net face length of 300m (Figure 1). Although the
coalbed average thickness is 9.4m, however, the mining
thickness is only 5.5m in order to avoid a large volume of
phreatic water leakage and an ecological deterioration. The
direct roof of coal seam 2-2 consists of dark gray argillaceous
sandstone with a thickness of 3.03m. The integrity of overly-
ing strata is good with an average thickness of approximately
10m. The roof is mainly composed of mudstone, argillaceous
sandstone, siltstone, fine-grained sandstone, and medium-
grained sandstone. The argillaceous sandstone, siltstone,
and fine-grained sandstone are the main strata, accounting
for 27.91%, 31.81%, and 29.52% of the total bedrock
thickness, respectively.

3. Methodology

3.1. Hydrogeological Borehole Investigation. Hydrogeological
borehole investigation is one of the most commonly used
methods to study the development characteristics of fractures
in overlying strata. It can also be used to evaluate the rock per-
meability with simple hydrogeological observation. In this
study, nine boreholes were drilled at 2 months after mining
when the gob had been stabilized. Figure 3 shows locations of
the boreholes. Borehole JE5 was drilled in the nonmining area
150m south of #2 return airway tunnel on Stope #101 to obtain
the background data as a reference for other drilling data. Two
profiles, A-A′ and B-B′, were arranged along the sloping direc-
tion of the working face. There were three boreholes (JE2, JE3,
and JE4) on the A-A′ profile and three holes (JE6, JE7, and JE8)
on the B-B′ profile. In addition, profile C-C′ was arranged
along the advance direction on which there were four boreholes
(JE1, JE3, JE8, and JE9). The buried depth of the coal seam in
borehole JE1 through JE9 ranges from 258.58 to 267.28m. Spe-
cifically, the buried depth of the coal seam is 262.70m at JE1,
262.47m at JE2, 260.55m at JE3, 261.28m at JE4, 263.20m at
JE5, 267.28m at JE6, 262.10m at JE7, 266.20m at JE8, and
258.58m at JE9. The hydrogeological investigations performed
in these boreholes included drill-hole core analysis (DCA), dril-
ling fluid lossmeasurement (DFLM), video camera observation
(VCO), and field packer test (FPT).
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(i) Rock quality designation (RQD) can reflect the
degree of rock integrity with higher values indicating
better integrity. The appearance and density of fresh
vertical or oblique fractures of the extracted cores
were also visually observed. The RQD values of the
normal rocks in the Jurassic Yan’an and Zhiluo for-
mations of study area are generally greater than 60%.
There are obvious differences of the rock permeabil-
ity at different positions in overlying strata because
of the differences in fracture shape, density, and
width. The DCA method is particularly applicable

to determining the height of TFZ and CZ but not
to determining the height of NFZ

(ii) The DFLM was conducted according to Standard
MT/T865-2000. Drilling fluid consumption per unit
time and the fluid depth were monitored dynami-
cally. Where drilling fluid consumption started fluc-
tuating and slowly increased with drilling depth and
the fluid depth started to slightly decline or fluctuate,
the position is regarded as the top interface of the
NFZ. Where the fluid depth began to decline rapidly

0 350 700 1,400 Km

Shaanxi

Yulin

Beijing

N

4548 m

300 m

101 working face

Jinjitan Coal Mine

4266000

4264000

4262000

4268000

4270000

4272000

37
39

00
00

37
39

20
00

37
39

40
00

37
39

60
00

37
39

80
00

37
40

00
00

Figure 1: Location of Stope #101 and Jinjitan Coal Mine.
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and the fluid loss rate began to increase significantly
with depth, the position is regarded as the top inter-
face y of the TFZ

(iii) WDY-HW-60 video camera was used to visualize
fractures in the borehole walls. It must be noted that
the observations are possible only when the water in
the borehole is clear and still. As a result, the image
of the CZ cannot be obtained. Based on the images,
the development characteristics of fractures in the
inner walls of the borehole were analyzed, and the
top boundary of TFZ and NFZ could be confirmed

(iv) The FPT was conducted by injecting water into
the boreholes at 5m intervals. The injection

sequence was from bottom to top. Five pressures
(0.3MPa~0.6MPa~1.0MPa~0.6MPa~0.3MPa)
were applied to each interval. Based on the
amount of water injected, the rock permeability
could be calculated. The position where the per-
meability increased by at least one order of mag-
nitude and was above the TFZ was considered
the top boundary of NFZ

3.2. Similar Material Physical Model. Similar material physi-
cal models have been used to study fracture development of
overburden [9]. In this study, the dimensions of the physical
model were 2,000mm long by 220mm wide by 1,300mm
high. These dimensions were designed to simulate mining
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panel #101 at a ratio of 1 : 200. The kinematic and kinetic
similarities to the actual mine system were also considered.
The similarity constants for geometric time, bulk density,
Poisson’s ratio, stress, and intensity are listed in Table 1.
The model was fully consolidated after 15 days of its con-
struction. Then, the material representing the coal seam in
the model was mined to simulate the mining processes. The
movement and failure of overlying strata in the physical
model were observed and measured to obtain the patterns
of formation and height of the induced fractures. The type
of materials and their quantities for building the physical
model were based on test results of the mechanical parame-
ters. Analogous materials of rocks in this experiment were
admixtures of sand, gypsum, calcium carbonate, mica, and
water with sand as the aggregate materials; gypsum and cal-
cium carbonate as the bonding materials; and mica frag-
ments as the layered materials. The model consisted of 22
layers. The simulated extraction parameters included 5.5m
coal seam, 320m advancing length, and two 40m coal pillars
reserved on both sides of the model.

3.3. Laboratory Permeability Test. Permeability tests of the
rock with different lithology were designed and carried out
to investigate the permeability change in the NFZ in response
to longwall mining. Nine core samples were taken from the
NFZ in the boreholes and were cut into cylinders with
50mm in diameter and 100mm in length according to the
suggestion by International Society for Rock Mechanics.
The average dry densities of the fine-grained sandstones, silt-
stone, and argillaceous sandstone specimens are 2,395.21,
2,406.30, and 2,385.63 kg/m3, respectively. The compressive
strengths of the specimens were generally less than 20MPa.
According to the results of X-ray diffraction, the minerals
in the sandstone material are feldspar, quartz, smectite, illite,
calcite, and volcanic rock fragments. Table 2 lists the tested
specimens and conditions. Because of low permeability of
the test specimens, the transient flow method was adopted
for permeability measurements.

The experiments for the sandstone specimens were
carried out on a France-made TAW-1000 rock servo-
controlled rock mechanics experimental system. Distilled
water was chosen as the pore fluid. The test ambient temper-
ature was kept at around 25 degrees to eliminate the effect of
temperature on the experimental results.

4. Height of Fracture Zones in Overlying Strata

With the advance of panel, the overlying strata undergo a
series of mechanical processes, such as movement, deforma-
tion, and fracture. According to the deformation and fracture
characteristics of the overlying strata and its hydraulic con-
ductivity, the overlying strata could be divided into several
regions [12, 36]. For the purpose of evaluating leakage of
phreatic water caused by mining of shallow thick coal seams,
the results of field testing and similar material physical
modeling suggest that the postmining overlying strata can
be divided from bottom to top into four zones: caved zone
(CZ), through-going fractured zone (TFZ), nonpenetrative
fractured zone (NFZ), and continuous zone (COZ). The rock

stratum in the COZ has continuity and integrity and is the
least affected by mining. The COZ may not exist under some
conditions such as when the coal seam are shallow or the
mining thickness is large. In addition, the height of COZ is
mainly determined by the elevation difference between the
top boundary of NFZ and the Surface. This article will discuss
the three zones other than the COZ.

4.1. Formation and Height of the CZ. The CZ results from
caving of the immediate roof strata into the mined-out area
following coal extraction. The strata in the CZ lose not only
the continuity of the formation but also the stratified bed-
ding. The rock blocks in this zone are of different sizes and
cluttered. The voids and thus connectivity are typically
greater at the lower section of the zone. Because of the
presence of collapsed rocks, one or more of the followings
may occur when drilling into the CZ:

(i) There are frequently dropped drills

(ii) The drilling speed is unstable, and there are phe-
nomena of being jammed and aggravated vibration
of the drilling tools

(iii) The drilling process has obvious air suction phe-
nomenon with audible whirring sound

The above indicators help determine the position of the
top boundary of the CZ. The elevation difference between
the top boundary and the coal seam floor is the height of
the CZ. The observed phenomenon may not be the same
for all boreholes. For example, in borehole JE2, the drill tool
was stuck at a depth of 240.10m with strong vibration, and at
241.22m, there was a suction phenomenon, whereas in bore-
hole JE9, a suction phenomenon was observed at 238.00m
and the drill dropped with 45 cm distance at a depth of
247.72m. Therefore, the depths of 240.10m and 238.00m
were considered the top boundaries of the CZ in boreholes
JE2 and JE9, respectively. Table 3 presents the top boundary
of the CZ at each borehole and the pertinent lines of
evidence.

Figure 4 shows the drill-core photographs of borehole
JE1. Figure 4(a) shows that the value of RQD is zero below
238.00m. In comparison, the RQD value at the same position
in the background borehole JE5 is approximately 80%. As a
result, the depth of 238.00m was considered the top bound-
ary of the CZ in borehole JE1. The heights of the CZ in bore-
holes JE1, JE2, JE3, JE4, JE7, JE8, and JE9 were identified as
24.70, 23.47, 23.27, 23.08, 22.95, 24.50, and 23.78m, respec-
tively. In addition, the CZ was not observed in the JE6, which
is 15m away from the mining area.

The height of the CZ in Stope #101, as determined by the
anomalies in the drilling process, ranges from 19.18 to
23.16m with an average of 21.83m. However, the height deter-
mined by RQD ranges from 22.27 to 24.70m with an average
of 23.54m. As shown in Table 3, except for borehole JE3, the
results determined by RQD are slightly larger than those deter-
mined from the drilling observations. In most cases, the RQD
method has a higher resolution in determining the top bound-
ary of the CZ. The larger value of the twomethods was selected.
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Table 1: Similarity condition of similar material simulation model to actual mine system.

Model size (mm3) Geometric Time Bulk density Poisson ratio Stress Strength

2,000 × 220 × 1,300 1 : 200 1 : 14.14 1 : 1.5 1 : 1 1 : 300 1 : 300

Table 2: Tested sandstone specimens in this research.

Specimen
Length
(mm)

Diameter
(mm)

Mass
(g)

Dry density
(kg/m3)

Clay content
(%)

Position of the NFZ

F1 99.26 49.57 458.88 2395.51 28.3 Upper

F2 100.05 49.57 462.88 2397.31 31.2 Middle

F3 99.63 49.33 455.63 2392.82 29.6 Lower

S1 97.92 49.48 453.04 2406.11 32.5 Upper

S2 99.96 49.58 464.61 2407.46 34.9 Middle

S3 98.73 49.59 458.67 2405.32 32.7 Lower

A2 100.82 49.58 464.77 2387.75 44.9 Lower

A4 99.89 49.4 456.66 2385.21 40.1 Middle

A5 100.79 49.58 463.89 2383.94 39.0 Upper

Table 3: Top boundary depths and heights of the CZ in boreholes.

Holes

Special phenomena in the drilling process DCA

Results
(m)Basis for determination

Top
boundary
depths the
CZ (m)

Heights
of the
CZ (m)

Basis for determination

Top
boundary
depths the
CZ (m)

Heights
of the
CZ (m)

JE1
At the depth of 240.00m, drill dropped with

25 cm distance; at 241.40m, suction
phenomenon

240.00 22.70
Below 238.00m,

extremely broken core,
RQD = 0

238.00 24.70 24.70

JE2
Drill tool was stuck at a depth 240.10m with

strong vibration; at 241.40m, suction
phenomenon

240.10 22.37
Below 239.00m,

broken core, RQD =
8:0%

239.00 23.47 23.47

JE3
During 237.00~238.00m, drill dropped with

60 cm distance
237.00 23.55

Below 238.28m,
fragmental core, RQD

= 8:4%
238.28 22.27 23.55

JE4
At 238.12m, drill dropped with 30 cm

distance; at 238.56m, suction phenomenon
238.12 23.16

Below 237.20m,
fragmental core, RQD

= 0
237.20 23.08 23.08

JE5 None — 0
Integrity core, RQD =

66 ~ 85% — 0 0

JE6 None — 0
Integrity core, RQD =

63 ~ 75% — 0 0

JE7
At 240.80m, drill dropped with 15 cm

distance; at 243.15m, suction phenomenon
240.80 21.30

Below 239.15m,
broken core, RQD =

7:3%
239.15 22.95 22.95

JE8
At 247.02m, drill dropped with 35 cm

distance; at 239.00m, suction phenomenon
247.02 19.18

Below 241.70m,
broken core, RQD =

10%
241.70 24.50 24.50

JE9
At 238.00m, suction phenomenon; at

247.72m, drill dropped with 15 cm distance,
and drill tool was stuck

238.00 20.58

During
234.80~238.00m,
disorder bedding,
RQD = 5:8%

234.80 23.78 23.78
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Therefore, determination of the height of the CZ is based
on multiple lines of evidence. The final height of the CZ
ranges from 22.95 to 24.70m with an average of 23.72m.

Figure 5 shows the magnitude and spatial distribution of
the overburden failure zones in the analog model. The size of
the grid is 10 cm × 10 cm, corresponding to the actual 20m
× 20m. The immediate roof strata began to collapse after
the simulated excavation advanced 40m. When the working
face advanced 120m, the height of the CZ reached the max-
imum value of 23.89m. Further mining did not increase the
height. The maximum value and field measurements are very
comparable, which verifies the validity and accuracy of the
approach to determining the height of the CZ.

According to the above results and analyses, the height of
the CZ is relatively stable at around 24m, whether it is along
the advancing or sloping direction. This average height is
approximately 4.36 times of the mining thickness. In addi-
tion, the fact that no CZ was observed in borehole JE6 proves
that the CZ develops only in the area above the working face.

4.2. Formation and Height of the TFZ. The TFZ is located
above the CZ, where the rock retains the stratified bedding.
The mining-induced fractures are well interconnected and
provide the pathways for groundwater entering the gob. In
many cases, the strata breakage gradually reduces upwards,
resulting in the decrease of fracture network development
thus the permeability in the upper section of the TFZ.

The presence of fresh vertical fractures in the rock strata
and significantly lower RQD values than the background one
at borehole JE5 are two indicators in determining the posi-
tion of the top boundary of the TFZ. Figure 4(b) shows that
the first fresh vertical fracture was identified at the depth of
162.15m in borehole JE1 and the RQD value decreased
significantly at the same location. More fractures were found
with the increase of depth.

The method of determining the position of the TFZ based
on the characteristics of fluid loss rate and fluid surface depth
during drilling is used and considered to be accurate [32].
The measurement results of the background borehole JE5
show that the average rate of fluid loss was 0.054 L/s in loess
and 0.069 L/s in bedrock. As shown in Figure 6, the loss rate
did not increase with the depth during the drilling of bore-
hole JE5, and the mud circulation was normal. The top
boundary of the TFZ was determined by comparing the var-
iation characteristics of the rock (loess) permeability in other
boreholes with those at borehole JE5. For example, in bore-
hole JE8, the rate of fluid loss did not increase until the

TFZ was encountered at a depth of 155.20m where the fluid
loss was increased to 1.23 L/s and the depth of fluid surface
decreased gradually. As showed in Figure 7(c), the borehole
video camera image shows vertical penetrating fractures at
the depth of 156.90m in borehole JE3, and no penetrating
fracture was noted in the shallower positions.

Although the degree of fracture development of the over-
lying strata can be observed intuitively and the relative quan-
titative evaluation can be carried out from core logs, however,
the following two defects should be taken into account:

(i) Due to the impact of the drill pipe, the rocks tend to
be broken in the process of the core being raised,
leading to an overestimate of the height

(ii) Due to the small range of drilling, there might be no
obvious longitudinal fractures in the core even if the
TFZ is encountered, resulting in an underestimate of
the height

With the video camera images, the fractures in the hole-
walls can be visualized. The overestimate error could be
reduced to a great extent by comprehensive analysis of
DCA and BVCO results. DFLM reflects the development of
both macrofractures and microfractures in the borehole.
The underestimate error could be reduced by comprehensive
analysis of DCA and DFLM results. Such analyses lead to the
following procedures in determining the top boundary of the
TFZ:

Firstly, the results of the DCA were compared with the
results of the BVCO, and the larger value (h1th) was selected.

Secondly, the results of DCA and DFLM were compared
to choose a smaller value (h2th).

Finally, the arithmetic mean (hth) of the above two results
was taken as the top boundary of TFZ, as calculated in the
following equations:

hth =
h1th + h2th

2 ,

h1th = max hdth + hbth
� �

,

h2th = min hdth + hfth
� �

:

8>>>>>><
>>>>>>:

ð1Þ

The estimated positions of the top boundary and the
height of the TFZ are presented in Table 4.

238. 00 m

162. 15 m
143. 93 m

Figure 4: Drill-core photographs of JE1 borehole: (a) RQD is zero of CZ; (b) first fresh vertical fracture and smaller RQD of TFZ; (c) initial
high angle fracture and larger RQD of NFZ.
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The results of the physical simulation showed that the
height of the TFZ reached its maximum value of 85.23m
when the mining advanced 300m. Unlike the CZ, the height
of the TFZ varies with the spatial position. Figure 8 shows
cross-sectional views of the induced height of the TFZ above
Stope #101. The TFZ is arch-shaped along the sloping direc-
tion of the panel (Figure 8(a)), whereas the height gradually
increases in the advance direction (Figure 8(b)). The height
at the end of the mining panel is 1.22 times of the height at
the beginning of the mining panel.

4.3. Formation and Height of the NFZ. The NFZ is located
above the TFZ and deflects upward without apparent open
fractures. Mining-induced fractures are present but small
and isolated. Rock permeability tends to get smaller from
bottom to top of the NFZ. The changes of rock permeability
of TFZ are of great significance to design the mining height

and to prevent leakage of overlying phreatic sand aquifer. If
the sand phreatic water overlie directly the NFZ or the NFZ
is missing, the leakage can be significant.

Because the fractures are not fully penetrated and their
lengths are small, there are no significant changes in the
RQD values. For the same reasons, the video camera images
failed to identify the position of the top boundary of the NFZ
in the boreholes. The techniques used to determine the top
boundary of the NFZ included DCA, VCO, DFLM, and
packer testing.

Based on the DCA and VCO, in particular, where high
angle fractures start to emerge (Figures 4(c) and 7(b) ), the
top boundaries of the NFZ were estimated in boreholes JE1,
JE3, JE4, JE7, and JE9. Figure 6 shows the fluid loss rate
and fluid surface depth in boreholes JE5 and JE8. The fluid
loss rate fluctuated in the B-C segment between 135.15m
and 155.20m. However, there is no dramatic increase, and
the fluid surface depth slowly fell. Packer testing was con-
ducted in all boreholes with the exception of boreholes JE5
and JE6 where no NFZ was developed.

The results of the top boundary and height of the NFZ
are presented in Table 5. The results of DCA are similar
to those of VCO, and the results of DFLM are similar to
those from FPT. It appears that the estimated heights from
DFLM and FPT are smaller than those from DCA and
VCO. The reason is the results of DCA and VCO were
based on field observations, while the results of DFLM
and FPT were based on the hydrogeological properties of
the rock. It is more accurate to determine the top bound-
ary of the NFZ from the changes of hydrogeological prop-
erties. The minimum value of the results from the four
methods was used as the conservative estimate of the top
boundary of NFZ. The results of analogue simulation
show that there are independent small fractures in the
range of 19.02m above TFZ.

The estimated height of the NFZ ranges from 11.55 to
21.20m (Table 5). The height of the NFZ is approximately
0.17 times the combined height of the TFZ and the CZ, and
this ratio is also confirmed by the analogue simulation results.

Continuous zone

19.02 m

85.23 m

23.89 m

Non–penetrative
fractured zone

fractured zone

Caved zone

Through–going

Figure 5: The characteristics of overburden failure on the model.
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Figure 6: The change of drilling fluid loss rate and fluid surface
depth in JE8 borehole.
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5. Permeability of Rock within
Nonpenetrating Fracture

The results of FPT in the background borehole JE5 show that
the estimated permeability values of the argillaceous sand-
stone, siltstone, and fine-grained sandstone are 7:9 × 10−6
cm/s, 6:7 × 10−6 cm/s, and 5:5 × 10−6 cm/s, respectively.
According to the standard for permeability classification of
rock mass, the premining rocks are not conducive to water
flow.

The transient-pulse permeability tests were used deter-
mine the permeability of postmining rock core samples col-
lected in the boreholes. It took approximately one hour to
reach a balance of the upstream pressure and downstream
pressure, but after 0.1 h permeating, an obvious change trend
occurred. If a transient pulse test lasts too long, the creep
deformation of specimen under high compression stress
occurs, which could cause a larger error of transient pulse
tests. As a result, a proper test time ranging from 10 to
20min was selected to short the total test time of a compres-
sion test.

Figure 9 shows the permeability test results. In this figure,
P0 represents the position not affected by mining; P1, P2, and
P3 represent the upper, middle, and lower sections of NFZ,
respectively. Figure 9(a) shows that the permeability of the
argillaceous sandstone was significantly increased after
mining. The degree of change is closely correlated with the

locations of the argillaceous sandstone. The permeability
coefficients of the upper, middle, and lower sections of the
argillaceous sandstone of NFZ increased from 5:52 × 10−6
cm/s to 4:2 × 10−5 cm/s, 1:11 × 10−4 cm/s, and 1:88 × 10−4
cm/s, an increase of 7.53, 20.04, and 34.13 times, respectively.
The mining operations caused increases in permeability of
rocks within the NFZ by 7.52 to 48.37 times. The magnitude
of the increase in permeability decreases from bottom to top
(Figure 9). Figures 9(b) and 9(c) show the degree of change in
the permeability of siltstones and fine-grained sandstones.
Similar to argillaceous sandstones, the permeability changes
were closely correlated with their locations. The permeability
coefficient of the siltstone in the upper, middle and lower
parts of the NFZ increased to 6:33 × 10-5 cm/s, 1:32 × 10
-4 cm/s, and 2:82 × 10-4 cm/s from the original 6:73 × 10
-6 cm/s, increasing by 9.40, 19.58, and 41.93 times, respec-
tively. The permeability coefficient of the fine-grained sand-
stone located in the upper, middle, and lower parts of the
NFZ increased from 7:92 × 10-6 cm/s in a natural state to
8:69 × 10-5 cm/s, 1:67 × 10-4 cm/s, and 3:83 × 10-4 cm/s,
respectively, increasing by 10.97, 21.05, and 48.37 times.
Affected by mining, the rock permeability was changed sig-
nificantly, and the maximum increase of the permeability
coefficient could reach two orders of magnitude. Under the
influence of mining, the permeability of fine-grained sand-
stone is the largest, followed by siltstone, and argillaceous
sandstone is the smallest.

N

121.2

121.3

121.4

121.5 137.5

137.4

137.3

137.2 156.9 175.7

175.8

175.9

176.0

157.0

157.1

157.2

E W NS N E W NS N E W NS N E W NS

Figure 7: Video camera images of JE3 borehole: (a) no fracture; (b) initial high angle no-though fracture; (c) first fresh penetrative vertical
fracture; and (d) TFZ.

Table 4: Top boundary depths and heights of the TFZ in boreholes.

Boreholes
Top boundary depths of the TFZ (m) Heights of the TFZ (m)

DCA DFLM VCO Final results DCA DFLM VCO Final results

JE1 162.15 161.7 162.15 161.93 75.85 76.3 75.85 76.07

JE2 199.43 199.47 199.55 199.51 39.57 39.53 39.45 39.49

JE3 155.98 155.55 156.9 156.23 81.02 81.45 80.1 80.77

JE4 191.47 195.28 196.78 194.13 46.73 42.92 41.42 44.07

JE5 0 0 0 0 0 0 0 0

JE6 0 0 0 0 0 0 0 0

JE7 172.2 172.1 172.2 172.15 46.95 47.05 46.95 47

JE8 155 155.2 155.3 155.15 86.7 86.5 86.4 86.55

JE9 145.83 145.58 145.63 141.71 88.97 89.22 89.17 93.09
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The increasing extent of rock permeability is related
not only to the lithology of the rock but also to the loca-
tion in the NFZ (the distance from the coal seam). The
estimated rock permeability coefficient of the lower part
of the NFZ is an order of magnitude larger than that of

the upper part. The permeability coefficients of rock in
the upper, middle, and lower parts of the NFZ are approx-
imately 10 times, 20 times, and 40 times, respectively,
higher than those estimated for their premining rock
samples.

Table 5: Top boundary depths and heights of the NFZ in boreholes.

Boreholes
Top boundary depths of the NFZ (m) Heights of the NFZ (m)

DCA DFLM VCO FPT Results DCA DFLM VCO FPT Results

JE1 143.93 143.73 143.79 143.7 143.7 18.00 18.20 18.14 18.23 18.23

JE2 — 187.99 — 187.96 187.96 — 11.52 — 11.55 11.55

JE3 137.43 137.41 137.45 137.42 137.41 18.80 18.82 18.78 18.81 18.82

JE4 182.04 182.1 182.04 182.31 182.04 12.09 12.03 12.09 11.82 12.09

JE5 — — — — — 0 0 0 0 0

JE6 — — — — — 0 0 0 0 0

JE7 167.8 167.73 167.75 167.73 167.73 14.35 14.42 14.40 14.42 14.42

JE8 — 135.15 — 135.11 135.11 — 20.00 — 20.04 20.04

JE9 — 120.51 120.68 120.61 120.51 — 21.20 21.03 21.10 21.20

JE7 JE2 JE3 ( JE8 ) JE4

The top boundary of NFZ
The top boundary of TFZ
The top boundary of CZ

(a)

JE1JE3JE8JE9

Continuous zone

Nonpenetrative fracture zone

Though–going fracture zone

Caved zone

The top boundary of NFZ
The top boundary of TFZ
The top boundary of CZ

(b)

Figure 8: Profiles of top boundaries of CZ, TFZ, and NFZ.
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Figure 9: Permeability increase curves of rock with nonpenetrative fracture affected by coal mining: (a) argillaceous sandstone; (b) siltstone;
(c) fine-grained sandstone.
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6. Conclusions

According to the characteristics of fracture distribution and its
potential effect on the leakage of sand phreatic water, the over-
lying strata was divided into four zones: CZ, TFZ, NFZ, and
COZ, from the bottom to the top. The developmental height
of CZ is relatively stable, which is roughly 4.36 times of the
thickness of the mining coal seam. Along the advancing direc-
tion of the working face, the height of TFZ gradually increases
to the maximum value of 93.09m, approximately 16.93 times
of the mining thickness. In the advancing direction, the vertical
profile of TFZ was arch-shaped. The height of the NFZ ranges
from 11.55 to 21.20m, which is approximately 0.17 times of the
combined height of CZ and TFZ. Affected by coal mining, the
permeability of the rock in NFZ was increased by 7.52 to 48.37
times, and the magnitude of the increase is nonlinear from top
to bottom. The results of the study are helpful to predict the
potential loss of phreatic water and determine the mining
thickness. It can provide the basis for water preserved mining
in the arid and semiarid mining areas in western China.
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To solve the “special coal seam” with complex coal seam structure, fault phenomenon, and many gangue layers and complex
gangue lithology in Qi Panjing coal mine, the problems such as hole collapse and blockage of coal seam water injection dust
removal drilling are caused. From the aspects of drilling layout, drilling technology, and gangue material consolidation, a
complete set of key technologies for prevention and control of water injection and dust removal in “special coal seam,” have
been formed. Seven boreholes have been drilled in I020902 return air roadway of Qi Panjing coal mine, and field comparative
test has been carried out. The results show that: after adopting the complete set of key technologies of drilling prevention and
control, the drilling depth is 85-100m, the average depth is 98m, and the drilling depth of coal seam water injection can reach
170-185m; the footage per cycle is greatly improved, with the minimum increase of 30.86%, the maximum increase of 46.38%,
and the average increase of 36.77%, to save drilling time and bring good economic benefits, and there is no collapse in the
borehole hole, to ensure the safety of production. It has a good reference, and practical guiding significance for other coal
mining faces, especially for “special coal seam” working face.

1. Introduction

A lot of dust is produced in the process of mine production,
which affects the health of workers, accelerates the wear of
machines, pollutes the working environment, and increases
the probability of accidents [1]. To reduce the harm caused
by dust, scholars at home and abroad have carried out a lot
of research work. The dust control of fully mechanized
caving face (FMCF) can be divided into dry type and wet type
[2, 3]. The effect of wet dust removal in FMCF is more
obvious, and the cost is lower. In all kinds of methods of
wet dust removal, coal seam water injection dust removal
effect is remarkable, high efficiency, and is a method to pre-
vent and control dust from the root. To achieve the ideal
effect, the drilling depth is the key. To ensure that the water

injection drilling reaches the design depth, it is necessary to
prevent the borehole collapse.

In 2015, Li [4] proposed for the first time the measure of
using the inner casing of drill pipe in soft coal seam to solve
the hole collapse phenomenon in drilling, compared with the
conventional drilling method, and applied to the engineering
practice, the effect is remarkable. In 2018, Chen [5] intro-
duced the principle and technology of large-diameter bore-
hole permeability enhancement and applied it to coal seams
with complex geological conditions and soft coal quality, lay-
ing a good foundation for improving borehole collapse. In
2012, Zhai [6] put forward a new theory that solidified holes
are arranged around the construction boreholes, and grout-
ing is carried out in the solidified holes. The slurry flows
through the cracks and flows to the construction boreholes
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and solidifies, and finally, the construction boreholes are
drilled. Also, the stress field and displacement changes
around the borehole after the soft coal seam and the solidifi-
cation with high-strength materials are modelled and ana-
lysed. In 1998, Hahn [7] analysed the causes of borehole
collapse and put forward a new theory of casing while drilling
and setting liner during drilling. The liner and drilling are
carried out at the same time to ensure the integrity of drilling,
thus establishing a systematic prevention and control system
for borehole collapse. Although the above prevention mea-
sures have achieved some results, the prevention and control
technology of borehole collapse in soft and fractured coal
seams is targeted. However, there is little research on the pre-
vention and control of water injection borehole collapse in
the “special coal seam” with complex coal seam structure,
many faults and gangue layers, and the gangue lithology is
mostly clay rock, mudstone, or carbonaceous mudstone.
Therefore, given the problem of hole collapse in water injec-
tion drilling of “special coal seam” in the Qi Panjing coal
mine, the author first analyses the occurrence conditions of
coal seam and the causes of hole collapse and then puts
forward a complete set of process method of drilling lay-
out, drilling technology combined with gangue material
consolidation, forming a systematic water injection dust
removal drilling hole collapse prevention technology,
which has been applied to engineering practice with
remarkable effect.

2. Cause Analysis of Hole Collapse in Water
Injection Dust Removal Drilling

2.1. FMCF of Water Injection Dedusting. The natural thick-
ness of the coal seam of I020902 FMCF for coal seam water
injection in Qi Panjing coal mine is 2.18-8.68m, with an
average of 4.19m. The reserve utilisation thickness is 1.70-
5.31m, with an average of 2.91m. The coal seam is thin in
the East and thick in the West. There are 1-8 layers of gangue
in the whole coal seam, most of which are 4-5 layers. The
main lithology of gangue is a clay rock, mudstone, or carbo-
naceous mudstone. The coal seam of I020902 FMCF is diffi-
cult to clean coal with medium ash content, low sulfur

content, low medium phosphorus coal, high volatile matter,
medium-high calorific value, and medium clean coal
recovery rate. The coal quality grade is 1/3 JM, which
belongs to soft coal with more fractures. I020902 FMCF
elevation +800-913m, FMCF length of 230m, coal seam
affusion drilling design length of 170m, and ZYWL-3200
crawler type drilling rig are selected. The drilling rig is
matched with the drill pipe and head. The pulverised coal
particles in the drilling hole are discharged by water flush-
ing. After drilling for some time, the drilling team drilled
seven boreholes. Generally, the hole collapse occurs at
the length of 70-80m, as shown in Figure 1, which is far
from the designed, so it is impossible to inject water into
the long hole coal seam.

2.2. Stress Analysis of Water Injection Dedusting Borehole.
The stress state around the water injection dust removal
borehole in “special coal seam” is the decisive factor for
whether the borehole collapses. With the drilling of the bore-
hole, the stress balance is destroyed due to the application of
redistribution around the borehole. According to the stress
direction, there are radial stress, tangential stress, and drilling
direction stress [8, 9]. The stress size is affected by coal seam
buried depth, geological structure, mechanical properties of
coal, and drilling characteristics. According to the different
distances between the stress-strain of coal and the borehole,
it can be divided into an elastic zone, plastic zone, and frac-
ture zone. When it is in the elastic zone, the coal body around
the borehole is far away from the borehole and fails to reach
the plastic deformation condition; when it is in the plastic
zone, the coal body around the borehole is close to the bore-
hole to reach the plastic deformation condition, but it does
not cause fracture deformation and is in the plastic state;
When it is in the fracture zone, the coal body around the
borehole reaches the plastic deformation condition and
causes fracture deformation.

It is assumed that there is ideal elastic-plastic material
around the borehole of the coal body [10], and it is incom-
pressible. Because the length of the borehole is far larger
than the diameter of the borehole, it can be regarded as a
plane stress problem for analysis. The effective stress in
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Figure 1: Arrangement of drilling for water injection and dedusting in FMCF.
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“special coal seam” is the difference between coal stress and
coal pore pressure, and its expression is

δe = δ − αp, ð1Þ

where δ is the stress of coal mass (MPa), α is the effective
stress coefficient of special coal, α = C0/C, which is generally
0.4-0.7 as soft coal, and p is pore pressure (MPa).

(1) Stress in the elastic zone of coal seam water injection
dust removal borehole

The stress state of water injection dust removal borehole
in the coal body is shown in Figure 2. Without considering
the seepage of the hole wall, under the combined action of
radial stress, tangential stress, drilling direction stress, and
pore pressure [11–13], the effective stress expression of the
elastic zone around the hole wall is as follows:

δr =
δ1 + δ2

2 1 − ri
2
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−
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2
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+ 2 ri

4

r4

� �
sin 2θ, ð5Þ

where C0 is the skeleton compressibility of coal, C is volume
compressibility of coal, δr is radial effective normal stress

(MPa), δθ is circumferential effective normal stress (MPa),
δz is drilling direction effective normal stress (MPa), τrθ is
shear stress (MPa), δ1 is vertical maximum principal in-situ
stress (MPa), δ2 is horizontal maximum principal in-situ
stress (MPa), δα is upper pressure of original rock (MPa), θ
is the angle between the vector diameter of the point on the
hole wall and the maximum horizontal principal geostress
(°), ri is drilling radius (m), and r is the distance from drilling
centre line (m).

(2) Stress in the plastic zone of coal seam water injection
dust removal borehole

According to the division of the stress area around the
borehole, assuming that the coal mass is incompressible
and r = ri, the stress distribution in the plastic zone is as
follows:

δr = p1 − αp, ð6Þ

δθ = δ1 1 − 2 cos 2θð Þ + δ2 1 + 2 cos 2θð Þ − p1 − αp, ð7Þ
δz = δa − 2μ δ1 − δ2ð Þ cos 2θ − αp, ð8Þ
τrθ = 0, ð9Þ

where p1 is the minimum wall support pressure (gas pres-
sure in the hole for soft special coal seam and slag
removal by wind) (MPa).

(3) Failure pressure of coal seam water injection dust
removal borehole

As long as the strength of the borehole itself is lower than
the stress of the coal around the borehole, the shear failure
will occur, and the hole collapse will occur [14]. According
to the mechanical analysis of borehole wall stability, com-
bined with the Mohr-Coulomb criterion, the effective stress
can be expressed as follows:

δmax = δmin
1 + sin ϕ

1 − sin ϕ
+ 2C cos ϕ

1 − sin ϕ
, ð10Þ

where δmax is the maximum principal stress of the hole wall
(MPa), δmin is the minimum principal stress of the hole wall
(MPa), ϕ is the internal friction angle of the coal body (°), and
C is the cohesion of the coal body (MPa).

From the above formula, it can be seen that the internal
friction angle and cohesion of the coal body are related to
the mechanical properties of coal, which are fixed constant
values; the shear failure of the coal body is mainly controlled
by the maximum and minimum principal stress of hole wall,
and the greater the difference between δmax and δmin, the
easier the hole wall collapses. According to the analysis of
the principal stress of coal drilling, the horizontal stress dis-
tribution around the borehole is not uniform, and the stress
(δθ) around the borehole changes with the change of θ angle.
The maximum principal stress of the coal body can be
approximately δθ, and the minimum principal stress can be
approximately δr . When θ = 90° or 270, the effective stress

Ground

Fracture zone

H

𝜎2

𝜎1

𝜎1

𝜎2

Plastic zone

Elastic Zone

r
r i

θ

Figure 2: Stress state of water injection dust removal borehole in
coal body.
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difference δθ‐δr is the largest, which is most likely to cause
borehole collapse. At this time, the effective stress formula
of borehole collapse is as follows:

δr r=rij = p1 − αp1, ð11Þ

δθ r=rij = η 3δ1 − δ2 − p1ð Þ − αp1, ð12Þ
τrθ r=ri

�� = 0, ð13Þ
where η is the nonlinear correction coefficient.

Substituting (11) and (12) into equation (10) and making
k = cot ð45°‐ϕ/2Þ, the collapse pressure of the hole wall is
obtained as follows:

p1 =
η 3δ1 − δ2ð Þ − 2Ck + αp1 k2 − 1ð Þ

k2 + η
: ð14Þ

2.3. Concrete Analysis of Hole Collapse. According to the
occurrence and geological conditions of the coal seam in Qi
Panjing coal mine, the water injection feasibility of the coal
seam sampling in Qi Panjing coal mine is analysed. The orig-
inal moisture value of the coal seam is 2.38%. The average
total porosity of the coal seam is 6.42% calculated from the
dry block density and true density of the test coal body.
The natural water absorption rate of the coal is 1.305%,
the firmness coefficient of the coal seam is 0.6848, which
is compared with the standard value of the water injection
injectability of the coal seam, it can be concluded that the
coal seam is water injectable [15–17]. Combined with the
complexity of water injection technology, roadway layout,
and water injection effect, long borehole water injection
is finally adopted.

From the beginning of drilling to the depth of 70m, it is
normal. After 70-80m, the backwater in the hole decreases,
the hole collapse occurs, and the load of the drilling rig
increases. After slowing down and punching, the drilling
continues, and the drilling is difficult. Under the circum-
stances of taking measures such as stopping drilling,
punching, and reverse reciprocating hole cleaning, there is
still no practical effect. After analysis, the specific reasons
are as follows:

(1) This coal seam is soft, with faults, many fractures,
and many gangue layers. To avoid the position of
faults and fractures, the middle and upper part of
the coal seam in the air return roadway of the work-
ing face shall be drilled for water injection from a cer-
tain angle to the advancing direction of the FMCF, or
the middle and upper part of the FMCF shall be
transported by the belt of the FMCF to the advancing
direction of the FMCF at a certain angle. Considering
that the pipeline and equipment are arranged in the
belt conveyor roadway of the FMCF, the drilling
water injection is carried out in the middle and upper
part of the coal seam of the return air roadway of the
FMCF perpendicular to the advancing direction of
the FMCF. Due to the influence of driving on both
sides of the roadway, the stress concentration area is

formed, and the coal body cracks are relatively devel-
oped. During the long hole drilling, affected by the
pressure, the coal seam will give out a “click” sound
during the drilling process. Then, the hole collapse
phenomenon will occur, blocking the normal bore-
hole backwater

(2) There is an SF12 normal fault in the scope of I020902
FMCF, which is located in the centre of 1200m of
FMCF. It is an East-West strike; the dip angle is 65°,
and the drop is 5m. The strike extension length is
about 400m. The fault position is accurately con-
trolled, but hole collapse will occur when the fault is
encountered during drilling

(3) During drilling, the gangue in the coal seam will be
encountered when drilling to 70m. The gangue is
mainly claystone, mudstone, or carbonaceous mud-
stone, with argillaceous cementation, low hardness,
and loose sand grain when meeting water. After anal-
ysis and research, the hole wall cannot form an effec-
tive whole, but loose, and hole collapse occurs

3. Technical Measures for Hole
Collapse Prevention

3.1. Drilling Site Selection

(1) The drilling location is the place with poor develop-
ment of coal seam fissures. The drilling angle is
arranged according to the coal seam strike and dips
angle. The water injection hole is arranged at 1.8m
away from the coal seam floor to avoid the sinking
of the drill pipe and penetrating the floor when the
long hole drill pipe is long

(2) Accurately judge the fault within the scope of
I020902 working face, select the position that can
avoid the fault, and ensure that the drilling does not
pass through the fault affected area

(3) When passing through the stress concentration area
on one side of the roadway, the drilling speed should
be appropriately slowed down, and the “feed pres-
sure” of drilling should be reduced to maintain the
normal drilling backwater state. After passing
through the stress concentration area, the normal
drilling speed should be restored. When drilling
down from the middle and upper part of the coal
seam perpendicular to the advancing direction of
the FMCF, the drill pipe will speed up the drilling
speed due to its weight, so the drilling speed should
be controlled properly

3.2. Drilling Arrangement. In deep hole drilling, drilling
design plays a fundamental role. In the coal seam, the specific
drilling position and drilling angle play an important role
[18–22]. According to the coal seam thickness of I020902
FMCF, combined with roadway height, borehole inclination
angle, and water movement along joint fissure after water
injection, it cannot be close to the lower part of the coal seam,
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to avoid side slope phenomenon of lower FMCF after water
injection. The above factors are considered comprehensively.
Finally, it is determined that the drilling direction is nearly
perpendicular to the main body of the coal seam, and the
height from the coal seam floor is 1.8m, the drilling angle
is divided into the upward hole and downward hole [23].
After analysing the specific conditions of the FMCF, the dril-
ling angle of the upward hole should be less than 2° to 3° of
the coal seam inclination angle. The down hole drilling angle
should be 1° to 2° greater than the coal seam dip angle, to
ensure the drilling track trace basically goes along the coal
seam [24–26], which can increase the drilling depth.

3.3. Drilling Tool Selection. To reduce the occurrence of hole
collapse during drilling, the long conical bit should be con-
sidered. Compared with the ordinary drill bit, the long coni-
cal bit has the following characteristics: the head is sharp and
can eat into the coal seam well. First, form a small area of dril-
ling, and then through the middle and bottom of the long
cone drill bit to expand the hole diameter required for coal
seam water injection. Because this kind of drill bit is easy to
drill holes, with good hole shape and fine coal powder, it
can be discharged well with the drilling machine, so as not
to block the drilling hole. On the premise of meeting the

requirements of water injection drilling hole diameter, prop-
erly reducing the drilling hole diameter can reduce the hole
collapse phenomenon caused by the pressure on the deep
coal seam due to the large drilling area.

When drilling, we usually use high-pressure water to
flush out the pulverised coal in the drilling hole. Sometimes,
some pulverised coal and particles in the hole cannot be dis-
charged. In this case, if we continue to use high-pressure
water to wash the coal powder, the water pressure in the
borehole will increase suddenly, resulting in the stress con-
centration of the newly drilled wall, which will damage the
newly drilled hole, in the case of larger area collapse. The drill
pipe with pulse water flushing and hollow screw is designed,
that is, there are large alternate threads on the drill pipe. Dur-
ing normal drilling, the long conical bit reduces the occur-
rence of hole collapse. Even if the hole collapse occurs, the
amount of hole collapse is greatly reduced. The back end spi-
ral drill pipe can effectively discharge the coal powder and
particles produced.

3.4. Drilling Technology and Method. During drilling, the
drilling rig must be stable. It is to connect the drilling rig
and the ground as a stable whole. Solid wood can be padded
on the bottom of the drilling rig, and the position of the dril-
ling rig can be firmly controlled with columns to avoid vibra-
tion during drilling. Once the vibration occurs, the drilling
eccentricity will be formed, and the hole wall will be uneven,
the drilling resistance will be increased, and the drilling
capacity of the drilling rig will be virtually weakened, which
will affect the drilling effect. The probability of drilling hole
plugging is largely promoted.

During drilling, the relationship between pressure and
speed should be grasped. The limit drilling pressure is fixed
in the drilling process of each drilling rig, but the pressure
given by layers with different hardness is different. It is neces-
sary to analyse the specific layers and pay attention to the
changes of pressure during layer change, withdrawal, and
pull out the drilling. When changing the layer, it is easy to
block the hole and damage the drilling tool, resulting in the
pressure change of the whole drilling device. It needs to be
observed at any time. Once the pressure rises, the drilling
should be stopped in time for mucking. The drilling speed
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Figure 3: Comparison of the layout before and after dedusting drilling treatment.

Figure 4: Details of dedusting drilling.
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should not be too fast when withdrawal and pulling out the
drilling. To maintain the appropriate speed and grasp the
strength, experienced drilling operators are required to make
a reasonable judgment on the slag discharge conditions and
drilling speed according to the summary.

Ensure that drilling operators have high drilling skills.
People have an important impact on the quality of drilling
rig drilling, especially the technological level of drilling per-
sonnel is the decisive factor of whether the drilling can
achieve the expected quality, which requires the professional
level training of drilling operators and the implementation of
the system so that they all have professional technical knowl-

edge. The operators can not only drill but also repair the dril-
ling rig, know how to operate the rig efficiently and normally,
and can deal with emergencies.

3.5. Material Consolidation Method. In the process of dril-
ling, encountered in the coal seam gangue [27, 28], the mea-
sures taken are water glass chemical grouting material
grouting consolidation, the original collapse hole filled with
water glass chemical grouting material, so that the sediment
in the hole and sodium silicate chemical grouting material
mixed, can be better cemented into a whole. It can effectively
fill the collapse hole space and solidify the collapse hole wall.
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According to the actual situation and repeated discussion
and analysis, although this method is not used in coal seam
water injection drilling hole collapse treatment, it has been
used in other temporary or semipermanent engineering pro-
jects, and the effect is good. Considering its good profitability,
low cost, and high safety coefficient, this method is adopted.
In this method, water glass, ethylene glycol adipate, Ma addi-
tive, and water are mixed in the proportion of 50 : 2 : 6 : 42 to
form grouting raw materials. The mud pump is used to pour
the bottom of the drill pipe to the collapsed hole. Starting
from the lowest end of the hole collapse, the drill pipe is
moved back and forth during grouting, so that the loose sed-
iment at the collapsed hole floats with the sodium silicate
chemical grouting material under the impact of water glass
chemical grouting material, forming the whole structure.
After the water in the hole is discharged and the water glass
chemical grouting material flows out of the hole, stop the
grouting and trip out, clean the drilling tool. After 48 hours,
the hole can be swept after the grouting material, and the sed-
iment in the hole are solidified.

4. Results and Discussion

This paper analyses the reasons for the hole collapse of water
injection dust removal borehole in I020902 FMCF, and after
taking relevant technical measures, the ZYWL-3200 crawler
drilling rig is used for drilling. The comparison layout posi-
tion before and after drilling treatment is shown in
Figure 3, and the detailed hole drawing after hole collapse
prevention technology is shown in Figure 4. The comparison
data before and after the drilling depth is shown in Figure 5.
Through the analysis of Figure 5, the drilling depth of the
seven boreholes after treatment is increased by 85-100m,
the average depth is increased by 98m, and the drilling depth
of water injection in coal seam can reach 170-185m, which
indicates that the treatment measures are appropriate. The
treatment effect has reached the expectation. Also, when
the coal seam water injection drilling operation was started,
the drilling team made a footage of 7 meters per cycle, and
then the borehole collapse occurred. Corresponding mea-
sures were taken to control the drilling efficiency, and the
drilling efficiency was also greatly improved. The detailed
data and trends are shown in Figure 6. Through the analysis
of Figure 6, it can be seen that after treatment, the footage per
cycle has been greatly improved, with a minimum increase of
30.86%, a maximum increase of 46.38%, and an average
increase of 36.77%, thus saving valuable time and bringing
greater economic benefits. Also, there is no hole collapse phe-
nomenon in water injection dust removal drilling, which
ensures the safety of production.

5. Conclusion

(1) Based on the analysis of the causes of hole collapse in
water injection dust removal drilling, the paper puts
forward the new technology of systematic prevention
and control of hole collapse in water injection dust
removal drilling hole: from the selection of drilling
site, drilling layout, drilling tool selection, determina-

tion of drilling technology, and other aspects, the
treatment measures are put forward. Especially in
case of hole collapse caused by gangue in the coal
seam, water glass grouting material is adopted for
grouting consolidation. After reaching a certain
strength, the hole shall be drilled again. This has great
reference significance and popularisation value for
the prevention and control of hole collapse of water
injection dust removal drilling hole in another coal
mine FMCF

(2) For the coal seam with complex coal seam structure,
many gangue layers, and complicated gangue lithol-
ogy, seven water injection dust removal boreholes
were drilled. The borehole collapse occurred, and
the prevention measures were taken. The drilling
depth was 85-100m higher than the original, with
an average increase of 98m, and the water injection
drilling depth of the coal seam could reach 170-185m

(3) The drilling team’s footage per cycle was 7 meters,
and then the borehole collapse occurred. After treat-
ment, the footage per cycle increased greatly, at least
by 30.86%, the maximum increase of 46.38%, and the
average increase of 36.77%. The drilling time was
saved, and the economic benefit was good. Moreover,
there was no hole collapse in the drilling, which
ensured the production safety
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Coal seam gas pressure is one of the fundamental parameters used to assess coal seam gas occurrence and is an important index in
assessing the risk of gas disaster. However, the geological characteristics of coal seams become increasingly complex with increasing
mining degree, thus decreasing the accuracy and success rate of direct methods for measuring gas pressure. To address such issues,
we have developed a new method for direct measurement of gas pressure in water-bearing coal seams. In particular, we developed a
pressure measurement device based on theoretical analysis and quantified the basic parameters of the device based on well testing.
Then, we verified the applicability of our method based on comparative analysis of the results of field experiments and indirect
measurements. Our results demonstrate that this new method can resolve the effects of water pressure, coal slime, and other
factors on the estimation of gas pressure. The performance of this new method is considerably better than that of traditional
methods. In particular, field test results demonstrate that our method can accurately and efficiently measure gas pressure in
water-bearing coal seams. These results will be of great significance in the prevention and control of coal seam gas disaster.

1. Introduction

Coal is the most important primary energy source and an
important raw material in China [1, 2]. Nevertheless, coal
output in China has decreased in recent years and more coal
mines have progressed to deep mining [3, 4]. With increasing
mining depth, both geological characteristics and mining
conditions become increasingly complex, increasing the risk
of gas disaster [5, 6].

Coal seam gas pressure is a fundamental parameter in
the study of coal seam gas occurrence [7, 8]. This gas pres-
sure is an important index describing the risk of gas outburst
from coal seams; accordingly, accurate determination and
control of coal seam gas pressure is critical for coal mine
safety [9–11].

Previously, gas pressure has been determined based
primarily on predictive models and field tests [12]. In par-
ticular, many studies have considered the relationship

between gas pressure and surface depth, typically adopting
one-dimensional linear or polynomial regression methods.
Such studies have derived empirical relationships based on
measured gas pressure data and the specific geological char-
acteristics of mining areas [13]. However, there are short-
comings associated with regression methods, because many
factors cause estimated gas pressure to deviate considerably
from measured values; accordingly, regression methods are
often inaccurate and can introduce additional risk [14–17].
Furthermore, geological conditions, the construction envi-
ronment, and space restrictions can make it difficult to vali-
date these methods on site. Thus, the distribution of coal
seam gas pressure has yet to be constrained accurately.

To date, measurement of coal seam gas pressure has
relied heavily on certain geological criteria being met. Geo-
logical characteristics become increasingly complex with
increasing mining depth and concomitant increases in gas
pressure and temperature; heat damage and the risk of water
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inrush also increase with mining depth [18, 19]. Therefore,
the measurement of gas pressure in water-bearing coal seams
becomes increasingly difficult with depth [20]. In particular,
achieving accuracy in the measurement of gas parameters
in coal seams is extremely difficult under the coupled gas–liq-
uid flow field, thus restricting the accuracy of prediction and
on-site measurement of gas risk. Such inaccuracy has serious
implications for the safety of coal mine production. Tradi-
tional methods for measuring gas pressure in water-bearing
coal seams have a number of disadvantages. For example,
water and coal cinder can flood into the pressure measuring
borehole; this can block the borehole or produce a potential
energy gradient (due to water pressure) that can affect the
accuracy of the measured pressure. Devices developed in
recent years are more suited to measuring pressure in
water-bearing coal seams. These more recent devices typi-
cally measure pressure using a double pipe in the upper hole:
a high-level pipe is used to tighten the connection between
the pressure measuring gas chamber and the pressure gauge,
whereas a low-level pipe is used to connect the external water
discharging device to the pressure release. Although this type
of device is of some practical use, it remains difficult to pre-
vent water and coal cinder from entering the upper hole; this
makes it impossible to monitor changes in water flow in real
time and can result in gas leakage in the borehole. Develop-
ment of an accurate means of measuring the gas pressure of
water-bearing coal seams will help constrain the laws govern-
ing gas occurrence in deep coal seams. This constitutes
important theoretical research that will have considerable
practical significance.

The present study discusses the limitations of existing
methods for the direct determination of gas pressure in
water-bearing coal seams and proposes a new method for
the determination of gas pressure in such coal seams. Here,
the accuracy of this new method is demonstrated based on
an indirect measurement method and field comparison tests.
The results show that this method is sufficiently robust for
application in real coal mine settings. Moreover, the pro-
posed method provides an important theoretical basis for
the determination of coal seam gas parameters and will help
inform gas control measures.

2. Traditional Methods of Gas
Pressure Measurement

2.1. Direct Measurement Method. Coal seam gas pressure is
pressure generated by gas within coal seams, expressed in
MPa. In the absence of any other constraining factors, coal
seam gas pressure will reflect absolute pressure. Direct mea-
surements of coal seam gas pressure can be obtained using
boreholes and other methods that allow measurement at
depth. When gas pressure is measured using a borehole,
the borehole is first sealed to allow gas pressure to equili-
brate in response to the natural permeability of the coal
seam; then, the gas pressure is measured within a measuring
chamber [21]. In practice, this is achieved as shown in
Figure 1. First, the piezometer tube is installed to a predeter-
mined depth; the length of the pipe is determined by under-
ground roadway and transportation conditions. Then, the
pipe is sealed at the orifice with polyurethane and the grout-
ing pipe is installed. The borehole is filled with expanda-
ble/nonshrinking material comprising clean water and
cement; this cement slurry is injected into the borehole in
one continuous process using the cement pump. The grout
is left to dry for 24 h before the pressure gauge is installed at
the orifice [22, 23].

If gas pressure changes considerably within one week of
installation of this apparatus, the observation time interval
should be shortened appropriately. Observation results are
typically plotted with time (in days) on the abscissa and gas
pressure (MPa) on the ordinate. When the pressure measure-
ment process is complete and the pressure gauge is removed
(adhering to relevant safety measures), the quantity of water
released from the borehole can be measured. If the borehole
is connected to an aquifer or karst cave, any water flow mea-
surements obtained from the borehole will be invalid;
accordingly, the borehole should be sealed. Otherwise, mea-
surement of water flow from the borehole can proceed. Flow
rates can be obtained by measuring the volume of water
released from the borehole and various borehole and sealing
parameters. When there is no water flow from the borehole,
for upward drilling, the results of gas pressure measurement
can be expressed as shown in equation (1).

Coal seam

Pressure gauge

Piezometer tube

Cement mortar

Polyurethane

Grouting pipe

Grouting pump

Tunnel

Figure 1: Schematic diagram illustrating direct determination of gas pressure.
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P∗ = P1, ð1Þ

where P1 is the measured value, read from the pressure
gauge, and P∗ is the gas pressure (both in MPa).

When the borehole contains water, correction should be
undertaken as follows. When V > V1 and V −V1 <V2, the
correction described by equation (2) should be applied.

P∗ = P1 − 0:01L sin θ − 0:01 4 V −V1ð Þ
πD2 sin θ: ð2Þ

Conversely, when 0 <V ≤ V1, correction should be
undertaken according to equation (3).

P∗ = P1 − 0:01 4V
πd2

sin θ, ð3Þ

where V is water flow out of the borehole (cm3), V1 is the
volume of air inside the measuring pressure tube (cm3),
V2 is the volume of air remaining in the borehole (cm3),
L is the length of the pressure measuring tube (m), D is
the diameter of the borehole (m), and d is the diameter
of the piezometer tube (m).

When V >V1 and V ≥V2 + V1, the volume of water
flowing out of the borehole exceeds the combined volume
of the air remaining in both the pressure measuring tube
and the borehole. However, the potential energy of water
present in the borehole means that the measured pressure
is not an accurate reflection of the actual coal seam gas pres-
sure P∗. To address this, the present study proposes a new
method for measuring coal seam gas pressure that is suitable
for seams with high water content.

2.2. Indirect Measurement Method. The indirect method
described here is based on the coal seam gas adsorption
theory. Coal seam gas pressure can be calculated according
to equation (4), based on gas content and some basic
parameters [24].

Q = abP
1 + bP

∙
1

1 + 0:31Mt
∙
100 − Ad −Mt

100 + 10πP
γ

, ð4Þ

where Q is the adsorption gas content of coal (cm3/g), P is the
coal seam gas pressure (MPa), a is an adsorption constant
(when P tends to infinity, this represents the saturation
adsorption capacity) in cm3/g, and b is a second adsorption
constant (MPa-1). Here, Ad and Mt represent the ash and
water content (%) of coal, respectively; π is coal porosity
(cm3/cm3), and γ is the bulk density of coal (g/cm3).

This method of determining coal seam gas content was
first investigated based on an exploration drilling desorption
method that considers geological characteristics. The deter-
mination of gas content is a recognized industrial standard,
and a desorption method for coal seam gas content has been
established previously [25]. Smith and Williams proposed a
method of calculating air leakage during coring [26]; the
Smith–Williams desorption method was established based
on this method [27]. Subsequently, a direct method of deter-
mining gas content based on dynamic equilibrium and gas

desorption characteristics was developed, building upon the
geological exploration desorption method. This direct
method originated in the United States and has been used
widely, including as the Chinese national standard (GBT
23250-2009) [24, 28].

Determination of coal seam gas content can be achieved
by considering the volumes of desorption gas (X2), gas lost
during sample collection (i.e., lost gas, X1), and gas emitted
during degassing before crushing (X3) and after crushing
(X4), all measured in cm3. Calculation in this manner is
described by equation (5) [29, 30]

Qi =
∑3

j=1X
j
i

m
, ð5Þ

where Qi is the coal gas content of a sample at each stage
(i = 1, 2, 3, 4) in cm3 · g−1, m is the coal sample quality (g),
and Xi

j is the volume of gas at each stage (i = 1, 2, 3, 4, j = 1,
2, 3) in cm3.

A degassing method can be adopted to determine the
adsorption gas content of coal seams, as described by equa-
tion (6).

Q =Q1 +Q2 +Q3 +Q4, ð6Þ

where Q is the adsorbed gas content, Q1 is the lost gas con-
tent, Q2 is the desorption gas content, and Q3 and Q4 are
the gas contents degassed before and after crushing, all mea-
sured in cm3 · g−1.

3. The New Method of Gas
Pressure Measurement

Water pressure and water inflow are the primary factors
affecting determination of gas pressure in water-bearing coal
seams. In particular, water pressure in the seam can make it
difficult to obtain a pressure estimate that reflects gas pres-
sure in the coal seam accurately. Similarly, the influx of
water and coal slime induces error in the pressure measuring
device, further reducing the accuracy of the pressure esti-
mate obtained.

To account for the influence of water on the piezometer, a
new method has been developed that can separate water and
gas and prevent coal slime obstruction. This device was
designed based on the principle of automatic compensation
and balancing of the water level (Figure 2) and is ideal for
use in water-bearing coal seams. The primary components
of the device include a piezometric tube, gas pressure gauge,
water level sensor, solenoid valve, drain valve, power supply,
and control devices. When the device is connected to a pres-
sure measuring borehole, the gas and water in the coal seam
enter the gas inlet and the water inlet device, respectively. Gas
also enters the gas pressure gauge via the piezometric tube to
allow measurement of the true coal seam gas pressure. Water
and coal cinder are collected at the bottom of the device to
promote gas-liquid separation, and the liquid level is con-
trolled by the water level sensor to ensure a stable pressure
measuring space. Thus, the application of this device can
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eliminate the influence of water pressure and coal cinder on
gas pressure, allowing measurement of the true gas pressure
of water-bearing coal seams.

Our method for field testing can be summarized as
follows.

(1) Measurement sites were selected carefully, focusing
on those in tunnels, in areas of massive lithology with
no faults, cracks, or other geological structures. Dril-
ling was undertaken to a depth of at least 15m and
proceeded through the rock surrounding the road-
way until the edge of the coal seam was reached.
The drilling diameter and dip angle were 146mm
and >0°, respectively. Then, the coal dust was cleaned
up and the drilling parameters were recorded

(2) A pressure measuring pipe with a diameter of
108mm was placed into the borehole, and the grout-
ing pump was used to fill the borehole with expan-
ding/nonshrinking cement slurry in one continuous

process, as shown in Figure 3. Then, water discharge
(per minute) from the borehole was recorded

(3) The pressure measuring borehole was connected to
the pressure measuring device through the flange
and the high-pressure hose. Then, the drain valve of
the pressure measuring device was closed and the
power supply was started; the value exhibited by the
gas pressure gauge was recorded after it had stabilized

(4) Figure 3 illustrates the discharge of water by the pres-
sure measuring device during the pressure measuring
process. After measuring the pressure, the power was
turned off and the drain valve was opened slowly to
discharge the pressure. When the pressure gauge
reached 0, the flange and high-pressure hose were
removed. The steps above were then repeated at the
next measurement location. In this manner, it was
possible to determine the distribution of gas in the
coal seam at different locations

4. Results and Discussion

4.1. Parameter Measurement. The experimental setup shown
in Figure 4 was designed to simulate real conditions in water-
bearing coal strata and allow both the determination of pres-
sure parameters and the measurement of error for the gas
pressure measuring device.

The following procedure was adopted. First, 20L of water
was measured and injected into the tank; then, the high-
pressure gas valve was opened and the pressure reducing valve
was adjusted to achieve the desired gas pressure. The gas and
water inlet valves were opened simultaneously to observe the
action of the solenoid valve, and the inlet and outlet speeds
and any changes in the pressure gauge were recorded.

The gas pressure was varied, and the start and end times
of water flowing from the solenoid valve were recorded.
Simultaneously, a measuring cylinder was used to deter-
mine the volume of water flowing out of the electromag-
netic valve and thus calculate its water flow. The inlet and
outlet flow rate and velocity at various gas pressures are
illustrated in Figure 5.

The results demonstrate that water discharge increases
linearly with increasing pressure (Figure 5(a)). Broadly, the
inlet flow rate remains unchanged with increasing pressure
(fitting equation:Qi = 1:87P + 30:25). The average water out-
let velocity increases with increasing pressure (Figure 5(b),
fitting equation: Vo = 1:973P + 2:443), whereas the inlet
velocity remains relatively unchanged with increasing pres-
sure (fitting equation: V i = 0:04P + 0:6). In this experimental
setup, the inlet of the pressure measuring device is connected
to the tank of the device simulating coal seam conditions.
According to the Bernoulli equation, the inlet flow rate and
velocity are affected only by the weight of the water under
gravity and so remain constant.

Our field experiments have shown that, when the gas
pressure has a stable output, the pressure measured by the
pressure gauge changes with the gas pressure (Figure 6). In
particular, when the air source pressure is less than 1MPa,
P = P∗ and pressure has little effect on drainage. Thus, under

Gas inlet

Gas

Water inlet

Water and coal slime

Drain valve

Solenoid valve

Piezometric
tube Water level sensor-1

Gas pressure gauge

Water level sensor-2

Water level sensor-3

Power supply
and control
devices 

Figure 2: Schematic diagram of gas pressure measuring device for
water-bearing coal seams.

Pressure measuring
borehole

Gas pressure
measuring device

Connecting
pipeline

Figure 3: Schematic diagram showing underground connection of
gas pressure measuring device.
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such conditions, drainage can be considered to be effectively
zero and the pressure measured by the gauge is equal to the
gas pressure. When the air source pressure exceeds 1MPa,
the pressure measured by the gauge is affected by the high
gas pressure and the release of pressure during drainage; this
relationship can be described by the equation P∗ = 0:977
P0:937. Conversely, when the solenoid valve remains closed
for a certain time, P = P∗ and the pressure measured by the
gauge equilibrates to the air source pressure. Under these
conditions, the measured pressure reflects the real gas pres-
sure in the water-bearing coal seam accurately.

4.2. Indirect Method of Measuring Gas Pressure

4.2.1. Coal Samples. Coal samples from three coal seams in
the Kailuan mining area, China, were analyzed in the present
study. Proximate analysis of these coal samples was under-
taken, and the density of each sample was measured

(Table 1). All samples were ground before analysis, and the
following fractions were selected to meet testing require-
ments: <0.05mm, 0.20–0.25mm, and >5mm.

4.2.2. Determination of Methane Adsorption Parameters. Gas
in coal typically exists in two states: free gas and adsorbed gas.
Free gas content can be calculated based on the porosity and
gas pressure of coal, whereas adsorbed gas content can be cal-
culated based on the adsorption constants a and b. In the
present study, we derived gas adsorption curves for the
obtained coal samples using the HAC-1 high-pressure capac-
ity method (Figure 7). The Langmuir function was used to fit
the methane adsorption curve in the range 0–5MPa. We
determined adsorption constants based on equation (7).

Qc =
abP
1 + bPð Þ , ð7Þ

Gas

Power supply and 
control devices 
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Water-bearing
coal seam modeling

High-pressure
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Water
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Coal seam
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Pressure
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Power supply 
and control 
devices

Water inlet

Gas pressure measuring device

(b)

Figure 4: Gas pressure simulation testing in water-bearing coal seams: (a) experimental schematic diagram and (b) field test.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

40

80

120

160

200

240

Inlet flow rate Qi
Outlet flow rate Qo

W
at

er
 fl

ow
 ra

te
 Q

–1
)

Gas pressure P (MPa) 

Qi= 1.875P + 30.255

Qo= 55.764P + 69.113

(a)

Inlet flow velocity Vi
Outlet flow velocity Vo

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

2

4

6

8

Gas pressure P (MPa) 

Vi= 0.036P + 0.0602

Vo= 1.973P + 2.443

(b)

Figure 5: Inlet and outlet (a) flow rate and (b) flow velocity for the pressure measuring device at different gas pressures.
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where Qc is gas adsorption capacity (cm3 · g−1) and P is gas
pressure (MPa). We obtained the following values for the
adsorption constants (in MPa-1): a = 21:70, 23.31, and 12.36
and b = 1:34, 0.43, and 0.93 for samples 1#, 2#, and 3#,
respectively.

4.2.3. Indirect Method of Gas Pressure Measurement

(1) Lost Gas, X1, and Desorption Gas, X2. The DGC device
(Figure 8) is used widely to measure gas desorption. Here,
we used this device for both downhole sampling and the
measurement of gas desorption velocity.

After drilling to the required depth, we used a core tube
to obtain fresh coal samples from the bottom of the hole
and transferred the samples quickly to a sealed tank. To
determine gas desorption X2, we measured the calibrated liq-
uid level every 1min for 30min and recorded the total expo-
sure time (t1) during the sampling period, ambient
temperature, and atmospheric pressure. Then, we calculated
the volume of lost gas X1 based on the curve shown in
Figure 9, which illustrates both gas desorption and gas lost.

(2) Gas Released during Degassing before Crushing, X3. The
coal sample tank was connected to the degasser using a punc-
ture needle and vacuum hose. Each coal sample was degassed
at room temperature until gas leakage was less than 10 cm3

over a period of 30min. Then, each sample was heated to
95°C at a constant rate. This degassing process was repeated
until degassing was deemed to be complete; the total gas
released during this stage was recorded as X3.

(3) Gas Released during Degassing after Crushing, X4. The
coal sample tank was removed. Then, the coal samples were
removed rapidly and placed into a kibbler; the tank was
sealed by tightening its cover. The coal samples were crushed
in the tank, and pulverized samples with particle size < 0:25
mm (typically >80% of each sample) were retained.

Degassing after crushing was measured in the same
way as that before crushing, and X4 was recorded after
the measuring device had stabilized. After obtaining the
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Figure 6: Relationship between simulated gas pressure P and
measured gas pressure P∗.

Table 1: Density and proximate analysis results for coal samples.

Parameters 1# coal 2# coal 3# coal

Proximate analysis

Total moisture (Mt, %) 0.9 2.7 2.7

External moisture (Mf , %) 0.3 0.9 0.8

Inherent moisture (Minh, %) 0.6 1.8 1.9

Ash content (Ad, %) 27.73 11.80 6.80

Volatile (Vd, %) 18.41 34.54 36.86

Total sulfur (St,d, %) 0.51 0.48 0.90

Density

True relative density (g/cm3) 1.62 1.42 1.37

Apparent relative density (g/cm3) 1.58 1.39 1.32
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Figure 7: Gas adsorption curves for three coal samples under
various pressures.
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Figure 8: Schematic illustrating connection of DGC device.
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measurements, the ball grinding tank was removed and
the tank was cooled to ambient temperature before the
coal sample was removed from the tank and weighed.

Gas volume and coal quality for each stage are shown in
Figure 10 for the coal samples considered. Based on equation
(6), the gas contents Q of the 1#, 2#, and 3# coal seams were
calculated to be 2.60, 2.89, and 2:22 cm3 · g−1, respectively.
The gas pressure for each coal seam was calculated based

on several parameters (i.e., gas content, adsorption constant,
density, and proximate analysis parameters) according to
equation (4) (Table 2).

4.3. Application and Validation of the New Method

4.3.1. Gas Pressure Measurement in the Field. Field experi-
ments were conducted on three working faces in different
coal mines to determine coal seam gas pressure empirically.
During testing, we drilled pressure measuring holes directly
into water-bearing coal seams and grouted the holes to seal
them. Then, we used both a traditional method and our
new method to measure coal seam gas pressure. To allow
comparison between the two methods, three pressure mea-
suring holes were arranged at the same level for each working
face, maintaining a spacing of 2m between holes, and the
pressure was measured over a period of 15 days. The drilling
parameters for each working face are summarized in Table 3.
Theoretically, gas is discharged slowly while the hole is being
sealed; accordingly, pressure loss during sealing can be
ignored. Measurements were obtained using the traditional
method first, to avoid any influence of the changing of equip-
ment on the test results.

The new method was validated by drilling three bore-
holes into each of the working surfaces considered. The
results are presented in Figure 11. Using this novel method,
maximum gas pressures of 0.25, 0.26, and 0.22MPa were
recorded for three of the boreholes considered; these values
can be considered to exhibit low variability. In contrast,
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Figure 9: Fitting curve for lost gas X1 and desorption gas X2.
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results of 0.06, 0, and 0.2MPa were obtained for different
boreholes using the traditional method. When the testing
equipment was disassembled after completing the pressure
measurement process, large amounts of water and coal were
found to have accumulated in the B1 and B2 boreholes for the
traditional method. Accordingly, it can be inferred that the
results for the B1 and B2 boreholes may have been affected
by water pressure and/or by coal slime blocking the pressure
measurement boreholes. In contrast, only small quantities of
water were found in the B3 borehole, which yielded pressure
measurements similar to those obtained for the new method
described in the present study (Figure 11(b)). Gas pressure
measurements of 0.8 and 0.84MPa were obtained for the
B4 and B5 holes, respectively, using the new method; how-
ever, the result obtained for the B6 hole using this method
is considered to be invalid. The detection of higher gas pres-
sures for the B4 and B5 holes using the traditional method
(relative to the novel method) can be explained with refer-
ence to the Bernoulli equation (8).

P∗ + ρgh = P1, ð8Þ

where P∗ is gas pressure (MPa), ρ is the density of the coal
slime water (which exceeds 1000 kg·cm-3), g is the accelera-
tion due to gravity (m · s−2), h is the vertical height of the hole
(m), and P1 is the measured pressure (MPa). This explains
why the measured pressure exceeds the real gas pressure.
The result obtained for the B6 hole using the traditional
method is also considered to be invalid, although this method
yielded gas pressures of 1.1 and 1.0MPa for the B4 and B5
holes, respectively. Based on these results, it can be concluded
that the B4 and B5 holes were both well sealed. The higher
pressures obtained using the traditional method can be
attributed to the joint action of water pressure and gas pres-
sure. Additionally, the failure of the B6 hole can be attributed

to poor sealing of the hole due to the appearance of numer-
ous primary cracks around the hole entrance.

For the three boreholes in the 3# coal seam (Figure 11(c)),
gas pressure was found to be 0.55, 0.54, and 0.58MPa accord-
ing to our new method and 0, 0.1, and 0.14MPa according to
the traditional method; as for the B7 and B8 boreholes, this
discrepancy can be attributed to differences in water and
gas pressure. Based on this analysis, it can be concluded that
the novel method is more accurate and reliable than the tra-
ditional method and offers a higher success rate. In particu-
lar, it can effectively resolve the effects of water, slime, and
other factors relevant to water-bearing coal seams on the
obtained gas pressure values.

4.3.2. Comparison of New Method with Indirect Method. To
verify the accuracy of the novel method, gas pressures
obtained using this method were compared with those
obtained using the indirect method (Figure 12). The results
were broadly consistent between methods, thus demonstrat-
ing the accuracy and feasibility of the new method. However,
the gas pressures obtained using the new method are higher
than those obtained using the indirect method; this is likely
because the new method is not subject to the errors in gas
desorption testing and gas content calculation that typically
affect the indirect method. Moreover, the novel method
reduces both the number of experimental steps and the engi-
neering input required. In summary, the present study dem-
onstrates that the novel method is both feasible and reliable
for the determination of gas pressure in water-bearing coal
seams. Therefore, the results presented here will have practi-
cal significance in addressing common engineering problems
in settings involving water-bearing coal seams and will help
ensure coal mine production safety.

5. Conclusions

We have established a new method for measuring gas pres-
sure in water-bearing coal seams to address the shortcomings
of existing methods. Our main conclusions are as follows.

(1) We have developed a new method to determine gas
pressure in water-bearing coal seams based on the
principle of automatic water level compensation
and balance. Our novel device can effectively resolve
the effects of water pressure, slime water, and other
factors on measurement results and can determine
gas pressure in water-bearing coal seams accurately.
In particular, our device includes a solenoid valve
controlled by a water level sensor that can eliminate

Table 2: Gas pressure in three coal seams.

No.
Gas content
(cm3 · g−1) Moisture (%) Ash content (%)

Adsorption constant Porosity
(cm3/cm3)

Apparent relative
density (g · cm−3)

Gas pressure
(MPa)a (cm3 · g−1) b (MPa-1)

1# 2.60 0.9 27.73 21.70 1.34 0.0253 1.58 0.2

2# 2.89 2.7 11.80 23.31 0.43 0.0216 1.39 0.79

3# 2.22 2.7 6.80 12.36 0.93 0.0388 1.32 0.54

Table 3: Drilling parameters for pressure boreholes in coal seams.

Borehole parameters
1# coal
seam

2# coal
seam

3# coal
seam

B1 B2 B3 B4 B5 B6 B7 B8 B9
Drilling depth (m) 24 25 28 32 31 34 28 29 31

Hole sealing length (m) 8 8 8 10 10 10 8 8 8

Drilling diameter (mm) Φ146/108

Seam inclination (°) 20 20 20 12 12 12 30 30 30

Water flow rate (mL · s−1) 5 30 22 44 62 58 55 51 90

Note: drilling diameter Φ146/108 (coal seam drilling diameter was 146mm
and diameter of pressure measuring hole after sealing was 108mm).
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the effects of water over time and a drain valve that
excludes the influence of coal slime

(2) Based on experiments considering well parameters,
both water inflow and rate increase with increasing
coal seam gas pressure; similarly, drainage rate
increases with increasing pressure. Gas pressure has
a minor effect on drainage when gas pressure < 1
MPa. Broadly, the measured gas pressure is consis-
tent with gas pressure in the coal seam under such
conditions, such that P∗ = P. In contrast, when the
gas pressure is >1MPa, the pressure relationship
can be separated into drainage and nondrainage
stages. The measured pressure decreases with
increasing gas pressure, and the drainage flow rate
and velocity are both rapid. This relationship can be
described by the following composite fitting curve:

0 2 4 6 8 10 12 14 16

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

Time (d)

1# coal
G

as
 p

re
ss

ur
e (

M
Pa

)

B1 new method
B2 new method
B3 new method

B1 traditional method
B2 traditional method
B3 traditional method

(a)

0 2 4 6 8 10 12 14 16

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

2# coal

Time (d)

G
as

 p
re

ss
ur

e (
M

Pa
)

B4 new method
B5 new method
B6 new method

B4 traditional method
B5 traditional method
B6 traditional method

(b)

0 2 4 6 8 10 12 14 16

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

3# coal

G
as

 p
re

ss
ur

e (
M

Pa
)

Time (d)

B7 new method
B8 new method
B9 new method

B7 traditional method
B8 traditional method
B9 traditional method

(c)

Figure 11: Gas pressure measurements obtained using new method and traditional method.
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Figure 12: Comparison between new method and indirect method.
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P∗ = 0:977P0:937. When drainage has occurred con-
tinuously for a specific time period, the pressure indi-
cated by the gauge is the same as the air source
pressure value. Thus, when the gas pressure exceeds
1MPa, the pressure measured when the solenoid
valve is closed can be considered an accurate reflec-
tion of the true coal seam gas pressure

(3) Based on field tests measuring gas pressure in water-
bearing coal seams, the new method exhibits both a
higher success rate and lower error than the tradi-
tional method. Moreover, there is only a small differ-
ence between the gas pressure calculated using the
indirect method and that measured in the field tests
of the present study, further demonstrating the accu-
racy of the new method. These results demonstrate
that this novel method is both feasible and reliable
for the determination of gas pressure in water-
bearing coal seams
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In order to explore the variation law of mechanical properties of tailing sand of a metal ore in Hunan Province under the action of
moisture absorption and dehumidification circulation, based on the indoor triaxial test results of tailing sand, this paper introduces
the statistical damage theory, combined with the physical and mechanical properties of tailing sand, and studies the elastic-plastic
mechanical properties of tailing sand on the basis of the Lemaitre strain equivalent theory. Giving full consideration of the change of
tailing sand’s pore and volume in the deformation process, an improved statistical damage constitutive model is proposed; it can
reflect that the residual strength of tailings after the peak value still has bearing capacity under the action of dry wet circulation.
Compared with the results of indoor triaxial consolidation undrained test, this constitutive model is more reliable.

1. Introduction

Mineral resources are the material basis for human survival.
Many scholars at home and abroad have done a lot of
research on mining methods of mineral resources [1, 2].
According to the important premise of China’s economic
development, the development of mineral resources is grad-
ually increasing, which will produce a large number of tailing
waste. Most of the treatment methods of tailing waste are to
store them in the open-air tailing pond. In the open-air envi-
ronment, tailings are often exposed to wind, sunlight, rain,
and snow and are in repeated moisture absorption and dehu-
midification state. When tailings are in this environment for
a long time, its internal structure and mechanical properties
will change irreversibly, and the degree of mechanical charac-
teristic change gradually increases with the increase of the
number of moisture absorption and dehumidification
circulations [3].

In 1958, the Soviet plastic mechanics expert Kachanov
[4, 5] proposed the concept of “effective stress factor.” On
this basis, in 1963, the Soviet expert Rabotnov [6, 7] pro-

posed the concept of “damage factor.” Later, after unre-
mitting efforts of more and more scholars, in 1977,
Lemaitre [8], Chaboche [9], and others used the continu-
ous medium method, according to the irreversible thermo-
dynamic principles, and established the subject of damage
mechanics. Based on that, foreign scholars Frantziskonis
and Desai [10] proposed that the damaged material can
be abstracted into two parts: damaged and undamaged.
Xia et al. [11] proposed the expression of microunit
strength of soil structure contact surface based on the
Mohr-Coulomb yield criterion under plane strain condi-
tion and established a statistical damage softening consti-
tutive model of soil structure contact surface on the basis
of assuming that the microunit strength obeys Weibull
distribution. Based on the Mohr criterion and combined
with the theory of damage mechanics, Jiang et al. [12]
established a damage constitutive model of rock under tri-
axial compression; compared with the experimental results,
it was found that the simulation of stress-strain relation-
ship curve achieved good effect. Yin et al. [13] adopted
the Lade-Duncan and Drucker-Prager criteria to measure
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the microunit strength of rock and established a statistical
damage constitutive model of rock and modified the
model. Cao and Zhang [14] discussed the influence of
Weibull distribution parameters on the statistical constitu-
tive model of rock damage based on the Mohr-Coulomb
criterion and modified the model in combination with the
characteristics of triaxial stress-strain curve. Shen [15, 16]
optimized the original elastic-plastic damage model, proposed
a nonlinear mechanical damage model, and conducted
research and analysis for structural clay, which proved that
by the new nonlinear damage model the turning point of
compression curve and the peak point of shear curve can be
automatically calculated; thus, it will be more simple and
have more application prospects. Cheng et al. [17] studied
the damage problem of rock caused by internal water migra-
tion in freeze-thaw environment, and finally, the stress distri-
bution and migration path of pores were concluded. Yuan
et al. [18] established a damage constitutive model of rock
with correction coefficient by introducing the correction
coefficient.

Based on the indoor triaxial test results, fully considering
the changes of porosity and volume of tailing sand in the
deformation process, according to the physical properties of
tailings, the damage mechanics principle and Lemaitre strain
equivalent theory are introduced, the microunit strength
measurement method is established, and the damage model
of tailing sample considering the dry wet circulation is pro-
posed. It provides a new idea to explore the mechanical prop-
erties of tailing sand under the action of dry wet circulation.

2. Test Overview

The tailings used in this test were taken from a lead-zinc tail-
ing pond in Hunan Province. After several surveys, the sam-
pling point and sampling location are finally determined. The
tailings taken from the site are dried. The particle size distri-
bution obtained by screening method is shown in Table 1. It
shows that the tailings are poorly graded in Table 1. The
specimen used in the triaxial test is a cylinder with a diameter
of 39.1mm and a height of 80mm. The sample preparation is
carried out with the triaxial sample preparation device self-
made from acrylic tube. The sample is compacted in four
layers, and the intact sample is shown in Figure 1. The mois-
ture absorption process is simulated by adding water manu-
ally, and the dehumidification process is realized by drying
in an oven. The moisture content changes in the range of
1%-23% [3].

The fully automatic strain controlled triaxial apparatus
developed and designed by Nanjing TKA Technology Co.
Ltd. is used in the test, as shown in Figure 2. The equipment
loading system is controlled by Windows computer. There

are many test types, and the operator can choose according
to the test content and then input the corresponding test
parameters, such as test rate and confining pressure. The
equipment is mainly composed of main engine loading
frame, advanced pressure volume controller, and data acqui-
sition instrument. All the data in the test are collected by the
computer and stored automatically after the test.

3. Indoor Test Results and Analysis

It can be seen from Figure 3 that the peak strength of tailing
sand decreases gradually with the increase of the number of
moisture absorption and dehumidification circulations.
From the downward trend in the figure, the peak strength
decreases greatly from the zero cycle to the third cycle. The
peak strength of the sample is 389 kPa when the sample does
not undergo the moisture absorption and dehumidification
cycle; the peak strength decreases to 340 kPa after three cycles
and 322 kPa after six cycles. This may be due to the fact that
when the number of moisture absorption and dehumidifica-
tion cycles is small, some channels are formed in the process
of moisture absorption and dehumidification, and the peak
strength decreases greatly. When the number of cycles is
large, the change of these channels tends to be stable. There-
fore, the decrease of peak strength is gentle after three to six
cycles.

Table 1: Tailing particle group.

Particle composition parameters
Effective diameter
d10/mm

Median size
d30/mm

Constrained size
d60/mm

Coefficient of nonuniformity
Cu

Coefficient of curvature
Cc

0.0780 0.1620 0.2000 2.5320 1.6610

Figure 1: Complete preparation sample.

Figure 2: Fully automatic strain controlled triaxial apparatus.
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4. Preliminary Establishment of Tailing Sand
Damage Model

According to the principle of damage mechanics, the stress-
strain curve of tailings can be divided into five stages, as
shown in Figure 4. The first stage is O-A compaction stage.
In this stage, fine particles in tailings are gradually pressed
into the pores between coarse particles due to external load.
The second stage is A-B elastic deformation stage. In this
stage, with the increase of axial strain, the stress of tailing
sample presents a linear growth trend. The third stage is B-
C plastic deformation stage. In this stage, the B-point tailing
sample reaches the yield condition, and the stress increment
gradually decreases with the increase of strain. The original
arrangement and structure of particles in the tailing sample
will change, and the pores will gradually derive. The fourth
stage is the initial stage of C-D damage. The connection
between internal particles of the sample weakens, even grad-
ually breaks, and the particles begin to slide. It can be thought
that the tailing sample has been completely damaged at this
time. The fifth stage is the D-G post damage stage. In this
stage, the tailing pattern has been completely damaged. With
the increase of axial strain, some tailing particles are broken
and the sliding increases. The stress of the sample gradually
decreases with the increase of axial strain, showing the phe-
nomenon of strain softening, finally tending to stable and
reaching its residual strength.

In order to reflect the whole process of stress-strain
deformation of tailings, based on the above five stages of
stress-strain deformation of tailings, the constitutive model
of stress-strain deformation process of tailings is studied
and discussed.

Tailing is different from natural soil. As the broken geo-
technical material after beneficiation, its particle shape is
irregular and its particle hardness is relatively higher than
other soil mass. After the circulation action of moisture
absorption and dehumidification, the mechanical properties
of tailings will change greatly. Therefore, referring to many
research results, a damage model more suitable for tailings
is established. Finally, the following assumptions are put
forward:

(1) A large number of pores and microcracks will be gen-
erated in the tailings after the circulation action of
moisture absorption and dehumidification

(2) It is assumed that the tailing sample after the circula-
tion action of moisture absorption and dehumidifica-
tion is composed of three parts: the damaged part, the
undamaged part, and the pore. The total area is A,
and the corresponding areas of each part are A1, A2,
and A3

(3) Because the damage location in the tailing sample is
random, there is no damage crack in an isolated area,
so the strain in each part of tailings can be regarded as
equal

(4) Assuming that the stress of the tailings sample is σi,
the stress of the damaged part is σsi , then the undam-
aged part is σri , and the pore is unable to bear the
function, so its stress is zero

According to the above, the model was established as

σiA = σsiA1 + σi′A2, ð1Þ

A = A1 + A2 + A3, ð2Þ

A3 = nA, ð3Þ
where n represents porosity.

For the selection of damage variable, according to the
definition, D = A2/ðA1 + A2Þ, and then, according to equa-
tions (1), (2) and (3), the following results can be obtained:

σi = 1 − nð Þ σir 1 −Dð Þ + σi
sD½ �: ð4Þ

Equation (4) is the tailing damage model established in
this paper. A large number of research results show that the
plastic deformation of geotechnical materials is accompanied
by damage, and the greater the damage variableD, the greater
the plastic deformation of geotechnical materials. The analy-
sis shows that when the tailings are completely damaged, i.e.,
D = 1, equation (4) can be written as σ = σs

ið1 − nÞ, and the
residual strength after complete damage of tailings is σs

i .
According to the stress-strain curve of tailing samples, the
value will not change when the tailing stress reaches the
residual stress.

5. Establishment of Damage Constitutive
Relation of Tailing Sand

Hereby, σi′and σsi are the stress values on the micro level, and
‘n’ is the physical quantity gradually changing with the defor-
mation of tailing sample, which cannot be directly measured
by test. Therefore, it needs to be expressed by the quantity
that can be measured under macro conditions.

A large number of studies have proved that the stress-
strain relationship obeys the generalized Hooke’s law when
there is no damage and failure of geotechnical materials. So
there are
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Figure 3: Peak strength of tailing sand under different numbers of
moisture absorption and dehumidification cycles.
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σ1′ = E′ε1′ + μ′ σ2′ + σ3′
� �

σ1′ = E′ε1′ + μ′ σ2′ + σ3′
� �

, ð5Þ

where E′ is the elastic modulus when there is no damage and
μ′ is Poisson’s ratio when there is no damage.

For the tailing sand, the relationship between the elastic
modulus, Poisson’s ratio, and the value of tailing samples
without damage is as follows:

E = 1 − nð ÞE′E = 1 − nð ÞE′,
μ = μ′:

ð6Þ

According to reference [19], the following results can be
obtained:

n = 1 − 1 − n0ð Þ 1 −Dð Þ + P23σ3
P24ε1 + 1 + −P24ε1 + P21/ε1ð Þ − P22 − 1ð ÞD , ð7Þ

where

P21 = P23P25, ð8Þ

P22 = P23P26, ð9Þ

P23 =
2 1 − μ − 2μ2
� �

E′
, ð10Þ

P24 = 2μ − 1, ð11Þ

P25 =
1 + μð Þσ2

c cot φ
3 1 + tan αð ÞE′
h i , ð12Þ

P26 =
c cot φ + 2 sin αð Þ
sin α 1 + tan αð Þ½ � : ð13Þ

The values of c and φ here are the cohesion and internal
friction angle of tailing samples at yield.

Considering that the damaged part and the undamaged
part are a whole and the damaged part is completely random,
so

εi = εi′= εi′′, ð14Þ

where εi, εi′, εi′′ði = 1, 2, 3Þ refer to the macroscopic strain of
tailing sample and the undamaged part, as well as the micro
strain value of the damaged part.

The purpose of this paper is to investigate the damage
process of tailings under triaxial loading, so σ2 = σ3.
Substituting equation (13) into (5), the following results can
be obtained:

σ1′ = E′ε1 + 2μ′σ3′ , ð15Þ

σ3′ = E′ε3 + μ′ σ1′ + σ2′
� �

: ð16Þ

For the volume strain of tailings after loading, there is

V1 = 1 + ε1ð Þ 1 + ε2ð Þ 1 + ε3ð Þdxdydz: ð17Þ

By simplifying the above formula, the following results
can be obtained:

εV = ε1 + ε2 + ε3: ð18Þ

According to the relation equation of porosity in refer-
ence [15], the following results can be obtained:

n = n0 − εVð Þ
1 − εVð Þ : ð19Þ
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Figure 4: Stress-strain curve of tailings under confining pressure of 100 kPa.
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Substituting equation (17) into (18), together with ε2 = ε3
, the relational expression of ε1 and ε3 can be obtained:

n − n0
n − 1 = ε1 + 2ε3: ð20Þ

By simplifying the above formula, the following results
can be obtained:

ε1 =
n − n0
n − 1 − 2ε3: ð21Þ

By equations (14) and (15), there is

σ3′ =
E′

1 − 2μ′2 − μ′
ε3 +

Eμ′
1 − 2μ′2 − μ′

ε1, ð22Þ

σ1′ =
E′ 1 − μ′
� �

1 − 2μ′2 − μ′
ε1 +

2μ′E′
1 − 2μ′2 − μ′

ε3:
ð23Þ

For the determination of the yield surface of tailings,
firstly, the yield condition reaches the stress condition when
the tailing sample initially reaches the plastic state. According
to a large number of experiments, this paper selects M-C
strength criterion as the yield criterion of tailings.

σs
1 =

1 + sin φsð Þσs3 + 2cs cos φs

1 − sin φs
: ð24Þ

The values of cs and φs here are the cohesion and internal
friction angle of residual stress after tailing samples are
damaged.

Substituting equation (23) into (4), the following results
can be obtained:

σ3 = 1 − nð Þ σ3′ 1 −Dð Þ + σs3D
h i

: ð25Þ

By simplifying the above formula, the following results
can be obtained:

σs
3 =

1
1 − nð ÞDσ3 −

1 −D
D

σ3′: ð26Þ

Substituting equation (21) into (25) and then into (23),
the following results can be obtained:

σs
1 =

M
1 − nð ÞDσ3 −MNPε3 − μ′MNPε1 +Q, ð27Þ

where

M = 1 + sin φs

1 − sin φs
, ð28Þ

N = E′
1 − 2μ′2 − μ′

, ð29Þ

P = 1 −D
D

, ð30Þ

Q = 2cs cos φs

1 − sin φs
: ð31Þ

Substituting equations (22) and (26) into (4), the follow-
ing results can be obtained:

σ1 = 1 − nð Þ 1 −Dð ÞN 1 − 2μ′
1 − sin φs

 !
ε1 + 2μ′ −M

� �
ε3

" #

+Mσ3 + 1 − nð ÞQD:
ð32Þ

Equation (32) is the damage model of tailings established
in this paper.

The key to establish the evolution model of tailings by
using statistical damage theory is to determine the microunit
strength of tailings. Cao et al. [20] established a measurement
method of rock microunit strength on the basis of the
Drucker-Prager material yield criterion. This method can
comprehensively reflect the influence of stress state on
microunit strength, but the disadvantage is that it cannot
reflect the influence of damage threshold on damage mea-
surement. Therefore, this paper uses the relevant methods
proposed in reference [21]; thus, the measurement method
of microunit strength of tailings can be obtained:

F = σ1′ −
1 + sin φ

1 − sin φ
σ3′ −

2cs cos φ
1 − sin φ

: ð33Þ

By simplifying the above formula, the following results
can be obtained:

F = σ1′ −Mσ3′ −Q: ð34Þ

Substituting equations (21) and (22) into (34), the follow-
ing results can be obtained:

F =N 1 − μ′ −Mμ′
� �

ε1 + 2μ′ −M
� �

ε3
h i

−Q: ð35Þ

Equation (35) is the microunit strength measurement
method established in this chapter. Based on the idea of
references [12, 21], assuming that the microunit strength of
tailings conforms to Weibull distribution, the statistical
evolution model of tailing damage can be obtained as

D =
1 − exp −

F
F0

� �m� 	
, F ≥ 0,

0, F < 0,

8><
>: ð36Þ

where m and F0 are Weibull distribution parameters of tail-
ing microunit strength. The model also reflects the influence
of damage threshold on the evolution of the model. Only
when the threshold is exceeded, the tailings will be damaged.

Substituting equation (35) into (32), the damage consti-
tutive model of tailings in triaxial test can be obtained.

5Geofluids



For the two model parameters m and F0, the determina-
tion of their values is the key to the establishment of the
tailing constitutive model. Therefore, in this chapter, the
stress and strain values corresponding to the peak points
of the stress-strain curve of tailings under different confin-
ing pressures are set as σss and εss; then, equation (31) can
be derived as

dσ1
dε1






σ1=σss,ε1=εss

= 0: ð37Þ

Equations (36) and (26) are combined and solved to get
the following results:

m = −
Kss

1 Fss
L1K

ss
2 1 −Dssð Þ ln 1 −Dssð Þ , ð38Þ

F0 =
Fss

−ln 1 −Dssð Þ½ �1/m
, ð39Þ

where

Kss
1 = −μ′N 1 −Dssð Þ,

Fss = L1εss − k0,

Kss
2 =Q + 3 μ′ − 1

2

� �
Nεss,

Dss =
σss − 1 − 2μ′N

� �
εss −Mσ3

Q + 1 − 2μ′N
� �

εss
:

ð40Þ

The parameters m and F0 of the statistical damage con-
stitutive model of tailings can be determined by equations
(37) and (38). However, σss and εss represent only the stress
and strain values corresponding to the peak value under a
certain confining pressure, so in order to establish the dam-
age constitutive model of tailings under different confining
pressures, it is necessary to determine the calculation
method of σss and εss. Thus, the method of reference [20]
is used hereby to calculate σss and εss by the following
formula:

σss =
2cf cos φf + 1 + sin φf

� �
σ3

1 − sin φf
,

εss = b + aσ3,

ð41Þ

where a, b are constants and φf and cf are the internal fric-
tion angle and cohesion corresponding to the peak stress of
tailings.

6. Model Validation

After the indoor consolidated undrained triaxial test of
tailing samples was done, according to the stress-strain curve,
the relevant mechanical parameters are E = 78:46 and μ =
0:258 and the internal friction angle and cohesion at the peak

point are 39.1° and 25.5 kPa. The internal friction angle and
cohesion at yield are 24.72° and 25.5 kPa. The cohesion and
internal friction angle of residual stress are 36.67 kPa and
15.95°, respectively. By substituting these parameters into
the damage constitutive model of tailings established before,
the stress-strain theoretical curve under this condition can be
obtained, which is compared with the previous test curve, as
shown in Figure 5. The fitting curve of damage constitutive
model is in good agreement with the stress-strain curve of
indoor tailing samples.

7. Conclusion

Based on the indoor triaxial consolidation undrained test
results of tailing sand, the internal structure changes of tail-
ing sand after repeated moisture absorption and dehumidifi-
cation cycles are studied, and the statistical damage model is
established in accordance with the statistical damage theory.

On the basis of the Lemaitre strain equivalent theory and
considering the influence of pore and volume change on tail-
ings in shear test, a statistical damage constitutive model
which can reflect the stress-strain process of tailings is estab-
lished. The model can reflect the characteristics of bearing
capacity of tailings after damage.

In this paper, the principle of damage mechanics is intro-
duced. According to the stress-strain curve obtained from the
triaxial shear test of tailings, the loading deformation process
of tailings can be divided into (1) elastic deformation stage,
(2) plastic deformation stage, (3) gradual damage stage, and
(4) post damage stage.

The model established in this paper can reflect the vol-
ume deformation process of tailings after triaxial test, with
good fit. Fewer parameters are required, which is conducive
to engineering application.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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The risk of gas disaster in the low-gas tunnel is easy to be ignored. By tracking and analyzing the gas monitoring data of the low-gas
tunnel, it is found that the cyclic abnormal gas emission occurred many times during the construction period, leading to local gas
accumulation, which greatly increases the risk of gas explosion accidents. To scientifically predict the abnormal gas emission in low-
gas tunnels, the idea of K-line diagram-based prediction of abnormal gas emission in low-gas tunnels is put forward, and in
combination with the field monitoring data of low-gas tunnel (Huangguashan Tunnel), the prediction results with different
prediction indexes of K-line diagram are compared and analyzed. The results show that the K-line diagram can reflect the
changing trend of gas concentration in real time accurately and show the change law of gas concentration during different
construction processes; the moving average (MA) of the K-line diagram can accurately reflect the time of abnormal gas
emission, the moving average convergence divergence (MACD) index can reflect the upward or downward power and trend of
gas, and the Bollinger Band (BOLL) index can reflect the fluctuation range of gas concentration. The research results can
provide a reference for the prediction and prevention of abnormal gas emission in low-gas tunnels.

1. Introduction

Gas is one of the important disaster factors of gas tunnels.
The gas emission quantity and gas content of exposed coal
seam in low-gas tunnels are low, which leads to the risk of
gas disaster easily underestimated during the construction
period. In case of abnormal gas emission during low-gas tun-
nel construction, local gas overrun and accumulation will
easily occur, which will greatly increase the risk of gas explo-
sions and other disasters, and seriously threaten the safety of
tunnel construction [1–3]. There are frequent reports of gas
accidents in low-gas tunnels. On February 24, 2015, gas
explosions occurred in No.1 low-gas tunnel in Luodai
Ancient Town, Chengdu, China, due to abnormal gas emis-
sion, resulting in 2 deaths and 22 injuries [4]. Scientific pre-

diction of abnormal gas emission in low-gas tunnels can
provide important early-warning information for gas disaster
prevention and control and then help to take targeted mea-
sures to intervene and reduce the probability of gas explosion
and other disaster accidents. However, the changes in the
occurrence characteristics, gas content, gas pressure, geolog-
ical structure, and other factors of the tunnel-exposed coal
seam have a complex nonlinear effect on gas emission, which
brings great difficulties to the prediction of abnormal gas
emission [5–8]. In the 1980s, Russian scholars proposed for
the first time that gas emission should be predicted during
coal mining; Greedya [9], a British scholar, initiated the Airey
method to predict the gas emission in coal mines based on
time and mining technology; Dong [10] proposed gas emis-
sion time series method and used it as the regression function
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to establish the Gaussian process regression model, the pre-
diction results of which are accurate and reliable; Liang
et al. [11] proposed that, under the condition of considering
gas emission source and fluid-solid coupling process, it
would be more accurate to predict coal mine gas emission
by establishing a dynamic gas prediction model; Booth
et al. [12] believe that the limitations of existing gas emission
prediction can be solved by the prediction results obtained
from improved spatial data sets and the technology including
basic physics and energy-related principles. The above
research methods are often used to predict the gas emission
in coal mines, but there are little research on abnormal gas
emission in gas tunnels.

The change in tunnel gas concentration is characterized
by fluctuation variability, continuity, and real time [13].
The K-line diagram based on time series can not only weaken
the influence of objective factors such as geological condi-
tions and external disturbances but also scientifically and rea-
sonably analyze the gas monitoring information and identify
the hidden gas disaster characteristics. More and more
researchers have recognized the advantages of the K-line dia-
gram in massive data processing, derivation of related
indexes, clear and intuitive trend laws, etc. The introduction
of the K-line diagram analysis method into tunnel gas data
analysis allows us to analyze and study the changing trend
of gas concentration from different angles, which is helpful
to the study of gas emission law. Therefore, this paper puts
forward the idea of the K-line diagram-based prediction of
abnormal gas emission in low-gas tunnels and forecasts and
analyzes the gas emission in low-gas tunnels, to reduce the
possibility of gas disasters.

2. Introduction and Characteristic Analysis of
K-Line Diagram

2.1. Introduction of K-Line Diagram. K-line diagram, also
known as the candlestick chart, can be traced back to the
era of the Tokugawa Shogunate in the 18th century in Japan
[14, 15]. It is three dimensional and intuitive with a unique
method covering comprehensive records and containing
large information content, which is widely used in stock,
futures, foreign exchange, options, and other securities mar-
kets. Like the stock market, the change of tunnel gas concen-
tration is also affected by many factors under the internal and
external complex environments. Therefore, it is a promising
means to introduce the K-line diagrammethod into the cause
diagnosis and early-warning analysis of tunnel gas anomaly
and to make use of its advantages in processing and analyzing
data. By analyzing the theoretical basis of K-line and the
meaning of K-line shapes for tunnel gas monitoring and
extending them to the characterization method of gas anom-
aly patterns [16], it can provide a new research idea for the
field of gas data monitoring and early warning.

The traditional K-line diagram usually revolves around
four data of the K-line—the opening, the highest, the lowest,
and the cut-off prices—thus reflecting the trend and price of
stocks. When it is applied to gas early warning, a single K-line
diagram can reflect the changing trend of gas emission con-
centration in a unit time. When combined with other techni-

cal indexes, it can also predict the change direction and trend
of gas emission intensity in the future. The K-line diagram
has different unit times, such as minute K-line, hour K-line,
and day K-line. In this paper, the initial gas concentration
O, the highest concentration H, the lowest concentration L,
and the cut-off concentration C are taken as the four data
of the K-line diagram. In the traditional K-line diagram, the
red line represents the upward trend of gas concentration
in one cycle, and the green line represents the downward
trend of gas concentration in one cycle. The specific parame-
ters are shown in Figure 1.

The K-line diagram contains four elements: color, entity
size, shadow length, and unit time. Therefore, when it is
applied to the time series of tunnel gas concentration, the
trend of gas concentration contained in it can be found out;
thus, the time point at which the abnormal gas concentration
occurs can be captured more accurately. The main function
of the K-line diagram is to make a reasonable judgment
according to its K-line shape. The process of understanding
the K-line diagram is mainly to observe the red line, green
line, entity size, and shadow length, taking the red line as
an example, as shown in Table 1.

2.2. Common Characteristics of K-Line Diagram and Gas
Concentration Change Curve. The change of tunnel gas con-
centration shares the following common characteristics with
the stock market, so the use of the K-line diagram to describe
gas concentration change has a theoretical basis.

(1) Fluctuation variability

The essence of K-line is to reflect the fluctuation of com-
modity value caused by the natural law of market supply and
demand and manmade speculation, while the assessment of
gas disaster risk is mainly to record and analyze the gas con-
centration and to properly display the geological conditions
and artificial disturbance in the tunnel site area through the
change of gas concentration, so the change of gas concentra-
tion state also has two influencing factors: objective natural-
ity and external factors.

(2) Continuity

Both the market price changes recorded by K-line and the
monitoring results by existing gas concentration monitoring
equipment are continuous records. Through the existing
instruments and equipment, long-time, continuous and
uninterrupted data collection can be achieved to provide nec-
essary conditions for judging the change of gas
concentration.

(3) Real time

Real-time acquisition of stock market data enables inves-
tors to obtain market dynamic changes more quickly. Simi-
larly, the real-time change of gas concentration is very
important for assessing the current gas disaster risk and
adjusting the construction ventilation scheme. With the
development of science and technology, the indicators for
assessing the risk of gas disasters have developed from
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subjective judgment and manual acquisition to objective
quantitative evaluation of equipment detected physiological
indexes, and from the index parameter acquisition in a cer-

tain period to current real-time recording of continuous
parameters, which also provides conditions for complete
and instant monitoring of gas concentration changes.

Highest
concentration

Upper
shadow

line

Entity

Lower
shadow

line

Lowest
concentration

Cut-off
concentration

Initial
concentration

Cut-off
concentration

Initial
concentration

Figure 1: Sketch diagram of K-line.

Table 1: Graphics of the K-line diagram and their meanings.

Graph

Name Short red line
A red entity

with long lower
shadow

A red entity with
upper and lower

shadows
A red entity with lower shadow

A red entity with an
upper shadow

Meaning

Indicating that the
growth trend in the cycle
is not obvious, which

needs further
observation

Indicating that
the gas

concentration
increases in the

cycle

Indicating that it will
jump, open high, and
go low in the next
period of the cycle

Indicating that the gas concentration
may increase in the cycle

Indicating that the
gas concentration in
the cycle has a strong
growth momentum

Graph

Name
A red entity without a

shadow
Inverted T-line T-line Cross

Meaning
Indicating a strong

growth in the next period
of the cycle

Indicating that
the cycle may
be shortened

Indicating that the
cycle may expand

Indicating a peak signal or a bottom
signal, which indicates that, in the

cycle, the trend of the gas
concentration interval will change or

it will enter a plateau
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3. K-Line Diagram of Low-Gas Tunnel
Abnormal Gas Emission

3.1. Overview of Huangguashan Tunnel.Huangguashan Tun-
nel is located in Yongchuan District, Chongqing, which is
constructed by the drilling-and-blasting method. It is an
extralong tunnel, with a total length of 3268m. The coal mea-
sure stratum that the tunnel passes through is the 5th mem-
ber of Xujiahe Formation, which only contains coal locally,
and belongs to the extremely thin coal seam. The thickness
of the coal seam is unstable, and even pinch out occurs. It
is a typical low-gas tunnel. The construction can be divided
into the construction processes of drilling and blasting,
mucking, frame erecting, and shotcreting. Through long-
term tracking of the gas concentration change data of
Huangguashan Tunnel, it was found that there was gas con-
tinuously emitting into the tunnel in each construction pro-
cess during the construction. The difference was that the
gas concentration emitting into the tunnel is different in dif-
ferent processes. Through the study of the relationship
between gas concentration and construction processes, the
gas concentration emitting into the tunnel during each con-
struction process can be distinguished. The changes in gas
concentration based on the data of gas concentration at the
tunnel face in one construction cycle are shown in Table 2
and Figure 2.

From the comparative analysis of Figures 2 and 3, it can
be seen that (1) there is an abnormal point of gas concentra-
tion higher than the highest point of the box diagram, which
indicates that the gas concentration fluctuates greatly and
there is abnormal gas emission, and (2) the gas concentration
during the construction period is generally maintained
between 0.00% and 0.1%, but during the blasting operation,
the gas concentration will increase to 5%. So, it can be seen
that the blasting operation is the main cause of abnormal
gas emission in tunnels.

3.2. K-Line Diagram of Gas Concentration. The tunnel gas
monitoring system will record the change of gas concentra-
tion in real time. If the selection period is too small, the data
will be disordered and not intuitive; if the selection period is
too large, it cannot timely describe the abnormal gas emis-
sion. After a large number of experiments, the period of
10min is most appropriate. So, in this paper, taking 10min
as a cycle, a K-line of gas concentration in one construction
cycle is drawn by using Origin and Excel software jointly
and improved, as shown in Figure 4. The traditional K-line
diagram has only two colors to express the change in stock
price. When it is applied to the change of tunnel gas concen-
tration, it can only express the increase or decrease of gas
concentration in different cycles, but it is not accurate
enough. For this purpose, this paper innovatively introduces
a three-color K-line diagram. The yellow line is the new red
line, representing an increase in gas concentration; the green
line represents the decrease of gas concentration; when the
gas concentration is greater than 0.5%, the K-line diagram
of the gas concentration becomes eye-catching red to remind
the construction personnel of the gas overrun. At the same
time, when the gas concentration of the adjacent K-line dia-

gram changes greatly, the K-line diagram is transformed into
the corresponding gradient color. The improved three-color
K-line diagram has the following advantages over the tradi-
tional K-line diagram:

(1) The color-gradient line represents abnormal gas
emission and is named as “sharply-increasing line.”
The moment of abnormal gas emission can be accu-
rately determined by the position of “sharply-
increasing line”

(2) The gas concentration at 0.5% is set as a warning line.
When the gas concentration is greater than 0.5%,
both the “yellow line” and “green line” turn red,
which can express the situation of gas concentration
overrun more intuitively

In Figure 4, except for the small fluctuation of gas con-
centration in the blasting stage, the gas concentration in
other stages is consistent with the actual situation in the pre-
vious section, indicating that it is feasible to express the
change of gas concentration with the K-line diagram.

To express the change of gas concentration more accu-
rately, the concept of “K-line coordinates” is introduced,
and the position matching issue between K-lines is solved
by defining the coordinates of K-lines in the sequence. The
order of K-lines in the K-line sequence is called the K-line
abscissa, the increasing degree of the gas cut-off concentra-
tion in each cycle relative to that in the previous cycle is called
the K-line ordinate, with the ordinate of the first K-line in the
K-line sequence set to 1, as shown in Figure 5. By analyzing
the increasing degree, the moment that the abnormal gas
concentration occurs can be obtained intuitively and clearly,
which is consistent with the actual situation.

4. Application of K-Line Diagram Basic
Indexes in Prediction of Low-Gas Tunnel Gas
Emission Law

It is too one sided to judge the gas emission trend by using the
K-line diagram only. The K-line combinatory analysis of gas
emission trends by MA, MACD, and BOLL indexes is more
reasonable.

4.1. Moving Average (MA). Using MA to calculate the arith-
metic moving average of the monitored gas concentration
value in a cycle and draw it into a line can directly reflect
the trend of gas emission. The calculation formula of MA is
as follows:

MA X,Nð Þ = X1 + X2 + ::⋯ + XN

N
, ð1Þ

where MA is the moving average,Xi is the end value in
the unit time, and N is the calculation cycle.

There is no fixed rule for the choice of long-cycle and
short-cycle MAs. The intersection of the long-cycle average
and short-cycle average represents the development trend
of gas concentration. The short-term average can closely fol-
low the development trend of gas concentration and can
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better represent the gas change in the short term; while the
long-term average is less affected by short-term gas concen-
tration fluctuation, which is more stable and can well reflect

the long-term trend. Set the black line and red line in
Figure 6 as MAs with the calculation cycles of 0.5 h and 1h,
respectively.

It can be seen from Figure 6 that, when the short-term
average (0.5 h) crosses the long-term average (1 h) upwards,
this breakthrough point is called “golden cross.” When the
“golden cross” appears, the gas concentration shows an
upward trend in the short term. When the short-term aver-
age falls below the long-term average, the breakthrough point
is called “death crossing,” and the gas concentration shows a
downward trend in the short term. The MA shows strong
regularity during the normal gas fluctuation stage, and MA
starts to rise in the blasting stage, then reaches the peak value,
and then falls back immediately after the end, which is in line
with the actual situation.

There is a lag phenomenon in the MA signal, but the
trend can often last for a while. Therefore, when MA
sends a signal that the gas emission increases or decreases,
although the current gas emission may still be in a stable
trend, it still indicates that the next gas emission may
change significantly. Therefore, timely gas prevention mea-
sures can be taken according to the signal at this time.
Moving average is used in the calculation of the next
two types of indexes.

4.2. Moving Average Convergence Divergence (MACD) Index.
Moving average convergence divergence index is referred to
as the MACD index for short, which is aimed at revealing
the changes in the intensity, direction, momentum, and
duration of the gas trend, and has a certain guiding role in
preventing gas concentration overrun. MACD index is a col-
lection of three-time series calculated from historical data,
which are MACD series itself, “average” series, and “diver-
gence” series. MACD series is the DIF of the fast MA
(EMA1) and slow MA (EMA2) and the difference (DIF)
between EMA1 and EMA2. The average series is composed
of N-cycle moving average convergence divergence (DEA)
of DIF. Divergence is the difference between the MACD
series and the “average” series, which is usually displayed as
a bar graph, and its length is twice that of DIF-DEA. There-
fore, the MACD index includes two lines and one stick; the
fast line is DIF, and the slow line is DEA, as shown in
Figure 7.

Table 2: Gas concentration in different construction processes at the tunnel face.

Construction process Time (h) Gas concentration (%) Construction process Time (h) Gas concentration (%)

Drilling and blasting

0 0.02

Frame erecting

8 0.06

1 0.02 9 0.05

2 0.47 10 0.04

3 0.35 11 0.04

Mucking

4 0.26

Shotcreting

12 0.06

5 0.04 13 0.02

6 0.02 14 0.01

7 0.03 15 0.04

25%~75%

Neutrality line
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Figure 2: Box plot of gas concentration in different construction
processes.
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The calculation formula is as follows:

EMAT 12ð Þ = 2
12 + 1 × C Tð Þ + 11

12 + 1 × EMAT−1, ð2Þ

where EMATð12Þ is today’s fast-moving MA, CðTÞ is today’s
gas cut-off concentration, and EMAT−1 is yesterday’s fast-
moving MA.

EMAT 26ð Þ = 2
26 + 1 × C Tð Þ + 25

26 + 1 × EMAT−1, ð3Þ

where EMATð12Þ is today’s slow-moving MA, CðTÞ is
today’s gas cut-off concentration, and EMAT−1 is yesterday’s

slow-moving MA.

DIF = EMA 12ð Þ − EMA 26ð Þ,

DEA MACDð Þ = 2
10 × DIFT + 8

10 × DEAT−1,
ð4Þ

where DEAT−1 is yesterday’s DEA.
In Figure 7, the blue bar graph represents twice DIF-

DEA, the black line is slow line DEA, and the red line is fast
line DIF. When applying the MACD index, it is mainly to
analyze the relationship between DIF and 0 axis, DIF and
DEA, and the sticks and 0 axis. When the bar graph is above
the 0 axis, it means that the gas concentration is rising, and
the higher the bar graph, the greater the upward amplitude
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and the stronger the upward power. If the bar graph is below
the 0 axis, it means that the gas concentration is in a down-
ward trend. This index can intuitively indicate the degree of
gas concentration increase in the blasting stage and the
degree of gas concentration decrease when the blasting stage
ends and enters the supporting stage, and the corresponding
sticks have increased or decreased, thus quantifying the mag-
nitude of the change. When the black line (slow line DEA)
crosses the red line (fast line DIF) upwards, a “golden cross”
appears. At this time, the bar graph is above the 0 line and its

height represents the increased amplitude. When the gray
line crosses the red line downward, a “death crossing”
appears. At this time, the bar graph is below the 0 line and
the height of the bar graph represents the decline amplitude.
Compared with the “golden cross” of MA, the golden cross
signal of the MA index indicates that the short-term gas con-
centration exceeds the long-term gas concentration, which is
a signal that the whole gas concentration is about to increase.
The “golden cross” signal of the MACD index indicates that
the decreased speed of the gas concentration is slowing down,
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Figure 6: MA diagram of gas concentration.
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or the increased speed is accelerated, which also proves that
the gas concentration will increase in the future. If the golden
cross signals of the two indexes appear at the same time, or
almost at the same time, they play a role of mutual verifica-
tion. It shows that the gas concentration not only shows an
increasing trend but also will increase faster and faster in
the future. When such signals appear, it can be determined
that the gas concentration will increase in a period in the
future, so we should pay close attention to its increased
amplitude and changing trend.

According to these characteristics of MACD, it can be
determined that in tunnel gas monitoring, when DIF crosses
DEA and breaks through DEA from bottom to top in MACD
index, it indicates that the monitoring value will rise; when
DIF breaks through from bottom to top, it means that the
monitoring value will rise; if DIF line continues to rise, it
means that the monitoring value will be in danger of exceed-
ing the limit in a period in the future, and corresponding pre-
ventive measures should be taken at this time. MACD index
can also express the convergence and divergence of the expo-
nential moving average (EMA), which uses the speed differ-
ence between short cycle and long cycle to express the
comparison trend between the gas concentration compared
to the current cycle and the average value of the last cycle.
When the gas concentration is in a state of fluctuation, the
difference between the short cycle and the long cycle will be
small. If the MACD value continues to increase at this time,
the divergence will continue to expand.

4.3. Bollinger Band (BOLL) Index. The technical index of
BOLL in the K-line diagram can be automatically adjusted
with the change of gas concentration, and it is more flexible
and intuitive than other methods. Bollinger Band is a techni-
cal index designed according to the standard deviation prin-
ciple in statistics. The index consists of three track lines. In
the field of gas early warning, the upper and lower lines in
this index can be regarded as the pressure line and support
line of the gas index, respectively. Between the two lines,
there is an average line of a gas index. Generally, the gas index
will wander within the band-shaped interval composed of the
upper and lower tracks, which can be called the reasonable
range of gas concentration, and the position of the track
can be automatically adjusted with the change of numerical
value. When the band narrows, the gas index may fluctuate
violently, as shown in Figure 8. BOLL index includes three
curves, namely, the upper track, the middle track, and the
lower track, where the middle trajectory is the moving aver-
age, denoted as un.

The calculation method of the upper track is

Bn = un + α × σn: ð5Þ

The calculation method of the lower track is

Bn = un − α × σn,

σn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n
〠
n

i=1
Xi − unð Þ2

s

,
ð6Þ

where α is a multiple of standard deviation, which is generally
2 by default.

The moving range of the channel formed by the upper,
middle, and lower tracks in the BOLL index is uncertain,
and the upper and lower limits of the channel change with
the fluctuation of gas concentration. Under normal cir-
cumstances, the gas concentration K-line should always
run on the channel. If the gas concentration exceeds the
channel range, it means that the gas concentration in the
working face is in an overrun state, and the construction
should be stopped immediately. In the BOLL index, the
upper and lower tracks of the channel indicate the highest
and lowest positions of gas concentration in a certain
period. Generally speaking, when the gas concentration
runs above the middle track of BOLL, it indicates that
the gas concentration is in a strong upward trend; when
the gas concentration runs below the middle track of
BOLL, it indicates that the gas concentration is in a strong
downward trend. Under normal conditions, the gas index
usually runs within a band a certain width, and its charac-
teristic is that the index value does not appear to suddenly
increase or decrease, in a relatively balanced state. When
the gas index crosses the upper limit pressure line, it is
an upward signal; when the index crosses the lower limit
support line, it is a downward signal; when the index
crosses the middle boundary line from bottom to top, it
means that it may rise continuously for some time; when
the gas concentration crosses the middle boundary line
from top to bottom, it means that it may decline continu-
ously for a while.

BOLL has three functions in gas early warning: (1) BOLL
can indicate the allowable maximum and minimum values of
gas index, (2) BOLL can show the trend of gas concentration,
and (3) Bollinger Bands are usually used as an auxiliary index
to judge the trend, that is, to evaluate the strength of the gas
index trend by the position of the gas index in the Bollinger
Bands.

4.4. Technical Indexes of K-Line Diagram and Verification.
To avoid contingency, the original abnormal fluctuation
data of gas concentration is increased from 100 groups
to 200 groups for trend analysis and prediction. The time
series diagram is shown in Figure 9, and the K-line and
technical indexes of gas concentration are shown in
Figure 10.

From the comparative analysis of Figures 9 and 10, it
can be seen that the overall trend of the K-line diagram
is the same as that of the time series diagram, and the
abnormal emission of gas concentration can be accurately
expressed in combination with the increasing degree. As
for the moving average, according to Figure 10, when
the overall gas concentration reaches the peak, the corre-
sponding short-term moving average is higher than the
long-term moving average, so the gas concentration shows
an upward trend in this period. After reaching the peak,
the long line and short line immediately fell back, and
the falling speed of the short-line was faster than that of
the long-line, which proved that the gas concentration
shows a downward trend.

8 Geofluids



For theMACD index, when the gas concentration rises to
the peak, the corresponding bar graph is above the 0 axis and
reaches the highest value. When the gas concentration falls
back, the bar graph is below the 0 axis and changes from high
to low, which proves that the gas concentration drops. This
shows that the corresponding sticks have changed obviously,
thus quantifying the amplitude of variation. As shown in
Figure 10, DIF crosses DEA and breaks through DEA from
bottom to top in the MACD index, which indicates that the
monitoring value is rising, and DIF is gradually increasing
and continuously rising upwards, indicating that the gas
monitoring value is in danger of exceeding the limit at this
time. At this time, the moving average and MACD index
has a “golden cross,” so it can be determined that the gas con-

centration is in a strong upward stage at this time, which is
consistent with the actual gas trend.

For the BOLL index, when an abnormal gas concentra-
tion emission occurring, the difference between the middle
track and the upper track is small, and when the middle track
breaks through the upper track, it means gas concentration
overrun in the working face, so the construction should be
stopped immediately.

Based on the above, using the increasing degree, the
MA, MACD, and BOLL indexes of gas, the changing trend
of gas concentration can be displayed intuitively, and the
gas emission state, gas concentration change trend, and
whether the gas concentration fluctuates abnormally can
be judged according to various technical diagrams and
lines.

5. Conclusions

(1) The amplitude and fluctuation of gas emission con-
centration in the tunnel construction operation cycle
can be described by the K-line diagram. The
improved K-line diagram is easy to read, practical,
and effective, and the actual change of gas concentra-
tion can be observed more comprehensively and
thoroughly. A series of other indexes are derived
based on this diagram to describe the law of gas emis-
sion, which can better predict the trend of abnormal
gas emission in low-gas tunnels

(2) MA index is used to reflect the long-term change
trend or cycle of gas emission concentration; the
MACD index is used to reflect the intensity, direc-
tion, energy, and trend cycle of gas emission concen-
tration change; BOLL is used to reflect the possible
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upper and lower limits of gas emission. The abnor-
mal gas emission law judged in combination with
the K-line diagram and its indexes is consistent with
the actual situation

(3) The K-line diagram and its indexes can not only be
used to describe the change law of gas concentration
in low-gas tunnels but also provide ideas for describ-
ing the change of gas concentration in high-gas tun-
nels and mines
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Particle flow numerical simulation software (PFC3D) was utilized to establish the consolidated-undrained triaxial compression test
numerical models of mine tailings with different dry densities to deeply investigate the macroscopic and microscopic characteristics
of mine tailings in a tailing pond in Hunan Province. Comparing the results of the simulation and the laboratory experiment, the
mesoscopic parameters of the particle flow numerical simulation were obtained through continuously adjusting the mesoscopic
parameter with the higher degree of agreement between the stress-strain curve, the peak strength, and the elastic modulus as the
determining standard. The macroscopic and microscopic characteristics of mine tailings were studied from the perspectives of
stress-strain, axial strain-volume strain, coordination number, particle velocity vector, and contact force between particles. After
numerous numerical tests, it was found that the PFC3D simulation results are consistent with experiment results of the dry
density tailing samples under different confining pressures; compared with the high confining pressure, the simulation test
results at lower confining pressures were more with that of the laboratory tests; low density and high confining pressure both
have inhibitory effect on the dilatancy characteristics of triaxial samples; with the same confining pressure, the dilatancy
tendency of low dry density samples is suppressed comparing with the high dry density samples. The initial coordination
number of the numerical model is large, which proves that the contact degree of the model is good to some extent.

1. Introduction

Tailings are complex geotechnical materials whose mechani-
cal properties are greatly affected by various factors. As the
main material of the tailing dam, the mechanical properties
of the tailings exhibit great relevance with the safe operation
of the tailing dam. Therefore, it is of great practical signifi-
cance of studying the tailing mechanical properties. Under
the load, the deformation of the tailing structure is mainly
determined by its structural strength and modulus, while the
structural strength and modulus are mainly determined by

the size, shape, and arrangement of its particles, that is, the
macroscopic deformation and failure of the tailing structure
resulted from its fine andmicrostructure changes. In geotech-
nical and rock materials studies, many scholars at home and
abroad have paid great attention on researching it from the
perspective of discrete element particle flow [1–4]. The rela-
tionship between mesoparameters and macroparameters in
discrete-element particle flow simulation has always been a
difficult point. Cui et al. [5] embedded the mode search
method in the least square method to automatically calibrate
the mesoparameters of the discrete element numerical test
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of the biaxial compression of sandmaterials. Iterative calibra-
tion method was utilized by Xu and Sun [6] to calibrate the
mesoparameters of the sand, and compared with the labora-
tory test results, it was found that it can reducemany unneces-
sary and repeated test parameter work. In rock materials,
discrete element method was utilized by some scholars to per-
formPFCnumerical simulation [3, 4]. Liu et al. [7] established
a parallel bonding model for uniaxial and biaxial numerical
simulations of rock materials through PFC2D and studied
the effect of the change of mesoparameters on the strength
of the specimen under the parallel bonding model. A series
of PFC numerical experiments were conducted by Yang and
Han [8] to explore the effects of particle friction coefficient,
normal stiffness, tangential stiffness, and the bonding strength
between particles in particle clusters on the macroscopic
mechanical properties of rockfill materials. The particle flow
discrete element has also been widely used in geotechnical
materials, and Xu [9] had performed the secondary develop-
ment of PFC2D software. He bundled the basic particles
belonging to the same particle to obtain a sample that can be
crushed and carried out many direct shear simulation tests.
It was found that the degree of particle crushing exhibited
influence on the shear expansion characteristics of coarse-
grained soil and the internal friction angle. Luo et al. [10] used
Chengde medium-density sand as the basic research object to
simulate the sliding condition between particles with the con-
tact friction sliding model and studied how the porosity and
the internal friction angle between the particles influence on
the mechanical properties of sand. By comparing the numer-
ical simulation results of particle flow between transparent
sand and standard sand, Li [11] supposed that transparent
sand that can replace natural sand for indoor testing is reason-
able under certain conditions. Zhou and Chi [12] explained
the assumptions and basic principles of particle flow using
PFC2D to numerically simulate the sand biaxial test, and their
results showed that the particle flownumerical simulation test
can effectively simulate the formation and development of
sand shear bands mechanism. Shen et al. [13] conducted
particle flow biaxial compression tests on loose sand and
dense sand to explore the macroscopic parameter response
corresponding to the changes in mesoscopic parameters by
adjusting the size of mesoscopic parameters such as particle
contact stiffness and internal friction coefficient. Yin et al.
[14] conducted a PFCuniaxial compression test on geotechni-
cal materials under different particle size conditions, showing
that the numerical simulation of geotechnical materials has
certain stability when the internal scale ratio is less than
0.01. Yang and Li [15] used the PFC3D particle flow program
to numerically simulate the direct shear test of sand under
different vertical pressures and explain the phenomenon of
sand dilatation at a mesoscopic point of view. Based on the
spherical particles in PFC, Yang and Li [16] introduced a rigid
clump unit composed of pebble to establish dumbbell-shaped
and elliptical cluster particles and found that the elliptical
particles exhibited higher relevance with the simulation
results. Based on the results of the laboratory triaxial test,
Geng et al. [17] utilized PFC software to carry out the numer-
ical simulation of the particle flow of coarse-grained soil and

found that the shape of the particle has a significant effect on
the shear strength of thematerial.Wang et al. [18] used PFC2D

to study the size effect of the large triaxial sample, suggesting
that scaling the sample by the equal mass substitutionmethod
was finite but could not be infinitely reduced. Yin et al. [19]
conducted particle flow simulation tests on sand through
PFC2D and found that the friction angle between the sand
and that between the particles could be approximated as an
inclined line, and the cohesive force and the contact strength
of the particles obeyed the linear law as well approximately.

There are relatively numerous researches about sandy soil,
coarse grained soil, and rockmaterials, but few studies on tail-
ings. In addition, the nonbonded linear contact model is used
in most of above studies, and some are exploring through the
direct shear test. Compared with the triaxial test, the direct
shear test artificially defines the location of the shear failure
surface, while that of triaxial test shear is along the weakest
surface of the specimen. Based on the laboratory triaxial test
results of tailings specimen, this paper compares the simula-
tion results with the laboratory test results, and by continu-
ously adjusting the parameters with the higher degree of
agreement between the stress-strain curve, the peak strength,
and the elastic modulus as the determining standard. The
microstructure characteristics of tailings were analyzed from
the perspective of coordination number, particle velocity
vector, and particle displacement field. The method obtains
parameters that are not easily obtained in laboratory tests.

2. Materials and Method

The tailings used in this test were taken from a tailing pond in
Hengyang, Hunan Province, and the grading parameters of
the samples obtained by sieving are shown in Table 1. Coeffi-
cient of nonuniformity Cu is 2.5320; coefficient of curvature
Cc is 1.6610. As Cu ≥ 5 and Cc = 1 ~ 3 cannot be satisfied at
the same time, the tailing grading is not good. These samples
were dried to a constantweight and then cooled down to room
temperature to make compact samples with a diameter of
39.1mm and a height of 80mm. All samples were prepared
using self-made triaxial device of acrylic tube. The device is
composed of two semicircular cylinders of specified size.
The correspondence between the number of compactions
and the dry density was determined by a large amount of
tests. The specific dry density sample was obtained by
controlling the number of compactions with compacting in
four layers. The samples before and during the triaxial test
are shown in Figure 1.

LH-TTS series automatic triaxial apparatus were
employed with the maximum axial loading force of 10 kN
at the loading rate ranging between 0.0001 and 4.8mm/min.
The process of triaxial loading is controlled by a computer,
and the axial strain of the sample reaches 15% as the termina-
tion condition of loading. The consolidated-undrained triax-
ial compression test was carried out for each specific dry
density sample with the loading rate of 0.6mm/min at a
confining pressure of 100 kPa, 200 kPa, and 300 kPa, respec-
tively. The test data was automatically collected and collated
by the computer, and Figure 2 is the picture of the automatic
triaxial apparatus.
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3. Experimental Results and Analysis

Excess pore water pressure has been the main cause of
many engineering accidents. The increase of excess pore
water pressure would lead to the decrease of the equivalent
axial and radial effective principal stresses as well as the
diameter of the Mohr circle to be unchanged and shifting
to the left, causing soil instability and destruction [20]. The
value of the excess pore water pressure corresponding to each
axial strain can be obtained directly from the triaxial
consolidated-undrained test. Figure 3 shows the relationship
between pore water pressure and axial strain under different
confining pressures (only the excess pore water pressure is
involved in this paper).

From Figures 3(a) to 3(c), the pore water pressure of each
dry density tailing sample under different confining pres-
sures exhibited the trend of increasing and then decreasing
as the axial strain increased. The pore water pressure can
reflect the shear expansion and contraction characteristics
of the specimen during triaxial compression [21]. When the
confining pressure is the same, the larger dry density, the
larger peak pore water pressure; and the larger dry density
sample is more likely to be negative, causing the development

of sample dilatancy characteristic. When the dry density is
the same, the larger confining pressure is, the larger pore
water pressure corresponds to each axial strain, suppressing
the negative value of the pore water pressure. Hence, the
occurrence of sample dilatation was limited by the high
confining pressure. When the density is 1.61 g/cm3 and
1.66 g/cm3, dilatancy happened on all the samples with
confining pressure of 100 kPa (limited to space, the relation-
ship between stress and strain in the laboratory test was not
discussed separately).

4. Particle Flow Model

4.1. Particle Size and Model Size. If the model is generated
according to the original gradation of the sample, millions of
spherical particles will be required. In order to avoid generat-
ing more particles when generating the numerical model of
the triaxial test, resulting in longer calculation time, the orig-
inal gradation of the sample cannot be used directly. Ning
[22] found in the triaxial particle flow test of cohesive soil that
the effect of particle size on the macroscopic strength charac-
teristics of the soil is much smaller than the friction coefficient
and bond strength between the particles, and when D/R ≥ 20,
the effect on the strength parameters of the soil is almost neg-
ligible (D is the model diameter; R is the maximum particle
size). Combined with the size of the laboratory triaxial test
sample and the distribution of the particle gradation of the
tailings itself, the size of the triaxial particle flow model is
the same as the laboratory test size, and the particle size is
uniformly distributed between 0.85mm and 1.41mm.

4.2. Contact Model. In the simulation test of the particle flow
of sandy soil, the contact method chosen by most researchers
is the nonbonded contact [10–12]. Considering that the
tailing material itself has bonding characteristics, it is more
reasonable to select a linear contact bond model. Linear con-
tact bond model is generally composed of linear group,
damping group, and bonding group. Within the range of
the target gap, the bonding force between the particles can
be generated but the moment cannot be resisted. Between
the particles, there can be no coexistence between bonding
and sliding. It is assumed that there are two springs at the
bond between the particles to provide a constant normal,
tangential stiffness and specific tensile and shear strength
[23]. If the normal tensile force is greater than the tensile
strength, the bond will break, and the normal and tangential
bonding will disappear; if the tangential shear force is greater
than the tangential bond strength, the bond will fail, but the
contact is subjected to normal pressure and the tangential
shear force. The force at the contact will not change if it is less
than the product of normal pressure and particle friction
coefficient. Figure 4 shows a linear contact bond model.

Figure 1: Samples before and during loading.

Pressure cabin Sample

Dowel steel
Data collection system

Figure 2: Automatic triaxial apparatus

Table 1: Particle composition parameters of tailings.

Particle composition parameters
Effective diameter
(d10/mm)

Median size
(d30/mm)

Constrained size
(d60/mm)

Coefficient of
nonuniformity (Cu)

Coefficient of
curvature (Cc)

0.0780 0.1620 0.2000 2.5320 1.6610
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4.3. Model Establishment. According to the determined
model size and particle size, linear bonding contact was set
between the spherical particles, and the cylinder command
was utilized to generate the uncovered cylindrical side wall
of the particle flow triaxial test model. To reduce the calcula-
tion time of wall generation, the plane command was utilized
to create a plane rigid wall at the top and bottom of the spec-
imen. To ensure the uniformity of the generated model, the
friction coefficient of the wall is 0 [24]. In the laboratory test,
the flexible restraint was provided by the rubber jacket on the
side wall of the sample, hence setting the wall of the uncov-
ered cylindrical side wall as a flexible wall. Due to the lateral
deformation of the sample under the force during the loading
phase, the length of each side of the plane rigid wall is set to
twice the diameter of the model to prevent some particles
from exceeding the wall. The PFC particle flow numerical
simulation is shown in Figure 5.

4.4. Confining Pressure Servo and Loading System.During the
PFC simulation process, the confining pressure is provided
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Figure 3: Relationship between pore water pressure and axial strain.

Dashpot force (Fd), not shown.

Bonded

Unbonded (linear model)

Linear force (F1), linear elastic
& either bonded or frictional.

Piece 2

0
Piece 1

Fc = F1 + Fd, Mc ≡ 0

Dc
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kn

kn

TF
SF

𝜇ks
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↑

Figure 4: Linear contact bond model (from PFC5.0). Fc is contact
force. Dc is distance between of particles. Mc is contact moment.
TF is tensile force. SF is shear force. gs is specific gap. kn is normal
stiffness. ks is shear stiffness. μ is friction coefficient.
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by the top and bottom plane rigid walls and the flexible wall
with uncover cylindrical side wall in the initial consolidation
stage before loading; the confining pressure is only provided
by the flexible uncovered cylindrical side wall during the
loading stage. The confining pressure and the axial pressure
were adjusted by controlling the movement speed of the
cylindrical side flexible wall and the plane rigid wall, respec-
tively. The magnitude of the force is obtained by formula (1).
Setting the target strain value to reach the target strain value
as the loading stop condition, the top and bottom rigid planes
move slowly at the same time to load the sample [25].

ΔFW = Kw
nNcu

wΔt, ð1Þ

where ΔFW is confining or axial pressure. Kw
n is the average

normal stiffness of particles in contact with the wall. uw is
the wall velocity.Nc is the number of particles in contact with
the wall. Δt is time step.

4.5. Calibration of Mesomechanical Parameters. Calibration
of mesomechanical parameters has always been an important
issue in PFC simulation because there is no specific relation-
ship between the mesoscopic parameters and the macro-
scopic parameters. Based on the calibration of mesoscopic
parameters in recent studies, the parameters are continu-
ously adjusted by trial and error until the stress-strain curve,
elastic modulus, peak strength, and laboratory test results are
approximately the same [26]. The detailed simulation
parameters are shown in Table 2.

5. PFC Numerical Simulation Results
and Analysis

5.1. The Relationship Curve of Stress-Strain. From Figures 6(a)
to 6(c), the stress-strain curve, peak strength, and elastic
modulus of the numerical simulation of each dry density
tailing sample and laboratory tests under different confining
pressures were basically consistent. With the increase of the
dry density, the peak strength of the samples with the same
confining pressure increased significantly. With the increase
of confining pressure, the simulation curves at each dry
density showed that the degree of strain softening to strain
softening was suppressed and finally strain hardening
occurred. That could be explained that as the confining pres-

sure increased, the sliding and turning of the particles in the
simulation were restricted to enhance the load-bearing
capacity, and the sample strain hardening phenomenon
occurred macroscopically. At the same time, as the confining
pressure increased, the axial strain corresponding to the peak
stress in the simulation curve also tended to increase. In the
simulation curve, the peak stress of each dry density tailings
increased with the increase of confining pressure and showed
a nearly linear relationship consistent with the conclusion
that the peak strength and the confining pressure exhibited
linear relationship [18]. Figure 7 showed the relationship
between peak strength and confining pressure. When the
confining pressure was 100 kPa and 200 kPa, the stress-
strain curve of PFC simulation and laboratory test were in
excellent relevance; but when the confining pressure was
300 kPa, the curve matched poorly. This was mainly because
the larger particles in the tailings sample were more likely to
be crushed when compressed under high confining pressure,
but the PFC numerical simulation model assumes that the
ball particles are rigid, so the matching degree between labo-
ratory tests and PFC numerical results under high confining
pressures is poor. It can be seen from Figure 6 that the initial
elastic modulus of the simulation curve was slightly smaller
than the laboratory test due to the large crushed particles in
the real sample, but the particles in the numerical simulation
cannot be crushed. In the numerical experiment, different dry
densities were achieved by controlling the change of porosity
while keeping other simulation parameters unchanged. The
peak strength decreases by 46.7kPa when the porosity
increases from 0.32 to 0.45 at the confining pressure of
100 kPa; the peak strength decreases by 213.3 kPa and 317.7
when the porosity increases from0.32 to 0.45kPa at the confin-
ing pressure of 200 kPa and 300kPa. The stress-strain curves of
the numerical test showed strain hardening before the deviato-
ric stress reached the peak value, and the volume change
showeda shear shrinkage characteristic. The stress-strain curve
of the numerical test before the deviatoric stress reached the
peak shows strain hardening, and the volume change became
the shrinkage characteristic. After the peak stress was reached,
the volume change showed the tendency of shear expansion,
which was consistent with the laboratory test results in
Figure 3. From a mesoscopic point of view, as the loading pro-
gresses gradually, the pores in the sample are continuously
compressed, the particle spacing decreases, the number of con-
tact points increases, and the body shrinkage characteristics
appearmacroscopically before the peak stress is reached; after
the deviatoric stress reaching the peak stress, the bite force
between the particles reached the peak due to the maximum
restriction and restraint effect between the particles at the
peak stress; therefore, as further loading destroyed the bite
between the particles, the particles began to slip and rotate,
with the tendency to expand radially. The mutual restriction
between particles and the deviatoric stress decreased, and
the volume of the sample began to expand, and the macro-
scopic performance is the dilatancy characteristic.

5.2. Volumetric Strain-Axial Strain Relationship. The volume
strain of the tailing sample is the amount of change per unit
volume of the sample. Based on the initial volume, volume

Figure 5: Model of the particle flow numerical simulation.
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compression serves as positive volume strain, volume expan-
sion serves as negative volume strain, and the point where the
slope of the axial strain and volume strain curve of is 0 is
defined as the critical point of the shear expansion trend.
The relationship between axial strain and volume strain
under PFC numerical simulation is shown in Figure 8.

In the PFC simulation, there is no dilatancy phenomenon
on the sample with a confining pressure of 100 kPa and a dry
density of 1.61 g/cm3, which is not consistent with the result of
a slight dilatation phenomenon in Figure 3. This is that the
particle flow simulation assumed that the particles are rigid
bodies, and the particles in the laboratory test can be crushed
and deformed. The crushed and deformed particles are

recombined and replaced into the large pores in the sample,
resulting in the number of large pores reduced, and the degree
of crushing and deformation is greater under high confining
pressure. Unlike laboratory tests, the dominant factor in the
change of sample volume in PFC numerical simulation is
the rearrangement between particles due to the sliding and
squeezing between particles. It can be clearly seen from
Figures 8(a) to 8(c) that there is a big difference in the relation-
ship between the volume strain-axial strain curves of different
confining pressure simulations at the same dry density. The
sample at the confining pressure of 100 kPa with lower dry
density has a more obvious dilatancy trend, but no dilatation
occurs compared with the initial sample volume; as the

Table 2: Particle flow simulation parameters.

Radius (R/mm)
Radius ratio
(RMax/RMin)

Friction coefficient (μ)
Normal stiffness
(kn/ kN/mð Þ)

Normal-to-shear stiffness
ratio (kn/ks)

Tensile strength
(TF/KN)

85-141 1.66 0.5 60 1.33 5
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confining pressure increases, the critical point of the dilatation
trend that corresponds to the axial strain becomes larger;
there is no obvious tendency of shear expansion when the
axial strain reaches 15% at the confining pressure of 300 kPa.
This is because, for samples with a low dry density at small
confining pressure, the lateral restraint force is small, and
when loaded to a certain degree, the sample expanded radially
due to the slippage and rotation between the particles. When
the confining pressure is larger, the larger lateral binding force
enables to compress to a greater degree due to the larger
porosity of the sample itself, showing the axial strain corre-
sponding to the critical point of the shear dilatancy trend
increases. Compared with the low dry density sample, the
larger dry density has a certain promoting effect on the sam-
ple’s dilatancy trend at the same confining pressure. This
can be explained as, when the density is higher, the porosity
is lower, and the gap between the particles is smaller. After
the load increases to a certain degree, the particles in the sam-
ple slide and renew arrangement under the combined action
of axial pressure and confining pressure, resulting in particles
from a tightly arranged state to a relatively loose degree, which
is more prone to more obvious radial expansion; the particles
with a small dry density are loosely arranged, and the particles
squeeze, slide, and rotate against each other under load by
filling some large pores; the sample had a higher degree of
compression, and the macroscopically showed that the dilat-
ancy characteristic was suppressed. High confining pressure
and low density exhibited inhibitory effect on the dilatancy
characteristics of the sample. The volume strain shows a neg-
ative value, which shows the phenomenon of shear dilatation
macroscopically with the confining pressure of 100 kPa at dry
density of 1.66 g/cm3.

5.3. Coordination Number Changes during Loading. Coordi-
nation number is an extremely important index in particle
flow simulation, which is used to evaluate the degree of good
contact between particles and compactness of a particle

system. In this paper, the coordination number in the loading
process is monitored by setting a measuring ball with a radius
of 17mm at the center of the model, as shown in Figure 9.
The coordination number Cn is obtained by formula (2),
and the coordination number changes of different dry
density models in the loading process are shown in
Figure 10 (coordination number, particle velocity vector,
and contact force between particles were all obtained at a
confining pressure of 100 kPa).

Cn =
2Nc
Nb

ð2Þ

where Cn is coordination number. Nc is actual number of
contacts. Nb is total particles number.

When the confining pressure was 100 kPa, the change of
coordination number of different dry density models during
loading showed that the initial coordination number of each
dry density model was large, indicating good contact between
particles in each model. With the loading process continued,
the coordination numbers of different dry density models
showed a trend of first increasing and then decreasing, and
in the whole loading process, the coordination numbers of
models with higher dry density were larger than those with
lower dry density. When the dry density was 1.66 g/cm3,
the coordination number of the models decreased greatly at
the later stage of loading, which may be because the samples
with high dry density and low confining pressure were more
prone to dilatation. The radial expansion of the model
reduced the numbers of contact between particles, and the
coordination number decreased significantly.

5.4. Velocity Vector Diagram between Particles. When the
confining pressure is 100 kPa, the velocity vector diagram
corresponding to different axial strains in the loading process
is shown in Figure 11. By observing the particle velocity vec-
tor field corresponding to each axial strain of the model
under different densities, it was found that when the axial
strain was 5%, the particle velocity directions in the model
with different dry densities were more orderly. Due to the
loading mode of upper and lower loading plates moving
slowly at the same time is adopted in the model, when the
axial strain is small, the particles in the upper part of the
model show a downward movement trend as a whole, while
the particles in the lower part of the model show an upward
movement trend. Therefore, the particle movement direction
is more orderly. With the increase of axial strain, the move-
ment tendency of particles becomes disordered. When the
axial strain is 10% or 15%, the particles near the side wall of
the model with different dry densities show a trend of radial
horizontal outward motion, which indicates that the model
has shown a trend of dilatancy at this time, which is consis-
tent with the phenomenon in Figure 8. Compared with the
low dry density model, when the axial strain is the same,
the particle velocity field of the high dry density model has
a higher degree of disorder and the radial horizontal move-
ment of the particles near the side wall is more obvious. It
is proved from the microscopic point of view that the high
dry density has a certain promotion effect on the dilatancy
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of the sample. It is corresponding to the conclusion in Section
5.2 that the sample shows dilatancy with 100 kPa confining
pressure and 1.66 g/cm3 dry density.

5.5. Contact Force between Particles. When the confining
pressure is 100 kPa, the contact force between particles corre-
sponding to different axial strains in the loading process is
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Measuring sphere

Figure 9: Measuring ball diagram.

–2 0 2 4 6 8 10 12 14 16
5.8

6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

7.6

Co
or

di
na

tio
n 

nu
m

be
r

Axial strain (%)

(1.53)
(1.61)
(1.66)

Figure 10: Coordination number changes of different dry density
models during loading.

8 Geofluids



shown in Figure 12. The thicker the black line, the greater the
contact force. By observing the contact force corresponding to
each axial strain of the models under different dry densities, it
is found that the magnitude of contact force between particles
is smaller and more homogeneous in the consolidation stage
when the axial strain is 0.With the continuation of the loading
procedure, the homogenization of the magnitude of contact
force between particles with different dry density models pre-
sented a trend of first decreasing and then increasing. When
the axial strain was large, the magnitude of contact force

between particles also developed toward homogenization.
With the increase of axial strain, the contact force between
the particles and the upper and lower loading plates increased
significantly, and the contact force of the core area connecting
the upper and lower loading plates in the middle of the model
also increases obviously. When the axial strain is 10% or 15%,
the core area of the models bears most of the axial pressure.
When the dry density was 1.66 g/cm3 and the axial strain
was 15%, the particle contact force within a certain range near
the side wall of the model decreased significantly, which may

Axial strain 5%

Dry density 1.53g/cm3

Axial strain 10%

Dry density 1.61g/cm3

Axial strain 15%

Axial strain 5% Axial strain 10% Axial strain 15%

Axial strain 5% Axial strain 10% Axial strain 15%

Dry density 1.66g/cm3

Figure 11: Velocity vector diagram of various axial strain sample under different dry density.
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also be due to the phenomenon of dilatancy in the high-
density model under low confining pressure.

6. Conclusions

Based on the laboratory consolidated-undrained triaxial com-
pression experiment, PFC is used to conduct numerical tests
on tailings with different dry densities, and the fish language
is used to monitor the stress, strain, peak strength and coordi-

nation number, particles velocity, and contact force between
particles of the sample. Following conclusions are drawn:

(1) By comparing the laboratory test with the PFC triax-
ial compression simulation test, the stress-strain
curve, peak strength, and elastic modulus of the
numerical simulation of each dry density tailing
sample under different confining pressures and the
laboratory test are in good agreement

Axial strain 0 Axial strain 5%

Dry density 1.53g/cm3

Dry density 1.61g/cm3

Dry density 1.66g/cm3

Axial strain 10% Axial strain 15%

Axial strain 0 Axial strain 5% Axial strain 10% Axial strain 15%

Axial strain 0 Axial strain 5% Axial strain 10% Axial strain 15%

Figure 12: Contact forces between particles of axial strain samples under different dry densities.
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(2) Compared with the case of high confining pressure,
the numerical test at low confining pressure has a
higher degree of coincidence with the laboratory tri-
axial compression test. This is due to the assumption
that particles are rigid and incompressible in PFC.
However, the greater the confining pressure, the
greater the degree of particle crushing and deforma-
tion in laboratory test

(3) Under large confining pressure, the sliding and rota-
tion of the particles inside the sample are restricted,
suppressing the dilatancy of the sample

(4) The initial coordination number of the numerical
model is large, which proves that the contact degree
of the model is good to some extent

(5) In the triaxial numerical test, with the strain increases
to a certain extent, the core area of the models bears
most of the axial pressure

(6) Both macroscopic and mesoscopic studies have
proved that due to the close arrangement of high-
density particles, the restraint force is small and the
sample will tend to expand radially as loaded to a cer-
tain degree due to the slip and rotation between
particles
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Fully-mechanized mining of coal face with a large cutting height is generally jeopardized by rib spalling disaster in the working face.
Preventive measures based on undisturbed coal seam conditions fail to provide safe predictions, as large-scale fractures in soft coal
face frequently appear before excavation due to mining-induced stresses. This paper investigates a case study of the Paner Mine
11224 working face in the Huainan mine area, China, which features an overlying protected layer in the protective seam mining.
To simulate the failure process in such a mine, we elaborated a simplified physical-mechanical model of a coal wall that
underwent shear failure and sliding instability, in compliance with the triangular prism unit criterion. Similar simulation
experiments, theoretical calculations, and borehole monitoring were used to comprehensively analyze the overburden fracture
and movement after mining the lower protective seam. The development height of three overburden zones was determined, and
the characteristics of the protected layer affected by mining were obtained. The results show that the failure is mainly related to
the roof load, coal cohesion, internal friction angle, coal seam inclination, and sidewall protecting force. The key to limiting the
frictional sliding of a slip body is to reduce the roof load and increase the sliding coefficient and cohesion of the main control
weak surface (MCWS). Besides, a self-developed three-dimensional numerical calculation software RFPA3D (Realistic Fracture
Process 3D Analysis), which considered the rock heterogeneity, was used to reproduce a weak triangular prism’s progressive
failure process. The numerical simulation results agreed with the fracture pattern predicted by the theoretical model, which
accurately described the rib spalling mechanisms in a soft coal face with a large cutting height and a protective layer.

1. Introduction

Sustainable development of the coal mining industry is quite
topical, especially in China, where coal remains the main
energy resource [1–3]. This problem comprehensive solution
requires the account of such subtopics as the development of
efficient mining technology [4–6], protection of the ecologi-
cal environment and groundwater [7–9], clean use of meth-
ane [10, 11], and prevention and control of disasters caused
by coal production [12, 13]. The primary sources of coal in
China are thick continuous coal seams that account for about

45% of the total coal resource reserve and production [14].
Longwall fully-mechanized mining and top coal caving
methods are mainly used for the most efficient mining of
thick coal seams [15, 16]. When the thickness of a coal seam
exceeds 3.5m, longwall mining with top coal caving is gener-
ally adopted, but the problems of low recovery rate and
complicated technology have not been adequately resolved
[17–19]. With the improvement of mining equipment and
management level of working face in recent years, a stope’s
cutting height was gradually increased. For coal seams with
a thickness of 3.5-7.5m, coal cutting of the full height can
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effectively overcome the above problems. However, an
increase in cutting height can produce such problems as
intense ground pressure, rib spalling, roof failure, support
dumping, and sliding, which are hardly avoidable in the stope
[20, 21]. In particular, rib spalling is the most common disas-
ter when the working face coal seam is thick, yet becomes
soft, which is a severe safety infringement. Simultaneously,
the start-up rate of mining equipment is dramatically
decreased, creating a less efficient system for fully mechanized
mining with large cutting height. The instability caused by rib
spalling of the surrounding rock supporting the stope has
become a bottleneck restricting the technology’s sustainable
development. It is an urgent issue that needs to be resolved
for safe and efficient extraction of soft, thick coal seams.

Coal wall fractures and slips during mining are known to
cause the rib spalling of the working face, but the latter’s
mechanism is not well understood. Several physical-
mechanical models based on the fracture characteristics and
rib spalling location in thick coal seams with a large cutting
height have been developed [22–24]. The influence of several
parameters on the coal wall’s stability and further preventive
and control measures has also been proposed [25]. Field
observations have shown that soft coal seams are prone to
arcing or linear rib spalling on the upper part of the coal wall
or the working face’s overall shear slip. The immediate roof
fall is usually synchronized with these three forms as well
(Figures 1(a)–1(c)). The instability of hard coal seams is sud-
den and brittle. Depending on the occurrence location, the
rib spall forms grooves or horizontal overall tensile fractures
throughout the wall (Figures 1(d)–1(f)).

Several theoretical models have been proposed to
describe these forms of rib spalling in a coal wall. Zhang
et al. [26] proposed layered plate structure models using frac-
ture damage and elastoplastic theories. Yin et al. [27] and
Ning [28] improved the coal wall’s deflection characteristics
by using the proposed pressure bar structure model. Yuan
et al. [25] established a mechanical model of the wedge-
shaped sliding body of the coal wall and analyzed vital factors
affecting a wedge-shaped body’s stability. Hao et al. [29]
applied the stochastic analysis method for slope engineering
to establish a mechanical model of coal-face slippage for sec-
tions with a large mining height. Wang [30] proposed a shear
failure model for soft, thick coal seams, which found wide
practical and theoretical applications. Fu et al. [31] used the
unloading rock mass mechanics theory and fracture mechan-
ics theory to establish an unloading effect model of coal wall

excavation. They introduced a new instability criterion for a
wedge-shaped structure. Yang et al. [32] studied the develop-
ment of coal seam cracks formed during mining and ana-
lyzed coal wall instability’s mechanical process using the
slip line theory. Based on the unique geological background
of coal mines, Wang et al. [33] proposed a coal wall rock
beam model to analyze the influence of mining thickness
on steep seam stability. Wu et al. [34] used the shear-slip fail-
ure criterion to establish a space stress model of the coal wall
block elements in a working face. Pang et al. [35] elaborated
on a tensile cracking-sliding model, which implied that it was
problematic to prevent the coal wall from tensile cracking
only by the force of the hydraulic support guard plate. Still,
the latter could suppress the damaged body’s sliding. Liu
et al. [36] monitored the damage process in coal walls with
a large mining height using the smart control system, which
was found very effective. Chang et al. [37] used the Mohr-
Coulomb criterion to derive the analytical expressions of coal
wall horizontal displacement, fracture zone, and plastic zone
radius. They also reported that the abutment pressure con-
centration factor, cutting height, and support resistance of
support were the key factors controlling the rib spalling. Song
et al. [38] used the Ritz method based on the displacement
variation principle to analyze the coal wall failure mechanism
and used a three-dimensional similarity simulation platform
to study the coordinated deformation law of the “roof-
support-coal wall” system.

The above research results have significantly improved
the understanding of coal wall fracture and slip. However,
most researchers reduced the coal wall instability problem
to a plane strain problem when establishing the mechanical
model of rib spalling. This approach is not suitable for some
cases with complex three-dimensional failure characteristics.
Moreover, the obtained failure mechanical models were
mostly based on coal seam mining in its original state. Rib
spalling in coal seams that have been disturbed by mining
stress and have large-scale mining fractures before extracting
are rarely studied. For gas outburst coal seams with low per-
meability, the protective-layer mining is the most effective
method for regional elimination of gas outbursts hazards in
protected coal seams [11]. The coal seams within a specific
range of the top and bottom layers of the protective layer
are depressurized to form mining cracks through the mining
operation. This allows for increased permeability and degas-
sing of the protected coal seam by pumping the methane out
of the coal seam in advance [10]. Yet, this damages the
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Figure 1: The common form of rib spalling in a working face with a large cutting height: (a–c) soft coal seam rib spalling; (d–f) hard coal seam
rib spalling.
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integrity of coal rock mass before normal mining occurs. Fur-
ther research is needed to determine failure, slip, and rib spal-
ling in a large-height cutting face of protected coal seam. This
would allow for the adoption of engineering measures to pre-
vent and control rib spalling and improve the efficiency of
fully mechanized mining face.

In this study, a simplified physical-mechanical model of a
remote lower protective layer mining is established to deter-
mine the range of influence and coal wall instability during
the protective-layer mining. This model includes overburden
fracturing and movement based on simulation, theoretical
analysis, and field measurements to improve model accuracy.
The range of three vertical zones (caving zone, fracture zone,
and bending-and-sinking zone) affected during protective
mining was determined to model the range of influence of
the protective mining under various conditions. Self-
developed RFPA3D numerical calculation software was then
used to simulate a large-height mining soft coal face’s load
instability to verify the proposed physical-mechanical model.
The research results can guide the development of prevention
and control measures, as well as ensure safe and efficient
mining of a fully mechanized working face of a large-height,
soft coal wall.

2. Project Overview

The case study mine is the Paner Coal Mine, located in the
Huainan mine area, China, an important coal and electricity
production base in eastern China. There are two coal seam
strata groups in the mining area, A and B, with an inclination
(dip angle) from 15 to 30°. Group A coal stratum is located in
the lower part of group B coal strata with a thickness of 75-
90m. Seams #1 and #3 are mainly mined from the group A
coal, while coal seams #4, #5, and #6 are mainly mined from
group B coal. The test working face for this research is the
first working face of coal seam #4, also called working face
11224. Working face 11224 has a burial depth of about
700m and an average thickness of 3.5m. Longwall fully
mechanized mining with a large cutting height is currently

used to extract the working face. There is a high risk of coal
and gas outburst of the coal seam #4, as it has a gas content
of 12.5m3/t and a gas pressure of 2.9MPa. The recovery of
#5 and #6 coal seams has been completed. #5 coal goaf is
about 25m away from #4 coal seam. Numerical analysis
and on-site observations have shown that mining of #6 and
#5 coal seams has not affected #4 coal seam. The research
results have been published [39].

About 80m of the #4 coal floor is the #3 coal, and the gas
pressure and content are relatively low in the seam. A lower
protective layer is also implemented during mining to elimi-
nate the #4 coal seams outburst danger. The working face
11223 of the #3 coal is first mined, and pregas extraction is
performed after the #4 coal pressure relief. The position of
the two working faces is shown in Figure 2.

The stratigraphy and coal rock mass mechanical param-
eters of #3 and 4 coal seams were obtained through field cor-
ing and laboratory mechanical tests, as shown in Figure 3.

During the lower protective layer’s mining process, the
pregas extraction of the 11224 working face of the protected
coal seam is exceedingly successful. The pressure and content
of gas outburst coal seam were significantly reduced. During
normal mining of the 11224 working face, the stope’s sur-
rounding rock integrity was poor, and rib spalling frequently
occurred at varying degrees. Concurrently, the immediate
roof fall of working face severely restricted the safe and effi-
cient mining of the stope. Field observations found that rib
spalling on the 11224 working face had complicated spatial
rupture patterns. The rib spall traces are shown in Figure 4.

It can be seen from Figure 4 that rib spalling occurs in the
upper part of the coal wall, area ① in Figure 1, and the exfo-
liated coal body is an irregular triangular prism. A top surface
of this triangular prism is the coal seams top surface, and the
side surface is almost parallel to the coal seam normal. At the
same time, macrocracks penetrating the coal seam were
observed in the traces. After rib spalling occurred in area
①, the coal body in areas② and③was fractured and slipped.
The exfoliated coal is also an irregular triangular prism, but
its shape and volume are significantly different. Generally,
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Figure 2: Distribution of the protective layer #3 coal seam and protected layer # 4 coal seam.
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the rib spalling shape is relatively uniform in the same work-
ing face (Figure 1). The coal wall instability with a complex
spatial rupture shape, such as 11224 working face, cannot

be reduced to the plane strain problem when establishing a
mechanical model.

3. Mining Effects on the Protected Coal Seam

Pregas extraction of the protected layer was successful, indi-
cating that the lower protective layer’s exploitation changed
the stress environment and the fracture distribution charac-
teristics from the initial state of the 11224 working face.
Therefore, it is necessary to study the disturbance effect of
mining the 11223 working face on the #4 coal seam. The
principal analysis distinguishes three vertical zones in the
overburden of the protective layer’s mined-out area after
mining, because the overlying protected layer is located in a
different spatial zone and has different degrees of disturbance
and damage.

The key strata theory proposed by Qian et al. [40] implied
that the structures of the region and key strata are the main
factors determining the overlying strata’s spatial structure
above the goaf and the development height of these three
zones of mining fractures. The key strata judgment theory
proposed by Qian et al. [40] and Qu et al. [41] was used in
this study to verify the presence of three subkey strata
(SKS) between the #3 and #4 coal seams (Figure 3). Relatively
weak rock layers controlled by each SKS belong to the same
rock group, which moves synchronously with the corre-
sponding SKS breaking.

4-2# Coal seam

4-1# Coal seam

1.00 1460 2.43 4.20 0.35 0.31
1.00 2533 10.45 21.00 1.40 0.30
3.50 1460 2.43 4.20 0.35 0.31
6.80 2533 10.45 21.00 1.40 0.30
1.30 2684 24.03 55.30 3.90 0.19
3.65 2605 16.90 43.50 2.00 0.23
3.25 2567 11.37 21.00 1.40 0.32
3.80 2433 6.39 22.50 1.50 0.23
1.01 2433 6.39 22.50 1.50 0.23
3.43 2433 6.39 22.50 1.50 0.23

12.01 2704 15.15 61.40 5.60 0.13
5.00 2565 21.64 43.50 2.00 0.27
4.80 2567 11.37 21.00 1.40 0.32
6.50 2720 18.01 55.30 3.90 0.21
5.65 2565 21.64 43.50 2.00 0.27
2.00 2705 9.86 55.30 3.90 0.18
5.60 2689 10.45 21.00 1.40 0.30
3.60 2720 18.01 55.30 3.90 0.21
3.20 2705 9.86 55.30 3.90 0.18
4.60 2741 27.46 61.40 5.60 0.15
2.05 2565 21.64 40.00 2.00 0.27
5.00 1460 2.43 4.08 0.34 0.31
1.50 2605 16.90 43.50 2.00 0.23
3.50 1460
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3.1. Similar Simulation Test

3.1.1. The Simulation Scheme. Based on strata structural
characteristics between #3 and #4 coal seams, a self-
developed test device capable of bidirectional unequal pres-
sure loading was used to simulate the inclined mining pro-
cess of the 11223 working face. The size of the simulation
platform was 2:4m × 0:2m × 2:0m (length × width × height).
In the test, fine river sand was used as aggregate and mixed
with gypsum and lime as cement. Water was used as a binder,
and mica was sprayed to simulate native layering. The prep-
aration of similar materials and the establishment of physical
models are not the focus of this article. Due to space limita-
tions, the details can be found elsewhere, e.g., Ghabraie
et al. [42]. The proportions of materials to simulate various
lithologies are shown in Table 1, and the curing time of each
material in the simulating test is about 15 days. The similar
stress ratio was 1 : 160, and the simulated geometric and
strength ratio was 1 : 100. The model’s bottom surface was
fixed, while the top surface and side surface were subjected
to constant normal stress, respectively. A load of 0.096MPa
was applied to the physical model top to simulate the over-
burden weight. The lateral pressure coefficient was 1.442, so
0.138MPa was applied in the horizontal direction. The artifi-
cial excavation was used to simulate the 11223 working face
mining.

3.1.2. Similar Simulation Results. Figure 5 shows the charac-
teristics of overburden mining-induced fractures after the
extraction of the 11223 working face. After mining the
11223 working face, SKS1 and its controlling rock group 1
collapsed together and slipped towards the lower part of the
mined-out area. Mining layer separation developed along
the bottom of SKS2, and the caving zone stopped here. Sub-
sequently, stratum fractures developed in the upper and mid-
dle sections of SKS2. With the rupture of SKS2, the fracture
and movement occurred continuously in the controlling rock
group 2. However, due to the limited collapse space, no new
separation between layers appeared at the bottom of SKS3,
and the development of the fracture zone stopped at the bot-
tom of SKS3. The #4 coal seam is a synchronous moving
layer controlled by SKS3. After mining, rock group 3 was
located in the gob bending-and-sinking zone. Rock move-
ment in the bending-and-sinking zone still maintained
continuity and integrity. The amount of subsidence and

deformation of each section of this zone was small in the ver-
tical section.

The physical simulation also found that many macro-
cracks in the normal direction appeared in the #4 coal seam
and the surrounding area. The cracks’ spatial location and
scale were disordered, as shown in areas (a) and (b) in
Figure 5. After mining the lower protective layer, the initial
state of the #4 coal seam was broken. Normal direction frac-
tures violated the integrity of the #4 coal with random
distribution.

3.2. The Theoretical Basis of Height Calculation of Fracture
Zones. Previous research results on the three zones of over-
burden’s development height are mostly reduced to empirical
formulas derived via statistical processing. Still, the calcula-
tion results do not typically embody actual measurements.
Xu et al. [43] assumed that the primary key stratum’s spatial
position could be based on similar simulation results and
field measurements to determine the fracture zone’s height.
However, this model failed to consider multiple SKS in the
overburden during deep mining. For deep mining, Yang
et al. [44] used the key stratum theory to treat each subkey
stratum as a thin sloping plate fixed around a central posi-
tion. A calculation model of the three-overburden zones’
development height was elaborated by analyzing the break-
ing conditions of subkey strata. According to this model,
the three zones’ development status in the overlying strata
above the stope was determined by key strata structure, min-
ing height, and rock expansion coefficient. Assuming the
stope mining thickness of m (i.e., full thickness of the coal
seam), n rock layers under a certain SKS, the thickness of
each rock layer of Hi, and the corresponding fracture expan-
sion coefficient of ri, the SKS breaking conditions would be as
follows:

m −H1 r1 − 1ð Þ − 〠
n

i

Hi ri − 1ð Þ > 0: ð1Þ

If rock stratum below SKS1 satisfies formula (1) when
SKS1 reaches its limit span, it breaks, and the fracture zone
develops to the bottom of SKS2. Then, if the rock stratum
below SKS2 satisfies formula (1) when SKS2 reaches its limit
span, it breaks, and the fracture zone continues to develop to
the bottom of SKS3. Until the rock strata below the SKS fails
to satisfy formula (1), the fracture zone height ends at the
bottom of the first unbroken SKS.

3.3. Borehole Monitoring

3.3.1. The Monitoring Scheme. On-site monitoring is the
most intuitive and reliable method to study layer fractures
and movement. The low-level gas extraction roadway of the
11224 working face is located in SKS3, 25m away from the
#4 coal seam. The low-level gas extraction roadway of the
11225 working face is located 21m above the #4 coal roof
and is a predraining roadway for the #5 coal seam. The hor-
izontal distance between the two roadways is 13m. A moni-
toring borehole was placed at an inclined slope of 75° in the
11224 low-level gas extraction roadway roof. The observation

Table 1: The proportions of materials to simulate various
lithologies available between the two working faces.

Lithology
Weight proportion

Fine river sand Lime Gypsum Water

Coal 10 0.5 0.5 1.1

Mudstone 10 0.7 0.3 1.1

Fine sandstone 6 0.6 0.4 0.7

Sandy mudstone 7 0.7 0.3 0.8

Coarse sandstone 8 0.6 0.4 0.9

Siltstone 9 0.5 0.5 1.0
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port is located at the bottom of the 11225 low-level gas
extraction roadway. The borehole spatial position is shown
in Figure 2. To monitor the protected seams disturbing char-
acteristics after mining the 11223 working face, a rock dril-
ling detector was used to observe the borehole wall's
deformation.

3.3.2. The Monitoring Results. The observation results are
shown in Figure 6. When 11223 working face passed the
observation port 155m, vertical cracks penetrating the rock
layers were observed at a depth of 32m, as shown in
Figure 6(a). When working face passed observation port
186m, #4 coal seam collapsed and blocked the borehole. Ver-
tical cracks were also observed at a depth of 16m, as shown in
Figure 6(b). During the mining of 11223 working face, no

layer separation was monitored in the borehole, indicating
that SKS3 did not break. However, vertical fractures were
widely observed. Therefore, the disturbed rock layers around
#4 coal seam were located in the overburden bending-and-
sinking zone. Fractures paralleled to the borehole appeared
in the protected coal seams vicinity, which was consistent
with physical simulation results. Simultaneously, macronor-
mal penetrating fractures were more intuitively observed
during the mining of 11224 working face, as shown in
Figure 7.

3.4. Comprehensive Analysis. Similar simulations show that
after mining the 11223 working face, the fracture zone that
transmits water ceases at the bottom of SKS3. Also, the #4
coal protected layer was located in a bending-and-sinking

SKS3

SKS2

SKS1

No.4 coal seam

Controlled by
SKS3

Controlled by
SKS2

Controlled by
SKS1

Geometric similarity ratio
1:100

Similarity ratio of stress
1:160

Similarity ratio of strength
1:100

b

a

No.3 coal seam

Figure 5: Development characteristics of fractures in the overlying strata during mining of the lower protective #3 coal seam.
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Figure 6: Observation results of borehole monitoring during the mining of 11223 working face. (a) Vertical cracks penetrating the layer at a
depth of 32m; (b) Vertical cracks formed at a depth of 16m.
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overburden zone. However, due to the test rig’s limited size in
the indoor physical simulation experiment, limit spans of key
stratum may not be reached. Therefore, it is not possible to
accurately determine the development status of the three
overburden zones simply based on the experimental results.

Equation (1) is the SKS breaking criterion obtained based
on the thin plate theory [45]. Given the lack of measured data
on the layer expansion coefficient in the overburden of the
11223 goaf, Hao [46] results on the Yangquan Coal Mine
with similar geological conditions were used in this study.

r = 1:083 − 0:017 ⋅ 1n hð Þ h < 100m, ð2Þ

where r is the rock expansion coefficient, and h represents the
vertical distance from the coal seam.

Based on the measured expansion coefficient of rock
layers and values from the Yangquan Coal Mine, it was calcu-
lated that only SK1 and SKS2 fractures occurred in the over-
burden of the 11223 working face, and the fracture zone
stopped at the base of SKS3. The weak rock penetration con-
trolled by SKS3 was located in the bending-and-sinking zone,
including the #4 coal seam. Borehole monitoring observed
mining fractures near the #4 coal, but no layer separation
occurred. It was inferred that SKS3 did not fracture after
extracting the 11223 stope. Similar simulations, theoretical
analysis, and borehole monitoring conclusions are consis-
tent. All results reflect that the #4 coal protected layer is
located in the bending-and-sinking overburden zone. Coal
and rock layers in the bending-and-sinking zone are typically
less affected by mining the lower protective layer, and no
large-scale severe mining damage occurs.

Macrocracks along the normal direction of rock layers
appeared in the area near the # 4 coal seam, and they were
also all observed in similar simulation and borehole monitor-
ing. This phenomenon was also seen during normal mining
of the 11224 working face. It shows that the protective layer
#3 coal mining affected the original rock state of the pro-
tected layer #4 coal located in the bending-and-sinking zone;
the #4 coal was not seriously fractured. The coal rock mass,
which had good integrity before mining, was intersected by
randomly distributed fractures.

4. A Mechanical Model for Rib Spalling of
Protected Coal Seam

4.1. Physical Mechanics Model. The previous analysis shows
that the 11224 working face is affected by the mining of the
lower protective layer even though it is located in the contin-
uous bending overburden zone. Even in this zone, there were
already several randomly distributed normal-direction frac-
tures before mining began. Affected by the advanced
abutment pressure, the coal wall properties gradually deteri-
orated during the mining process. The normal direction frac-
tures in the coal body in front of the working face continued
to develop and penetrate due to the increasing abutment
pressure, thus forming weak joint faces of different sizes
[47]. The existence of joint cracks and a weak surface dramat-
ically reduces the coal body’s integrity and increases the dif-
ficulty in controlling the coal wall’s stability [48].

The study here suggests that the weak surface that is the
largest and has a mainmechanical control role is the main con-
trol weak surface (MCWS) among the joint cracks. TheMCWS
divides a coal body adjacent to the working face into units and
has weak mechanical bonds with the surrounding coal bodies.
Due to the coal body’s roof pressure and weight, the soft coal
unit undergoes shear failure to a certain height and direction
to form a slip body. When the surrounding unit fails to restrict
the slipping body’s sliding along the weak surface, rib spalling
forms. Due to the randomness of the MCWS distribution,
the morphology of the unit body is different. The unit on the
side of the coal wall facing the air can be reduced to a trian-
gular prism by determining theMCWS, as shown in Figure 8.

Based on the above simplification, a three-dimensional
mechanical model of coal wall instability in the protected
large-cutting height soft coal working face, as shown in
Figure 8, is established. The intersection of MCWS abcd and
MCWS bfec formed bymining operation creates the triangular
prism abfdcewith a weakmechanical bond with the surround-
ing coal bodies. The shear failure criterion of a triangular pris-
matic unit with an arbitrary shape and the sliding criterion of
the slip body are proposed based on the Mohr-Coulomb crite-
rion. Most of the actual shear slips are curved surfaces. Due to
the limited height of the coal wall and rib spalling, the fracture
surface is treated as a plane for strength analysis convenience.

4.2. Shear Failure Criterion of Unit. Triangular prism abfdce
undergoes shear failure along MCWS abcd and MCWS bfec
due to the roof pressure, gravity, sidewall protecting force,
and the surrounding unit confining pressure. The shear frac-
ture traces ba′ and bf ′ are formed, respectively, and the sur-
face ba′ f ′ formed by the intersection of the two traces is the
unit fracture surface. The sidewall protecting force provided
by hydraulic support is Ph, and the confining pressure of
the surrounding unit on MCWS abcd and MCWS bfec can
be derived as:

Pw = Pv ⋅ υ/ 1 − υð Þ: ð3Þ

Where Pw is the normal stress on MCWS, Pv is the com-
bined force of the roof load and vertical component of gravity
along MCWS, and υ is Poisson's ratio of a coal body. It is

Macro normal
penetrating

fracture

Figure 7: Macronormal penetrating fracture in the 11224 working
face.
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assumed that Ph < Pw < Pv. When applying the Mohr-
Coulomb criterion to the strength analysis of a triangular
prism, the intermediate principal stress Pw is not considered,
and its fracture surface is parallel to Pw.

Figure 9 depicts the spatial components of gravity of
the coal body on the two MCWS of the triangular prism.
From the spatial geometric relationship in Figure 9, we
can obtain:
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Coal
face
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Figure 8: Physical-mechanical model of coal wall failure in a protected soft coal seam with large cutting height. P is the normal load on the
coal wall, and α is the inclination of the coal seam (dip angle).
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Figure 9: The component of gravity onMCWS. (a) The component of gravity onMCWS bfec. (b) The component of gravity onMCWS abcd.

cos δ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − sin α2 cos β2

q
 G′ = G cos δ  sin ζ = sin β tan αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + sin2β tan2α
p   cos ζ = 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + sin2β tan2α
p , ð4Þ

cos ε =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − sin α2 cos γ2

p
 G″ =G cos ε  sin κ = sin γ tan αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + sin2γ tan2α
p   cos κ = 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + sin2γ tan2α
p : ð5Þ
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Here, G is the gravity of the coal wall slip body, G′ is the
component of G on MCWS bfec, and G″ is the component of
G on MCWS abcd; β and γ are the angles between MCWS
bfec, MCWS abcd, and the coal seam strike, respectively,
and are random; δ and ε are the angles between the direction
of G, MCWS bfec, and MCWS abcd, respectively; ζ and κ are
the angles between the component of G on the MCWS bfec,
MCWS abcd, and the coal wall.

According to the Mohr-Coulomb strength theory, the fail-
ure criterion ofMCWS bfec andMCWS abcd can be expressed
as the difference between the sliding force F along the shear
plane and the shear resistance force D. If the difference is
greater than 0, shear failure occurs in the triangular prism unit:

W = F −D ≥ 0: ð6Þ

Figure 10 depicts a schematic diagram of the shear fracture
of MCWS, where θ is the angle between the shear plane and
the coal wall; q is the load concentration of the roof, and N
is the normal stress on the shear plane. h1 is the shear failure
height of MCWS bfec; N1 is the normal stress on the MCWS
bfec shear surface; F1 is the sliding force on the shear plane
of MCWS bfec; h2 is the shear failure height of MCWS abcd;
N2 is the normal stress on the MCWS abcd shear surface; F2
is the sliding force on the shear plane of MCWS abcd.

From the geometric relationship of the components in
Figure 10(a), we can obtain:

P1 = qh1 cot θ, ð7Þ

ω = θ − ζ, ð8Þ
N1 = P1 cos θ + G′ cos ω + Phh1 sin θ: ð9Þ

Assuming that the width of the sliding surface is 1m, the
sliding force and shear resistance force are the following,
respectively:

F1 = P1 sin θ +G′ sin ω + Phh1 cos θ, ð10Þ
D1 = Ch1 csc θ +N1 tan φ, ð11Þ

where C is the cohesion of coal, and φ is the internal friction
angle.

The substitution of Eq. (9) into Eq. (11) gives:

D1 = Ch1 csc θ + P1 cos θ +G′ cos ω + Phh1 sin θ
� �

tan φ:

ð12Þ

After substituting Eq. (10) and (12) into Eq. (6), W1 can
be defined as:

W1 = P1 sin θ +G′ sin ω − Ph cos θ − Ch1 csc θ
− P1 cos θ +G′ cos ω + Phh1 sin θ
� �

tan φ:
ð13Þ

Substituting Eq. (4), (7), and (8) into Eq. (13) gives:

W1 = qh1 cot θ sin θ − cos θ tan φð Þ
− Ch1 csc θ +G

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − sin α2 cos β2

q
× sin θ − cos θ sin β tan αð Þ/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + sin2β tan2α

q� ��

− cos θ + sin θ sin β tan αð Þ tan φ/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + sin2β tan2α

q� ��
− Ph cos θ + sin θ tan φð Þ:

ð14Þ

Similarly, from Figure 10(b):

P2 = qh2 cot θ, ð15Þ

ψ = θ + κ, ð16Þ
N2 = P2 cos θ +G′′ cos ψ + Phh2 sin θ, ð17Þ

D2 = Ch2 csc θ + P2 cos θ +G′′ cos ψ + Phh2 sin θ
� �

tan φ,

ð18Þ
F2 = P2 sin θ +G′′ sin ψ + Phh2 cos θ: ð19Þ
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Figure 10: Analysis of shear failure of MCWS. (a) MCWS bfec. (b) MCWS abcd.
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By substituting Eq. (18) and (19) into Eq. (6), W2 is
expressed as:

W2 = P2 sin θ +G′′ sin ψ − Ph cos θ − Ch2 csc θ
− P2 cos θ +G′′ cos ψ + Ph sin θ
� �

tan φ:
ð20Þ

Substituting Eq. (5), (15) and (16) into Eq. (20) gives:

W2 = qh2 cot θ sin θ − cos θ tan φð Þ
− Ch2 csc θ + G

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − sin α2 cos γ2

p
× sin θ + cos θ sin γ tan αðð Þ/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + sin2γ tan2α

q� �

− cos θ − sin θ sin γ tan αð Þ tan ψ/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + sin2γ tan2α

q� �
− Ph cos θ + sin θ tan φð Þ:

ð21Þ

When bothW1 andW2 exceed zero, the triangular prism
abfdce undergoes shear failure along the surface ba′ f ′ to
form a slip body. Equation (22) is the shear failure criterion
of the coal wall unit considering the confining pressure:

qh1 cot θ sin θ − cos θ tan φð Þ − Ch1 csc θ +G
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − sin α2 cos β2

q

× sin θ − cos θ sin β tan αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + sin2β tan2α

p −
cos θ + sin θ sin β tan αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + sin2β tan2α
p tan φ

 !

−Ph cos θ + sin θ tan φð Þ ≥ 0

qh2 cot θ sin θ − cos θ tan φð Þ − Ch2 csc θ +G
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − sin α2 cos γ2

p
× sin θ − cos θ sin γ tan αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 + sin2γ tan2α
p −

cos θ + sin θ sin γ tan αffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + sin2γ tan2α

p tan φ

 !

−Ph cos θ + sin θ tan φð Þ ≥ 0

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

:

ð22Þ

In Eq. (22), which determines the unit spatial shape, G, h1,
h2, β, γ, and θ are constant values. Therefore, shear failure in
the unit is mainly related to the roof load q, coal cohesion C,
internal friction angle φ, coal seam inclination α, and sidewall
protecting force Ph. Prevention and control of rib spalling
should start by reducing the roof load and increasing coal
cohesion, the internal friction angle, and the sidewall protect-
ing force. Increasing the inclination of the coal seam can
reduce the influence of gravity and roof pressure in the coal
seam normal direction, but increases the difficulty of antifall
and antislip control of the hydraulic support.

4.3. The Sliding Criterion of the Slip Body. A slip body forms
after triangular prism shear failure. When the MCWS and
protection measures are not sufficient to restrict the sliding
of a slip body, it will slip along the fracture surface ba′ f ′ to
form a rib spall. Rib spalling often occurs during coal cutting
and support removal, so the effect of sidewall protecting force
on the slip body is not considered.

According to Eq. (3), the normal pressure of the two
MCWS are

Pw1 = P1 + G′ cos ζ
� �

υ/ 1 − υð Þ,

Pw2 = P2 +G′′ cos κ
� �

υ/ 1 − υð Þ:
ð23Þ

The sliding force τ parallel to MCWS is

τ1 = P1 sin θ +G′ sin ω,

τ2 = P2 sin θ +G′′ sin ψ:
ð24Þ

The stability coefficient K of the slip body can be
expressed as:

K = P1 sin θ + G′ sin ω + P2 sin θ +G′′ sin ψ
� �
/ μ1 P1 +G′ cos ζ

� �
υ/ 1 − υð Þ + 1

2C1h1
2 cot θ

�

+ μ2 P2 + G′′ cos κ
� �

υ/ 1 − υð Þ + 1
2C2h2

2 cot θ
�
,

ð25Þ

where μ1 and μ2 are the sliding coefficients of MCWS bfec
and MCWS abcd, respectively, while C1 and C2 are MCWS’s
cohesion coefficients.

At K > 1, the slip body will cause frictional sliding. At K
≤ 1, even if the unit has been broken, there will be no sliding
instability, and no rib spalling would occur in the coal wall.
Therefore, the key to limiting the frictional sliding of a slip
body is to reduce the roof load and increase the sliding coef-
ficient and cohesion of the MCWS.

5. Numerical Simulation

5.1. Brief Description of RFPA3D. The difference in the
mechanical properties of various mineral components and
defects, such as pores and fissures, determines that natural
rock is a complex heterogeneous material. Tang et al.
[49–51] developed an analysis system for simulating the fail-
ure process of heterogeneous rock materials-RFPA2D. This
software is based on the mesoelement elastic damage consti-
tutive relationship and combines the statistical distribution
assumptions of material properties with finite element calcu-
lation methods. The maximum tensile stress criterion and the
Mohr-Coulomb criterion are used to determine when these
elements reach their damage thresholds. In contrast to condi-
tional finite element numerical calculation software pro-
grams, RFPA can simulate the initial cracking, deformation
localization, and fracture in the rock failure process, so that
the application of finite element technology can be developed
to simulate the whole process of rock failure. RFPA3D is
based on the development of RFPA2D software. In this study,
a numerical analysis was performed with RFPA3D to simu-
late the damage and fracture process of a triangular prism
under the roof load and confining pressure.
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5.2. Material Heterogeneity Description. Weibull first pro-
posed amethod to describe the heterogeneity of materials using
statistical mathematics. The Weibull theory states that it is
impossible to accurately measure the strength of the meso-
scopic element at the time of failure, but rather, the probability
of failure at a given stress level can be defined. RFPA3D
assumes that the distribution of the mesoscopic elements’
mechanical properties is statistical and introduces the Weibull
distribution function to describe the statistical distribution den-
sity of the mechanical properties of the mesoscopic element:

φ ∂ð Þ = m
∂0

⋅
∂
∂0

� �m−1
⋅ e−

∂
∂0

� �m
, ð26Þ

where ∂ is the mechanical parameter (strength, elastic modu-
lus, etc.) of the rock mesoscopic elements, ∂0 is its average
value, and m is the uniformity coefficient, which reflects the
uniformity of the rock medium. Figure 11 shows the statistical
distribution of themechanical properties of themesoscopic ele-
ments with different uniformity coefficients. Tang et al. [50, 52]
have a detailed introduction on the effect of homogeneity on
the macroscopic response of a sample.

5.3. The Constitutive Relationship of the Mesoscopic Element.
It is widely recognized that stress in a rock body induces
microcracks that propagate throughout the internal rock
structure. These microcracks are caused by nonplastic defor-
mation and contribute to the nonlinearity of the stress-strain
curve. This also illustrates the rock fracture mechanism from
the mesostructural standpoint. Therefore, it is reasonable to
use elastic damage mechanics’ constitutive relationship to
describe the mechanical properties of mesoscopic elements
of the rock body. Furthermore, according to the strain equiv-
alent hypothesis, the strain caused by the stress σ acting on
the damaged material is equivalent to the strain caused by
the effective stress ~σ acting on the intact material:

ε = σ

E
= ~σ

E0
= σ

E0 1 −Dð Þ
σ = E0 1 −Dð Þε

8><
>: , ð27Þ

where E0 and E are the elastic moduli before and after dam-
age, respectively, and D is the damage variable. D = 0 repre-

sents a nondamaged state, D = 1 represents a complete loss
of bearing capacity, and 0 <D < 1 corresponds to various
degrees of damage. In the initial state, the mesoscopic ele-
ments are all elastic, and their mechanical properties are
expressed by their elastic moduli and breaking ratios. With
a change in external conditions, the stress or strain state of
the mesoscopic elements changes and is calculated by the
elastic finite element program. Each element has a damage
threshold where the coal body will be damaged beyond this
point. Figure 12 shows the constitutive relationship of elastic
damage of an element under the uniaxial stress state. Based
on this, the constitutive relationship is extended to the
three-dimensional stress state.

In the uniaxial tension state, the constitutive relationship
of the mesoscopic element’s elastic damage is shown in the
left section of the coordinate axis in Figure 12. The expres-
sion of the damage variable is

D =

0 εt0 ≤ ε ≤ 0

1 f tr
E0ε

εtu ≤ ε ≤ εt0

1 ε ≤ εtu

8>>><
>>>:

, ð28Þ

where f tr is the residual tensile strength of the element, εt0 is
the tensile strain corresponding to the elastic limit, which is
the tensile damage strain threshold, and εtu is the ultimate
tensile strain of the element when the uniaxial tensile strain
reaches the limit. When the tensile strain is reached, the ele-
ment is completely damaged and reaches a fractured state,
i.e., D = 1. When the element is in a three-dimensional stress
state and assuming that the damage is still isotropic, the
equivalent strain ~ε is used to replace the tensile strain ε in
Eq. (28). The equivalent strain is derived from the following

relationship: ~ε =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h−ε1i2 + h−ε2i2 + h−ε3i2

q
, where hi is a

function defined as follows:

xh i
x x ≥ 0
0 x < 0

(
: ð29Þ
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Figure 11: Weibull distribution for material parameters with
different indices m.

A

BC

O

−f
t

−f
tr

f
cr

f
c

𝜀
tu

𝜀
t0

𝜀
c0 𝜀

𝜎

Figure 12: Mechanical behavior model of a mesoscopic element
under uniaxial loading.

11Geofluids



The Mohr-Coulomb criterion is used as the damage
threshold criterion when the shear damage of a mesoscopic
element is caused by uniaxial compression or shear stress:

F = σ1 −
1 + sin ϕ

1 − sin ϕ
σ3 ≥ f c, ð30Þ

where ϕ is the internal friction angle of the mesoscopic ele-
ment, f c is the uniaxial compressive strength of the meso-
scopic element, while σ1 and σ3 are the maximum and
minimum principal stresses, respectively. In compliance with
the constitutive relationship of the element’s uniaxial tensile
stress, its elastic damage constitutive relationship under the
uniaxial compression stress of the element is shown on the
right side of the coordinate axis in Figure 12. The damage
variables are

D =
0 ε ≤ εc0

1 − f cr
E0ε

εc0 ≤ ε

8><
>: , ð31Þ

where f cr is the compressive residual strength of the element,
and εc0 is the maximum compressive strain.

εc0 =
1
E0

f c +
1 + sin ϕ

1 − sin ϕ
σ3 − μ σ1 + σ2ð Þ

	 

, ð32Þ

where σ2 is the intermediate principal stress and μ is Pois-
son’s ratio. The constitutive relationship in the state of one-
dimensional compressive stress is extended to a three-
dimensional one. When the element has the triaxial stress
state and satisfies the Mohr-Coulomb criterion, the maxi-
mum compressive principal strain ε1 is used to replace the

uniaxial compressive strain in Eq. (31), and εc0 is derived
via Eq. (32). The expression of the damage variable takes
the following form:

D =
0 ε1 ≤ εc0

1 − f cr
E0ε

εc0 ≤ ε1

8><
>: : ð33Þ

The RFPA3D analysis system adopts the assumption that
the damaged element still has a specific stiffness and bearing
capacity. Only the maximum principal tensile strain of the
element reaches the ultimate tensile strain, and at D = 1, the
element is considered to be completely fractured. Notably,
the treatment of cracks in the RFPA3D system is not to
remove the primitive from the model but to replace the orig-
inal solid primitive with a very low elastic modulus. More-
over, due to the extremely low elastic modulus of the new
primitives, solid media’s behavior can be approximated as
nonexistent. In this way, without changing the mathematical
structure, the model can reflect the change in physical char-
acteristics caused by the primitives’ rupture in terms of the
overall characteristics.

5.4. Mechanical Model and Parameters. Based on the physical
model of the triangular prism unit of a coal wall, the corre-
sponding numerical model is constructed using the RFPA3D.
The dimensions of the triangular prism abfdce model are
shown in Figure 13. As the triangular prism has an arbitrary
shape in the theoretical model, there is no special require-
ment for the model size. In this simulation, the model’s
height of 3500mm is consistent with the site cutting height.
The lengths of cd and ce sides are set as 1750 and 1400mm,
respectively. The model contains 392,000 hexahedrons of
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Figure 13: Triangular prism numerical model using the RFPA3D code.
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the same size. The elastic modulus and uniaxial compressive
strength of the mesoscopic element are set via the Weibull
distribution based on Eq. (26). The bottom surface dec is
fixed, while the top surface afb is subjected to a displacement
load (an 8mm increment per step). Surfaces bfec and abcd
are subjected to constant normal stress to simulate the con-
fining pressure applied by the surrounding elements on the
triangular prism. The initial vertical stress of 11224 working
face is about 17.5MPa. The peak abutment stress measured
by five coal stress detectors ahead of the working face is about
22.2~26.8MPa, and the distance from the coal wall is
9.6~12m. Monitoring data show that the vertical pressure
at 6m from the coal wall is 7.6MPa. As the coal body, Pois-
son’s ratio is 0.31, from Eq. (3), the confining pressure
applied to bfec and abcd surfaces is 3.4MPa. Surface afed is
subjected to a constant normal stress of 0.2MPa, which sim-
ulates the confining pressure on the coal wall applied by the
hydraulic support guard plate. The material parameters of
the triangular prism model are listed in Table 2.

5.5. Numerical Results. In calculations, the finite element deg-
radation was simulated according to the statistical damage
constitutive model described in subsection 5.1. The stress in
each element was iteratively calculated at a certain loading
step via the current boundary conditions, and the shift to
the next loading step occurred only after the damage satura-
tion (when no more damage was generated). During the top
displacement application, the model lost its bearing capacity
at step 49.

Figures 14 and 15 illustrate the failure process of the
model on both abcd and bfec surfaces, respectively. For brev-
ity sake, only a few typical details of the mesoscopic failure
process in the triangular prism are shown for several selected
loading stages. Here, the elastic modulus, position, acoustic
emission energy level, and the maximum shear stress evolu-
tion are shown separately. The maximum shear stress and
elastic modulus colors indicate their relative magnitude at a
certain loading step. In acoustic emission, the center position
of the sphere represents the location of elastic strain energy
release, and the diameter represents the relative magnitude
of energy. The blue spheres represent the acoustic emission
generated during a certain loading step, and the red ones rep-
resent the accumulation at all previous steps. Both at step 8
and step 22, the triangular prism was at the stage of elastic
deformation. At calculation step 8, the distribution of the
elastic modulus was almost the same as before loading,

Table 2: Material properties of a triangular prism for the numerical
model.

Parameter Value

Homogeneity index m 5

Average elastic modulus/GPa 2.43

Poisson’s ratio 0.31

Mean of uniaxial compressive strength/MPa 4.2

Compressive-to-tensile strength ratio 12

Residual coefficient 0.2

Step8 Step22 Step40 Step45

Young’s
modulus

Acoustic
emission

Maximum
shear stress

Figure 14: The continuous shear fracture process of abcd surface.

Step8 Step22 Step40 Step45

Young’s
modulus

Acoustic
emission

Maximum
shear stress

Figure 15: The continuous shear fracture process of bfec surface.
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indicating a zero dielectric unit damage. Therefore, only a
few smaller acoustic emission sources with even energy levels
were uniformly distributed in the model. The maximum
shear stress distribution at this step was also relatively evenly
distributed. With the axial displacement increased to step 22,
numerous acoustic emission events caused by the release of
elastic strain energy appeared in the two surfaces, indicating
that many elements were close to being damaged. However,
at this step, the distribution of maximum shear stresses was
still uniform, and there was no indication of nucleation sites
for the initiation and propagation of large cracks. At loading
step 40, the two surfaces began to show a preliminary shear
nucleation zone, which was caused by the unevenness of
the unit. Macrocracks (depicted by red areas) appeared in
the elastic modulus graph. A large number of acoustic emis-
sion events clustered around the shear nucleation zone, and
macrofracture began to occur. At this time, the accumulated
acoustic emissions in other areas of the surfaces were no lon-
ger displayed due to the relatively small magnitude of energy.
Meanwhile, the maximum shear stress of the mesoscopic ele-
ments around the shear nucleation zone on the surfaces was
higher than that of other areas. When the axial displacement
continued to rise until step 45, the scattered cracks in the
shear nucleation zone gradually expanded, coalesced, and
penetrated, leading to a distinct shear band. At the same time,
continuous macroscopic cracks were formed across the shear
band both on abcd and bfec surfaces. The acoustic emission
resource locations were more concentrated along the shear
band and associated crack. At loading step 45, the triangular
prism lost its bearing capacity, and only a small residual
strength remained.

5.6. Comparative Analysis of Fracture Patterns. It can be seen
from the numerical results that when the soft triangular
prism is loaded axially by variable confining pressure, the
model will undergo shear fracture. The ultimate failure loca-
tion is in the middle-upper part of the triangular prism. On
both side surfaces loaded with a larger confining pressure,
there is a separation through shear band, and both shear

bands have the same fracture angle θ and intersection point
b. The sliding body formed by the failure will slip across the
surface, which has the minimum confining pressure. It can
be seen from Figure 16 that the fracture mode of the numer-
ical model is in good agreement with the instability mode of
the physical model using the Mohr-Coulomb criterion to
analyze the failure process of the coal wall unit. Therefore,
the physical model proposed in this paper is suitable for the
study of rib spalling of large cutting height soft coal face in
protected seam mining.

6. Conclusions

The results obtained make it possible to draw the following
conclusions:

(1) In coal mines with a large cutting height of soft coal,
after the lower protective layer is mined, the upper
portion of the working face forms an intricate spatial
fracture pattern, which significantly differs from that
of a traditional coal wall. Structural planes across the
coal seam are observed in the remnants of rib spalling

(2) The physical simulation of the case study (the Paner
Coal Mine, located in the Huainan mine area, China)
shows that after mining of the 1223 working face, the
fractured zone extended throughout SKS1 and 2 and
ceased at the base of SKS3. Also, the remote protected
layer was in the bending-and-sinking zone, and a
large number of randomly distributed normal joint
fractures appeared. Based on the analysis of the ulti-
mate deflection of the thin plate model, a theoretical
calculation model for the three overlying zones of
influence was proposed, and the fracture expansion
coefficient of the measured rock strata was used to
calculate the fracture zone height. These measure-
ments were consistent with the physical simulation
results. Furthermore, through borehole monitoring,
forward fractures of boreholes were observed in the
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Figure 16: Comparison of fracture patterns predicted by the numerical and physical models.
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vicinity of the protected layer, and no separation was
revealed, indicating that SKS3 did not break and the
disturbed rock strata in the boreholes were located
entirely in the bending zone

(3) Based on the characteristics affected by the distur-
bance and the form of rib spalling, a spatial
physical-mechanical model of the protected coal wall
was established, and the shear failure criterion of the
triangular prism formed by the division of the
MCWS was proposed. The stress state analysis
revealed that damage to a coal wall was related to
the roof load, coal cohesion, coal internal friction
angle, protection force, and coal seam inclination.
The coal wall unit broke down to form a sliding body.
The MCWS determined whether it could frictionally
slip off along the fracture surface. The friction and
sliding instability criterion of the sliding body featur-
ing the slip body stability coefficient K were also pro-
posed. At K > 1, the sliding body frictionally slides
and forms a rib spalling

(4) The results obtained are considered quite instrumen-
tal in the analysis of rib spalling mechanisms in soft
coal faces with a large cutting height and a protective
layer
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The precipitation rate and cementation strength of calcium carbonate crystals during the process of microorganism-induced
calcium carbonate precipitation (MICP) are key factors that affect the application effect of this technology. In order to improve
the quality of calcium carbonate formation in the MICP process, egg white protein with a volume fraction of 20%, bovine serum
albumin with a mass fraction of 0.3%, sucrose with a mass fraction of 5%, bamboo leaves with a mass concentration of 25 g/L,
and bamboo leaf-magnesium chloride (Mg2+/Ca2+ = 4 : 1) were added during the experiment of different groups of MICP
solutions. The results of the solution test study showed that there was no obvious lag period for bacterial growth under the
action of organic matrix. The concentration of bacteria in the reaction solution was higher under the action of sucrose and egg
white. The conversion rate of Ca2+ under the action of egg white was the fastest, which was about 2.5 times higher than that of
the control group. After 14 days of grouting reaction, it was found that the proportion of calcite-type calcium carbonate
produced under the action of egg white was the highest, and the Ca element accounted for 66.24% in the solidified material.
Sucrose was second; bovine serum albumin was the lowest. The calcium carbonate crystals generated by the control of each
organic matrix had a high degree of pore size matching with the tailings under a dry-wet cycle. The structural characteristics of
the calcium carbonate crystals, such as crystal form, morphology, and particle size, were mainly due to the interaction between
the organic matrix and the calcium carbonate crystals. This study proves that the addition of the organic matrix can improve
the formation rate and crystal structure of calcium carbonate during MICP, thus providing a new reference for the development
of MICP technology.

1. Introduction

With the enrichment of scientific theories and research
methods in geotechnical engineering and the increase of
cross-disciplinary interaction, the research on microbial-
induced calcium carbonate precipitation (MICP) has
attracted wide attention in China and abroad. In recent years,
this biochemical reaction has achieved certain results in
strengthening soft soil such as loose silt and silty clay, but
the cementation effect of calcium carbonate precipitation
obtained is not ideal, mainly manifested in a low calcium car-

bonate crystallization conversion rate, insufficient strength of
induced calcium carbonate crystals, and lowmatching degree
between crystal size and interparticle pores [1]. Therefore,
based on the principle of the soft template method, this study
carried out comparative experiments of MICP aqueous solu-
tion under the control of different organic substrates, trying
to find an organic matrix that can effectively promote the
formation of calcium carbonate in the MICP process. The
principle of this method is to use the interaction between
the organic matrix and the calcium carbonate cement in geo-
metric lattice matching, stereochemical complementation,

Hindawi
Geofluids
Volume 2020, Article ID 8843945, 11 pages
https://doi.org/10.1155/2020/8843945

https://orcid.org/0000-0002-5069-3277
https://orcid.org/0000-0002-3721-6484
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8843945


and molecular recognition at specific interfaces to regulate
the formation of carbonate composites with specific struc-
tures and functions. By improving the crystal form, crystal
morphology, and particle size characteristics of the original
induced calcium carbonate crystals, it can better exert its
material properties in the field of sand reinforcement [2–5].

In the past ten years, domestic and foreign research insti-
tutions and scholars had carried out some laboratory studies,
mainly using microemulsion, natural biological macromole-
cules, small molecules, polymers, etc., as soft templates to
synthesize calcium carbonate. Mann et al. applied the micro-
emulsion method to the synthesis of calcium carbonate for
the first time and synthesized an interesting polycrystalline
spongy aragonite structure [6]; Xie and others initially stud-
ied the interaction between bovine serum albumin (BSA)
and calcium carbonate and found that BSA can promote
the nucleation of calcium carbonate crystals, increase the
water solubility of calcium carbonate, control the crystalliza-
tion rate, prevent the generation of amorphous calcium car-
bonate, and form a highly ordered structure of calcium
carbonate, thus inducing and regulating calcium carbonate
crystals [7]; Sugawara et al. copolymerized chiral
phosphoserine-aspartic acid into polypeptide, inducing the
formation of specular spiral calcite [8]. Subsequently,
Nishino et al. conducted biomimetic mineralization of
CaCO3 at different Mg2+ concentrations. The results show
that different Mg2+ concentrations can significantly change
the crystal morphology [9]; Adamiano et al. studied the
change of calcium carbonate crystal morphology and kinetics
formation process by fluorescence microscopy after alkali
treatment of abalone shell green sheet protein fragment
(GP) [10]; Wittaya et al. further added different long-chain
amino acids such as glycine, 4-aminobutyric acid, and 6-
aminocaproic acid to calcium hydroxide suspension, and cal-
cium carbonate prepared by a gas phase diffusion method
was transformed from spherical to acicular with the increase
of carbon chain length [11]. Under high temperature and
high pressure hydrothermal conditions, calcium carbonate
crystals were prepared by the urea hydrolysis method with
organic carboxylate sodium citrate as an additive. The effects
of sodium citrate concentration, ethanol volume fraction,
Ca2+ concentration, and ionic liquid concentration on the
crystal form and morphology of calcium carbonate were
investigated [12]. In recent years, Qiao has used egg white
protein foam and egg white protein as organic templates to
prepare calcium carbonate in different forms by traditional
chemical methods [13]; Li used CaCl2 and (NH4)2CO3 as
raw materials to study the effect of SDBS with different
concentrations in solution on the crystallization behavior
and morphology of CaCO3 by a gas diffusion method [14].

The above research results show that an organic matrix
has the potential to improve MICP technology for strength-
ening soft soil. As there is few related research on the appli-
cation of an organic matrix to soft soil at home and abroad
at present, in view of this, this paper will initially select the
organic matrix with biomineralization and cementation
functions as the control template of calcium carbonate crys-
tals. By discussing the influence of different organic matrices
on various indexes of calcium carbonate finally induced

under the control of different organic matrices and combin-
ing with the pore distribution law between tailing sand
bodies, it will lay a good foundation for the subsequent
solidification research of tailing sand.

2. Test Materials and Devices

2.1. Bacteria and Culture Medium. The bacterium used in
this test was Bacillus pasteurianus ii, purchased from the
American strain collection center, No. ATCC11859. The bac-
terium is a facultative anaerobic bacterium. The liquid cul-
ture medium used in the test process was CASO+ urea
culture medium. Each liter of bacterial culture liquid contains
15 g casein peptone, 5 g soybean peptone, 5 g sodium chlo-
ride, 20 g urea, and 1000mL deionized water, and the pH
value is adjusted to 7.3 with 1M NaOH. Since urea is easy
to decompose under high temperature conditions (121°C),
urea and other solutions need to be separately sterilized when
preparing the medium. The urea solution is subjected to fil-
tration sterilization treatment; other mixed solutions are sub-
jected to high temperature sterilization. After completion, the
two are mixed in a septic operation table.

2.2. Preparation of Cementing Fluid. The cementing solution
used in this test is a mixture of urea and CaCl2, which mainly
provides carbonate ions and calcium sources for the micro-
bial grouting reinforcement process (see formulas (1)–(3)).
Based on the previous research of the research group [15,
16], the concentration ratio of urea and CaCl2 in this solution
test is 1 : 1, and the specific concentration of both is
0.05moL/L:

Ca2+ + Cell→ Cell − Ca2+ ð1Þ

2CO NH2ð Þ2 + 2H2O→ CO3
2− + 2NH4+ ð2Þ

CO3
2− + Cell − Ca2+ → Cell − CaCO3↓ ð3Þ

2.3. Organic Matrix. In order to explore the regulation of dif-
ferent organic substrates on microorganism-induced calcium
carbonate crystals, five organic templates, including egg
white protein 20%, bovine serum albumin 0.3%, sucrose
5%, bamboo leaves 25 g/L, and bamboo leaves-magnesium
chloride (Mg2+/Ca2+ = 4 : 1), were preliminarily selected by
referring to previous accumulated results [17–21].

Among the five selected organic matrices, bovine serum
albumin (BSA) is a globulin in bovine serum, which is gener-
ally used as a stabilizer in reaction solution. It often plays the
role of protection and carrier, can greatly improve the activity
of biological cells, and can combine with a variety of cations,
anions, and small molecular substances to guide the forma-
tion of inorganic substances through biomimetic methods.
Egg white mainly contains water and colloidal protein, which
is similar to the organic components in pearls, and has low
price and good water solubility. It can effectively be used as
a carrier to guide the bionic synthesis of calcium carbonate
crystals, and the colloidal substance in egg white can enhance
the cohesion between sand particles and calcium carbonate
cement. The reason why sucrose is used to guide the synthe-
sis of calcium carbonate is that, on the one hand, it can
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decompose and enhance the viscosity between soil particles
under high temperature conditions and, on the other hand,
it can effectively prepare calcium carbonate crystals with spe-
cific structures. Bamboo leaves are gramineous plants and are
rich in manganese, iron, copper, nickel, selenium, silicon,
and other trace elements and other organic matters. Relevant
studies [22] show that the organic components extracted
from natural bamboo leaves can control the crystal form
and morphology of synthesized calcium carbonate crystals.
At the same time, amorphous calcium carbonate (ACC)
can be kept in a stable state for a long time under the coordi-
nated control of magnesium ions. The method of using natu-
ral plants to control bionic calcium carbonate is convenient to
operate, and also, the product is environment-friendly and
pollution-free. The egg white used in the experiment can be
directly separated from fresh eggs, but because the separated
egg white is very inconvenient to sterilize, this experiment
uses the commercially available bottled pasteurized egg white
liquid. The specific specifications and parameters of each
organic matrix are shown in Table 1.

2.4. Test Physical Devices. In order to meet the test conditions
of convenient sampling, waterproof device, aseptic reaction,
oxygen supply, and ventilation, a new MICP technology
solution test reaction device was designed in this study. The
main body of the device is made of high borosilicate glass.
The overall height of the device is 22.5 cm, and the inner
diameter is 10 cm. The main structure consists of upper
and lower reaction vessels. A circular rubber water stop ring
is arranged between the two parts. The upper and lower
structures are firmly connected by steel rings. The reaction
vessel at the upper part of the device comprises a plurality
of basic structures such as an oxygen supply port, a grouting
port, a liquid discharge port, and the like. In order to avoid
serious blockage of the liquid discharge port caused by gener-
ated tiny calcium carbonate crystals, a permeable gauze with
tiny pore diameter is arranged at the inner side of the liquid
discharge port at the upper part of the device. In the lower
reaction vessel, the bottom is a solid member, and the bottom
is covered with eggshells (10 g ± 0:1 g) with uniform size, so
that calcium carbonate crystals generated in the reaction
are organically connected into a whole, which is convenient
for final cutting and sampling. The physical model device
used in the test is shown in Figure 1.

3. Test Methods

3.1. Preparation and Extraction of Organic Matter Such as
Chlorophyll from Bamboo Leaves. Fresh and tender green
bamboo leaves are picked in the campus, stems from the

bamboo leaves are removed, the bamboo leaves are cleaned
with ultrapure water for 2-3 times, the bamboo leaves are
dried in a drying oven at 30°C for 20 minutes, the bamboo
leaves are soaked in 0.07% CuSO4 solution for 5 hours, the
bamboo leaves are washed with ultrapure water for 3-4 times,
and the bamboo leaves are dried to constant weight. Then,
the dried bamboo leaves are cut and poured into ultrapure
water just above the surface of the bamboo leaves for water
bath treatment and filtered by a filter funnel; the filtrate is
subjected to reduced pressure distillation operation to a
semifluid state and finally is cooled to room temperature
and stored in a conical flask [23–25], as shown in Figure 2.

3.2. Preparation and Sampling of Powdered Calcium
Carbonate Cements. After the solution test reaction is fin-
ished, the calcium carbonate gel on the support body is
scraped into a culture dish with a knife and tweezers, put into
a drying box to dry at 50°C for 2-3 days after the sampling is
finished, weighed to constant weight, poured into a grinder,
and ground repeatedly and evenly, and then, fine powder
samples were taken through a 300-target screen for SEM,
XRD, TEM, and other tests.

Table 1: Specific parameters of organic substrates.

Name Specifications Content Manufacturer

Bovine serum albumin (25 g) Analytic pure AR BR, 98% Shanghai Budding Technology Co., Ltd.

Egg white protein (970 g) Pasteurized egg white 98% Suzhou Orfu Egg Co., Ltd.

Sucrose (500 g) Analytic pure AR 99.9% Tianjin Heyday Xin Chemical Co., Ltd.

Bamboo leaf Fresh and alive 25 g/L Picking on campus

9108
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41 4

1
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1516171312
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5

31
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Figure 1: Structure of the reaction device in the solution test.

Figure 2: Extraction of chlorophyll from bamboo leaves.
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3.3. MICP Solution Test under the Control of Organic Matrix

3.3.1. Test Methods. This study is a MICP aqueous solution
test under the action of the organic matrix. Five organic
matrices, including egg white protein, bovine serum albumin,
bamboo leaves, sucrose, bamboo leaves-magnesium chloride,
which have obvious regulatory effects on the crystal form and
crystal habit of calcium carbonate crystals, are selected. Six
experimental groups including the control group (without
adding any organic matrix) are set up. Under the conditions
of temperature of 30°C, initial pH of 7.3, initial OD600 of 2.0,
and stirring rate of 150 rpm, the grouting test was started.
Considering the actual size of the device and the amount of
sample liquid required for each detection item, the grouting
volume of each reaction liquid in the test was the following:
15mL of bacterial liquid, 200mL of culture medium,
100mL of calcium chloride solution, 100mL of urea solution,
and 100mL of organic matrix solution (the control group
was ultrapure water). After the solution in the device was
drained out every 24 hours, a new round of reaction slurry
was poured by a peristaltic pump. During the test reaction,
the change rule of each index (bacterial concentration, pH,
Zeta potential, dissolved oxygen, calcium ion concentration)
in the reaction solution within 1 d was measured, and the
monitoring time interval was 2 h. After the grouting period
reaches 14 days, the reaction liquid is discharged, the fixed
steel ring is opened, the upper and lower structures of the
separation device are disassembled, and the sample is put
into a drying box (60°C) for drying for 24 hours, and then,
the solidified sample is taken out and tested by SEM, XRD,
and other items, and the test results of the six experimental
groups are compared qualitatively and quantitatively.

3.3.2. Determination of Bacterial Quantity. The measurement
of the number of bacteria is realized by detecting the absor-
bance of the bacterial solution. The measuring equipment is
a protein nucleic acid analyzer (Eppendorf Company of Ger-
many, model number is BioPhotometer). In the experiment,
5mL of reaction supernatant is taken from the device every 2
hours to measure the OD600 value of the bacterial suspension.
The obtained value is substituted into the following formula
for conversion to obtain the actual number of bacteria in
the reaction solution [26]:

Y = 8:59 × 104Z1:3627: ð4Þ

In the formula, Z is OD600 value and Y is bacterial con-
centration (units/μL-1). This formula can only be used when
the value of OD600 is within the range of 0.2~0.8. If it is
beyond this range, it needs to be diluted before conversion.

3.3.3. pH Value. Every 2 hours, 100mL of the reaction solu-
tion is taken into a conical flask, and the change of the pH
value of the reaction solution within 1 day is observed by
using a diamagnetic precision desktop pH meter (HACH
Company of the United States, model HQ411D).

3.3.4. Monitoring of Dissolved Oxygen in Solution. Dissolved
oxygen in the reaction solution is very important to the life
activities of microorganisms. In this experiment, a 100mL

centrifuge tube is used to contain 80mL of reaction solution
in different reaction periods. The dissolved oxygen in the
solution in one day is monitored by a convenient dissolved
oxygen meter (China Guangzhou Jinhe Technology Testing
Co., Ltd., model 958787-1KTOK).

3.3.5. Zeta Potential. The stability of colloidal dispersion in
the reaction liquid system before and after the addition of
the organic matrix was judged by the variation of Zeta poten-
tial. The Zeta potential value in the solution was monitored
every 2 hours during the experiment. Monitoring equipment
was the Zeta potential measuring instrument (JS94HK,
China Beijing Zhongyi Kexin Technology Co., Ltd.). The
approximate relationship between Zeta potential and stabil-
ity of the solution system is shown in Table 2 [27].

3.3.6. Determination of Ca2+ Concentration. Regularly, the
discharged solution from the device was collected, made to
pass through a 0.22μm filter and dropped into a 20mL
centrifuge tube, and measured according to “EDTA Titration
of Calcium in Water Quality” GB 7476-87.

3.3.7. Microstructure Test. In order to analyze the microstruc-
ture of the generated samples, the ground and dried calcium
carbonate cemented samples were analyzed by scanning
electron microscopy (FEI-F50 test field emission scanning
electron microscopy) to observe the morphological charac-
teristics of calcium carbonate samples generated under dif-
ferent organic substrates. Then, typical powdered samples
were selected for XRD detection (X-ray diffractometer model
SMARTLAB9) and FT-IR testing (FT-IR testing Fourier
infrared spectrometer model Nicolet), respectively, and then,
the crystal form and composition of calcium carbonate
samples were obtained.

4. Results and Discussion

This solution test mainly detects and analyzes the change rule
of bacterium quantity, pH value, Zeta potential, dissolved
oxygen, and calcium ion concentration in the reaction solu-
tion of each experimental group within 24 hours, and the
composition, crystal form, morphology, and particle size of
the carbonate gel were compared and analyzed. Figure 3
shows the effect of dismantling the device after the test.

4.1. Changes in the Number of Bacteria in Reaction Solution.
The change curve of bacterial number in Figure 4 shows that
the bacterial number in the reaction solution under the con-
trol of the five organic substrates shows an obvious upward
trend within one day. The bacterial growth basically con-
forms to the gong bozi-Richard model, and there is no obvi-
ous lag period. This may be due to the nutrient components
such as the carbon source, nitrogen source, and the like
required by microorganism’s life activities in the culture
medium of the reaction solution. The microorganism contin-
uously absorbs the nutrient substances in the surrounding
environment under the stirring action, so that the cells grow
and multiply rapidly, thus increasing the bacterial concentra-
tion in the reaction solution.
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Among them, the bacterial concentration of the reaction
solution under the control of sucrose and egg white increased
rapidly, reaching about 160,000/μL at 24 hours. Compared
with other organic substrates, it played a better role in pro-
moting bacterial growth, which was related to the organic
matter contained in egg white protein and sucrose itself and
could be better absorbed by bacterial cells. However, no
organic substrate was added in the blank control group,
and its bacterial activity was slightly lower than that of the
other four. Its cell concentration is only 101,000 cells/μL,
which indicates that egg white protein, sucrose, and other
organic substrates are rich in nutrients required by the life
activities of Bacillus pasteurianus, thus significantly enhanc-
ing its bacterial activity, promoting bacterial growth and divi-
sion, enabling it to grow faster in one day, with higher urease
activity, and always at the logarithmic growth stage of bacte-
rial growth, providing a better reaction basis for urea
hydrolysis.

4.2. pH Change. The change rule of pH in Figure 5 shows that
the pH value of the reaction solution in each experimental
group rises rapidly within 0-12 h, mainly due to the higher
urease activity of bacteria in this stage, which can effectively
hydrolyze urea in the solution and generate ammonium ions,
thus continuously increasing the pH value in the reaction
solution. However, when urea is completely hydrolyzed, the
pH value in the reaction solution will gradually stabilize,
and the change rule of pH value in each experimental group
shown in the figure is basically the same. The pH value of the
reaction solution in the other experimental groups was basi-
cally stable at 9.0 in the 20-24 h period except the pH value in
the bamboo leaf+magnesium chloride control group. This is
because magnesium chloride will ionize into Cl- and Mg2+

after hydrolysis and combine with H+ and OH- in water to
form HCl and Mg(OH)2, of which Mg(OH)2 is a weak base,
so the overall pH value is slightly acidic, resulting in a lower
pH value compared with the other five reaction liquid phases.

4.3. Change of Dissolved Oxygen in Reaction Solution. As can
be seen from Figure 6, the dissolved oxygen of the reaction
solution in the six groups of experiments decreased with
the increase of time, which indicates that the growth and
metabolism of microbial cells need to consume oxygen con-
tinuously. Except for egg white and bamboo leaf+magnesium
chloride groups, the dissolved oxygen of the solution in the
other four groups of experiments decreased slowly within
0~8 hours, at which time the bacterial growth was in the
lag phase, so the bacterial growth was slower. Within

8~18 h, the dissolved oxygen decreased rapidly due to the
logarithmic phase of bacterial growth. However, the micro-
bial activity was still relatively high within 22~24 hours, but
the oxygen content in the solution was seriously insufficient,
so it gradually stabilized.

4.4. Zeta Potential. The curve change in Figure 7 shows that
the Zeta potential of the reaction solution in each experimen-
tal group is always negative, so negative particles dominate
the reaction process of the solution within 24 hours. Most
of its potentials rose from -15mV to -0.5mV, which shows
that the dispersed particles in the solution are unstable at
the beginning of the reaction stage due to the continuous
combination of Ca2+ and CO3

2-. As time increases, the
metabolism of microorganisms accelerates, which increases
urease activity. Urease accelerates the hydrolysis of urea
and continuously generates CO3

2-. The dispersed particles
in the solution tend to agglomerate, the attraction force is
greater than the repulsive force, and the accumulated amount
of calcium carbonate cementation increases due to the
destruction of dispersion. The Zeta potential of the solution
under the regulation of egg white and sucrose approaches
zero at the 16th hour, which is related to the number of bac-
teria in the solution and the conversion rate of calcium ions.
When it reaches 24 h, the potential values of all experimental
groups approach zero, at which time the calcium ions in the
solution are basically converted.

4.5. Ca2+ Concentration. From the change data in Figure 8, it
can be seen that the calcium ion concentration in the sample
solution in each experimental group shows a downward
trend within 0~20 h, and the conversion basically ends at
20 h. The decrease gradient of calcium ion concentration in
the egg white protein group is the largest. Compared with
the blank control group, the conversion rate of calcium ion
in the egg white protein group is increased by about 2.5 times
at the same time, mainly due to the rapid increase of bacte-
rium number and the increase of urea hydrolysis rate by ure-
ase, which greatly improves the binding rate of calcium ion
with carbonate and bicarbonate ions and increases the
precipitation rate of calcium carbonate.

4.6. Microstructure. Figure 9 is a scanning electron micro-
scope view of calcium carbonate gel induced by microorgan-
isms under the control of different organic substrates,
wherein Figure 9(a) is an enlarged view of deposited calcium
carbonate crystals under the condition of the blank control
group, i.e., without adding any organic substrates. From the
figure, it can be seen that the main form of calcium carbonate
is a mixture of calcite and vaterite, and the induced particle
size distribution is uneven, with the particle size ranging
from 1.3μm to 25.49μm. Figure 9(b) is a microscopic parti-
cle diagram of calcium carbonate under the control of bovine
serum albumin. The crystal particles are relatively uniform,
mainly vaterite, and the particle size is basically about
5.30μmm. Figure 9(c) is an SEM image of the calcium car-
bonate crystal product under the control of sucrose, which
is mainly composed of spherical and square crystal particles,
showing a layered structure, and the particle size range of the

Table 2: Relationship between Zeta potential and solution system
stability.

Zeta potential Colloidal stability

0~±5 Rapid condensation or condensation

±10~±5 Began to be unstable

±30~±40 General stability

±40~±60 Better stability

>±61 Excellent stability
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particles can reach 1.8μm to 4.67μm. Figure 9(d) shows the
crystal morphology under the control of bamboo leaves.
Most of them are regular and uniform rhombus crystal struc-
tures. When MgCl2 with a concentration of 2mol/L is added,
the crystal structure changes to multiangular crystal and
gradually evolves into an oval state (Figure 9(e)). Figure 9(f)
is a microscopic view of calcium carbonate gel crystals under
the control of egg white protein. Compared with induced
crystals in other experimental groups, calcium carbonate
crystals in this group are more closely linked. The main form
of calcium carbonate shown in the figure is calcite crystals
with a particle size of 2.0μm~10μm, which are mostly firmly
bonded to each other through fiber substances of egg white.
Since the pore sizes of tailings are mostly distributed between

0 and 40μm under the dry-wet cycle state, the cementation
form between tailing particles is mainly the accumulation
connection between calcium carbonate crystals under the
control state of the above experimental group.

Through further analysis of the elemental state of calcium
carbonate gel in each experimental group (point-scanning
energy spectrum, Figure 10), it is found that in the elemental
analysis shown in Figure 10(a), Ca and O have larger peaks,
while the peaks of Cl, N, C, and other elements are lower,
which indicates that the main elements of calcium carbonate
gel in the blank experimental group are Ca, O, Cl, N, and C,
which are the basic constituent elements in the reaction
liquid, and the specific proportions of each element are
35.06%, 42.35%, 7.95%, 8.64%, and 6.00%. Compared with
Figure 10(b), Sr element is missing, which is related to the
main components in BSA. The counting rate of other over-
lapping elements is obviously lower, which indicates that
the detected Ca, O, and other signals in Figure 10(b) are
stronger and more reliable, and the proportions of Ca, O,
Cl, N, C, and Sr elements are 55.42%, 33.26%, 3.12%,
3.86%, 4.14%, and 0.21%, respectively. On the basis of
Figure 10(a), Figure 10(c) contains trace elements such as
Mg, Na, Al, Si, Cu, and Ni. Similarly, the counting rate of
Ca, O, and other elements in the cements of this group is
higher than that of the blank group, with the total proportion
of Ca and O elements reaching 81.12%. The element distribu-
tion (Figure 10(d)) of calcium carbonate gel under the con-
trol of bamboo leaves shows that the elements P, Na, Cu,
Zn, and the like contained in bamboo leaves are combined
with calcium carbonate crystals, and the content of Ca in
the cement is as high as 47.6%. In the synergistic regulation
of MgCl2, the content of Mg element in gel is 6.90%, and
the content of Ca element is increased by 8.66%. In
Figure 10(f), the calcium carbonate cement under the action
of egg white has the highest content of Ca, up to 66.24%.

(a) Calcium carbonate on the support plate (b) Calcium carbonate gel on the inner wall of the device

(c) Calcium carbonate products at the bottom of the device after being regulated by different organic templates

Figure 3: Calcium carbonate sample after device removal.
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Meanwhile, the S, Al, Mg, Ca, O, N, and other elements rich
in egg white coordinate with each other to form calcium
carbonate gel.

4.7. Crystal Form and Composition Analysis of Calcium
Carbonate. XRD tests were carried out on calcium carbonate
mineralized samples under the control of different organic
substrates, and the results are shown in Figure 11. By com-
paring the relevant data of the PDF standard card, it can be
found that the calcium carbonate sample in the control group
is a mixture composed of calcite and vaterite. The diffraction
angle positions of calcite crystal are 2 = 23:0, 29.4, 35.9, 39.5,
43.1, 47.5, 48.5, and 57.4, respectively, corresponding to
(012), (104), (110), (113), (202), (018), (116), and (122) crys-
tal planes. However, the diffraction angle of vaterite crystal is
around 2 = 24:8, 26.9, 32.7, and 43.8, corresponding to (110),
(112), (114), and (300) crystal planes, respectively. Most of
the samples under BSA regulation are mainly vaterite crystal
form ((110) crystal plane) but are still doped with a little cal-
cite ((104) crystal plane). XRD patterns detected in three
groups of experimental samples of sucrose, bamboo leaves,
and egg white protein show that calcium carbonate induced
is calcite type ((104) crystal plane). The calcium carbonate
sample produced by adding MgCl2 to bamboo leaves is still
a mixture of calcite and vaterite.

In order to further quantify the molar ratio of calcite and
vaterite contained in the product, the data of the above three
groups of experimental samples were calculated according to
the following formula:

I104c
I110v

= 7:619 × Xc
Xv

: ð5Þ

In the formula, the ratio of the diffraction peak integral
intensity of calcite and vaterite in the mixture is expressed;
7.619 is the proportional constant; and Xc/Xv is the ratio of
the amount of calcite to vaterite in the mixture.

Calculations show that the molar ratios of calcite to vater-
ite in the blank group, BSA group, and bamboo leaf+MgCl2
experimental group are 2.736, 0.894, and 0.615, respectively.
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Therefore, the above-mentioned preliminarily screened
organic matrix has obvious regulation effect on the crystal
form of induced calcium carbonate crystal.

According to the infrared spectrum shown in Figure 12,
calcium carbonate samples in the blank group have charac-
teristic absorption peaks at 3419.79 cm-1, 2509.39 cm-1,
1406.83 cm-1, 1076.28 cm-1, 878.68 cm-1, and 711.73 cm-1.
Among them, the absorption peaks of 2509.39 cm-1 and
3419.79 cm-1 are mainly caused by symmetric stretching
vibration and asymmetric stretching vibration of O-H bond,
which are mainly due to the existence of hydroxyl groups and

adsorbed water of calcium carbonate particles, while
711.73 cm-1 and 878.68 cm-1, respectively, correspond to the
characteristic absorption peaks of calcite crystal at V4 and
V2; the peak at V2 is strong and sharp; and 1076.28 cm-1 cor-
responds to the absorption peak at V4 of vaterite crystal, so
the detection results are consistent with XRD, and the cal-
cium carbonate crystals in the blank group are aragonite
and calcite crystal. When BSA was added, the out-of-plane
bending vibration peak (878.68 cm-1) of calcium carbonate
shifted to the low wave number direction (873.75 cm-1),
which indicated that the interaction between BSA and

(a) (b)

(c) (d)

(e) (f)

Figure 9: SEM images of cements of each experimental group (magnification: 4000), reaction concentration: blank group (a); (b) BSA with
mass fraction of 0.3%; (c) sucrose with a mass fraction of 5%; (d) bamboo leaves with a mass concentration of 25 g/L; (e) the mass fraction of
bamboo leaves is 25 g/L + 2mol/L MgCl2; (f) 20% egg white protein by volume.
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calcium carbonate changed the form of O-C-O. The absorp-
tion peaks at 873.75 cm-1, 711.73 cm-1, and 1076.28 cm-1 still
indicated that the calcium carbonate in the sample was calcite
type and vaterite type. The infrared spectra of the samples in
the bamboo leaf+magnesium chloride experimental group
show absorption peaks at 874.19 cm-1 and 712.15 cm-1, so
the calcium carbonate samples obtained are also the mixture
of calcite and vaterite. From the infrared spectra of sucrose,

bamboo leaves, and egg white, it can be seen that there are
absorption peaks at 878 cm-1 and 710 cm-1, which indicates
that the experimental sample is calcite type, and the egg white
group moves 20 cm-1 and 10 cm-1 towards high wave
displacement at 3419.79 cm-1 and 1406.83 cm-1, respectively,
on the basis of the blank group, indicating that there is a
strong interaction between egg white protein and calcium
carbonate.
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Figure 10: Energy spectrum analysis of cement. The energy spectrum analysis chart of the calcium carbonate cement deposited in each
experimental group: (a) blank group; (b) BSA; (c) sucrose; (d) bamboo leaves; (e) bamboo leaves+MgCl2; (f) egg white protein.
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5. Conclusion

In this paper, the number of bacteria, pH value, dissolved
oxygen, Zeta potential value, and Ca2+ concentration in the
reaction solution were detected and analyzed through MICP
aqueous solution tests under the control of five different
organic substrates. The microstructure characteristics of cal-
cium carbonate cements generated by the control of various
organic substrates were compared and studied, and the fol-
lowing main conclusions were obtained:

(1) The five organic substrates, egg white, bamboo leaves,
sucrose, and bovine serum albumin, can significantly
enhance the urease activity of Bacillus Pasteurella.
Among them, egg white and sucrose have the highest
contribution to the growth and reproduction of
Bacillus Pasteurella cells. The change of dissolved
oxygen in the reaction solution is directly propor-
tional to the concentration of bacteria. The dissolved
oxygen decreases fastest in 8~18h and tends to be
stable in 22~24 h. With the continuous progress of
the reaction, except for the effect of bamboo leaves
and magnesium chloride, the pH value of the reac-
tion solution in each experimental group will gradu-
ally stabilize at 9.0 in the period of 20~24 hours

(2) Negative particles in the reaction solution in each
experimental group are dominant. With the increase
of time, Ca2+ and CO3

2- in the solution tend to coag-
ulate continuously, and the coagulation rate under
the regulation of egg white and sucrose is the fastest.
When reaching 24h, the potential value of each
experimental group is close to 0. The calcium ion
concentration showed the same change trend, and
the calcium ion conversion rate of the egg white pro-
tein group was the highest, which was about 2.5 times
higher than that of the control group

(3) The above-mentioned five organic substrates have
significant regulation effect on the crystal form, crys-
tal appearance, and particle size characteristics of
calcium carbonate crystals induced by MICP tech-
nology. Under the action of 5% sucrose, 25 g/L bam-
boo leaves, and 20% egg white protein, the above-
mentioned five organic substrates are easy to be all
calcite calcium carbonate, and the calcium carbonate
cement under the action of egg white has the highest
Ca content, which can reach 66.24%. In addition, the
changes in the structural characteristics of calcium
carbonate crystals are mainly due to the strong inter-
action between the organic matrix and calcium car-
bonate crystals
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To study the characteristics of roadway surrounding rock damage caused by frequent disturbances under different static stress
conditions, cyclic impact tests on granite with vertical holes under different axial prestress conditions were performed by a
modified split Hopkinson pressure bar test, and the damage of the specimens was recorded with a high-speed camera process.
The test results show that under the same air pressure cyclic impact, the rock specimens mainly undergo the compaction-
fatigue-failure transition. As the axial prestress increases, the compaction-fatigue phase gradually weakens, and the dynamic
compressive strength decreases. When the axial prestress is 42% of the UCS and 62% of the UCS, the rock specimen shows a
certain “strengthening” effect during the initial cyclic impact stage. During the failure of the rock specimens, the axial
prestressing effect limited the initiation of some transverse cracks, and a mixed tensile-shear failure mode appeared. The rock
specimens with an axial prestress of 62% of the UCS showed energy release during cyclic impact. To some extent, the
probability of “rock bursts” has been induced. Based on the one-dimensional stress wave theory, the damage variables of wave
impedance during the cyclic impact loading of the rock with vertical holes are defined. It is found that when the rock specimen
is in the stage of compaction and fatigue damage, the damage is small, and the damage is even reduced.

1. Introduction

As the main carrier of loads in underground engineering
applications, the structure and structural stability of rock
are closely related to engineering safety. In recent years, with
the continuous lack of shallow resources and the need for
economic development for various countries, an increasing
number of underground spaces have been developed at
greater depths, such as mining, highway tunnel construction,
and roadway excavation engineering projects [1–3], which
trigger the continuous change of the stress state of the deep
surrounding rock. In the process of underground rock exca-
vation, the surrounding rock structure will inevitably be sub-
jected to ground stress and mechanical drilling and blasting.
The common effect of frequent disturbance [4, 5] and various

factors lead to deformation, failure, and instability of the rock
mass structure, which leads to a series of engineering disas-
ters, such as intensified instability of the roadway [6–8] and
rock burst [9, 10]. Therefore, one-dimensional dynamic
static coupling can better reflect the actual stress state of
roadway excavation. The study of the dynamic characteristics
of the surrounding rock under dynamic and static coupling
has important reference significance for the safe construction
[11, 12], efficient operation [13], and long-term stability of
underground rock engineering.

Therefore, domestic and foreign scholars have performed
much research on the mechanical properties of rocks under
coupled static-dynamic loads. Zhou et al. [14–18] used an
improved Hopkinson pressure bar system to analyse the
mechanical properties of rock under the combined action
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of one-dimensional dynamic and static combinations and
tested dried sandstone and water-saturated sandstone with
different axial prestresses to study the influence of water sat-
uration on the dynamic characteristics of rock under static
prestress. Wang et al. [19] carried out experimental studies
on different axial pressures and different impact loads on
red sandstone and analysed the effects of axial pressure and
impact loads on their mechanical properties and energy loss.
Gong et al. [20–22] studied the dynamic characteristics of
sandstone under coupled static-dynamic loads. The study
found that when sandstone is loaded and destroyed within
a certain range of axial pressure ratios, as the incident energy
increases, the sandstone successively undergoes the three
stages of “absorbed energy-release energy-absorbed energy”.
The above studies are based on the experimental study of
intact rock samples under impact loading and have obtained
abundant research results. However, rock failure and insta-
bility usually begin with primitive defects such as rock cracks
and holes [23, 24]. At present, there are few studies on defec-
tive rocks under impact loading. Li et al. [25–27] performed a
one-dimensional dynamic and static combination test on
samples containing circular and elliptical holes and found
that the size, shape, and location of the holes have a certain
effect on the dynamic strength of the rock, and the existence
of holes induces shear failure of rocks. Wang et al. [28] used
Hopkinson rods and combined digital image correlation
technology to carry out impact experiments on rock-like
samples with an angle of 0° to 90° between the prefabrication
and loading directions and analysed samples under condi-
tions of multiple loading rates, single cracks, and multiple
angles. Li et al. [29] tested granite with square and circular
holes to test the instability failure characteristics and
obtained the relaxation time T2 spectrum curve, nuclear
magnetic porosity, and nuclear magnetic resonance images
under nuclear magnetic resonance (NMR) tests. In summary,
most of the previous studies utilized impact tests based on
prefabricated lateral cavity rock samples perpendicular to
the loading direction, and few studies have been conducted
on vertical holes. In the actual underground tunnel excava-
tion process, frequent dynamic disturbances generated by
mechanical drilling and blasting in the form of stress waves
act on the surrounding rock of the excavated tunnel, which
has a greater impact on its stability, and the surrounding rock
of the tunnel when subjected to dynamic load disturbances.
The rock is subjected to static loads such as in situ stress
and tectonic stress [30], as shown in Figure 1. Therefore,
understanding the failure mechanism of roadway surround-
ing rock under cyclic impact loading and certain static stress
conditions is the essential basic information and basis for sci-
entifically evaluating the stability of surrounding rock during
the excavation of underground roadways.

Thick wall cylinders are the preferred model for simulat-
ing underground tunnels, tunnels, mine shafts, and other
structures [31]. To correctly understand the mechanical
properties, energy, and damage evolution of surrounding
rock under the coupling action of static stress and dynamic
disturbance in an actual project, this paper selects a granite
cylinder with inner and outer diameters of 5mm and
25mm, respectively, and uses the modified Hopkinson bar

system of Central South University to carry out cyclic impact
tests on the granite under the same air pressure and different
axial prestresses and uses high-speed photography. The
image machine records the failure process of the specimen
and analyses the mechanical behaviour, failure mode, energy
evolution, and damage characteristics of the specimen under
dynamic static coupling action.

2. Test Methods and Specimen Preparation

2.1. Specimen Preparation and Test System. The test material
is granite with relatively good integrity and uniformity, proc-
essed into a 50mm × 100mm cylindrical rock sample. Then,
a vertical hole with a diameter of 10mm is prefabricated in
the centre of the circular cross-section, and the two cross sec-
tions at both ends of the sample, which exhibit nonparalle-
lism and nonverticality, are less than 0.02mm, as shown in
Figure 2. To reduce the discreteness of the rock samples, a
rock acoustic wave parameter test system (HS-YS4A type)
is used to test the P-wave velocity of the rock samples. The
average density of the rock samples is 2:79 × 103 kg/m3, the
average P-wave velocity is 5345m/s, and the average com-
pressive strength is 140MPa.

2.2. Testing Equipment. The test equipment uses the dynamic
and static combined loading test system based on the SHPB
device modified by Central South University. It consists of
a punch device, an incident rod, a transmission rod, a buffer
rod, and an axial compression device, as shown in Figure 3.
The rods of the test system are made of 40Cr alloy steel with
a diameter of 50mm. The longitudinal wave velocity is
5400m/s, the density is 7810 kg/m3, and the elastic modulus
is 240GPa. The data acquisition instrument and display
equipment are a CS-1D super dynamic strain gauge and
DL-750 oscilloscope, respectively. A spindle-shaped bullet
is used in the launch cavity to eliminate wave oscillations
and achieve stable half-sine wave loading to achieve a con-
stant strain rate loading effect. To facilitate the observation
of the microdestruction process of the test piece, a FAS-
TCAM SA1.1 high-speed camera is used to synchronously
record the crack propagation process of the test piece. The
frame number of the high-speed camera is set to 43,200 fps

Fs

Fd

Fd

Fs Surrounding rock

Surrounding rock

Roadway

Rock mass

Fs

Fs

Fs

Figure 1: Schematic diagram of the surrounding rock forces during
tunnel excavation (Fs: static stress, Fd : dynamic load, and Fd′:
dynamic disturbance).
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and shot once at an interval of 23μs. Figure 4 shows the
dynamic and static combination loading schematic of the
test piece.

2.3. Test Plan

2.3.1. Test Method. To study the impact mechanical proper-
ties, energy, and damage evolution law of granite with verti-
cal holes under different prestressing effects, the axial
prestressing load was set to 0.55MPa (42% of the UCS),
82MPa (62% of the UCS), and 110MPa in this experiment
(83% of the UCS) to carry out cyclic impact loading. To
ensure the reliability of the data, each group of data was
tested for 3 samples. The test piece number was in the form
of Z-0-1, where 0 and 1 represented the axial pressure of 0
and the test piece group number, and A, B, and C represented
the prestress force of 55, 83, and 110MPa, respectively. The
test scheme is shown in Table 1.

2.3.2. Test Procedure. To test the effectiveness, before the
start of the test, the incident rod and the transmission rod
are closely pressed for empty punching, and the trend of
the incident wave and the transmitted wave on the oscillo-
scope is observed to ensure whether the two rods are nor-
mally secured.

To achieve the purpose of cyclic impact of the rock sam-
ple under different prestressing effects and to avoid the rock
sample being damaged, it is necessary to test the rock sample
and finally set the impact pressure to 0.8MPa.

During the test, lubricating oil should be applied between
the incident rod and the transmission rod to reduce the end
effect of the sample, the rock should be sandwiched between
the incident rod and the transmission rod, and then the man-
ual oil pump should be slowly prestressed to the set value.
The strain gauge, oscilloscope, and high-speed camera are
initiated to record data.

2.4. Test Principle. The SHPB system can simultaneously
realize dynamic and static combined tests with an axial pre-
stress of 0-200MPa and an impact dynamic load of 0-
500MPa. The punch impacts the incident rod at a certain
rate under the action of air pressure, and an incident stress
wave is formed in the incident rod. When the incident stress
wave is transmitted to the end face of the rock sample, trans-
mission stress is formed on the end face of the rock sample
due to the different wave impedances of the rock sample
and the rod. The incident and transmitted waves can be mea-
sured from incident rod strain gauge 1 and transmitted rod
strain gauge 2, respectively, as shown in Figure 2. Using the
“three wave method” [32] to process the collected wave

Figure 2: Rock test samples.

Axial pressue Strain gauge 2 Strain gauge 1 Spindle-shaped striker Air gun

Firing chamberInput barOutput bar

HS camera

Dynamic strain meter

Oscilloscope Computer

Rock specimen

Figure 3: Rock dynamic and static combination based on the SHPB device.
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forms, we can obtain the changes in the strain, stress, and
strain rate with time as follows:

ε tð Þ = Ce

Ls

ðt
0
εI tð Þ − εR tð Þ − εT tð Þ½ �dt,

σ tð Þ = EeAe

2As
εI tð Þ + εR tð Þ + εT tð Þ½ �dt,

ε
• = Ce

Ls
εI tð Þ − εR tð Þ − εT tð Þ½ �dt:

ð1Þ

In the SHPB test, it is assumed that the energy loss gener-
ated by the end face of the specimen is negligible. The energy
before the test is equal to the energy after the test. According
to the law of the conservation of energy [32], the incident
energy, reflection energy, transmitted energy, and formula
for absorbed energy are as follows:

WI =
AeCe

Ee

ðt
0
σ2
I tð Þdt,

WR =
AeCe

Ee

ðt
0
σ2
R tð Þdt,

WT = AeCe

Ee

ðt
0
σ2
T tð Þdt,

Ws =WI −WR −WT ,

ð2Þ

where Ae and As denote the cross-sectional area of the elastic

rod and the sample, respectively; Ee represents the elastic
modulus of the elastic rod; Ce and Ls represent the longitudi-
nal wave velocity of the elastic rod and the length of the sam-
ple; εIðtÞ, εRðtÞ, and εTðtÞ represent incident, reflected, and
transmitted strain wave signals, respectively; εðtÞ and σðtÞ
are the strain and stress, respectively; WI , WR, WT , and WS
are the incident energy, reflected energy, transmitted energy,
and absorbed energy, respectively.

3. Test Results and Discussion

The posttest data are processed based on the three-wave
method. Due to space limitations, some test specimens are
selected for analysis in this article. The test results are shown
in Table 2.

3.1. Mechanical Behaviour of Granite under Dynamic and
Static Coupling

3.1.1. Dynamic Stress-Strain Curve. Figure 5 shows the stress-
strain curve of a rock sample during cyclic impact under dif-
ferent axial prestressing forces. Figure 5 shows that the stress-
strain curve can be roughly divided into a compaction stage,
a crack propagation stage, and a postpeak unloading stage. In
the crack growth stage, when a relatively smooth curve
appears before the peak stress is approached, the stress
growth is slow, and the strain growth rate is faster as the yield
stage continues; when the strain increases to a certain level,
the peak stress rapidly increases and is defined as the
strengthening stage. As the axial prestress increases, the yield
stage becomes less and less obvious. Before reaching the peak
stress, the change trends of the stress-strain curves are simi-
lar, but there are obvious differences in the unloading phases
after the peak. Before the failure of the rock sample, the max-
imum strain at the unloading stage after the peak increases
first and then decreases with the decrease in the stress, show-
ing a rebound phenomenon; when the rock sample is
impacted and destroyed, the rebound phenomenon gradually
disappears.

3.1.2. Effect of the Axial Prestress on the Peak Stress. In the
process of cyclic impact loading under different axial pre-
stresses, the peak stress and the number of cyclic impact
changes are shown in Figure 6. As the number of cycles
increases, the peak stresses of Z-0-1 and Z-C-1 continue to
decrease, while the peak stresses of rock samples Z-A-3 and
Z-B-2 have an increasing trend during the initial impact
stage, and their peak stress performance thereafter gradually
decreases. According to the analysis, in the initial impact
stage of samples Z-A-3 and Z-B-2, internal microcracks are
closed under the impact load, which means that the wave

Dynamic load
100

10 50

Dynamic load

Pre-static load Pre-static load

Figure 4: Schematic diagram of the combined dynamic and static loading of the test specimens.

Table 1: Basic physical parameters and test plan of the rock
specimens.

Rock
specimen
number

Diameter
(mm)

Height
(mm)

Axial
prestress
(MPa)

Impact air
pressure
(MPa)

Z-0-1 50.2 99.81

0

0.8

Z-0-2 49.98 100.21

Z-0-3 50.03 100.10

Z-A-1 49.81 99.89

55Z-A-2 49.98 100.02

Z-A-3 50.12 99.89

Z-B-1 49.63 100.12

83Z-B-2 49.95 99.98

Z-B-3 49.95 99.91

Z-C-1 50.26 100.08

110Z-C-2 50.08 99.96

Z-C-3 49.89 100.18
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impedance of the rock sample increases and the peak stress
increases [33]. In the subsequent impact process, the internal
cracks of the rock samples gradually increase, the wave
impedance of the samples gradually decreases, and the ability
to resist external loads continues to weaken, which reflects
the strength degradation characteristics of the rock sample
during cyclic impact. However, due to the large axial pre-
stress, Z-C-1 causes many internal microcracks, which
greatly weakens the resistance of the rock sample to external
loads. Under dynamic loading, the peak stress shows a
decrease with an increase in the number of cycles.

Figure 6 can further illustrate the effect of the axial pre-
stress on the peak stress of the rock samples under the same
air pressure. It can be seen from Figure 6 that the dynamic
peak strength of unstressed rock samples is higher than that
of prestressed axial forces, and the dynamic peak strength
decreases as the axial prestress increases. When the axial pre-
stress is 42% of the UCS and 62% of the UCS, the number of
impacts increases compared to the case without axial pre-
stress, and when the axial prestress is 83% of the UCS, the
number of impacts is reduced. From the above phenomenon,
it can be determined that the axial prestress has a certain
effect on the dynamic strength and stiffness of the material.
These phenomena can be explained by different stress stages
under uniaxial compression [14]. Generally, the behaviour of
brittle rock can be divided into three stages during uniaxial
compression: (I) elastic deformation stage: approximately
0-30% of the UCS; (II) crack steady propagation stage:
approximately 30-70% of the UCS; and (III) unstable crack
growth stage: approximately 70-100% of the UCS, as shown
in Figure 7.

The axial prestress is in the stage of stable crack propaga-
tion, and activated cracks regenerated inside the rock sample.

When the peak strength of the dynamic load is lower than a
certain value, during the initial cyclic impact of the rock sam-
ple, the damage caused by the dynamic load is generally
lower than the crack closure amount, and the rock sample
shows a compaction process [34]. When the axial prestress
is 42% of the UCS and 62% of the UCS, the dynamic strength
of the rock sample is lower than that without prestressing,
indicating that the prestress has caused some damage to the
rock sample, but due to the axial prestressing effect, the local
damage has an impact on the specimen failure and has a
strengthening effect on the rock material. Therefore, the stiff-
ness is enhanced compared with the prestress. At an axial
prestress of 83% of the UCS, the rock sample is in the stage
of unstable crack propagation. The internal cracks greatly
deteriorate the mechanical properties of the rock, showing
its minimum dynamic strength and minimum number of
impacts.

3.1.3. Variation in the Average Strain Rate and Maximum
Strain. The average strain rate represents the amount of
strain per unit time of the rock during a single impact [34].
Figures 8 and 9 show the relationship between the average
strain rate and the maximum strain with the number of
cycles when the rock samples are subjected to different axial
prestresses. It can be seen that the average strain rate and
the maximum strain increase as a whole. Z-0-1 shows a rela-
tively large average strain rate and maximum strain during
the first impact. According to the analysis, some initial cracks
cannot be avoided inside the rock sample, and more stress
may be generated around the hole wall during the impact
due to the stress concentration. The crack shows a larger
strain rate and maximum strain during the initial impact;
the average strain rate and maximum strain of Z-A-3 during

Table 2: Test results of the rock specimens.

Rock specimen
number

Impact
sequence

Peak stress
(MPa)

Peak strain
(mm)

Maximum strain
(mm)

Average strain rate
(s-1)

Absorbed energy
(J)

Z-0-1

1 148.84 0.0039 0.0040 34.74 2.77

2 144.70 0.0034 0.0035 35.10 10.64

3 118.62 0.0042 0.0043 38.78 14.43

Z-A-3

1 118.20 0.0034 0.0034 34.62 -25.03

2 121.45 0.0035 0.0035 35.99 -12.27

3 138.33 0.0027 0.0028 30.73 1.14

4 132.89 0.0028 0.0028 29.31 2.42

5 131.08 0.0029 0.0031 32.16 7.88

6 97.97 0.0028 0.0044 41.67 28.48

Z-B-2

1 106.01 0.0032 0.0033 27.43 -39.23

2 109.27 0.0028 0.0030 29.27 -30.46

3 124.45 0.0027 0.0030 27.04 -42.09

4 109.57 0.0028 0.0031 28.69 -44.10

5 109.27 0.0035 0.0037 33.57 -37.96

6 100.09 0.0033 0.0039 34.07 -16.52

7 61.42 0.0026 0.0081 41.22 -7.95

Z-C-1
1 101.93 0.0026 0.0029 25.01 -18.92

2 99.60 0.0031 0.0034 30.60 8.79
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the first impact are lower than those of Z-0-1, which is due to
the axial prestress. Effected by the initial crack closure, the
first time the impact is initiated with the same air pressure,
the crack closure amount is relatively small. In the same
way, with the increase in the axial prestress, the internal crack
closure of the rock samples increases, and the average strain
rate and maximum strain of Z-B-2 and Z-C-1 are substan-
tially reduced compared with Z-A-3 at the first impact. As
the number of impacts accumulates, Z-A-3 and Z-B-2 show
an average strain rate and a maximum strain that first
decrease and then increase, and the strain of Z-C-1 increases
as a whole. The analysis shows that during the initial impact
of Z-A-3, the crack closure amount of the rock sample is
larger than the crack initiation amount, showing a decreasing
trend of the average strain rate and that the maximum strain
decreases; with the increase in the number of cycles, the rock
sample is in the third stage. During the fifth impact process,
the average strain rate and the maximum strain change range
decrease, indicating that the microcracks at this stage of the
rock specimens develop slowly. The analysis indicates that
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Figure 5: Dynamic stress-strain curve.
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the rock specimens transition from the initial compaction
stage to the fatigue damage stage and finally collapse. At this
time, cracks in the rock samples rapidly expand, and the
average strain rate and maximum strain increase substan-
tially. During the initial impact of Z-B-2, the average strain
rate and the maximum strain change are small, and the crack
growth rate of the rock sample is very slow or does not
expand. The average strain rate and the maximum value dur-
ing the third impact should reach a minimum, indicating that
the rock sample is in the first three stages. The crack closure
stage is at the initial stage of fatigue damage; when the rock
sample is impacted for the fifth time, the average strain rate
and maximum strain of the rock sample increase substan-
tially, indicating that the crack growth speed of the rock sam-
ple accelerates, which represents the transition from the
fatigue damage stage to the failure stage. The Z-C-1 strain
rate and average strain rate increase with increasing number
of cycles. According to the analysis, a large number of micro-
cracks appear in the sample due to the prestressing effect.
When the impact load is applied, the initiation cracks are
promoted to develop into the macrocrack direction. No com-
paction stage or fatigue damage stage is shown. In summary,
when the axial prestress is low, the rock sample undergoes
three stages during the cyclic impact process: the compaction
phase, fatigue damage phase, and failure phase; as the pre-
stress increases, the rock sample compaction phase weakens.
There are two phases: the fatigue damage phase and failure
phase; when the prestress is greater than a certain value, the
rock sample only shows the failure phase.

3.1.4. Effect of Different Prestressing Effects on the Dynamic
Deformation Modulus. Figure 10 shows the relationship
between the dynamic deformation modulus of the rock sam-
ple and the number of cycles during different axial pre-
stressed cyclic impacts. The dynamic deformation modulus
reflects the resistance of the rock to deformation. Because
the dynamic stress-strain curve has no obvious straight line
segment, to better reflect the rock’s resistance to deformation
during impact, reduce errors, and reduce test dispersion, this

0.000 0.005 0.010 0.015 0.020 0.025
0

20

40

60

80

100

120

140

160

III:unstable
crack

growth
stage

II:stable crack
growth stageI:elastic

deformation
stage

St
re

ss
 (M

Pa
)

Strain

30%

70%

100% 𝜎f

𝜎f

𝜎f

Figure 7: Uniaxial stress-strain curve.

1 2 3 4 5 6 7 8
2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

M
ax

im
um

 st
ra

in
 (1

0–3
)

Cycle impact times

Z-0-1
Z-A-3

Z-B-2
Z-C-1

Figure 8: Relationship between the maximum strain and cycle
impact times.

Z-0-1
Z-A-3

Z-B-2
Z-C-1

1 2 3 4 5 6 7 8
24
26
28
30
32
34
36
38
40
42
44

Av
er

ag
e s

tr
ai

n 
ra

te
 (s

–1
)

Cycle impact times

Figure 9: Relationship between the average strain rate and number
of cycles.

7Geofluids



paper adopts the following calculation method proposed by
Tang et al. [35]:

E1 =
σd50
εd50

,

E2 =
σd − σd50
εd − εd50

,

E3 = tan α,

Ed =
E1 + E2 + E3

3 ,

ð3Þ

where E1 is the first secant modulus, E2 is the second type of
secant modulus, E3 is the deformation modulus of the load-
ing section, Ed is the dynamic deformation modulus, σd50 is
50% of the peak stress, andεd50 is 50% of the peak stress.
The corresponding strain σd is the peak stress, εd is the peak
strain, α is the angle between the tangent and the axis at 50%
of the peak stress, and E0 is the elastic modulus of the mate-
rial without damage.

In combination with the stress-strain curve in Figure 3, it
can be seen that when the axial prestress is low and when the
dynamic load initially acts on the rock sample, the internal
cracks are further closed, showing that the dynamic deforma-
tion modulus increases first and then decreases as the num-
ber of cycles increases. When the axial prestress is greater
than a certain degree, there are more microcracks in the rock
sample, but the overall structure is in a state of stress equilib-
rium due to axial compression. When the dynamic load is
applied, the internal cracks expand rapidly, showing that
the dynamic deformation modulus changes. The number of
cycles increases at a smaller level. The overall trend of the
Z-0-1, Z-A-3, and Z-B-2 dynamic deformation moduli first
increases and then decreases, while Z-C-1 shows a decreasing
trend. The increase in the dynamic deformation modulus
means that its resistance to deformation is enhanced. The
dynamic deformation modulus of the Z-A-3 and Z-B-2 rock
samples increases during the first three impacts, indicating

that the rock samples are in the crack-closing stage under
the impact load, showing a certain hardening effect. The
dynamic deformation modulus followed by the cycle number
decreases, and the resistance of the rock samples to deforma-
tion weakens.

It is further seen from Figure 8 that the maximum defor-
mation modulus of the axial prestress of 42% of the UCS and
62% of the UCS is substantially higher than when the axial
prestress is not applied. This is because the rock is enhanced
when the axial prestress is low. The ability of the sample to
resist deformation and the dynamic deformation modulus
of the rock sample under impact failure are lower than when
axial prestress is not applied. According to the analysis, the
rock sample has sufficient internal crack expansion when
subjected to multiple impact loads. The deformation modu-
lus is low. When the axial prestress is 83% of the UCS, the
maximum dynamic deformation modulus of the rock sample
and the dynamic deformation modulus at failure are lower
than those without axial prestress. This is because when the
axial prestress is large, the prestress promotes the formation
of microcracks in the rock sample, reducing its resistance to
deformation.

3.2. Energy Evolution Characteristics of Granite under
Dynamic and Static Coupling. Figure 11 shows the relation-
ship between the absorbed energy of the rock sample and
the number of cycles under different axial prestressing forces.
It can be seen from Figure 11 that the variation law of the
absorbed energy varies with different axial prestresses. When
axial prestress is not applied, the absorption energy increases
with the number of cycles, and the absorption energy is pos-
itive, which means that during the cyclic impact process, the
rock sample continuously absorbs energy for the initiation
and expansion of its internal cracks. In addition, when the
axial prestress is 42% of the UCS, the rock sample increases
with the number of cycles, and the energy is converted from
the released energy to the absorbed energy. This is because
the rock sample has a certain amount of energy stored during
the axial prestress, and the first two impact loads, and during
the action, the rock samples exhibit energy release, and the
released energy decreases as the number of impacts increases.
The analysis shows that during the initial impact process, the
internal structure of the rock sample is fine-tuned, and the
microcracks are continuously closed, resulting in a decrease
in the released energy and energy as the number of cycles
increases. During the third impact, the rock sample begins
to absorb energy, and the absorbed energy is 1.14 J, indicating
that the rock sample has a relatively stable internal structure
during the third impact, and there is basically no energy dis-
sipation; the rock sample is subjected to the fifth impact.
When the load is applied, the energy absorption value is
7.88 J, which is substantially larger than that during the third
and fourth impacts, indicating that the crack growth rate and
degree of the rock sample increase. When the rock sample is
impacted and damaged, the energy absorption value is 28.4 J,
which increases sharply, indicating that the specimen has
more absorbed energy when it is destroyed, and the degree
of damage increases. The axial prestress is 62% of the UCS,
the rock sample releases energy during cyclic impact, and
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the overall trend is decreasing. The analysis shows that the
rock sample stores substantial strain energy. As the number
of cycles accumulates, the internally activated cracks will
increase. Due to the release of energy, the internal cracks will
continue to expand. During impact failure, the residual elas-
tic energy inside the rock sample will be greater than the frac-
ture. The surface requires energy, and under the action of
dynamic loading, it triggers the release of its energy, which
eventually leads to a “rock burst” in the rock sample. The
axial prestress is 83% of the UCS, and more cracks have been
induced inside the rock sample, resulting in less stored
energy. During the first impact, the energy is released inter-
nally, causing more cracks to activate and propagate inside,
and a certain macroscopic damage occurs on the surface. In
this state, because the internal energy storage is low, the rock
sample is under the impact of the impact load. “Rock bursts”
are less likely to occur in this stage, so the specimens show
absorbed energy when they finally fail.

3.3. Dynamic and Static Coupling Failure Modes of Granite.
Understanding the rock failure mode is of practical engineer-
ing significance for underground mining processes and the
prevention of hazards such as rock bursts. Figure 12 shows
the fracture process of specimens under different axial pre-
stressing forces under the same air pressure impact, and
Figure 11 shows the corresponding failure mode.

When the axial prestress is not applied, under the impact
of the dynamic load cycle of the sample, the reflected wave
and the transmitted wave in the rock sample cannot be trans-
mitted to the two ends of the sample in time, resulting in a
superposition at a certain position inside the rock sample
and a greater tensile wave. The existence of holes further
weakens the tensile strength of the rock sample so that
microcracks in other positions of the rock sample will not
be able to propagate and penetrate in the future, and a
through tensile crack perpendicular to the loading direction
appears at a certain position, triggering the damage of the
rock sample. The spalling damage leads to a larger size of
the final damage and less damage. Figure 12(a) shows a dia-
gram of the failure process of the rock sample without axial
prestress failure. At 1104μs, cracks perpendicular to the

loading direction begin to appear in the centre of the rock
sample, and debris appears at the incident end of the rock
sample, which eventually leads to spalling failure of the rock
sample at 3335μs.

When the rock sample is under axial prestress, a potential
compression-shear surface is formed inside. During the ini-
tial cyclic impact process, because the impact strength is
lower than the maximum compressive strength of the pre-
stress, the rock sample does not undergo macroscopic dam-
age. As the cyclic impact accumulates to a certain degree,
the maximum strength of the prestress is continuously weak-
ened. When the impact strength of the prestress is higher
than the minimum strength to which the prestress is sub-
jected, the rock sample will fail.

When the axial prestressing force is 42% of the UCS and
62% of the UCS, the axial prestress and dynamic load act
simultaneously, resulting in mixed tensile-shear failure.
When the axial prestress is 42% of the UCS, Figure 12(b)
shows that when the transmitting end of the rock sample is
at 276μs, compression cracks begin to appear, and at
345μs, tensile cracks appear at the ends while the end face
of the rock sample is sheared and fragments began to peel
off. At 598μs, a tensile crack appears on the surface of the
rock sample. When the axial prestress is 62% of the UCS,
Figure 12(c) shows that the rock sample begins to undergo
compression-shear failure when the rock sample is broken.
At 161μs, compression shear cracks appear from the
entrance side of the specimen. At 368μs, the fragments on
the compression shear surface begin to eject from the side
and make a loud noise. This phenomenon is similar to a
“rock burst” in rock engineering.

When the axial prestressing force is 83% of the UCS, the
axial prestress plays a major role, and shear tensile mixed fail-
ure occurs. It can be observed from Figure 12(d) that the rock
sample cracks at 253μs, and at 414μs, chipping occurs on the
side of the rock. The analysis shows that the prestress is 83%
of the UCS, a more obvious compression zone is formed at
the end of the sample, and the internal cracks parallel to
the loading direction expand to the inside [21], forming a
potential “shear failure surface”, resulting in more obvious
compression on both sides. The shear rupture surface, when
impact load is applied, further promotes this formation trend
and triggers rock chipping on the side of the rock.

Sliding loads act on different axial prestress failure
modes. Figure 13 shows that as the axial prestress increases,
the failure block size of the rock samples does not decrease
substantially. The main reason for this behaviour is that in
this study, granite was not severely damaged. When the pre-
stress is in the stage of stable crack growth, which is lower
than the crack damage stress (70% of the UCS) [14], under
cyclic impact loading, the rock sample will undergo certain
fatigue damage, and its internal microcracks gradually
change from the initial compaction stage. The crack propaga-
tion stage is transitional, and the crack propagation speed is
slow. When the final impact is broken, the crack is full, and
the fragmentation is small. When the prestress is higher than
the crack damage stress, the number of cyclic impacts of the
rock sample is lower, which indicates that the main crack is
propagating faster, and the internal microcracks have time
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to grow. The main crack expands and penetrates, resulting in
larger fragments during failure.

3.4. Damage Characteristics Analysis

3.4.1. Selection and Establishment of the Dynamic Rock
Damage Model. At present, the commonly used damage vari-
ables are defined as the elastic modulus, maximum strain, and
ultrasonic wave speed. The ultrasonic wave speed is widely
used because it is easy to operate and can effectively reflect
the crack propagation trend in rock, but it has a cycle under
a certain axial prestress. Impact tests limit the application of
this method. For this reason, Jin Jiefang established a method

based on the one-dimensional stress wave theory. Under the
same cross-sectional area of the test specimen and the elastic
rod, the wave impedance is used to define the damage variable
for the first time, as shown in Equation (4). The elastic modu-
lus, energy dissipation, and maximum strain are not suitable
for defining the damage variables of rock during cyclic impact
[36]. In this paper, the vertical centre hole is prefabricated in
the centre of the sample. Therefore, Equation (4) cannot be
directly applied to this test. Assuming that the discontinuous
contact surface between the rock sample and the elastic rod
is regarded as the contact surface between two elastic half-
spaces with displacement discontinuity, the propagation of
the stress wave on the displacement discontinuity surface
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276 𝜇s 345 𝜇s 598 𝜇s
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(c) Z-B-2
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(d) Z-C-1

Figure 12: Failure process diagram of different axial prestress loads.
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Figure 13: Different axial prestress failure modes.
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can be transformed into a boundary value problem for solving
the wave equation [32], as shown in Figure 14.

D = 1 − ρC
ρC

� �1:6
, ð4Þ

whereD is the damage variable, (ρC) ̅ is the wave impedance at
a certain impact, and ρC is the initial wave impedance of the
rock.

As shown in the figure, based on the one-dimensional
wave theory, when the stress wave propagates from incident
rod a to test piece b, its wave impedance changes from ma
to mb. According to the one-dimensional stress wave theory,
the interface has a continuous force and velocity on O1O2
with the following available conditions:

σR tið Þ = λσI tið Þ, ð5Þ

σT tið Þ = 1 + λð Þ 1 − λð Þ, ð6Þ
ma = ρaCaAa, ð7Þ
mb = ρbCbAb, ð8Þ

λ = ma −mb

ma +mb
: ð9Þ

In the same way, σT′ðtiÞ inside the rock enters the trans-
mission rod at interfaceO3O4 to generate a transmitted wave:

σT tið Þ = 1 + λð Þ 1 − λð ÞσI tið Þ: ð10Þ

The relationship between the transmitted wave and the
incident wave at any time can be written as follows:

ξ tið Þ = σT tið Þ
σI tið Þ = 1 + λð Þ 1 − λð Þ: ð11Þ

If ma and mb are known, Equation (11) can be rear-
ranged, and Equations (7), (8), and (9) can be simultaneously
used to obtain the actual wave impedance of the rock speci-
men at a certain moment during the i time impact:

ρiCi =
Ab 2 − ξ tið Þ − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ tið Þ

p� �
Aaξ tið Þ ρaCa: ð12Þ

By taking Equation (12) into Equation (4), the expression
of the damage degree of the rock is as follows:

D = 1 −
Ab 2 − ξ tið Þ − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ tið Þ

p� �
ρaCa

Aaξ tið ÞρC

0
@

1
A

1:6

, ð13Þ

where σI , σR, σT , and σ′T are the incident wave, reflected
wave, transmitted wave, and transmitted wave in the speci-
men, respectively; Aa and Ab are the cross-sectional areas of
the elastic rod and the rock sample, respectively; ρa and Ca,
and ρb and Cbare the density and P-wave velocity of the elas-

tic rod and rock sample, respectively; λ is the reflection coef-
ficient of the wave entering the specimen from the elastic rod;
and i is the ith time impact order.

The above inference formula assumes that the stress wave
in the rock specimen generates a transreflective reflection.
After the incident wave propagates into the specimen for a
period of time, multiple transmissive reflections occur in
the specimen at each instant. From the research in [36], it
is evident that when t ≤ ð2Lb/CbÞ, the reflected and transmit-
ted waves obtained in the test are not affected by multiple
transmissions and reflections. Figure 15 shows a trend chart
of the change in the wave impedance when a certain speci-
men is impacted. The impedance of section AB basically
remains unchanged. To produce comparable results, a cer-
tain time in section AB is selected as the reference point for
each cycle of the test specimen.

3.4.2. Influence of the Axial Prestress on the Damage.
Figure 16 shows the change in the damage degree and impact
number of the rock samples under different axial prestressing
forces. It can be seen from the figure that the rock samples
show different damage evolution trends with the increase in
the number of cycles under different prestresses. The initial
damage of Z-0-1 is lower than that of the other rock samples,
and the initial damage of Z-A-3, Z-B-2, and Z-C-1 increases
with the increase in the axial prestress. The rock samples
have different degrees of damage when the prestress is 42%
of the UCS, 62% of the UCS, and 83% of the UCS. Z-C-1
has a large number of microcracks because the axial prestress
is higher than the crack damage stress, resulting in a substan-
tial reduction in the number of cycles of rock samples sub-
jected to cyclic impact. The cumulative growth rate of the
damage of Z-0-1 continues to increase, with growth rates of
60% and 150%, respectively. During the initial cyclic impact
process, Z-A-3 is dominated by compaction, resulting in
the reduction in the first three damage levels, and then with
the increase in the number of cycles, the cumulative damage
growth rate of the rock sample increases with the acceleration
of the internal crack growth. Z-B-2 increases the cumulative
damage rate during the first four cycles of slow impact, with a
range of 0.24-0.25. From the establishment of the dynamic
damage model, it can be seen that the damage D is a function
of the strain [37], which is consistent with the maximum
strain in the previous analysis. Since the rock sample belongs
to the fatigue damage stage at this stage, the amplitude of the
strain change is small, which means that during this impact
process, the damage to the rock sample is small and can
almost be ignored. This shows that the cumulative damage
growth of the rock sample during the first four impacts is
slow, and the damage accumulation during the subsequent
cyclic impact process increases with the increase in the max-
imum strain.

4. Surrounding Rock Engineering
Applications of Roadways under
Different Prestresses

The in situ stress and dynamic load affect the safety and
stability of the roadway. Among them, the magnitude of the
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ground stress (prestress) determines the strength and stiff-
ness of the surrounding rock of the roadway. Figure 17 shows
the maximum peak stress and dynamic deformation modu-
lus, which indirectly reflect the rock mass stiffness. The test
results show that when the prestress is higher than the crack
initiation stress (30% of the UCS), the dynamic strength and
stiffness are reduced and increased, respectively, compared
with the absence of axial prestress, which indicates that the
in situ stress improves the “toughness” of the surrounding
rock. Under the same dynamic load disturbance action, the
ability to resist the instability and damage of the surrounding
rock of the roadway is enhanced. When the axial prestress is
higher than the crack damage stress (70% of the UCS), the

strength and stiffness are reduced compared with the axial
prestress. It can be concluded that under high prestress con-
ditions, the dynamic load disturbance is extremely detrimen-
tal to the stability of the surrounding rock of the roadway,
and it is more likely to cause instability.

The failure type and energy evolution law of the sur-
rounding rock of the roadway are also important features
that reveal the failure mechanism of the surrounding rock.
For tunnels with shallow depths, it can be considered that
there is no static stress. If the surrounding rock of the road-
way is to be destabilized and destroyed, it is necessary to
absorb the external energy, and the failure of the surrounding
rock of the roadway is usually caused by the tensile spalling
damage caused by the superposition of the stress waves due
to the dynamic load at a certain position of the roadway sur-
rounding rock. For the surrounding rock of the roadway
where the prestress is in the stage of stable expansion of the
crack, as the depth increases, a certain degree of shear surface
is formed inside, and the stored energy increases; when the
external load is disturbed, the surrounding rock of the road-
way is transformed from absorbed energy to released energy
when the surrounding rock is destroyed, which results in a
greater probability of triggering a rock burst. For the pre-
stressed roadway surrounding rock in the unstable stage of
crack expansion, which is higher than the crack damage
stress, the structure of the roadway surrounding rock is
almost in an unstable state, there are many microcracks
inside, the rock density is very low, and the stored energy is
relatively small. When the load is disturbed, the internal
absorbed energy is greater than the released energy. In this
case, rock burst does not easily occur, and the roadway is eas-
ily induced to collapse and fall off.

5. Conclusion

(1) The axial prestress has a certain effect on the dynamic
strength and stiffness of granite: the axial prestress is
in the stage of stable crack propagation, and its
dynamic strength is lower than that of the pure
dynamic compressive strength, but its stiffness
increases. The axial prestress is in the unstable stage
of crack propagation, showing its weakest dynamic
strength and stiffness

(2) During the cyclic impact failure process of granite,
the granite mainly undergoes a transition from the
compaction stage to the fatigue damage stage to the
failure stage. With the increase in the prestressed
axial pressure, the compaction stage and the fatigue
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damage stage continue to weaken. When the axial
prestress is 42% of the UCS, the rock sample shows
the compaction stage-fatigue damage stage-failure
stage trend; when the axial prestress is 62% of the
UCS, the rock sample compaction stage weakens,
showing the fatigue damage stage-failure stage trend;
and when the axial prestress is 83% of the UCS, the
rock sample only shows the failure stage

(3) The existence of static stress is a necessary condition
for “rock burst” to occur. Granite under different
axial prestresses, the energy dissipation of rocks var-
ies with the number of impacts. In general, when
the axial prestress and impact load are at a certain
value, the probability of “rock burst” is large

(4) The failure mode of granite under different axial pre-
stresses is different. When the axial prestress is 0,
spalling tensile failure occurs. As the axial prestress
increases, mixed tensile-shear failure occurs. This is
due to the effect of axial prestressing, and different
levels of shear planes are formed inside, which limits
the initiation of transverse cracks

(5) Based on the one-dimensional stress wave theory, the
method of defining the rock damage degree by wave
impedance is further studied. When the rock sample
is in the compaction stage and the fatigue damage
stage, the damage of the specimen is small, and the
damage reduction phenomenon occurs

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Authors’ Contributions

Bing Dai is responsible for the methodology and conceptual-
ization. Yongming Xue is responsible for the investigation
and data curation. Lei Zhang is responsible for the writing
of the original draft, validation, and visualization. Ying Chen
is responsible for the resources and writing of the review and
editing. Zhijun Zhang is responsible for the supervision.

Acknowledgments

This study is conducted under the joint grant of the National
Natural Science Foundation of China (Nos. 51804163 and
51974163) and the China Postdoctoral Science Foundation
(2018M642678), and it is supported by the Hunan Provincial
Innovation Foundation for Postgraduate (CX20200920).

References

[1] X. B. Li, F. Q. Gong, and S. F. Wang, “Coupled static-dynamic
loading mechanical mechanism and dynamic criterion of rock
burst in deep hard rock mines,” Chinese Journal of Rock
Mechanics and Engineering, vol. 38, no. 4, pp. 708–723, 2019.

[2] P. X. Li, X. T. Feng, G. L. Feng, Y. X. Xiao, and B. R. Chen,
“Rockburst and microseismic characteristics around lithologi-
cal interfaces under different excavation directions in deep
tunnels,” Engineering Geology, vol. 260, p. 105209, 2019.

[3] L. Hu, X. T. Feng, Y. X. Xiao et al., “Effects of structural planes
on rockburst position with respect to tunnel cross-sections: a
case study involving a railway tunnel in China,” Bulletin of
Engineering Geology and the Environment, vol. 79, no. 2,
pp. 1061–1081, 2020.

[4] Z. Song, H. Konietzky, and M. Herbst, “Bonded-particle
model-based simulation of artificial rock subjected to cyclic
loading,” Acta Geotechnica, vol. 14, no. 4, pp. 955–971, 2019.

[5] Z. Song, H. Konietzky, and M. Herbst, “Three-dimensional
particle model based numerical simulation on multi-level
compressive cyclic loading of concrete,” Construction and
Building Materials, vol. 225, pp. 661–677, 2019.

[6] F.-q. Gong, X.-f. Si, X.-b. Li, and S.-y. Wang, “Experimental
investigation of strain Rockburst in circular caverns under
deep three-dimensional high-stress conditions,” Rock
Mechanics and Rock Engineering, vol. 52, no. 5, pp. 1459–
1474, 2019.

[7] X. B. Li, C. J. Li, W. Z. Cao, and M. Tao, “Dynamic stress con-
centration and energy evolution of deep-buried tunnels under
blasting loads,” International Journal of Rock Mechanics and
Mining Sciences, vol. 104, pp. 131–146, 2018.

[8] Z. Song, W. Wei, and J. Zhang, “Numerical investigation of
effect of particle shape on isolated extracted zone (IEZ) in
block caving,” Arabian Journal of Geosciences, vol. 11, no. 12,
2018.

[9] B. Y. Jiang, S. T. Gu, L. G. Wang, G. C. Zhang, and W. S. Li,
“Strainburst process of marble in tunnel-excavation-induced
stress path considering intermediate principal stress,” Journal
of Central South University, vol. 26, no. 4, pp. 984–999, 2019.

[10] Z. L. Li, X. Q. He, L. M. Dou, and G. F. Wang, “Rockburst
occurrences and microseismicity in a longwall panel
experiencing frequent rockbursts,” Geosciences Journal,
vol. 22, no. 4, pp. 623–639, 2018.

0 20 40 60 80

100

110

120

130

140

150

Peak stress
Dynamic deformation modulus

Axial pre-stress (%)

Pe
ak

 st
re

ss
 (M

Pa
)

48

50

52

54

56

58

60

D
yn

am
ic

 d
ef

or
m

at
io

n 
m

od
ul

us
 (G

Pa
)

Figure 17: Relationship between the dynamic deformation
modulus, peak stress, and axial prestress.

13Geofluids



[11] B. Dai and Y. Chen, “A novel approach for predicting the
height of the water-flow fracture zone in undersea safety min-
ing,” Remote Sensing, vol. 12, no. 3, p. 358, 2020.

[12] K. Gao, S. N. Li, R. Han et al., “Study on the propagation law of
gas explosion in the space based on the goaf characteristic of
coal mine,” Safety Science, vol. 127, article 104693, 2020.

[13] Z. Song and H. Konietzky, “A particle-based numerical inves-
tigation on longwall top coal caving mining,” Arabian Journal
of Geosciences, vol. 12, no. 18, 2019.

[14] Z. Zhou, X. Cai, X. Li, W. Cao, and X. du, “Dynamic response
and energy evolution of sandstone under coupled static–
dynamic compression: insights from experimental study into
deep rock engineering applications,” RockMechanics and Rock
Engineering, vol. 53, no. 3, pp. 1305–1331, 2020.

[15] X. Cai, Z. L. Zhou, and X. du, “Water-induced variations in
dynamic behavior and failure characteristics of sandstone sub-
jected to simulated geo-stress,” International Journal of Rock
Mechanics and Mining Sciences, vol. 130, article 104339, 2020.

[16] X. Cai, Z. L. Zhou, H. Zang, and Z. Song, “Water saturation
effects on dynamic behavior and microstructure damage of
sandstone: phenomena and mechanisms,” Engineering Geol-
ogy, vol. 276, article 105760, 2020.

[17] X. Cai, Z. L. Zhou, L. H. Tan, H. Zang, and Z. Song, “Fracture
behavior and damage mechanisms of sandstone subjected to
wetting-drying cycles,” Engineering Fracture Mechanics,
vol. 234, article 107109, 2020.

[18] X. B. Li, Z. L. Zhou, and Z. Y. Ye, “Study of rock mechanical
characteristics under coupled static and dynamic loads,” Chi-
nese Journal of Rock Mechanics and Engineering, vol. 7,
pp. 1387–1395, 2008.

[19] T. Wang, Z. P. Song, and J. Y. Yang, “Dynamic response char-
acteristics of weathered red sandstone under cyclic impact,”
Chinese Journal of Rock Mechanics and Engineering, vol. 38,
no. S1, pp. 2772–2778, 2019.

[20] F. Q. Gong, X. B. Li, and X. L. Liu, “Experimental study on
dynamic characteristics of sandstone under one-dimensional
coupled static and dynamic loads,” Chinese Journal of Rock
Mechanics and Engineering, vol. 29, no. 10, pp. 2076–2085,
2010.

[21] F. Q. Gong, Experimental study of rock mechanical properties
under l coupled static-dynamic loads and dynamic strength cri-
terion, Central South University, 2010.

[22] X. B. Li, F. Q. Gong, and K. Gao, “Test study of impact failure
of rock subjected to one-dimensional coupled static and
dynamic loads,” Chinese Journal of Rock Mechanics and Engi-
neering, vol. 29, no. 2, pp. 251–260, 2010.

[23] F. Wang, M. Wang, Z. M. Zhu, Q. Hao, Y. Peng, and W. Xuya,
“Study on evolution law of rock crack dynamic propagation in
complete process under impact loading,” Chinese Journal of
Rock Mechanics and Engineering, vol. 38, no. 6, pp. 1139–
1148, 2019.

[24] B. Dai, Y. Chen, G. Y. Zhao, W. Liang, and H. Wu, “A numer-
ical study on the crack development behavior of rock-like
material containing two intersecting flaws,” Mathematics,
vol. 7, no. 12, p. 1223, 2019.

[25] D. Li, P. Xiao, Z. Han, and Q. Zhu, “Mechanical and failure
properties of rocks with a cavity under coupled static and
dynamic loads,” Engineering Fracture Mechanics, vol. 225,
article 106195, 2020.

[26] D. Li, T. Cheng, T. Zhou, and X. Li, “Experimental study of the
dynamic strength and fracturing characteristics of marble

specimens with a single under impact loading,” Chinese Jour-
nal of Rock Mechanics and Engineering, vol. 34, no. 2,
pp. 249–260, 2015.

[27] Y. Li, J. Peng, F. Zhang, and Z. Qiu, “Cracking behavior and
mechanism of sandstone containing a pre-cut hole under com-
bined static and dynamic loading,” Engineering Geology,
vol. 213, pp. 64–73, 2016.

[28] Q. Z. Wang, B. B. Wu, F. Liu, K. W. Xia, and W. Wang,
“Dynamic failure of manufactured similar rock plate contain-
ing a single fissure,” Chinese Journal of Rock Mechanics and
Engineering, vol. 37, no. 17, pp. 2489–2497, 2018.

[29] X. B. Li, L. Weng, X. Xie, and Q. H. Wu, “Study on the degra-
dation of hard rock with a pre-existing opening under static-
dynamic loadings using nuclear magnetic resonance tech-
nique,” Chinese Journal of Rock Mechanics and Engineering,
vol. 34, no. 10, pp. 1985–1993, 2015.

[30] J. Jin, X. Li, and Z. Yin, “Effects of axial pressure and number of
cyclic impacts on dynamic mechanical characteristics of sand-
stone,” Journal of China Coal Society, vol. 37, no. 6, pp. 923–
930, 2012.

[31] H. J. Su, H. W. Jing, C. Wang, and B. Meng, “Strength attenu-
ation law of damaged rock samples and its structure effect,”
Applied Mechanics and Materials, vol. 353-356, pp. 602–607,
2013.

[32] X. B. Li, Rock Dynamics Foundation and Application, Science
Press, Beijing, 2014.

[33] Z. L. Wang, H. Yang, and N. C. Tian, “Mechanical property
and damage evolution mechanism of granite under uniaxial
cyclic impact,” Journal of Harbin Institute of Technology,
vol. 52, no. 2, pp. 1–9, 2020.

[34] J. F. Jin, Study on Rock Mechanical Properties under Coupled
Static-Cyclic Impact Loadings, Central South University, 2012.

[35] L. Z. Tang, T. Liu, C. Wang et al., “Study on dynamic deforma-
tion modulus of rock under confining pressure unloading and
dynamic loading,” Explosion and Shock Waves, vol. 38, no. 6,
pp. 1353–1363, 2018.

[36] J. F. Jin, X. B. Li, Z. Q. Yin, and Y. Zou, “Amethod for defining
rock damage variable by wave impedance under cyclic impact
loadings,” Rock and Soil Mechanics, vol. 32, no. 5, pp. 1385–
1393, 2011.

[37] J. J. Zhu, X. B. Li, F. Q. Gong, and S. M.Wang, “Dynamic char-
acteristics and damage model for rock under uniaxial cyclic
impact compressive loads,” Chinese Journal of Geotechnical
Engineering, vol. 35, no. 3, pp. 531–539, 2013.

14 Geofluids



Research Article
Overburden Damage Degree-Based Optimization of High-
Intensity Mining Parameters and Engineering Practices in China’s
Western Mining Area

Xiang He,1,2 Cun Zhang ,1,2,3 and Penghua Han1,2

1Beijing Key Laboratory for Precise Mining of Intergrown Energy and Resources, China University of Mining and Technology,
Beijing 100083, China
2School of Energy & Mining Engineering, China University of Mining and Technology, Beijing 100083, China
3State Key Laboratory Cultivation Base for Gas Geology and Gas Control, Henan Polytechnic University, Jiaozuo,
454000 Henan, China

Correspondence should be addressed to Cun Zhang; cumt_zc@163.com

Received 16 June 2020; Revised 15 July 2020; Accepted 28 July 2020; Published 14 August 2020

Academic Editor: Zhengyang Song

Copyright © 2020 Xiang He et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

China’s western mining area is an arid and semiarid area with a fragile ecological environment, and the high-intensity mining
activities aggravate ecological damage. Reasonable choice of the mining parameters (i.e., mining height, panel width, and
advancing speed) can not only improve the mining efficiency but also weaken the mining-induced deformation and failures of the
overburden and surface. The statistical analysis of the relationship between the mining parameters and periodic weighting interval
(PWI) proves that mining parameters have significant influence on overburden failure. In this study, the damage constitutive
equation was derived, and the overburden damage degree was defined to quantitatively characterize mining-induced stratum
damage in a three-dimensional space. FLAC3D numerical models embedded with a damage constitutive equation were built to
compare the panel width effect and advancing speed effect between the overburden damage degree and the water-conducted
fracture zone (WCFZ). The reasonable range for mining parameters of the panel 12401 was provided based on the fitting function
of the overburden damage degree versus mining parameters. The field measurements were carried out on panel 12401 of the
Shangwan coal mine, including the advancing speed, PWI, and ground crack development. The results show that, under constant
engineering and geological conditions, the damage degree of overburden will be weakened by increasing the advancing speed,
reducing the mining height, or shortening the panel width. The overburden damage degree is more accurate than the height of the
water-conducted fractured zone. The reasonable mining parameters of the panel 12401 are 8.8m in mining height, 300m in panel
width, and 13.47 to 20.58m/d in advancing speed, respectively. The field measurement results of the PWI and ground cracks have
verified the validity using the overburden damage degree to determine high-intensity mining parameters.

1. Introduction

Coal is the dominant energy source in China. In 2018, the
total consumption was 4.64 billion tons of standard coal,
accounting for 59% of the nation’s total energy consumption
[1]. China’s western mining area is an important energy base
for the country, which is typically characterized by large
reserves, shallow buried coal seams, simple geological struc-
ture, excellent coal quality, and fragile ecological environ-
ment [2]. Guo et al. [3] defined high-intensity mining as a

high-yield and high-efficiency coal mining method in thick
coal seams (more than 3.5m) with large panel width (more
than 200m), fast advancing speed (more than 5m/d), high
output (usually 5–10 million t/y), a small coal seam
depth/thickness ratio (less than 100), and severe overburden
and surface failures. For example, the mining height of panel
22307 in the Bulianta coal mine is 7.0m with a panel width of
450m and an advancing speed of 21.6m/d. However, high-
intensity longwall mining usually results in a drop of the
groundwater table [4], death of vegetation [5], desertification
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of land [6], and further deterioration of the fragile ecological
environment in these arid and semiarid areas [7]. Therefore,
it is one of the research hotspots for both ensuring the safety
of high-intensity production and reducing surface ecological
damage by optimizing mining parameters.

In general, based on the overburden movement and frac-
ture development, an overburden can be divided into, from
bottom to top, a caved zone, a fractured zone, and a contin-
uous zone [8–11]. The water-conducted fracture zone
(WCFZ) consists of the caved zone and fractured zone and
can be considered plasticized [12]. Hence, its height is impor-
tant for the safety of underground production and the surface
ecological environment (Guo et al. 2018; [13–16]). The
height of WCFZ depends on the mining method, mining
height, advancing speed, panel width, overburden strength,
stratum structure, and geological structure [2, 17–20]. The
empirical formula method has been widely used to predict
the height of WCFZ. Empirical formulas were usually estab-
lished on a large number of field measurements with consid-
eration of the rock mechanical strength and mining height;
however, most of the field data from the eastern mining areas
in China [21]. Guo et al. [3] presented a theoretical study to
predict the height of the WCFZ based on the rock failure cri-
teria to determine the maximum suspension length and max-
imum overhanging length during longwall mining. Liu et al.
[22] and Hu et al. [23] obtained the empirical formulas of the
height of WCFZ and the weights of variables using multivar-
iate regression analysis. Majdi et al. [12] presented five math-
ematical approaches to estimate the height of a destressed
zone and argued that the height of the destressed zone ranged
from 6.5 to 24 times the mining height in the short term and
from 11.5 to 46.5 times the mining height in the long term.
Some scholars believe that the position and structure of the
main key stratum are the determinants of the height of
WCFZ. Therefore, key stratum theory is also a common
method to predict the height of WCFZ [24–27].

The morphology of the WCFZ is also a main factor to
characterize the damage of the overburden. The WCFZ is
in a saddle shape after critical mining scale (i.e., length
and width) which has been verified by numerous studies
[21, 28–30]. Qian et al. [31] found O-shaped mining-
induced fracture zone after the gob was compacted, which
is the main storage place for gas. Lin et al. [32] established
a mathematical model to depict the dynamic evolution of
mining-induced fracture elliptic parabolic zone considering
the mining height and distance from the first sub-key stra-
tum to the coal seam roof. Wang et al. [33] described the
spatial shape of mining-induced fracture as an arch shape
through physical modeling. Using FLAC3D modeling,
Zhang et al. [34] found that the spatial shape of the WCFZ
was a “hat” in the conditions with thick alluvium and thin
bedrock. Based on equivalent continuum methods, Zhou
et al. [35] developed a new 3D numerical model to simulate
the arch-shaped induced fractures in the roof.

Current studies on overburden damage mainly focused
on the height and morphology of the WCFZ and provided
an important reference for engineering design. However,
due to severe surface subsidence and ground cracks are
inevitably accompanied with high-intensity mining in the

western mining area, the height and shape of the WCFZ can-
not quantitatively reflect the damage state of the overburden
in three-dimensional space. In addition, when the WCFZ
exceeds the surface during shallow coal seams mining and
the WCFZ is incomplete in the overburden, the current pre-
dictive equations and shape models of the WCFZ become
poor to describe the overburden damage. Therefore, this study
reports a new method to describe overburden damage based
on FLAC3D numerical simulations embedded with a damage
constitutive equation. Reasonable mining parameters were
determined through the method, and its reliability was
verified by the field measurements.

2. Relationship between Mining Parameters
and PWI

High-intensity mining usually results in enhanced deforma-
tion, overburden damage, and environmental impacts than
those in general geological andmining conditions. Rock strata
above the gob can be assumed to be the beam (or plates) struc-
ture. When the subsidence deformation of the rock stratum
exceeds the threshold, it will fracture, leading to the upward
development of fractures. Based on Equation (1); the subsi-
dence deformation of the rock stratum is negatively correlated
with the comprehensive expansion coefficient [31]. The more
fragmentized the roof is, the greater the comprehensive
expansion coefficient is. Thus, as the caving interval of the
basic roof decreases, the comprehensive expansion coefficient
of the rock stratum will increase. Then, the upper rock stra-
tum will be more difficult to fracture because of the decrease
of its subsidence space, resulting in the height of the water-
conducting fracture zone of the overburden to decrease.

ΔSi =M −Hi kpi − 1
� �

, ð1Þ

where ΔSi is the subsidence deformation of the ith rock
stratum, M is the mining height, Hi is the height differ-
ence between the ith rock stratum and the coal seam,
and kpi is the comprehensive expansion coefficient below
the ith rock stratum.

Periodic weighting intervals (PWI) and the associated
mining parameters were collected from 19 longwall faces in
the western mining area (Table 1 and Figure 1).

The PWI is related to many factors, such as rock struc-
ture, mining parameters of the working face, coal mining
methods, and in situ stress. However, the geological condi-
tions of mines differ greatly from each other. Thus, the same
mine adjacent working faces were selected as a case to ensure
that the geological and coal seam occurrence conditions are
as close as possible and that the influence law of mining
parameters on rock fracture is analyzed accurately.

(1) Four adjacent working faces of the Huojitu coal mine
and Daliuta coal mine were selected as samples. As
shown in Figure 1(a), the panel widths of one mine
are same and the mining heights are very close. As
shown in Figure 1(b), the PWI has a positive linear
correlation with the advancing speed. However, due
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to the different occurrence conditions of the coal
seams, the PWI of the Daliuta coal mine is much
longer than that of the Huojitu coal mine

(2) Five adjacent working faces of the Shangwan coal
mine were selected as samples, which have approxi-
mately equal panel widths and advancing speeds
(Figure 1(a)). The influence law of the mining height
on the PWI of the main roof was analyzed. As illus-
trated in Figure 1(c), with a negative exponential rela-
tionship between the mining height and PWI and the
increase of the mining height, the basic roof is prone
to fracture

(3) Similarly, five adjacent working faces in the Yujia-
liang coal mine were selected as samples to analyze
the effect of the panel width on the PWI. As illus-
trated in Figure 1(d), with the panel width increasing
from 240m to 400m, the PWI of the basic roof is
shortened from 15m to 9.9m

From the analysis above, under constant engineering
geological conditions, the PWI of the basic roof increases as
the advancing speed increases, the mining height reduces,
or the panel width shortens. In other words, the degree of
overburden damage degree will be weakened for one panel
by increasing the advancing speed, reducing the mining
height, or shortening the panel width.

3. The Study Site

The Bulianta coal mine and the Shangwan coal mine are
located at southwest Ordos City, Inner Mongolia Autono-
mous Region, as shown in Figure 2(a). Coal 1-2 is the main

coal seam of the two coal mines, with a thickness of 7.56–
10.79m and a dip angle of 1–5°. The thickness of the overly-
ing strata is 199–271m, and thickness of the aeolian layer is
0–34m in the study site. As demonstrated in Figure 2(b),
panel 12511 is the second working face in the 5th district of
the Bulianta coal mine, and panel 12401 is the first working
face in the 4th district of the Shangwan mine. Panel 12511
was exploited with an average mining height of 7.4m, a panel
width of 319.1m, and a panel length of 3139.3m. The BLT-1
drillhole is located 75m in front of the setup entry and 164m
away from the headgate, and the BLT-2 drillhole is located
909m in front of the setup entry and 47m away from the
headgate. To maximize the recovery rate of coal resources,
the panel 12401 was designed with a panel length of
3139.3m and a full-seam mining height of 8.8m which has
been the largest mining height in China. Since there were
no similar engineering geological conditions before, the min-
ing parameters, especially the panel width and advancing
speed, are required to be optimized to ensure the safety and
efficiency of mine production and minimize the ecological
damage caused by coal exploitation.

4. Damage Constitutive Model

4.1. Basic Hypotheses. Rock mass engineering practice and
related experiments show that the deformation and strength
characteristics of rock mass belong to the category of brittle
failure [36, 37]. Thus, the following hypotheses were made:
(a) rock mass is composed of two parts: matrix (noncrack
part) and damaged body (microcrack part); (b) the matrix
is isotropic elastic medium, and elastic deformation does
not cause rock mass damage; (c) the damaged body is rigid
perfectly plastic body without yield strength; (d) hydrostatic

Table 1: Mining parameters and PWI of the longwall faces in the western mining area.

No. Coal mine Panel name Panel width (m) Mining height (m) Advancing speed (m/d) PWI (m)

1

Huojitu

21305 (a) 257.2 4.3 5 8.5

2 21305 (b) 257.2 4.3 16 9.9

3 21306 (a) 257.2 4.3 5.2 9.1

4 21306 (b) 257.2 4.3 12.4 9.6

6

Daliuta

52304 301 6.8 13.8 18

7 52307 301 6.8 10.8 17.8

8 52303 (a) 301.5 6.8 4 16.9

9 52303 (b) 301.5 6.8 14 18.2

10

Shangwan

12211 210 5.6 15 13.1

11 12204 300 6.0 13 12.3

12 12205 308 6.0 11.7 12

13 12206 318 6.8 10.1 11.2

14 12201 240 5.3 15 20.6

15

Yujialiang

44201 240 3.1 21.6 15

16 44202 301.1 3 18.7 12

17 44205 296.9 3.3 18.7 11.8

18 44207 360 3.5 16.4 10.7

19 44208 400.5 3.6 15.6 9.9
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pressure does not cause rock mass damage; and (e) the
matrix and damaged body conform to the deformation com-
patibility, that is, the strain is equal. The damage variable of
the unit body in the rock mass was defined as follows:

D = dV − dV0
dV = dVD

dV , ð2Þ

where D is the damage variable, dV is the volume of the unit
body, dV0 is the volume of the matrix, and dVD is the volume
of the damaged body, as shown in Figure 3.

4.2. Derivation of Constitutive Equation. The damaged body
of rock mass is the stress release zone, and its deviatoric stress
is zero. Under the condition of hydrostatic pressure, the
cracks in the rock mass tend to close without any damage.
Therefore, it can be considered that the damage of the rock
mass is mainly caused by the deviatoric stress, and the rock
mass stress σij and the matrix stress σ0

ij lie in the identical
plane of deviatoric stresses. Thus,

J2 = 1 −Dð ÞJ02: ð3Þ
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Figure 1: Analysis of the relationship between the mining parameters and PWI. (a) The statistics of the high-intensity mining parameters and
the PWI; (b–d) the relationship between the advancing speed, mining height, and panel width, respectively.
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Thereinto,

J2 =
1
2 SijSji,

ð4Þ

Sij = σij −
1
3 δijσmm, ð5Þ

where J2 and J02 are the second invariants of the deviatoric

stress tensor of the rock mass and its matrix, respectively,
Sij is the deviatoric stress tensor of the rock mass, σmm is
the hydrostatic pressure, and δij is the Kronecker symbol.

Similarly,

J02 =
1
2 S

0
ijS

0
ji, ð6Þ
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Figure 2: Location of the coal mines (a) and (b) layout of panel 12401 and panel 12511.
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S0ij = σ0
ij −

1
3 δijσ

0
m: ð7Þ

Substituting Equations (4) to (7) into Equation (3),

σij = 1 −Dð Þσ0ij +
1
3 δijσmm −

1
3 δijσ

0
mm + D

3 δijσ
0
mm: ð8Þ

Based on the hypothesis that hydrostatic pressure does
not cause damage to the rock mass, that is, σmm = σ0mm, Equa-
tion (8) can be rewritten as

σij = 1 −Dð Þσ0ij +
D
3 δijσ

0
mm: ð9Þ

Based on the hypothesis that the matrix is isotropic elas-
tic medium,

σ0ij = Eijklε
0
kl , ð10Þ

where Eijkl is the elastic constant tensor of the matrix and ε0kl
is the strain tensor of the matrix.

Based on the hypothesis that the matrix and damaged
body conform to the deformation compatibility,

εkl = ε0kl = εDkl, ð11Þ

where εDkl is the strain tensor of the damaged body.
Substituting Equations (10) and (11) into Equation (9),

σij = 1 −Dð ÞEijklεkl +
D
3 δijEmmklεkl ð12Þ

Equation (12) is the damage constitutive equation of rock
mass. However, the volume of the damaged body in rock
mass is virtual, which cannot be measured, resulting in Equa-

tion (12) is unavailable to practical application. Based on
Equations (3) and (11),

G = 1 −Dð ÞG0,

D = 1 − G

G0 ,
ð13Þ

where G is the shear modulus of the rock mass and varies
with the degree of damage, variable, and G0 is the shear
modulus of the matrix, constant.

The relationship between equivalent stress and equiva-
lent strain in elastoplastic mechanics is as follows:

�σ = 3G�ε: ð14Þ

Based on Equation (14), the change curve of shear
modulus G of the rock mass can be obtained by mechanical
tests. Substituting Equation (13) into Equation (12),

σij =
G

G0 Eijklεkl +
1
3 1 − G

G0

� �
δijEmmklεkl ð15Þ

Equation (15) is the ultimate damage constitutive equa-
tion of the rock mass, which is more convenient for practical
application than Equation (12).

4.3. Model Verification. During the mining process of panel
12511, the WCFZ was observed using the combination
method of washing fluid leakage and drillhole color TV. At
the drillhole depth of 24.80–130.71m, the trend of washing
fluid leakage is relatively gentle (Figure 4). Beyond the dril-
ling depth of 130.71m, the leakage of the washing fluid
increased significantly. At 134.74m, the washing fluid circu-
lation was interrupted, indicating that all the liquid was lost.
After the drilling was completed, a drillhole color TV was
used for the borehole imaging of the wall. The images
obtained showed that the integrity of the strata was good
above the drilling depth of 130.2m, with few original frac-
tures. An inclined fracture with 2 to 3 cm aperture began to
appear below the drillhole depth at 130.2m that was consid-
ered to be the top of the WCFZ. The irregular cross fractures
began to appear at the drillhole depth of 201.1m, causing
serious damage to the drillhole, which was considered to be
the top of the caved zone.

Based on the measured results from the BLT-1, the top of
theWCFZ is at a drillhole depth of 130.2m. The ground eleva-
tion of the BLT-1 drillhole is +1287m, the floor elevation of
coal 1–2 is +1044.9m, and the mining height is 7.1m. The
equation for calculating the height ofWCFZ [38] is as follows:

H =D − hf +W, ð16Þ

where Hf is the maximum height of WCFZ, H is the mining
depth, hf is the drillhole depth at the top of the WCFZ, and
W is the compression value of rock strata in the fractured zone
during drilling observation, generally set asW = 0:2M. From
the calculation, themeasured height of theWCFZ is 106.22m.

dV0 = dV − dV
D

dV

dV
Di

X3

X1

X2O

dV

O

Figure 3: Distribution diagram of the matrix and damaged body in
the unit body.
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The damage constitutive equation of the rock mass was
embedded into the FLAC3D model to simulate the overbur-
den failure. FlAC3D allows operators to use C++ language
for custom constitutive model secondary development. The
custom constitutive model should be compiled into dynamic
Link Library (DLL) and stored in the “exe64\plugins\cModel”
folder under the FLAC3D installation directory. After config-
uration by the “Model Configure Plugin” command, the cus-
tom constitutive model can be called. The cycle of FLAC3D is
mainly divided into five steps: (1) solving the equilibrium
equation according to Newton’s second law to get the acceler-
ation of grid node, (2) adopting time integration to calculate
node velocity and displacement, (3) the strain rate of the ele-
ment solved by spatial derivative, (4) updating element stress
and state variables based on constitutive model, and (5) calcu-
lating the internal forces of grid nodes by element integration.
The constitutivemodel of step (4) in the above steps is realized
by secondary development in this paper, and the other steps
are automatically calculated by FLAC3D.

The simulation model took the panel of the Bulianta coal
mine as the prototype with dimensions of 420m long × 420
mwide × 267mhigh. A fixed boundary, roller boundary,
and free boundary were set at the bottom, around, and at the
top of the model, respectively. In the numerical simulation
models, the excavation area was 50m from the model bound-
ary to eliminate the boundary effect. The Mohr-Coulomb
criterion was adopted in the excavation simulation, and the
double-yield constitutive model was applied in the gob
elements [39–41]. Based on the lab tests and literature
researches, the specific parameters are listed in Tables 2 and 3.

FLAC3D is a finite difference method software, which
cannot simulate the height of water-conducting fracture zone.
However, the height of plastic zone has been used to indirectly
describe the height of water-conducting fracture zone for a
long time [42, 43]. After the excavation of the model, the pro-

file of plastic zone was made in the middle of the model, as
shown in Figure 5. The shape of WCFZ is similar to saddle
shape, and the height of WCFZ is 108.6m. There is merely a
difference of 2.38m from the measured value of 106.22m,
and the relative error is 2.24%. The simulation result is close
to the measured value, indicating that the model embedded
with a damage constitutive equation is highly reliable.

5. Optimization of Mining Parameters Based on
Overburden Damage Degree

5.1. Definition of the Overburden Damage Degree. With the
purpose of overcoming the shortcomings of existing methods
for describing overburden damage, the concept of the over-
burden damage degree was proposed. As shown in Equation
(17), the overburden damage degree is defined as the ratio of
the total volume of plastic zones to the observation space vol-
ume vertically above the excavation range of the coal seam.
The greater the overburden damage degree is, the more
severe the strata damage is. The overburden damage degree
is no longer confined to the spatial form and the three-zone
distribution of the overburden and instead quantitatively
describes the overburden failure. For numerical simulations,
the calculation of the overburden damage degree is relatively
convenient and practical.

Dd =
∑n

i=1Vi

Vo
× 100%, ð17Þ

where Dd is the overburden damage degree, Vi is the volume
of a plastic zone, and Vo is the observed space volume.

5.2. Numerical Modeling. In practice, in order to maximize
the recovery rate of coal resource, the working face is usually
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designed with a full-seam mining technology. Thus, the
influence of different panel widths and advancing speeds on
overburden damage is more significant to production. The
FLAC3D numerical models of different panel widths and
advancing speeds were established by taking panel 12401 of
the Shangwan coal mine as a prototype. As shown in
Figure 6, the model height is Z = 235:3m, and the length is
Y = 400m in the advancing direction, and the model width
X is determined by the different panel widths. The settings
of the boundary conditions and pillar width of the model

were the same as those in Section 4.3. The Mohr-Coulomb
criterion was adopted in the excavation simulation, and the
double-yield constitutive model was applied in the gob
elements. Since panel 12401 is adjacent to the panel 12511
and has the same stratigraphic structure, the selection of
physical and mechanical parameters is the same as in
Tables 2 and 3.

5.3. Effect of the Panel Width on Overburden Damage. The
number of working faces in a mining district will be reduced

Water conducted fracture zone

Zone state

None

Shear-n shear-p

Shear-n shear-p tension-p

Shear-n shear-p tension-p volume-p

Shear-n tension-n shear-p tension-p

Shear-p

Shear-p tension-p
Shear-p tension-p volume-n volume-p

Shear-p tension-p volume-p

Tension-n shear-p tension-p

Tension-p

Shear-n shear-p tension-p volume-n volume-p

108.6 m

Figure 5: Distribution characteristics of overburden plastic zone in the middle of the model (Y = 200m plane).

Table 3: Mechanical parameters of the double-yield gob elements.

Strain 0.0 0.02 0.05 0.07 0.1 0.12 0.15 0.17 0.20

Cap pressure (MPa) 0.0 0.1 0.3 0.6 1.25 2.25 5.0 10.0 20.0

Table 2: Physical and mechanical parameters of coal and rock mass.

Lithology
Bulk modulus

(GPa)
Shear modulus

(GPa)
Internal fraction angle

(Deg.)
Tensile strength

(MPa)
Cohesion
(MPa)

Density
(kg/m3)

Aeolian sand 3.3 1.53 36.5 0 3.65e-3 1580

Gritstone 6.3 5.5 30 1.78 12.4 2372

Medium
sandstone

8.1 6.37 28.1 1.73 18 2484

Fine sandstone 8.4 6.7 22.4 3.57 20.6 2615

Sandy mudstone 3.18 2.40 18 3.77 17.7 2330

Siltstone 3.0 2.47 24.7 2.56 23.1 2295

Mudstone 2.13 0.93 36.6 4.18 11.7 2311

Coal 1-2 1.51 5.7 23.6 1.69 17.9 1280
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by increasing the panel width; then, the number of coal
pillars will be reduced correspondingly, which is conducive
to improving the coal recovery. However, the increase of
the panel width leads to a more intensive overburden move-
ment, which is not conducive to the protection of aquifers
and surface ecological environment. Nine numerical models
with different panel widths (Table 4) were constructed to
investigate the influence of the panel width on the overbur-
den damage degree. Base on the current situation of high-
intensity mining, the designed panel widths were ranging
from 100 to 500m with a gradient of 50m. To improve the
calculation efficiency, the model width X increased with the
panel width on the premise of not affecting the calculation
results. The headgate and tailgate were excavated with
dimensions 5:0mwide × 4:5m high when the initial stress
balanced. After the roadways were excavated, the panel
12401 was mined with 8.8m mining height. The advancing
speed was selected as 10m/d, considering the previous min-
ing experience of the Shangwan coal mine in Section 2.

As shown in Figure 7, cross profiles were made through
the center of the models, and the distribution characteristics
of the plastic zone with different panel widths were obtained.
The plastic zone of the overburden is arch-shaped, and the
boundary of the plastic zone is mainly shear failure. As
increases in the panel width, the width of the plastic zone
increases synchronously and the height of plastic zone
increases from 51.72m to the surface. When the panel width

is 250m, the aeolian sand appears to undergo shear failure,
namely, when cracks occur on the surface. When the panel
width is 300m, the height of WCFZ and the depth of the
surface failure further increase, but they are not connected.
As depicted in Figure 7(e), the height of WCFZ reaches
162.9m, but the burial depth of the panel 12401 ranges from
124m to 244m. Therefore, the coal exploitation of the panel
12401 has potential hazards such as air leakage, water, and
sand inrush.

The overburden damage degree of the different panel
widths was obtained by writing Fish language. As shown in
Figure 8, as the panel width increases, the height of WCFZ
and the overburden damage degree increase synchronously,
verifying the reliability of the overburden damage degree to
describe the overburden failure. The overburden damage
degree versus the different panel widths was fitted as follows:

yL =
19:2755 + 72:2692

1 + e− x−319:8399ð Þ/58:0277 , R2 = 0:9980: ð18Þ

The fitting curve is monotonically increasing, and the
inflection point is (319.84, 55.85). Specifically, when the
panel width is 319.84m, the overburden damage degree
increases fastest. As illustrated in Figure 6, the overburden
of panel 12401 is mainly thick and hard sandstone stratum.
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Figure 6: Numerical model of the overburden damage degree.

Table 4: Selection of different panel widths.

Panel width (m) 100 150 200 250 300 350 400 450 500

Model width (m) 200 250 300 350 400 450 500 550 600

Zone number 229478 284356 339100 397278 452156 510300 565178 623356 678100
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Figure 7: Continued.
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Figure 7: Continued.
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The thick and hard strata not only bear the weight of the
overlying strata, but also hinder the upward development of
fractures below [27, 44]. As the panel width increases from
300m to 350m, the overburden damage degree and the
height of WCFZ have relatively large increase. The result
indicates that the thick and hard strata are broken, which
hinder the upward development of fractures. Combined with
Figures 6, 7(d) and 7(e), we concluded that the thick and hard
stratum mentioned above were the medium sandstone, and
the inflection point of the fitting curve was the critical point
of the stratum break. Therefore, under the engineering geolog-
ical conditions of panel 12401 of the Shangwan coal mine, the
maximum panel width determined by the overburden damage
degree should be less than 319.84m, which promotes safe and
efficient mining. Meanwhile, the panel width is restricted by
the available coal mining technology and mechanical equip-
ment. Yi [45] investigated that the reasonable panel width of
the Shangwan coal mine determined by the working resis-
tance of hydraulic support should not exceed 300m.

5.4. Effect of Advancing Speed on Overburden Damage. The
tensile strength of the overburden will be improved by speed-

ing up the panel advancing [46]. Nine Numerical models
with different advancing speeds were constructed to investi-
gate the influence law of advancing speed on the overburden
damage degree. Based on the current situation of high-
intensity mining, the designed advancing speed range was 5
to 21m/d with a gradient of 2m/d. The dimensions of the
models were 400mwide × 400m long × 235:3mhigh. The
headgate and tailgate were excavated with dimensions 5:0
mwide × 4:5mhigh when the initial stress balanced. After
the roadways were excavated, panel 12401 was mined with
8.8m mining height and 300m panel width. Different
advancing speeds were simulated through stepwise excava-
tion. The excavated step was equal to the advancing speed
value, and the calculation time was 500 steps.

As shown in Figure 9, cross profiles were made through
the center of models, and the distribution characteristics of
the plastic zone with different advancing speeds were
obtained. The plastic zone of the overburden is not connected
with the surface, which indicates that the mining height and
panel width are reasonably selected. As the advancing speed
increases from 5 to 19m/d, the height of WCFZ decreases
from 132.7 to 114.35m and the dimension of the surface
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Figure 7: Distribution characteristics of plastic zone of the overburden with different panel widths.

12 Geofluids



plastic zone decreases in the advancing direction of the work-
ing face. The results above indicate that the mining-induced
failure on the overburden and surface is weakened as the
advancing speed increases.

As shown in Figure 10, both the overburden damage
degree and the height of WCFZ show a decreasing trend as
the advancing speed increasing. When the advancing speed
is 5 to 13m/d, the height of WCFZ remains at 132.7m, but
different advancing speeds correspond to different overbur-
den damage degree values, thereby indicating that the over-
burden damage degree is more accurate than the height of
WCFZ in describing the overburden damage. The variation
range of the overburden damage degree influenced by the
advancing speed and panel width is 41% to 49.37% and
19.98% to 88.02%, respectively. Therefore, the damage degree
is more sensitive to the variation in panel width. The damage
degree with different advancing speeds was fitted as follows:

yv =
0:4105 + 0:0818

1 + e− x−13:4662ð Þ/−1:3243 , R2 = 0:9677: ð19Þ

The fitting curve is monotonically decreasing, and the
inflection point is (13.47, 45.08). Specifically, when the
advancing speed is 13.47m/d, the overburden damage degree
decreases fastest. The overburden damage degree and the
height of WCFZ change slightly after the inflection point;
thus, the reasonable advancing speed of panel 12401 should
not be less than 13.47m/d.

Due to the limited speed of the shearer, the advancing
speed of the working face has to simultaneously meet the
following equation:

v ≤
tv′d
L

, ð20Þ

where v is the advancing speed of the working face, t is the

cutting time of the shearer, v′ is the cutting speed of the
shearer, d is the cutting depth, and L is the panel width.

Based on the operation regulations of panel 12401, the
shearer cuts coal for 17 hours a day with a running speed of
7m/min and a cutting depth of 0.865m. The maximum
advancing speed of the working face under ideal conditions
is 20.58m/d through Equation (20). Therefore, the reasonable
advancing speed of the working face is 13.47 to 20.58m/d.

6. Field Practice

Based on the analysis above in this study, the mining param-
eters of panel 12401 of the Shangwan coal mine were
designed as 8.8m in mining height, 300m in panel width,
and 13.47 to 20.58m/d in advancing speed. There were no
air leakages, water inrushes, surface river interruptions, or
other hazards during the entire mining process, indicating
that the mining parameters determined by the overburden
damage degree were valid.

6.1. Effects of the Advancing Speed on the Periodic Weighting.
In the real-world production process, the advancing speed is
easier to control than the mining height and panel width
without affecting recovery rate of coal resources. During the
new equipment debugging period from March 25, 2018, to
May 27, 2018 (stage I), mining equipment failed frequently,
and the continuity of the coal seam excavation was poor.
As shown in Figure 11, the advancing distance of panel
12401 was 246.35m in stage I, and the distribution of the
advancing speed was discrete. The average advancing speed
was merely 3.91m/d, which was much less than the critical
advancing speed of 13.47m/d. During the normal mining
period from May 28, 2018, to June 5, 2018 (stage II), the
advancing distance reached 369.6m, and the advancing
speed was maintained at the critical value with an average
advancing speed of 13.69m/d.
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Figure 9: Continued.
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Figure 9: Continued.
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The sum of the mean value and standard deviation of the
end-circulation resistance of supports was taken as the crite-
rion to judge the first roof weighting (periodic roof weight-
ing). The expressions are as follows:

�Pi =
1
n
〠
n

i=1
Pti,

σp =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
〠
n

i=1
Pti‐Pi

� �2s
,

Pt = Pi + σp,

8>>>>>>>><
>>>>>>>>:

ð21Þ

where �Pi is the mean value of the end-circulation resistance
of supports, n is the number of monitoring cycles, Pti is the
end-circulation resistance of the support, σp is the standard
deviation of the end-circulation resistance of the supports,
and Pt is the first roof weighting (periodic roof weighting)
criterion. Statistics for the end-circulation resistance of
the supports were within 360m of the advancing distance,
and the results show that �Pi =310.73 bar, σp =56.11 bar,
and Pt =366.84 bar.

The distribution characteristics of the support working
resistance of the panel 12401 are shown in Figure 12. In stage
I, the first weighting interval was 38m, and the periodic
weighting happened 14 times with an average periodic
weighting interval of 15.12m. In stage II, the periodic weight-
ing happened 6 times with an average periodic weighting
interval of 18.33m. As the acceleration of the advancing
speed, the periodic weighting interval increased, which was
consistent with the statistical results in Section 2. Compared
with stage II, stage I has an uneven distribution of the work-
ing resistance and a more durable weighting, which was
resulting in frequent crushing accidents.

Due to the cumulative effect of overburden damage,
accelerating the advancing speed shortens the accumulation
time of overburden damage, and the periodic weighting
interval of the basic roof increases accordingly. Meanwhile,
accelerating the advancing speed shortens the duration of
the periodic weighting, which promotes rapidly forming sta-
ble structure for the basic roof, and the overburden damage
reduces accordingly. Therefore, the reliability of numerical
simulation results for the overburden damage degree is veri-
fied by the distribution characteristics of the support working
resistance in two stages.
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Figure 9: Distribution characteristics of plastic zones with different advancing speeds.
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6.2. Effects of Advancing Speed on Ground Cracks. Ground
cracks are the external manifestation of the overburden dam-
age caused by the high-intensity mining of the shallow coal
seams. The surface of panel 12401 is a 0 to 27m aeolian sand

with weak shear and tensile resistance, which is prone to
forming ground cracks [16]. As shown in Figure 13, dynamic
ground cracks of the two stages in the middle of the panel
12401 were selected for comparison. In stage I, due to the
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low advancing speed, the overlying strata were in states of ten-
sion or shear for a long period, resulting in forming the stepped
type ground cracks. In stage II, within a reasonable range of the
advancing speed, the tension and shear time of the overlying
strata is shortened. Thus, the surface failure is relatively weak,
and only the tension cracks with small openings appear. The
field engineering practice shows that the acceleration of the
advancing speed weakens the damage degree of the overbur-
den and surface. This conclusion is consistent with the

numerical simulation results, which verifies the reliability of
the numerical simulation and the validity of the overburden
damage degree in describing overburden failure.

7. Discussion

The statistical analysis of the relationship between the min-
ing parameters and periodic weighting interval in the western
mining area was carried out, which indicated that mining

Stage II

2018.06.03

(a) Tension ground cracks

2018.05.08

Stage I

(b) Stepped type ground cracks

Figure 13: Dynamic ground cracks in the middle of panel 12401.
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parameters have significant influence on overburden failure.
The overburden damage degree index was defined to quantita-
tively characterize the damage degree of the mining-disturbed
overburden in a three-dimensional space. The reasonable
mining parameters of panel 12401 are 8.8m in mining height,
300m in panel width, and 13.47 to 20.58m/d in advancing
speed, which were determined by the FLAC3D simulation of
the overburden damage degree. The measured results of the
PWI and the ground cracks of the two stages verified the
validity of the determination of the high-intensity mining
parameters through the overburden damage degree method.

Previous studies on overburden failure mainly focused on
the height and morphology of theWCFZ considering the pro-
file of the overburden ([10–12, 22, 47]), while the overburden
damage degree, defined in this study, is a variable in a three-
dimensional space to describe the damage volume ratio of the
overburden. Based on the relationship between the overburden
damage degree and the mining parameters, the reasonable
mining parameters can be obtained. In addition, the mining
parameters are closely related to the PWI and the crack devel-
opment. Therefore, the overburden damage degree promotes
ground pressure control and the surface crack management.

The concept of the overburden damage degree proposed in
this studyhas been effectively applied in theproductionpractices
of the Shangwan coal mine in China’s westernmining area. The
validity of the overburden damage degreemethodwill be further
verifiedwith different panel conditions in the future. The extrac-
tion of the overburden damage degree can be easily realized in
the numerical models. However, methods for extracting the
overburden damage degree from physical simulations and
field engineering practices require a further study.

8. Conclusions

Taking the high-intensity mining working faces in the west-
ern mining area as the background, the effects of mining
parameters on the PWI, the height of WCFZ, the damage
degree, and the ground cracks were investigated in this study
by employing a combined method of statistical analysis,
FLAC3D numerical simulation, and field measurement.
The reasonable range for mining parameters of the panel
12401 was provided based on the fitting function of the over-
burden damage degree versus mining parameters. The main
conclusions are as follows:

(1) The PWI of the basic roof increases as the advancing
speed increases, the mining height reduces, or the
panel width shortens under constant engineering
geological conditions. In other words, the degree of
overburden damage degree will be weakened for
one panel by increasing the advancing speed, reduc-
ing the mining height, or shortening the panel width

(2) The overburden damage degree quantitatively
describes the overburden failure in a three-
dimensional space, but the height and morphology
of the WCFZ merely consider the profile of the over-
burden. The numerical simulation results show that
the overburden damage degree is more accurate than

the height of WCFZ in describing the overburden
failure

(3) The variation range of the overburden damage degree
influenced by the advancing speed and panel width is
41% to 49.37% and 19.98% to 88.02%, respectively,
which means the overburden damage degree is more
sensitive to the variation in panel width

(4) The reasonable mining parameters of the panel
12401 are 8.8m in mining height, 300m in panel
width, and 13.47 to 20.58m/d in advancing speed,
respectively. The field measurement results of the
PWI and ground cracks have verified the validity
using the overburden damage degree to determine
high-intensity mining parameters
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J2: Second invariants of the deviatoric stress tensor of the
rock mass
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The coupling effect of a slurry and the fractured rock layer controls a spatial attenuation of the fracture channel width and grouting
pressure from a grouting hole to the slurry top of fracture diffusion. This paper comprehensively considers the influencing factors
such as the mechanical properties of the injected rock mass and the time-varying characteristics of the serous viscosity and
introduces the control equation of the fracture channel width to establish a single-fracture nonslab fracturing grouting model.
Combining the motion law of the slurry with the extension form of fracture, the equation of slurry diffusion motion,
considering the fracture geometry and the time-varying characteristics of the serous viscosity, is derived. Comparing this
equation with the existing theories and experiments, the validity and reliability of the theory are verified. In this paper, the
effects of rock elastic modulus, slurry viscosity, and grouting rate on the fracturing grouting diffusion law of rock mass are
analyzed. It is pointed out that when fracturing grouting in deep rock layers, a larger initial grouting rate and grouting pressure
should be selected in the early stages of grouting to generate or penetrate fractures in the rock layer. Also, when the grouting
pressure is stable, it is appropriate to increase the viscosity so that the slurry can quickly gel in the fractures thus sealing the
fractures.

1. Introduction

Since the depth of coal mining in China has gradually
increased into kilometers, the requirements of grouting for
stopping up water during the construction of vertical shafts
have also become higher [1, 2]. Deep well construction dis-
turbed rock formations have characteristics such as high
geostress, poor microfracture connectivity, and high pore
water pressure [3–6]. According to the conventional grouting
scheme in shallow formations, it is difficult to effectively
block bored well water. Studying the fluid-solid coupling
mechanism between the slurry and the microfracture in the
rock formation and analyzing the law of fracturing grouting
and diffusion in the deep microfractured rock mass are of
great significance for guiding the design of deep well grouting
and water blocking in coal mines.

The fracturing grouting process is the result of the cou-
pling of the slurry flow field and rock mass stress field. Dur-
ing the migration of the slurry, resistance from the two sides
of the fracture channel and its viscosity causes the grouting
pressure to decay along the diffusion radius within the frac-
ture channel. At the same time, the attenuation of the frac-
ture channel width in the direction of the diffusion radius
results in different resistances of the channel sidewall to
the diffusion of the slurry at different positions, thereby
affecting the flow of the slurry. Therefore, the mechanical
characteristics of the injected rock mass, the fracture geom-
etry, and the time-varying characteristics of the serous vis-
cosity are all important criteria for evaluating the effect of
fracturing grouting and designing related grouting parame-
ters. Although domestic and foreign scholars have carried
out a lot of research on the mechanism of fracture grouting
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[7–12], these studies mostly focus on the theory of fracturing
grouting in soil, and due to the lack of comprehensive
understanding of the fracture mechanism and material
parameters, it is not yet possible to correctly predict or
explain the fracture pressure of deeply buried rock strata.

Presently, domestic and foreign scholars have conducted
a series of studies in the field of fracturing grouting. In
abroad, Murdoch [13] obtained qualitative conclusions about
fracture geometry through laboratory experiments; Bezuijen
et al. [14] analyzed the influence of fracture length and thick-
ness on fracture propagation based on a single fracturing
grouting model; Gustafson and Claesson [15] established
the grout migration equation for a single fracture under con-
stant pressure grouting based on the Bingham fluid constitu-
tive model; Mohammed [16] studied the grouting of soil
grouting through model tests and observed the law of slurry
diffusion distribution by CT scanning; Kishida et al. [17] used
a numerical software to simulate the grouting process of a
single fracture and studied the change of grouting pressure
during the grouting process. In China, Huang et al. [18] pro-
posed a method of induced fracturing grouting based on the
principle of elastic mechanics; Wang and Li [19] studied the
diffusion law of slurry in rock fractures, obtained the equa-
tion between grouting pressure and fracturing diffusion
radius, and carried out verification and analysis in combina-
tion with fracturing grouting laboratory simulation experi-
ments; Sun et al. [20] derived the diffusion law of the
Bingham fluid slurry fracturing grouting and discussed the
influence of slurry time-varying on grouting diffusion; Zhang
et al. [21] considered the effect of interface stress coupling
between the slurry and soil and studied the law of fracturing
grouting of the Newtonian fluid; Zhang et al. [22, 23] also
established a single-fracture slurry migration equation based
on the predecessors under the time-varying slurry viscosity.
The above studies help to better understand the mechanism
of fracturing grouting. However, the existing grouting frac-
ture models only study the slurry diffusion from the motion
of the slurry in the fracture channel, and few studies have
taken into account the time-varying viscosity characteristics
of the slurry and the fracture propagation geometry. In fact,
the motion of the slurry and the expansion of the fracturing
cracks are performed simultaneously. On the one hand, the
motion of the slurry should be followed, and on the other
hand, the diffusion of the slurry should also be followed as
well as the spread of the fracturing cracks.

In order to solve the above problems, a nonslab fractur-
ing diffusion model was built based on the fracture mechan-
ics theory and fluid mechanics in this paper. Combining the
motion of the slurry with the propagation of the fracturing
crack, an equation about the slurry diffusion motion in the
fracture channel was derived, and the impacts of the fracture
geometry and the time-varying characteristics of the slurry
viscosity have been taken into consideration. And compared
with the existing theories and measured results, the validity
and reliability of the theory were verified. Based on the estab-
lished theoretical model, the fracturing diffusion mechanism
of the slurry in the rock layer was also studied, and the
influencing factors such as elastic modulus, viscosity, and
grouting rate on the rule of fracturing and diffusion of the

slurry were analyzed, which provided a theoretical basis for
the design and optimization of grouting in the future.

2. Diffusion Model of Single-Fracture Nonslab
Fracturing Grouting

Studies have shown that during fracturing grouting, the
slurry in the grouting holes does not diffuse spherically or
in a column but splits vertically along the sides of the grout-
ing holes. It is assumed that the maximum and minimum
principal stresses in the rock formation are horizontal and
vertical, respectively, and the grouting fracturing direction
is horizontal, as shown in Figure 1(a). During the grouting
process, due to the resistance of the slurry from the upper
and lower sides of the fracture channel and its own viscosity,
the grouting pressure attenuates and unevenly distributes in
the fracture channel. At the same time, the width of the frac-
ture channel decreases from the grouting hole to the slurry
top of fracturing diffusion, and the width of the fracturing
crack is 0 at the slurry top of fracturing diffusion, as shown
in Figure 1(b). Therefore, a single-fracture nonslab fracturing
diffusion model for vertical fracturing along the side wall of a
grouting hole was established.

2.1. Basic Assumptions

(1) The slurry is a generalized Bingham fluid, and the
flow pattern does not change during the movement
of the slurry, only the viscosity changes with time

(2) The injected rock mass is an isotropic elastomer

(3) There is no slip at the boundary of the fracture
channel

(4) The slurry exists only inside the fracture channel and
flows laminarly in the fracture channel

(5) The force on the upper and lower side walls of the
fracture channel is perpendicular to the axis of sym-
metry of the fracture channel

(6) The flow at different locations in the fracture is
constant

2.2. Fracture Expansion Criterion

2.2.1. Fracturing Pressure. The stress in the grouting hole is
shown in Figure 1(a). The direction of the maximum princi-
pal stress (σ1) is horizontal and the direction of the minimum
principal stress (σ3) is vertical. When the grouting pressure
in the grouting section reaches a certain critical value, the
grouting hole will produce horizontal fracturing in a direc-
tion parallel to the maximum principal stress, the grouting
pressure when forming horizontal fracture is [24]

P0 =
σ3 + σ∗t
0:94 , ð1Þ

where σ∗t is the tensile strength of the rock under confining
pressure conditions, its value is generally 2-3 times the pure
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tensile strength value obtained by the uniaxial direct stretch-
ing method, and 0.94 is the correction factor.

2.2.2. Channel Continues to Expand. It can be known from
geotechnical mechanics that under the stress conditions
shown in Figure 1(a), the total normal stress σα (MPa) acting
on the outer wall of the microcrack is

σα =
σ1 + σ3

2 −
σ1 − σ3

2 cos 2α, ð2Þ

where σ3 = σcz + PS, σ1 = kσcz + PS; PS is the hydrostatic
pressure (MPa), PS = γwHw; σcz is the vertical effective stress;
and k is the lateral pressure coefficient.

When the grouting pressure is nonuniformly distributed
in the interior of the fracture channel, according to the
hydraulic fracture expansion theory [25, 26], it can be
derived that the stress intensity factor KI is

KI =
2ffiffiffiffiffiffi
πR

p
ðR
r

ΔP xð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 − x2

p xdx, ð3Þ

where ΔPðxÞ = PðxÞ − σα, PðxÞ is the grouting pressure dis-
tributed along the crack wall; r is the radius of the bare hole
section, (because it is relatively small compared with the
splitting radius, it is neglected in the calculation); and R is
the disc-type crack radius.

According to the linear elastic fracture mechanics [25],
the fracture extension standard is adopted as

KI = KIC , ð4Þ

where KIC is the fracture toughness of the injected material.

2.3. Spatiotemporal Distribution Equation of Slurry Viscosity.
Considering the slurry as the Bingham fluid, due to the exis-
tence of yield shear force, its viscosity changes directly affect
the slurry diffusion range, and its viscosity increases with
time [27]. As the slurry needs to overcome the shear force
and the time-varying plastic viscosity, the slurry rheological
equation is as follows:

τ = τ0 + u tð Þ γ• , ð5Þ

where τ is the shear stress of the slurry, τ0 is the yield shear
force, γ• = dv/dz is the shear rate, and t is the grouting time.
Since the slurry viscosity time function is mostly obtained by
fitting test data, its form is uncertain, so the general function
form uðtÞ is used to represent the viscosity-time relationship.

If the slurry only flows in the radial direction, the split and
diffusion distance of the slurry at time t is x, and according to
the conservation of mass, the corresponding time at x is

t = 2πwx2
q

: ð6Þ

It should be noted that, in the derivation below,w is some-
times represented as wðxÞ.

When the grouting time is t, the space-time distribution
equation of viscosity in the slurry diffusion zone corresponds
to x:

u t, xð Þ = u
2πwx2

q

� �
: ð7Þ

In equation (7), the grouting time t is eliminated. This is
because under the condition of constant grouting rate, the
spatiotemporal distribution of the slurry viscosity is deter-
mined by the spatial position, and the grouting time affects
the slurry diffusion radius.

2.4. Governing Equation of Fracture Channel Width. During
the grouting process, as the slurry is continuously injected
and the fractures are continuously expanding, the width of
the fractures along the fracture channel changes and gradu-
ally decreases. Therefore, the calculation of fracture mor-
phology is a coupling problem of fluid mechanics and
fracture mechanics. According to the literature [28], if the
center of the crack root is 0 and the x-axis is established along
the crack direction, the width of the crack at the distance x
from the origin can be defined as

w xð Þ = 4
E
KIC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 − x2

πR

r
: ð8Þ

It can be seen that the morphological equation at any
time during the fracture propagation is constant. The

𝜎3

𝜎1

Grouting hole

Bare hole section

Horizontal fracture

(a) Fracturing grouting diagram

𝜎𝛼
𝜏𝛼

P (x) w (x) Slurry
R

0
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z

r

(b) Nonslab fracturing grouting model

Figure 1: Analysis model of fracturing grouting process.
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geometric model is shown in Figure 2. That is, there is a con-
stant correspondence relationship between the fracture
length and width, and the fracture width w0 at the grouting
hole can be expressed as w0 = 4KIC/ðE

ffiffiffiffiffiffiffiffi
R/π

p Þ.

2.5. Governing Equation of Slurry Fracturing and Diffusion.
According to the basic assumption (5), a rectangular coordi-
nate system as shown in Figure 3 is established with the ver-
tical axis passing through the grouting hole and the
symmetry center of the fracture channel as the coordinate
axis.

Taking the serous vein center as the axis of symmetry to
take the slurry microbody for force analysis, ignoring the self-
weight of the slurry, from the equilibrium conditions, the
shear stress distribution can be obtained as [29]

τ = −z
dP
dx

� �
, ð9Þ

where dx is the length of the microbody, τ is the shear stress,
P is the slurry pressure, and dP is the slurry pressure volume.

The generalized Bingham body motion can be divided
into two parts: the overall motion of the flow core area and
the relative motion of the shear area. Through the force bal-
ance analysis of the unit body and substitution of the bound-
ary conditions:z = ±w/2 and v = 0, the velocity distribution of
the slurry in the direction of the fracture thickness can be
obtained as

v =
−

1
u 2πwx2/qð Þ

1/2ð ÞdP
dx w2/4ð Þ − h2

� �
− τ0 w/2ð Þ − hð Þ

" #
, −h ≤ z ≤ hð Þ,

−
1

u 2πwx2/qð Þ
1/2ð ÞdP

dx w2/4ð Þ − z2ð Þ − τ0 w/2ð Þ − zð Þ
� �

, hj j ≤ zj j ≤ w/2j jð Þ,

8>>>><
>>>>:

ð10Þ

According to integral formula �v =
Ðw/2
−w/2vdz, ignoring the

higher order minor terms, the average velocity of the slurry
on the fracture surface can be simplified as

�v = −w2

12u 2πwx2/qð Þ
dP

dx − 3τ0/wð Þ
� �

: ð11Þ

It can be known from the law of conservation of mass
that during the grouting process, the unit flow rate of the
slurry on any diffusion section inside the fracture channel is
equal to the grouting rate q at the grouting hole, then

q = 2πx
ðw/2
−w/2

vdz: ð12Þ

Simultaneously implementing (11) and (12), the pressure
gradient of the slurry in the fracture channel is obtained:

dP
dx

= −
6u 2πwx2/q

� �
q

πxw3 + 3τ0
w

: ð13Þ

From the literature [22], the viscosity change of the slurry
material can be fitted as the following function law:

P (x) w (x)

–w0/2

w0/2

0
Grouting pressure xR–R

z

Figure 2: Fracture geometry model.

–w0/2
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z

dx

2 h

x
R

Fracture channel

Upper surface of fracture

Lower surface of fracture

P0 P P + dP

𝜏

𝜏

microbody

Figure 3: Microelement body balance analysis.
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u tð Þ =mt2, ð14Þ

where m is a time-varying parameter of viscosity.
Simultaneously implementing (13) and (14),

dP
dx

= −
3 × 23 × πx3

qw
+ 3τ0

w
: ð15Þ

Substitute (8) into (15) and bring in the boundary condi-
tions: x→ 0,P = P0, the spatial distribution equation of the
slurry pressure inside the fracture channel can be obtained as

P xð Þ = P0 −
6π3/2mE

ffiffiffi
R

p

qKIC

2
3R

3 + 1
3 R2 − x2
� �3/2 − R2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 − x2
p� �

+ 3
ffiffiffiffiffiffi
πR

p
Eτ0

4KIC
arcsin x

R

	 

:

ð16Þ

Substituting (2) and (16) into (3), the diffusion equation
of time-varying grout fracturing grouting based on crack
fracturing discrimination condition (KI = KIC) is

P0 =
ffiffiffi
π

p

2
ffiffiffi
R

p KIC +
3π3/2mER7/2

2qKIC
−
3

ffiffiffiffiffiffi
πR

p
Eτ0

4KIC
+ σα: ð17Þ

3. Verify

Previously, when analyzing the mechanism of fracturing
grouting, they often ignored the change in fracture width
and assumed that the fracture width was a constant value,
and when analyzing the influence of grouting pressure fac-
tors on the fracturing diffusion distance, the grouting pres-
sure difference (the pressure at the grouting hole minus the
rock fracture cracking pressure) was used as a variable. The
relationship between the grouting pressure difference and
the fracturing diffusion distance R is [29]:

ΔP = P0 − Pd = 3 × 2n × πn−1 mwn−3q1−n

n
R2n − r2n
� �

−
3τ0
w

+ ρg sin α cos θ
� �

R − rð Þ:
ð18Þ

However, during the field test, the grouting pressure is
still the research object, so the determination of the fractur-
ing pressure is particularly important. When Sun et al. [30]
studied the fracturing grouting mechanism, they believed
that the far-field stress could be eliminated and sustained
development only when the grouting pressure inside the frac-
ture channel was greater than the sum of the minimum prin-
cipal stress σ3 and tensile strength σ∗t of the injected rock
mass.

Pd = σ3 + σ∗
t : ð19Þ

Substituting equations (13) of the slurry viscosity and
(19) into equation (18), the slurry fracturing grouting diffu-
sion equation, which ignores the radius r of the grouting hole

and the time-varying viscosity obtained by self-weight of
slurry is as follows:

P0 =
6πm
qw

R4 −
3τ0R
w

+ σ3 + σ∗t ð20Þ

In order to compare and analyze the fracturing diffusion
laws of the two theories, the field test of Peili [31] was used to
verify the theory in this paper.

Peili [31] selected three representative test points for
grouting and fracturing tests in the grouting project of Nan-
tiao Tower Coal Mine, the modulus of elasticity E in the test
area is 4GPa, the tensile strength σt is 4.56MPa, the yield
shear force τ0 is 3.19 Pa, the grouting rate q = 500mL/s, the
fracture toughness KIC is 1.2MPa·m0.5. The grouting slurry
is a 1 : 1 cement slurry, the maximum principal stress in the
grouting area is 1.8MPa, and the minimum principal stress
is 0.8MPa. The fracture propagation lengths at each test
point were 0.4m, 1.8m, and 2.6m. The measured grouting
pressures on site were 2.1MPa, 1.2MPa, and 0.8MPa,
respectively; equations (17) and (20) were used to calculate
the grouting pressure in the three cases, as shown in Table 1.

As can be seen from Table 1,

(1) The longer the fracture, the smaller the grouting
pressure. Because the test uses a 1 : 1 cement slurry,
the time-varying viscosity is not obvious, and the vis-
cosity factor has not yet played a leading role. With
reference to hydraulic fracturing theory, it can be
known that the longer the fracture, the smaller the
grouting pressure required

(2) By comparison, the theoretical calculations in this
paper show that the grouting pressure at the three test
points is close to the actual measured value, but
slightly higher than the measured value. This is
because the theoretical derivation assumes that the
slurry exists only inside the fracture channel and does
not consider the influence of other factors such as the
penetration of part of the slurry to both sides of the
fracture on the fracturing diffusion, but the error is
still within the allowable range of the project

(3) Compared with the theoretical value of this paper,
the theoretical value obtained from the traditional
fracturing grouting theory has a large deviation from
the measured value. This is because the strength of
the rock is high. Judging whether the fractures are

Table 1: Comparison of two theoretical values of grouting pressure
with field measured values.

Fracture
extension
length

Field
measured
value

Equation (17)
theoretical value

Equation (20)
theoretical value

0.4m 2.1MPa 2.48MPa 5.37MPa

1.8m 1.2MPa 1.39MPa 5.42MPa

2.6m 0.8MPa 0.86MPa 5.56MPa
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fracturing and expanding under the grouting pres-
sure, the influence of the rock elastic modulus on
the fracturing expansion and the uneven distribution
of grouting pressure inside the fracture channel can-
not be ignored, with the change of the fracture length,
the fracturing pressure tend to be constantly chang-
ing instead of a fixed value. Therefore, the theory of
fracturing grouting in this paper is more suitable for
fracturing grouting in rock formations than the tradi-
tional fracturing grouting theory and can effectively
guide the design and construction of fracturing
grouting in the field

4. Fracturing Grouting Diffusion Law of Rock
Formation and Its Influencing Factors

Based on the foregoing theoretical model, this section ana-
lyzes the law of fracturing grouting and diffusion and its
influencing factors. The size of the grout fracturing expan-
sion radius depends on the grouting pressure. By substituting
related parameters into the fracturing grouting control equa-
tion (17), we can get the variation curve of grouting pressure
P0 with slurry diffusion radius R. The basic parameter values
are as follows: effective stress σ3 = 10:73MPa,σ1 = 15:11MPa
, side pressure coefficient k = 1:5, elastic modulus E = 40GPa,
fracture toughness KIC = 1:7MPa ⋅m0:5, α = 30°, the slurry is
cement and sodium silicate slurry (C : S = 1 : 1), grouting
rate q = 120L/min. According to the relationship between
the viscosity of different cement slurry and sodium silicate
slurry volume ratio slurry over time, the refitting relationship

is shown in Table 2. The curve of cement and sodium silicate
slurry viscosity over time was fitted, as shown in Figure 4.

The grouting pressure controls the size of the grout diffu-
sion radius. When the relevant parameters are substituted
into the time-varying slurry fracturing diffusion equation,
the relationship curve P0 − R under the influence of forma-
tion factors (Figure 5) and the relationship curve P0 − R

Table 2: The relationship between the viscosity of different C-S slurries over time.

C/S 1 : 1 2 : 1 3 : 1

Relational u tð Þ = 0:00857t2 u tð Þ = 0:01687t2 u tð Þ = 0:02477t2

Fitting accuracy 0.996 0.972 0.999
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Figure 4: The curve of cement and sodium silicate slurry viscosity over time.
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under the influence of grouting parameter factors (Figures 6
and 7) can be obtained.

Analysis of Figures 5–7 shows the following:

(1) Compared with the traditional infiltration grouting
theory, the theoretical value of fracturing grouting
pressure is very large. This is because split grouting
must not only overcome the resistance caused by
the viscosity of the slurry itself but also overcome
the pressure required for rock initiation. However,
in actual grouting projects, due to the large number
of natural joints, fractures, bedding, and other
structures distributed in the rock layer, the grout-
ing pressure generally cannot reach the theoretical
calculation value

(2) In the initial stage of fracturing grouting, the plastic
viscosity of the slurry with different proportions is
small and the fracturing cracks are short. In order
to continue the fracturing expansion, a larger grout-
ing pressure must be accumulated. When the cleav-
age expands to 1 meter, the plastic viscosity of the
slurry gradually increases with time, thus the
required gradual pressure increases. It can also be
seen from the theoretical formula that as the R
increases, the ð ffiffiffi

π
p /2

ffiffiffi
R

p ÞKIC term decreases rapidly,
and then, the viscosity control term 3π3/2mER7/2
qKIC plays the main control role. Therefore, the
required grouting pressure will decrease slightly and
then increase as the fracture continues to expand

(3) Under the same conditions of slurry diffusion radius
R, the grouting pressure P0 is proportional to the rock
mass elastic modulus E and the slurry viscosity. For
example, when the grouting diffusion radius R = 2:5
m, the elastic modulus of the injected rock mass
increases from 20GPa to 50GPa and the correspond-
ing grouting pressure P0 increases from 21.08MPa to
48.15MPa; Corresponding C : S is 3 : 1, 2 : 1, and 1 : 1
are 60.79MPa, 46.42MPa, and 31.32MPa, respec-
tively. It can be seen that the greater the elastic mod-
ulus of the injected rock mass, the higher the
resistance encountered during fracturing grouting,
and the more difficult the fracture propagation.
Moreover, the greater the viscosity of the slurry, the
greater the viscosity resistance of the slurry encoun-
ters during the flow process, and the greater the
grouting pressure required to reach the predeter-
mined fracturing diffusion radius

(4) Under the same conditions of slurry diffusion radius
R, the grouting pressure P0 is inversely proportional
to the grouting rate q. When the fracturing diffusion
radius is small, the required grouting pressure is not
sensitive to changes in the grouting rate q. When
the fracturing diffusion radius is larger, the grouting
pressure required for the fracture continues to
increase sharply, but the greater the grouting rate,
the slower the grouting pressure increases

According to the above analysis, the elastic modulus of
rock, time-varying characteristics of the serous viscosity,
and grouting rate are the main influencing factors in control-
ling fracturing grouting. In the initial stage of grouting, the
plastic viscosity of the slurry is relatively low. The grouting
pressure and grouting rate are the main controlling factors
of the grouting and spreading range of the slurry, increasing
the grouting rate can significantly increase the grouting
range. When the slurry viscosity exceeds a certain range,
the viscosity becomes the main controlling factor of the
slurry diffusion range. Therefore, in the design and selection
of grouting parameters, stratum factors should be compre-
hensively considered, and a large initial grouting rate and
grouting pressure should be selected in the early stage of
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grouting, so that cracks can be generated or penetrated in the
rock formation. When the grouting pressure is stable, while
the slurry is sufficiently diffused in the fracture, the viscosity
of the slurry is increased, the solidification reaction rate of the
slurry is increased, and the slurry forms a blocking body in
the fracture.

5. Conclusions

(1) Combining the motion of the slurry with the expan-
sion of the fracturing cracks, considering the various
mechanical factors such as the mechanical properties
of the rock formation and the time-varying charac-
teristics of the serous viscosity, a theoretical model
of fracturing grouting diffusion considering the spa-
tial attenuation of the fracture channel width has
been established. The fracturing grouting diffusion
equation considering fluid-structure interaction was
also derived and verified by experiments

(2) Considering the time-varying characteristics of the
serous viscosity, the main influencing factors on the
effect of fracturing grouting and diffusion in rock for-
mation are rock elastic modulus, slurry viscosity, and
grouting rate. The larger the elastic modulus of the
injected rock mass, the higher the resistance of the
fracturing grouting and the more difficult the fracture
extension. In the initial stage of grouting, the plastic
viscosity of the slurry is low. The grouting pressure
and grouting rate are the main controlling factors of
the fracturing and spreading range of the slurry.
When the viscosity of the grouting reaches a certain
value, the viscosity becomes the main controlling fac-
tor of the slurry spreading range

(3) Based on the fluid-solid coupling characteristics of
grout and rock fractures, in order to meet the require-
ments of fracturing grouting in deep formations, a
large initial grouting rate and grouting pressure
should be selected in the early stage of grouting, so
that fractures are generated or penetrated in the rock
formation. When the grouting pressure is stable,
while the slurry is sufficiently diffused in the fracture,
the viscosity of the slurry increases, the solidification
reaction rate of the slurry also increases, and the
slurry forms a blocking body in the fracture

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This study was supported by the National Key Research and
Development program (2016YFC0600902).

References

[1] H. Cheng, P. Shilong, R. Chuanxin, and S. Zehui, “Numerical
simulation and engineering application of pre-grouting rein-
forcement of tunnel surrounding rock by L type drilling in a
km deep well,” Rock and Soil Mechanics, vol. 39, no. S2,
pp. 281–291, 2018.

[2] Z. Hua-lei, T. Min, H. Cheng, and T. Yongzhi, “Mechanism of
overface rock fracture in thin bedrock stope and integrated
grouting reinforcement technology for wind oxidation zone,”
Acta Cae Sinica, vol. 43, no. 8, pp. 40–46, 2018.

[3] Z. Luo, Q. Hao, T. Wang, R. Li, F. Cheng, and J. Deng, “Exper-
imental study on the deflagration characteristics of methane-
ethane mixtures in a closed duct,” Fuel, vol. 259, p. 116295,
2020.

[4] Z. Luo, D. Li, B. Su, S. Zhang, and J. Deng, “On the time
coupling analysis of explosion pressure and intermediate gen-
eration for multiple flammable gases,” Energy, vol. 198,
p. 117329, 2020.

[5] T. Wang, Y. Zhou, Z. Luo et al., “Flammability limit behavior
of methane with the addition of gaseous fuel at various relative
humidities,” Process Safety and Environmental Protection,
vol. 140, pp. 178–189, 2020.

[6] H. Cheng, J. Lin, Y. Zhishu, R. Chuanxin, and C. Guangyong,
“Study on load outside shaft lining of single layer in porosity
water-bearing bedrock in western China,” Journal of Rock
Mechanics and Engineering, vol. 38, no. 3, pp. 542–550, 2019.

[7] M. Y. Fattah, M. M. Al-Ani, and M. T. A. Al-Lamy, “Studying
collapse potential of gypseous soil treated by grouting,” Soils
and Foundations, vol. 54, no. 3, pp. 396–404, 2014.

[8] M. Heidari and F. Tonon, “Ground reaction curve for tunnels
with jet grouting umbrellas considering jet grouting harden-
ing,” International Journal of Rock Mechanics and Mining
Sciences, vol. 76, pp. 200–208, 2015.

[9] M. H. Salimian, A. Baghbanan, H. Hashemolhosseini,
M. Dehghanipoodeh, and S. Norouzi, “Effect of grouting on
shear behavior of rock joint,” International Journal of Rock
Mechanics and Mining Sciences, vol. 98, pp. 159–166, 2017.

[10] Z. Luo, R. Li, T. Wang et al., “Explosion pressure and flame
characteristics of CO/CH 4 /air mixtures at elevated initial
temperatures,” Fuel, vol. 268, p. 117377, 2020.

[11] P. Li, Q. S. Zhang, S. C. Li, and X. Zhang, “Time-dependent
empirical model for fracture propagation in soil grouting,”
Tunnelling and Underground Space Technology, vol. 94,
p. 103130, 2019.

[12] H. Manchao, X. Heping, P. Suping, and J. Yaodong, “Research
on deep mining rock mass mechanics,” Chinese Journal of
Rock Mechanics and Engineering, vol. 24, no. 16, pp. 2803–
2813, 2005.

[13] L. C. Murdoch, “Hydraulic fracturing of soil during laboratory
experiments Part 3. Theoretical analysis,” Geotechnique,
vol. 43, no. 2, pp. 277–287, 1993.

[14] A. Bezuijen, R. te Grotenhuis, A. F. van Tol, J. W. Bosch, and
J. K. Haasnoot, “Analytical model for fracture grouting in
sand,” Journal of Geotechnical and Geoenvironmental Engi-
neering, vol. 137, no. 6, pp. 611–620, 2011.

[15] G. Gustafson, J. Claesson, and Å. Fransson, “Steering parame-
ters for rock grouting,” Journal of Applied Mathematics,
vol. 2013, Article ID 269594, 9 pages, 2013.

[16] K. O. G. Mohamed, Compensation grouting in sand, University
of Cambridge, 2009.

8 Geofluids



[17] K. Kishida, A. Sawada, H. Yasuhara, and T. Hosoda, “Estima-
tion of fracture flow considering the inhomogeneous structure
of single rock fractures,” Soils and Foundations, vol. 53, no. 1,
pp. 105–116, 2013.

[18] H. Mingli, G. Xiaoming, and L. Qifeng, “Analysis of induced
split grouting mechanism based on elastic mechanics,” Rock
and Soil Mechanics, vol. 7, pp. 241–246, 2013.

[19] W. Zuocheng and L. Fenqiang, “Curtain grouting slurry and
its water-blocking mechanism in complex coal mine areas,”
Journal of Central South University, vol. 2, pp. 335–341, 2013.

[20] S. Feng, Z. Dingli, and C. Tielin, “Study on the mechanism of
tunnel splitting grouting based on fluid time-varying,” Journal
of Geotechnical Engineering, vol. 33, no. 1, pp. 88–93, 2011.

[21] Z. Qingsong, Z. Lianzhen, L. Rentai et al., “Theoretical study of
split grouting based on the coupling effect of “slurry-soil”
interface stress,” Chinese Journal of Geotechnical Engineering,
vol. 2, pp. 323–330, 2016.

[22] W. Zhang, S. Li, J. Wei et al., “Grouting rock fractures with
cement and sodium silicate grout,” Carbonates and Evaporites,
vol. 33, no. 2, pp. 211–222, 2018.

[23] S.-c. Li, W. J. Zhang, Q. S. Zhang et al., “Research on
advantage-fracture grouting mechanism and controlled grout-
ing method in water-rich fault zone,” Rock and Soil Mechanics,
vol. 35, no. 3, pp. 745–751, 2014.

[24] W. Hongxun, Principles of hydraulic fracturing, Petroleum
Industry Press, 1987.

[25] A. A. Savitski and E. Detournay, “Propagation of a penny-
shaped fluid-driven fracture in an impermeable rock: asymp-
totic solutions,” International Journal of Solids and Structures,
vol. 39, no. 26, pp. 6311–6337, 2002.

[26] J. R. Rice, “Mathematical analysis in the mechanics of
fracture,” in Fracture, an Advanced Treatise, H. Liebowitz,
Ed., vol. II, pp. 191–311, Academic Press, New York, NY,
USA, 1968.

[27] S. Mohajerani, A. Baghbanan, R. Bagherpour, and
H. Hashemolhosseini, “Grout penetration in fractured rock
mass using a new developed explicit algorithm,” International
Journal of Rock Mechanics and Mining Sciences, vol. 80,
pp. 412–417, 2015.

[28] Y. Yang and X. Changfu, “Fracture morphology and pressure
distribution in fractures during hydraulic fracturing,” Journal
of Chongqing University: Natural Science Edition, vol. 18,
no. 3, pp. 20–26, 1995.

[29] L. Shucai, Z. Weijie, Z. Qingsong et al., “Research on dominant
split grouting mechanism and grouting control method in
water-rich fault zone,” Rock and Soil Mechanics, vol. 35,
no. 3, pp. 745–751, 2014.

[30] S. Feng, C. Lu, Y. Chunan, and L. Dayong, “Analysis of elasto-
plastic stress near split grouting boreholes,” Journal of Hydrau-
lic Engineering, vol. 4, no. 4, pp. 28–30, 2006.

[31] S. Peili, Research on grouting reinforcement and seepage
mechanism of fractured coal and rock mass and its application,
Xi'an University of Science and Technology, 2010.

9Geofluids



Research Article
Experimental and Numerical Study on Hydromechanical Coupled
Deformation Behavior of Beishan Granite considering
Permeability Evolution

Z. H. Wang ,1,2 W. G. Ren,3 Y. L. Tan,1,2 and Heinz Konietzky4

1State Key Laboratory of Mining Disaster Prevention and Control Cofounded by Shandong Province and the Ministry of Science
and Technology, Shandong University of Science and Technology, Qingdao Shandong 266590, China
2College of Energy and Mining Engineering, Shandong University of Science and Technology, Qingdao Shandong 266590, China
3School of Mechanics and Civil Engineering, China University of Mining and Technology, Beijing 100083, China
4Geotechnical Institute, TU Bergakademie Freiberg, Gustav-Zeuner-Str. 1, 09596 Freiberg, Germany

Correspondence should be addressed to Z. H. Wang; skd996340@sdust.edu.cn

Received 25 May 2020; Revised 12 July 2020; Accepted 21 July 2020; Published 5 August 2020

Academic Editor: Qiqing Wang

Copyright © 2020 Z. H. Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Beishan granite is a potential host rock for a high-level radioactive waste (HLW) repository in China. Understanding the
hydromechanical (HM) behavior and permeability evolution of Beishan granite is important for the HLW repository safety.
Therefore, the granite of Beishan in Gansu province was studied. HM coupled tests are carried out on Beishan granite under
different pore pressures. The results show that the initial pressure difference has little influence on permeability measurement
before dilatancy starts. However, after onset of dilatancy, the permeability increases with the increasing initial pressure
difference. The initial permeability of Beishan granite is about 10−18 m2 under a confining pressure of 20MPa. In the initial
loading phase, the permeability shows a relatively large reduction. Then, the permeability almost keeps constant until dilatancy
starts. From dilatancy point to peak stress, permeability increases linearly with volumetric strain. The proposed permeability
evolution rule is implemented into a numerical code to perform HM coupled simulations. The simulation results show that the
damaged zone first appears at the model boundary and then extends to the inside, forming high volumetric strain areas. And it
provides seepage channels for fluid flow. The macroscopic fracture patterns indicate that pore pressure accelerates rock
degradation during HM coupling. The obtained results help to understand the damage mechanisms of granite caused by pore
pressures and are of great importance for the safety of a HLW repository.

1. Introduction

Disposal of high-level radioactive waste (HLW) deep under-
ground is one of the most challenging research subjects in
rock engineering. The biggest difficulty is the proof of safe
and long-term isolation of the HLW from the biosphere.
Granite, characterized by high strength and low permeability,
is one of the preferred host rocks for geological disposal of
HLW. China plans to build a HLW repository in the granite
strata of Beishan, Gansu Province [1, 2]. Therefore, the under-
standing of the hydromechanical (HM) coupled behavior and
permeability evolution of Beishan granite is of great signifi-
cance to ensure the long-term safety of the HLW repository.

As a heterogeneous material, rock contains microcracks.
The failure process of rock associated with crack propagation
has been well studied [3–8]. On the other hand, cracks provide
seepage channels for fluid flow. The fluid flow in the crack
network will accelerate the rock failure process, which has
influence on rock strength and deformation [9–12]. Therefore,
after years of research, the permeability evolution during the
rock failure process has gradually attracted the attention of
researchers. Brace et al. [13] and Zoback et al. [14] studied
the permeability ofWesterly granite. Their results indicate that
permeability has strong dependence on effective pressure and
increases gradually after dilatancy threshold. Hydrostatic com-
pression and triaxial compression tests were conducted on
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Inada granite by Kiyama et al. [15]. The results show that
permeability increases proportionally to the dilatation between
the onset of dilatancy and the peak strength. Liu et al. [16]
investigated the permeability evolution of granite gneiss during
triaxial creep tests. They demonstrate that the permeability
remains stable in the steady creep stage and increases rapidly
in the accelerated creep stage. For granite, Chen [17] revealed
that the permeability decreases when confining pressure is
larger and increases when pore water pressure is larger under
compressive stress conditions. Yi et al. [18], Heiland and Raab
[19], Alam et al. [20], and Zhang et al. [21] studied permeabil-
ity evolution of different rock types under compression. The
results show similar permeability evolution trends, in which
the permeability decreases at the stage of volumetric compac-
tion and increases at the stage of volumetric dilation.

On the other hand, important progress has been made in
numerical simulation of HM coupled processes in rocks,
especially in the DECOVALEX project [22, 23]. A flow-
stress-damage (FSD) coupling model considering permeabil-

ity evolution is proposed by Tang et al. [24]. And this FSD
model is used to investigate the behavior of fluid flow and
damage evolution under hydraulic conditions. Rutqvist
et al. [25] linked two codes—TOUGH2 and FLAC3D—for
analysis of coupled THM processes, in which the coupling
module containing nonlinear stress versus permeability func-
tions is taken into account. Tan and Konietzky [26] proposed
a micromechanical numerical model to simulate the HM
coupled behavior of granite at the grain-sized level. It reveals
the importance of tensile micro cracks for enhanced perme-
ability, and linear correlations between volumetric strain
and permeability are observed by numerical simulations. Lu
et al. [27] presented a coupled continuum-based HMmodel-
ing approach using a two-scale conceptual model represent-
ing realistic rock material containing microfractures. This
model is validated against failure under compression and rep-
licates typical AE characteristics and permeability evolution.

This paper presents HM coupling tests carried out on
Beishan granite under different pore pressures. The influence
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of initial pressure difference (△P0) on permeability moni-
tored by the transient pulse method is discussed. The perme-
ability evolution of Beishan granite under compression is
revealed. In addition, a heterogeneous numerical model is
established to simulate the deformation and damage process
under HM coupling considering volumetric strain and per-
meability evolution.

2. Permeability Measurements by the Transient
Pulse Method

In most cases, permeability can be measured either by using
the constant head method [28, 29] or the transient pulse
method [30–33]. However, due to the low permeability of
granite, it will take a long time for the fluid to reach a steady

Table 1: Permeability test results for specimen BSS-1 for three different initial pressure differences.

Axial strain (%) Axial stress (MPa)
Permeability (10−18 m2)

3.4MPa 5.4MPa 7.4MPa

0 0 3.77 2.97 2.33

0.386 38.6 1.05 1.30 1.34

0.629 79.3 1.03 1.12 1.29

0.855 123.8 0.55 1.08 1.26

1.066 165.6 0.94 1.29 1.65

1.240 201.8 1.45 1.92 2.36

1.528 256.6 3.43 5.30 7.54

2.337 81.8 72.74 55.31 59.57

Table 2: Permeability test results for specimen BSS-2 for three different initial pressure differences.

Axial strain (%) Axial stress (MPa)
Permeability (10−18 m2)

3.4MPa 5.4MPa 7.4MPa

0 0 1.32 1.24 0.64

0.414 48.7 0.71 0.66 0.66

0.716 106.1 0.78 0.50 0.47

0.940 150.1 0.48 0.56 0.48

1.163 200.0 0.75 0.61 0.70

1.425 252.5 1.33 1.12 1.54

1.855 315.6 5.81 9.86 15.36

2.011 79.5 13.56 16.07 17.74

2.599 75.9 13.25 14.08 14.69
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Figure 3: Permeability for different initial differential pressures (a) BSS-1 (b) BSS-2.
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flow by using the constant head method. Compared with the
constant head method, fluid does not need to achieve a steady
flow by using the transient pulse method. Therefore, it will
consume less time. And the transient method has higher
accuracy for low permeability rocks. As a result, in this study,
the transient pulse method is used.

The test principle of transient pulse method is shown in
Figure 1. At the beginning, a constant pore pressure is main-
tained in the sample and adjacent upper and lower fluid
reservoir. Then, the pressure in the upper reservoir is instanta-
neously increased and the pressure decay at both reservoirs is
monitored. The pressure difference can be described by

Pu tð Þ − Pd tð Þ
ΔP0

= exp −αtð Þ,

α = kA
μβL

1
Vu

+ 1
Vd

� �
,

8>>><
>>>:

ð1Þ

with k as permeability (m2), μ as viscosity of fluid (water at
20°C: 10-3 Pa·s), β as the compression coefficient of fluid
(water: 4:53 × 10−10 Pa−1), A as cross-sectional area of sample
(m2), L as the height of the sample (m), Vu as the volume of
upper reservoir (m3), Vd as the volume of the lower reservoir
(m3), t as the duration time (s), PuðtÞ as the pore pressure of
the upper reservoir at time t (MPa), PdðtÞ as the pore pressure

of the lower reservoir at time t (MPa), and △P0 as the initial
differential pressure between upper and lower fluid reservoir
(MPa). In general, Vu equals Vd ; thus, Equation (1) can be
rewritten as

k = μβV
ln ΔP0/Pf

� �
2t A/Lð Þ , ð2Þ

with Pf as the final differential pressure between the upper
and lower fluid reservoirs (MPa).

3. Laboratory Test Settings

3.1. Preparation of Rock Specimens. The granite samples were
taken from the Beishan area, Gansu Province, China. The
specimens, with a diameter of 50mm and length of 100mm,
were prepared according to ISRM recommendations [34]. If
readers want to know the basic properties and components
of Beishan granite, please refer to literature [35, 36].

3.2. Test Facility. The HM coupled tests were carried out with
a MTS815 Flex Test GT (see Figure 2) rock mechanical test-
ing machine. This machine has a maximum loading capacity
of 4,700 kN and can supply a maximum confining pressure of
140MPa [37]. Axial and lateral strains are measured by
extensometers.
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Figure 4: Stress strain curves of Beishan granite under different pore pressures [40].

Table 3: Permeability evolution under different pore pressures.

Sample Pore pressure (MPa)
Permeability/10−18 m2

1sta 2nd 3rd 4th 5th 6th 7th 8th

HM-1 2 5.8 2.78 4.91 6.5 20.29(pb) 22.71 22.89 25.49

HM-2 4 1.29 0.51 0.38 1.14(p) 3.04 3.74 5.38 —

HM-3 6 0.95 0.29 0.48 1.3 2.46 5.85 10.7(p) 32.78

HM-4 8 2.29 1.48 1.77 3.84 7.03 11.51 13.17(p) 26.16
a”1st” represents the first time to measure permeability. b”P” represents the permeability measured around peak stress.
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3.3. Testing Procedure. Four specimens were prepared for
HM coupled testing. Before the tests, the specimens were
immersed in water for 72 hours in the vacuum suction device
to reach the saturated state [38]. For the HM coupled tests,
first, a vertical load of about 2 kN was applied in order to
fix the position of the specimen. Then, the desired confining
pressure (20MPa in all HM coupled tests) was reached with a
constant loading rate of 0.05MPa/s to ensure that the speci-
men was under uniform hydrostatic stresses [39]. Pore pres-
sures were set to 2, 4, 6, and 8MPa, which mirror the
maximum potential water pressure at different buried depths
in the Beishan region [38]. The desired pore pressure was
reached with a constant rate of 1MPa/min. Afterwards, the
axial stress was increased with a constant loading rate of
30 kN/min. During the process of loading, the transient pulse
method was used to measure the permeability of Beishan
granite at different strain levels. Stress and strain were kept
constant during the permeability testing.

In addition, in order to study the influence of initial pres-
sure difference (△P0) on the transient pulse method, three
initial pressure differences were used to measure permeabil-
ity under the same strain levels during loading. The initial
pressure differences were set to 3.4, 5.4, and 7.4MPa, which
is close to the potential water pressure at different buried
depths in the Beishan region. And if the initial pressure
difference is small, it is not conducive to monitor the pressure
decay for Beishan granite because of low permeability. Two
specimens (BSS-1 and BSS-2) were used for this task.

4. Test Results

4.1. Influence of Initial Pressure Difference (△P0) on
Measurement Results of the Transient Pulse Method. The per-
meability measured by different initial pressure differences
under the same strain levels is shown in Tables 1 and 2 and
Figure 3. For a confining pressure of 20MPa, the initial
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Figure 5: Permeability evolution of Beishan granite during HM coupling. (a, b) Pore pressure of 2MPa, (c, d) pore pressure of 4MPa, (e, f)
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permeability values measured by different initial pressure dif-
ferences are quite similar. Because of the unique heterogene-
ity of each sample, the measured permeability will always
show some minor differences.

At the initial stage of loading, due to the closure of micro
cracks, permeability decreases. Before onset of dilatancy, the

permeability changes little. After onset of dilatancy, perme-
ability is increasing. Also, the permeability increases with
the increasing initial pressure difference. For instance, the
permeability measured for sample BSS-2 under the initial
pressure difference of 7.4MPa (15:36 × 10−18 m2) around
the peak stress is 2.64 times of that measured under the initial
pressure difference of 3.4MPa (5:81 × 10−18 m2). After the
peak stress, permeability becomes unstable due to the thrived
macro cracks in the sample. The permeability in the post fail-
ure region is not discussed in this study.

4.2. Stress Strain Curves of HM Coupled Tests. Figure 4 shows
the stress-strain curves of Beishan granite under different
pore pressures. With increasing pore pressure, maximum
axial strain and peak stress decrease.

4.3. Permeability Evolution of HM Coupled Tests. The perme-
ability measured during HM coupled testing is shown in
Table 3 and Figure 5. It can be concluded that the initial per-
meability of Beishan granite is maintained at about 10−18 m2

under the confining pressure 20MPa. On the whole, the per-
meability first decreases slowly and then increases gradually
during loading. The general trend of permeability evolution
is the same for different pore pressures.

Taking the pore pressure of 8MPa as an example, com-
bined with the volumetric strain development, the perme-
ability evolution of Beishan granite under loading can be
roughly divided into the following stages. In the first stage
(i.e., the initial stage of loading), micro cracks begin to close,
which leads to a decrease of sample volume and loss of some
seepage channels. Therefore, the decrease of permeability is
relatively large compared to the initial permeability (for
instance, reduction by 40% under pore pressure of 4MPa).
In the second stage, as the axial stress continues to increase,

k = k0 (1 + K1) ⁎ 𝜀v k = k0 (1 + K2) ⁎ 𝜀v
𝜀1

𝜎cd

𝜎c

𝜎1

Porous media seepage Fractured medium
seepage

Axial stress
Permeability
Volumetric strain

Figure 6: Simplified illustration of permeability evolution in HM coupling processes in Beishan granite.

10
0 m

m

50 mm

Figure 7: Schematic diagram of Beishan granite model.
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the volume of the specimen decreases. But there is possibility
that new micro cracks are generated. Thus, the permeability
almost keeps constant. After the dilatancy point, micro
cracks are reactivated gradually and interact with each other,
which leads to crack coalescence and provides new seepage
channels. The permeability increases gradually with increas-
ing volumetric strain. It can be concluded from Figures 5(b),
5(d), 5(f), and 5(h) that there is a linear relationship between
permeability and volumetric strain from dilatancy point to
peak stress. At peak stress, permeability can increase by an
order of magnitude compared with the initial permeability
(see sample HM-3). After the peak stress, the seepage behav-
ior changes from porous medium seepage to fractured

medium seepage. In this stage, the permeability changes
greatly, which is beyond the scope of this study.

According to tests results, the permeability evolution of
Beishan granite in respect to volumetric strain can be roughly
divided into two stages before reaching the peak stress, as
shown in Figure 6. For the fractured medium seepage in the
post peak stage, it is not possible to predict permeability just
by volumetric strain. Before the dilatancy threshold σcd, per-
meability decreases with decreasing volumetric strain. It can
be approximately expressed as linear relationship, and the lin-
ear coefficient is set to K1. From dilatancy threshold σcd to
peak stress σc, permeability increases linearly with increasing
volumetric strain. The correlation coefficients (see Figure 5)

Table 4: Mechanical parameters of Beishan granite.

Elastic modulus (GPa) Poisson’s ratio Dilation (°) Density (kg/m3)
Cohesion (MPa) Friction (°) Tension (MPa)
Initial Residual Initial Residual Initial Residual

28.6 0.122 17 2700 29.74 21.24 51 31.44 7.66 0

Table 5: Hydraulic parameters of Beishan granite.

Fluid modulus (GPa) Fluid density (kg/m3) Initial permeability (m2) Porosity (%) Saturation

2.2 1000 2.58 × 10-18 0.02 1
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Figure 8: Volumetric strain for confining pressure of 20MPa: (a) compressed stage and (b) damaged stage.
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confirm the correctness of linear fitting, and the linear coeffi-
cient is set to K2. The relationships can be expressed by

k = k0 1 + K1εvð Þ0 < σ1 < σcd ,
k = k0 1 + K2εvð Þσcd < σ1 < σc,

(
ð3Þ

where k0 initial permeability (m2) and εv volumetric strain. It
can be deduced from test data thatK2 ismuch greater thanK1.

5. HM Coupled Simulations

5.1. Model Description and Setup. In order to study the stress
strain state inside the specimen, a heterogeneous cylindrical
model with 50mm in diameter and 100mm in length is
established in the explicit Finite Difference code FLAC3D as
shown in Figure 7. The model has 96000 zones and 100521
gridpoints. For the HM coupled simulations, the confining
pressure is set to 20MPa. A compressive displacement rate
of 5e-8m/step is assigned on the top and bottom faces of
the model. Permeable boundaries are applied at the top and
bottom of the model. The pore pressure is fixed on the top

and bottom of the model to simulate constant fluid pressure.
A strain-softening model is used for mechanics, and an iso-
tropic Darcy model is used for the fluid flow. All input
parameters are listed in Tables 4 and 5. And the parameters
in Tables 4 and 5 are consistent with the HM coupled test.

5.2. Determination of Linear Correlation Coefficients.
According to Section 4.3, the permeability has a linear rela-
tionship with volumetric strain. And volumetric strain of
elements can be directly obtained in FLAC3D. Therefore,
the permeability is updated during the numerical simulation.
However, the linear relationships cannot be applied to
describe the permeability evolution of the elements directly.
Therefore, the linear coefficients need to be calibrated by
several numerical simulations [41].

First, simulation of the conventional triaxial compression
(CTC) test under confining pressure of 20MPa is conducted.
A compressed numerical model (see Figure 8(a)) before the
dilatancy threshold is chosen to determine the linear coeffi-
cient K1, and a damaged numerical model beyond the dilat-
ancy threshold (see Figure 8(b)) is chosen to determine the
linear coefficient K2. The initial permeability is set as 2:58

80 90 100 110 120

2.4

2.6

2.8

3.0

3.2

3.4

Fl
ow

 ra
te

 (1
0–1

1 m
3 /s

)

Coefficient (K1)

(a)

1500 1600 1700 1800 1900 2000
4.6

4.8

5.0

5.2

5.4

5.6

5.8

Fl
ow

 ra
te

 (1
0–1

0 m
3 /s

)

Coefficient (K2)

(b)

Figure 9: Flow rates and corresponding coefficients: (a) K1 and (b) K2.
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Figure 12: Evolution of maximum stress tensor (Pa) for simulated HM coupled test: (a) initial compressed stage, (b) elastic stage, (c) peak
stress point, (d) stress drop stage, and (e) residual stage.

−2.4805E−03
−2.4500E−03
−2.4000E−03
−2.3500E−03
−2.3000E−03
−2.2500E−03
−2.2000E−03
−2.1500E−03
−2.1000E−03
−2.0500E−03
−2.0000E−03
−1.9500E−03
−1.9000E−03
−1.8500E−03
−1.8437E−03

(a)

−5.1370E−03

−5.1000E−03

−5.0000E−03

−4.9000E−03

−4.8000E−03

−4.7000E−03

−4.6000E−03

−4.5000E−03

−4.4000E−03

−4.3000E−03

−4.2000E−03

−4.1000E−03

−4.0000E−03

−3.9000E−03

−3.8889E−03

(b)

−9.5753E−03
−9.0000E−03
−8.0000E−03
−7.0000E−03
−6.0000E−03
−5.0000E−03
−4.0000E−03
−3.0000E−03
−2.0000E−03
−1.0000E−03
0.0000E+03
1.0000E−03
2.0000E−03
3.0000E−03
4.0000E−03
5.0000E−03
6.0000E−03
7.0000E−03
8.0000E−03
8.2591E−03

(c)

−1.3761E−02
−1.2500E−02
−1.0000E−02
−7.5000E−03
−5.0000E−03
−2.5000E−03
0.0000E−00
2.5000E−03
5.0000E−03
7.5000E−03
1.0000E−02
1.2500E−02
1.5000E−02
1.7500E−02
2.0000E−02
2.2500E−02
2.5000E−02
2.7500E−02
2.8172E−02

(d)

−1.0131E−02

−1.0000E−02

−5.0000E−03

0.0000E+00

5.0000E−03

1.0000E−02

1.5000E−02

2.0000E−02

2.5000E−02

3.0000E−02

3.5000E−02

3.8603E−02

(e)

Figure 13: Evolution of volumetric strain for simulated HM coupled test: (a) initial compressed stage, (b) elastic stage, (c) peak stress point,
(d) stress drop stage, and (e) residual stage.
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Figure 14: Evolution of permeability (10−3 m2) for simulated HM coupled test: (a) initial compressed stage, (b) elastic stage, (c) peak stress
point, (d) stress drop stage, and (e) residual stage.
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Figure 15: Evolution of discharge vectors (m/s) for simulated HM coupled test: (a) initial compressed stage, (b) elastic stage, (c) peak stress
point, (d) stress drop stage, and (e) residual stage.
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× 10−18 m2. The two models are used to simulate steady flow
with different linear coefficients, and the results are shown in
Figure 9. According to the flow rate, K1 = 80 and K2 = 1700
fit the lab results.

5.3. HM Coupled Simulation Results. The proposed perme-
ability evolution rule (Equation (3)) is implemented into
FLAC3D. The pore pressures correspond to the HM coupling
tests. Figure 10 shows stress-strain curves obtained from
simulations. Taking the pore pressure of 8MPa as an exam-
ple, the deformation and permeability evolution for different
observation points (marked in Figure 11) are shown in
Figures 12-15.

Some conclusions can be drawn from the numerical sim-
ulations. In the quasi elastic stage (points a and b), the stress
state is nearly homogeneous; volumetric strain decreases
with increasing axial stress, and all elements are compressed;
permeability is decreasing and fluid flow is restricted. In brief,
there is no damage at this stage. At the peak stress (point c),
the stress distribution is no longer uniform; volumetric strain
increases especially close to the model boundary; therefore,
permeability and flow rate increase near the model boundary.
During the stress drop (point e), local tensile stresses appear;
volumetric strain increases rapidly and forms serval shear
bands, which develop from the model boundary to the inside.

And it provides several seepage channels with high perme-
ability for fluid flow. In the residual stage (point e), the tensile
stress area expands; the volumetric strain bands become
wider and interact with each other.

The macroscopic fracture patterns for samples under
different pore pressures are shown in Figure 16. With
the increase of pore pressure, the volumetric strain band
channels increase. In other words, macroscopic fractures
become pronounced with increasing pore pressure. It indi-
cates that the pore pressure accelerates rock degradation
during HM coupling.

6. Conclusion

HM coupled tests are carried out on Beishan granite under
different pore pressures. The permeability evolution is stud-
ied. And numerical simulations are conducted to study the
stress state and deformation process. Based on the results,
the following conclusions can be drawn.

Before dilatancy, the initial pressure difference (△P0) has
little influence on permeability measurement by using the
transient pulse method. However, after dilatancy, the perme-
ability increases with the increasing initial pressure differ-
ence. Overall, the permeability evolution trends are the same.
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Figure 16: Volumetric strain (εv > 0:5%) at stage e under different fluid pressures: (a) pore pressure of 2MPa, (b) pore pressure of 4MPa, (c)
pore pressure of 6MPa, and (d) pore pressure of 8MPa.
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The initial permeability of Beishan granite maintains at
the order 10−18 m2 under the confining pressure 20MPa. In
the initial loading phase, the permeability shows a relatively
large reduction. Then, the permeability almost keeps con-
stant. From onset of dilatancy to peak stress, the permeability
increases linearly with the volumetric strain. A rule of relating
permeability evolution with volumetric strain is proposed.

The simulation results show that the damaged zone first
appears close to the model boundary and then extends to
the inside, forming local high volumetric strain areas. And
it provides seepage channels for fluid flow. The macroscopic
fracture patterns indicate that pore pressure accelerates rock
degradation during HM coupling.

In the future, more tests are needed for further investigat-
ing permeability evolution and fracturing characteristics of
Beishan granite subjected to different confining stresses and
pore pressures.
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The effective radius of methane extraction after high-pressure water jet slotting is the most important parameter for borehole
optimization and extraction time planning. We applied a steady flow model and thermal-hydrological-mechanical (THM)
coupling model to calculate the effective radius after high-pressure water jet slotting. Field measurements at the Zhongliangshan
coal mine show that both the steady flow model and the THM coupling model can accurately represent the effective radius, and
the THM coupling model provides further information regarding extraction time. After that, a variety of factors, including
extraction time, coal burial depth, slot radius, initial permeability, and initial methane pressure, are discussed. The effective
radius of a slotted borehole is 1.94 times larger than that of a conventional borehole.

1. Introduction

Coalbed methane (CBM) extraction is an intensive method
for reducing the security risk of coal and methane outbursts
during mine production [1] that can provide cleaner energy
resources [2] and potentially reduce greenhouse gas emis-
sions [3]. CBM is mainly composed of methane (CH4),
which has a greenhouse effect that is ~25 times stronger than
that of carbon dioxide [4].

The CBM in China ranks third in the world with 3:68
× 1012 m3 of reserves at depths < 2000m [5]. The total
potential CBM includes considerable amounts of onshore
conventional natural gas resources and provided 7.26 billion
m3 of energy in 2018 [6]. The target for underground CBM
production in China is 14 billion m3 in 2020, according to
the 13th five-year plan of the Development and Utilization
of Coalbed Methane [7]. Preextraction of CBM can reduce
the risk of methane explosion [8–11] as well as coal and gas
outburst.

The permeability of most Chinese coal seams is <1mD,
in which 35% have <0.1mD and 37% are tight with perme-
abilities ranging between 0.1 and 1mD [1]. Drainage of coal
seams with permeability < 1mD is difficult according to the
Coal Bed Methane Drainage Engineering Design Specifica-
tion (GB50471-2008). For coal seams with extremely low
permeability and low porosity, conventional extraction
methods that involve drilling in coal seams from under-
ground or at the surface are inefficient, costly, and time-
consuming. Several methods have been proposed to improve
the efficiency of CBM extraction.

High-pressure water jet slotting [12–16] has been widely
applied to enhance CBM extraction from underground coal
seams with extremely low permeability, as shown in
Figure 1. The coal seams may undergo tensile, compressive,
or shear failure under the dynamic loading of the high-
pressure water jet [15, 17, 18], which can enhance intrinsic
cracks and propagate new cracks. Discoid caves can reduce
the effective stress in coal seams and exponentially increase
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their permeability [19, 20]. A higher concentration of
adsorbed methane can desorb from the enhanced coal seam
surface after being slotted by a high-pressure water jet [21].

The most important parameter to consider during this
process is the effective methane extraction radius after
high-pressure water jet slotting, which has been determined
empirically. A methane pressure of 0.74MPa was set as the
coal and gas outburst risk criterion according to the Specifi-
cation of Coal and Gas Outburst Prevention [22]. This pres-
sure eliminates hazards related to coal and gas outburst
hazards and allows safe mining operations. The influence
radius is generally considered that under which the range of
methane pressure loss is 10% [23], whereas areas with
pressure < 0:74MPa are considered the effective methane
extraction radius. The latter is clearly more advantageous
for optimizing field applications and is therefore an impor-
tant focus of the study.

An effective radius of methane execration is a crucial
parameter for the layout of drilling boreholes and the extract-
ing plan. Exceedingly large spacing between boreholes tends
to allow the emergence of blind spots in the coal seams with
insufficient extraction and may lead to coal and gas outburst
accidents during production. In contrast, if borehole spacing
is too small, leakage can occur and more boreholes must be
drilled, which is wasteful and inefficient.

With the increasing demand for coal, mining operations
have descended to increasingly deeper depths at a rate of
20m/yr [24]. The effects of temperature for methane adsorp-
tion/desorption, methane flow, and coal seam deformation
are more prominent with increasing mining depth. Addition-
ally, the distribution of stress and flow pattern of methane
around discoid caves differs considerably from transitional
cylinder boreholes. Most importantly, the techniques used
to establish the effective radius of methane extraction from
the traditional boreholes are invalid for deep boreholes.

To provide improved guidance for methane extraction,
we propose an efficient and robust method within a
thermal-hydrological-mechanical (THM) coupling model
to calculate the effective radius of methane extraction after
high-pressure water jet slotting. We applied theoretical anal-
ysis, numerical simulations, model validation, and sensitivity
analysis to detect the methane distribution after slotting.

2. Methodology

2.1. Steady Methane Flow Model.When a discoid cave is slot-
ted by a water jet, methane molecules desorb from the coal
surface and flow through the borehole. The methane flow
areas around the hole can be divided into three zones
(Figure 2): a linear seepage zone, a low-speed nonlinear seep-
age zone, and a diffusion zone. The diffusion coefficient of
methane in coal seams is extremely low, and the contribution
of methane diffusion can be ignored for low-permeability
coal seams [25].

According to Darcy’s law, the velocity of methane flow in
the linear seepage zone can be expressed as [26]

V = 10−3 kΔP
μL1

, ð1Þ

where V is the methane seepage velocity (m/s), k is the coal
seam permeability (μm2), μ is the dynamic viscosity of meth-
ane (mPa·s), ΔP is the pressure difference (MPa), and L1 is
the maximummethane migration distance in the linear seep-
age zone (m).

The Reynolds number (Re) has been recognized as the
determining criterion for fluid flow patterns, and Re = 10−4
represents the boundary between linear and nonlinear seep-
age [27]:

Re = 10−4 ν
ffiffiffi
k

p
ρ

17:50μϕ3/2
, ð2Þ

where ρ is the density of the methane (g/cm3) and ϕ is the
porosity. By substituting Equation (1) into Equation (2), L1
can be expressed as

L1 =
10−15ρΔPk3/2

17:5u2ϕ3/2 Re
: ð3Þ

When flowing in a low-permeability coal seam, methane
molecules collide against coal pore walls because the pore
diameters are smaller than the mean free path. On a macro-
level, this collision is called a slippage effect and is conditional

Relief value

Flowmeter

Water tank

High-pressure pump

Pressure gauge

Coal seam

Figure 1: The schematic diagram of the high-pressure water jet system in the coal seam.
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because of the starting pressure gradient (λB) when methane
flows at a lower velocity. When the pressure gradient exceeds
λB, the methane flow is predominantly low-speed nonlinear
seepage; when the pressure gradient is less than λB, methane
flow is only governed by diffusion. According to the low-
speed nonlinear seepage law, it can be concluded that

V =

k
μ

1 + 2B
P1 + P2

� �
ΔP
L

, ΔP
L

> λB,

0, ΔP
L

≤ λB,

8>><
>>: ð4Þ

where P1 and P2 represent the methane pressure of the inflow
and outflow sides, respectively, and B is the Klinkenberg
coefficient.

The relationship between λΒ and coal seam permeability
can be expressed as [28]

λB = 0:0113k−0:33034, ð5Þ

when V = 0 in Equation (1) and L2 represents the maximum
distance of methane movement within the nonlinear seepage
zone, thus

L2 =
ΔP
λB

: ð6Þ

The maximum radius of methane extraction can there-
fore be expressed as

R =H + L1 + L2 =H + 10−15ρΔPk3/2

17:5μ2ϕ3/2 Re
+ ΔP

λB
, ð7Þ

where H represents the cave radius. In Equation (7), H + L1
can be thought of as the effective radius and R as the influ-
ence radius. Equation (7) provides a time-independent solu-
tion of the effective radius and influence radius, but the
extraction time remains unknown and the effect of tempera-
ture in methane extraction is ignored.

2.2. The THM Coupling Model for Methane Flow. The THM
coupling model directly evaluates the effective radius of
methane extraction as well as the extraction time [29]. To

establish the THM coupling model for methane extraction
after high-pressure water jet slotting, we suggest the follow-
ing basic assumptions [30–32]: (1) the coal seams are homo-
geneous and isotropic porous media; (2) the deformation of
coal skeleton and porosity is minimal and can be described
by the linear elasticity criterion; (3) thermodynamic parame-
ters of coal seams and methane are temperature independent;
(4) the coal seams are saturated by methane; (5) methane
adsorption on coal can be represented by the Langmuir
model, and the free methane is an ideal gas.

2.2.1. Governing Equations of Coal Deformation. During
methane extraction after high-pressure water jet slotting,
the coal seams will deform under the influence of tempera-
ture, methane pressure, and strata pressure. The coal seam
strain is the sum of strains induced by effective stress, meth-
ane adsorption-induced strain, and thermal strain. The ther-
mal strain can be expressed as

εT = 1
3 αSΔTδij, ð8Þ

where αs is the coefficient of the thermal expansion
(cm3/(m3·K)), ΔT represents the change of absolute coal
seam temperature (K), and δij is the Kronecker symbol.

Considering the strain induced by methane adsorption,
we assume that adsorption only induces volume strain and
that the coal seam is isotropic. The constitutive equation of
the coal seam can be drawn as follows and is negative during
compression:

εij =
1
2Gσij −

1
6G −

1
9K

� �
σkkδij +

α

3K pδij +
εs
3 δij, ð9Þ

where G is the coal seam shear modulus (GPa), K is the coal
seam volume modulus (GPa), α is the Biot effective stress
coefficient, where α = 1 − K/Ks and Ks and is the volume
modulus of the skeleton of coal (GPa), σkk is the normal
stress component (σkk = σ11 + σ22 + σ33), εij is the coal strain
tensor component, and εs is the adsorption-induced strain.

Combining Equations (8) and (9), the constitutive
equation that considers strata stress, methane pressure,
adsorption-induced strain, and temperature can be expressed
as [33]

Hole

Linear seepage zone

Diffusion zone

Nonlinear seepage zone

H L1 L2

Figure 2: Steady methane flow field area around a discoid cave where H is the cave radius and L1 and L2 are the maximum distance for
methane movement in the linear seepage zone and nonlinear seepage zone, respectively.
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εij =
1
2Gσij −

1
6G −

1
9K

� �
σkkδij +

α

3K pδij +
εs
3 δij +

αsΔT
3 δij:

ð10Þ

The first term on the right side of Equation (10) repre-
sents the strain of the strata stress; the second term implies
the strain of methane pressure. The third and fourth terms
are the strain induced by adsorption and temperature,
respectively.

The stress displacement equations of the coal seam are

εij =
1
2 ui,j + uj,i
� �

, ð11Þ

where uij is the coal seam displacement component. The
equilibrium equation for the coal seam can be expressed as

σi j ,j + f i = 0, ð12Þ

where f i is the volumetric component of the coal seam.
By combining Equations (10)–(12), the governing equa-

tion for coal seam displacement under the effects of stress,
strain, methane pressure, and temperature is

Gui,kk +
G

1 − 2v uk,ki − αsKTi − αpi − Kεs,i + f i = 0: ð13Þ

2.2.2. Governing Equations of Methane Flow. Assuming
methane as an ideal gas, the density of methane can be
described as

ρg = βP = MP
R0T

, ð14Þ

where β is the compressibility coefficient (kg/(m3·Pa)), ρg is
the methane density (kg/m3),M is the molar mass of methane
(16 g/mol), R0 is the ideal gas constant (8314m

2/(s2·K)), and T
is the temperature (K).

According to the equations of state for an ideal gas, the
free methane in coal cracks, fractures, and pores can be char-
acterized as

Cf =
ϕρgP

pn
, ð15Þ

where Cf is the free methane per cubic meter of coal (kg/m3)
and pn is the atmospheric pressure (0.1MPa).

The Langmuir model is widely used for representing
methane adsorption on coal and can be expressed as [34]

Qx = ρcρg
abP
1 + bP

, ð16Þ

where Qx is the mass of adsorbed methane per cubic meter of
coal (kg/m3), a is the maximum monolayer adsorption
capacity (m3/t), and b is the Langmuir pressure, which repre-
sents the pressure when the adsorbed methane equals 50% of
its maximum quantity (MPa).

Methane adsorption is an exothermic process, and the
relationship between temperature and the Langmuir param-
eter is described in the literature as [35]

a = −0:0031T2 + 0:2297T + 26:841,
b = −0:0157T + 1:6798:

(
ð17Þ

Combining Equations (15), (16), and (17), the methane
content is the sum of the free methane and adsorbed methane
and can be described as

Q = Cf +Qx =
ϕρgP

pn
+ ρcρg

abP
1 + bP

, ð18Þ

where Q is the methane content for a unit volume of coal,
kg/m3. According to Darcy’s law and the conservation of mass,

∂Q
∂t

+∇ ⋅ ρgq
� �

= I, ð19Þ

where I is the mass source term.
At an increased mining depth, the effect of temperature

on the dynamic viscosity of methane can be ignored, and
the dynamic viscosity of methane is set to μ = 1:08 × 10−5
Pa · s. We then obtain the governing equation for methane
flow under nonisothermal conditions:

1 − ϕð ÞabMρs
R0T

4P2 − bP2

1 + bPð Þ2
" #

∂p
∂t

−
abP2Mρs
1 + bPð ÞR0T

∂ϕ
∂t

−
1 − ϕð ÞabP2Mρs
1 + bPð ÞR0T

2
∂T
∂t

−∇
k
μ
∇P2

� �
= 0:

ð20Þ

2.2.3. Governing Equations of the Temperature Field. There
are three types of thermal transmission in coal seams: heat
exchange, thermal radiation, and thermal convection.
Because the effect of thermal radiation is negligible and
methane adsorption is an endothermic process, heat transfer
in a coal seam can be simplified to unsteady thermal conduc-
tion in three dimensions with an internal heat source.
According to the conversation of energy, we obtain [36]

∂ ρscsΔT + ϕρgcgΔT
� �

∂t
+ TαsK

∂εv
∂t

+ qstQx

+∇ ⋅ ρghgqg+∇ ⋅ kt∇Tð Þ =QT ,
ð21Þ

where cs is the specific heat capacity of the coal seam
(J/(K·kg)), cg is the specific heat capacity of methane
(J/(K·kg)), hg is the specific enthalpy of methane (kJ/mol),
qst is the isosteric heat of methane (33.4 kJ/mol) [37], and kt
is the weighted thermal conductivity for methane and coal.
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2.2.4. Coupled Governing Equations. According to the defini-
tion of the porosity,

ϕ = VP

VB
= 1 − 1 − ϕ0

1 + εV
1 + ΔVs

Vs0

� �
, ð22Þ

whereVs0 is the initial volume of the coal seam skeleton (m3),
ΔVs is the volume increment of the skeleton (m3), VP is the
total pore volume (m3), VB is the total coal volume (m3), ϕ0
is the initial coal porosity of coal, and εV is the volume strain
of the coal.

When the coal skeleton is affected by pore pressure, tem-
perature, and adsorption-induced swelling, the volume
change of the coal skeleton can be described as

ΔVs

Vs0
= αsΔT − KYΔp +

εs
1 − ϕ0

, ð23Þ

where KY is the compression factor of coal, KY = 1/KS =
3ð1 − 2vÞ/E, where v is Poisson’s ratio.

The methane adsorption-induced swelling strain of coal
can be expressed as [38]

εs =
2ρsR0Ta ln 1 + bPð Þ

9VmK
, ð24Þ

where K is the bulk modulus of the coal (GPa) and Vm is the
molar volume of methane (22.4 L/mol). According to Equa-
tions (22)–(24), the dynamic evolution model of porosity
can be achieved:

ϕ = εv + ϕ0
1 + εv

1 + αsΔT −
3ΔP 1 − 2vð Þ

E
+ 2aρsR0T ln 1 + bPð Þ

9 1 − ϕ0ð ÞVmK

	 

:

ð25Þ

The Kozeny-Carman equation establishes the relation-
ship between porosity and permeability:

k = ϕVP
2

KzAS
2 , ð26Þ

where Kz is the Kozeny constant, Vp is the specific surface
area of the unit volume (cm2), and AS is the specific surface
area (cm2).

Substituting Equation (25) into Equation (26), we obtain
the dynamic evolution model of coal permeability using the
THM coupling model:

k = k0

exp −KYΔσ′
� � 1 + εv

ϕ0
−

αsΔT − KYΔPð Þ 1 − ϕ0ð Þ
ϕ0

	

−
2ρsR0Ta ln 1 + bPð Þ

9ϕ0VmK


3
,

ð27Þ

where Δσ′ is the variation of the effective stress (MPa).
The THM coupling model for methane extraction after

high-pressure water jet slotting can therefore be summarized as

3 m 1.5 m 2.5 m 2 m 2 m2 m2 m2 m

#1 #2 #3 #4 #5 #6 #7 #8 #9

Figure 3: Schematic diagram of the boreholes.

Table 1: Parameters for the THM coupling model.

Parameter Value

Overburden pressure 14.4MPa

Elastic modulus, E 4:06 × 109 Pa [41]
Poisson’s ratio, v 0.28 [42]

Thermal expansion coefficient, αs 1:16 × 10−5 m3/ m3 · K
� �

[43]

Methane viscosity, μ 1:08 × 10−5 Pa · s
Coal density, ρs 1400 kg/m3

Initial porosity, Φ0 0.062

Initial permeability, k0 0.025mD

Initial methane pressure, P0 2.0MPa

Specific heat capacity of coal, cs 4186 J/(kg·K) [44]
Specific heat capacity of methane, cg 2227 J/(kg·K)
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3. Model Validation

To validate the fully-coupled model, a field test was con-
ducted in the K10 coal seam of the Zhongliangshan coal mine
in Chongqing in southwestern China. The borehole layout
for slotting andmethane pressure determination is illustrated
in Figure 3. Nine boreholes were drilled. Borehole #5 was
used to perform high-pressure water jet slotting, borehole
#6 was used to verify the slotting radius, and the other bore-
holes were used to detect the methane pressure. Slotting was
stopped when water was observed in borehole #6. The depth
of the K10 coal seam in the test is 575m, the initial methane
pressure was 1.9MPa, the initial permeability was 1:7 ×
10−17 m2, and the negative drainage pressure in the slotted
borehole was 35 kPa. All parameters are listed in Table 1.
The perfect symmetry of the coal seam and boreholes is
shown as a two-dimensional model in Figure 4 and used to
simulate methane extraction to simplify the calculation.
The two-dimensional model is 150m in length and 3m in
height. At the upper boundary of the model, we applied an
evenly distributed normal stress according to depth. The left
and right sides of the model are restrained from horizontal

displacement and insulated for methane and thermal trans-
port purposes. The bottom boundary is restrained from nor-
mal displacement and insulated for methane and thermal
transport. The above governing equations and complete set
of coupled equations were solved by using the PDE module
of COMSOL Multiphysics [39].

The comparative plot in Figure 5 represents that the
THM coupling model can perfectly fit the data from the field
measurement, and Figure 6 reveals that both the steady
flow model and the THM coupling model can well repre-
sent the field data of methane extraction. For boreholes #3
and #4, the methane pressure decreases faster than the
numerical results over a relatively short time. This is
mainly because the stress distribution around the slot
changes owing to the slotting process. Plastic deformation
may have occurred, and the coal permeability is higher
than the THM coupling model prediction [40]. After com-
paction and stress redistribution, the methane pressures
were in good agreement with the numerical results. The
results determined in the field also show good consistency
with the effective radius and influence radius calculated by
the steady flow model (Figure 6).
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3 
m

3 m

Figure 4: Schematic diagram of the calculation model.
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Figure 5: Field measurements and THM coupling model simulated methane pressures (a) for borehole #4 and (b) borehole #3. Red circles
denote the field measured data, and solid lines represent the model simulation.
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4. Analysis of Influencing factors

Methane flow in coal seams is controlled by a range of fac-
tors, including initial methane permeability, initial methane
pressure, burial depth of coal seam, and extraction time. To
better understand methane extraction after high-pressure
water jet slotting, all of these factors should be analyzed based
on the robust model. This provides information for optimiz-
ing borehole drilling and extraction time in practical opera-
tions in different coal seams with complicated parameters.

4.1. Comparison with a Traditional Borehole. Figure 7 shows
the pressure distribution of methane for a traditional bore-
hole with a diameter of 75mm and a slotted borehole after
100 days of extraction. The black contour in Figure 7 repre-
sents 0.74MPa. In the traditional borehole, the effective
radius was 2.11m, whereas the effective radius for the slotted
borehole was 6.2m. This indicates that the high-pressure

water jet slotting not only increases the exposed area but
can substantially enhance the effective radius of methane
extraction. The drilling of slotted boreholes in coal seams
can be reduced by ~80% of that of traditional boreholes.

4.2. Influence of Extraction Time. Figure 8 shows the distribu-
tion of methane pressure in the coal seam after 1, 50, 300,
500, and 1000 days of extraction. The respective effective
extraction radii are 1.77, 4.7, 9.78, 10.8, and 10.98m, respec-
tively. The fitting relationship between extraction time and
effective radius (Figure 9) shows that the effective radius
increases rapidly from the beginning until ~350 days and
then increases slowly and remains nearly unchanged until
1000 days. In practical operations, the extraction time can
be optimized to about 350 days.

4.3. Influence of Coal Burial Depth. To consider an actual sit-
uation of underground mining in China, we varied the coal
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Figure 7: Comparison of a (a) traditional borehole and (b) slotted borehole after 100 days of extraction.
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seam depth to 400, 600, 800, 1000, and 1200m to determine
the effective radius after high-pressure water jet slotting.
Figure 10 shows that the effective radius of methane
extraction decreases linearly with increasing coal seam depth.
Increasing coal seam burial depth can increase the effective
stress of the coal, which exponentially decreases the coal
seam permeability. Deeper coal seams are also associated
with higher temperatures, which further expand the coal
matrix. Because the coal seam temperature is hard to change
artificially, the investigation of burial depth is more appropri-

ate than temperature [45]. The restrained coal seam in the
horizontal and vertical directions leads to a decrease of
pores and fractures, which consequentially reduces the
permeability.

4.4. Influence of Slot Radius.With regard to the high-pressure
water jet slotting characteristics and coal mechanical param-
eters, we analyzed slot radii of 1, 1.5, 2.5, and 3m. As illus-
trated in Figure 11, the effective radius of methane
extraction increases linearly with increasing slot radius with
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Figure 8: Methane pressure after different extraction times: (a) 1 day, (b) 50 days, (c) 300 days, (d) 500 days, and (e) 1000 days.
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a slope of 1.144, which demonstrates that slotting not only
enlarges the diameter of caves in coal seams but also varies
the stress distribution and porosity [46, 47] around the caves
and improves coal seam permeability. However, an improve-
ment of slotted radius is challenging for pumps and pipelines.

4.5. Influence of Initial Permeability. Figure 12 shows an
exponential relationship between the effective radius of
methane extraction and initial coal seam permeability. The
effective radius increases from 1.94 to 8.43m after 100 days
of extraction when the initial permeability of coal seam
increases from 0.001 to 0.05mD. Additionally, a slight
increase of coal seam permeability can strongly enhance the
effective radius of methane extraction when the initial per-
meability is <0.1mD. During practical methane extraction
in low-permeability coal seams, high-pressure water jet slot-
ting, hydraulic fracturing, protective layer mining, and pre-
splitting blasting can be applied to improve coal seam
permeability and reduce extraction time.

4.6. Influence of the Initial Methane Pressure. Figure 13 shows
the correlation between initial methane pressure and effective
radius of methane extraction. The effective radius decreases
following a power function with increasing initial methane
pressure. Higher initial methane pressure can linearly
improve the pressure gradient, which promotes methane
flow by Darcy’s law (Equation (1)). The elevated methane
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pressure also enhances the amount of methane adsorbed via
the Langmuir function, which leads to adsorption-induced
swelling in the coal matrix and shrinks the tunnels for meth-
ane flow. During the methane extraction, the rapidly decreas-
ing methane pressure increases the effective stress (ground
stress minus the methane pressure) of the coal seams, which
exponentially reduces the permeability. Hence, the predomi-
nant effect of effective stress variation largely retards meth-
ane extraction. Coal seams with higher initial methane
pressure not only introduce a high risk of coal and methane
outburst but also complicate methane drainage. Figure 14
shows that the effective radius of methane extraction slightly
increases from 6.22m for spontaneous flow to 6.31m when
the pipelines are under an absolute vacuum of 101 kPa
(negative pressure).

5. Conclusions

We used a fully-coupled thermohydromechanical model to
simulate methane extraction after high-pressure water jet
slotting and conducted field measurements to confirm the
model reliability and validity. We compare our results with
a traditional borehole and demonstrate the influence of
extraction time, coal burial depth, slot dimensions, initial
permeability, and initial coal seam pressure. The conclusions
are summarized here.

(1) The effective radius in the K10 coal seam in the
Zhongliangshan coal mine reached 4m after 16 days
of methane extraction and 5m after 80 days. The
results are in good agreement with the steady flow
model and THM coupling model simulation

(2) Compared with a traditional borehole, a slotted bore-
hole can increase the effective radius by a factor of
1.94 after 100 days of methane extraction

(3) The extraction time largely enhances the effect radius
up until ~350 days of methane production. Increas-
ing coal seam burial depth is associated with a linear
decrease of effective radius, and the effective radius
increases linearly with slot radius

(4) Permeability exponentially increases the effective
radius of methane extraction, especially when the ini-
tial permeability of coal seam increases from 0.001 to
0.05mD. The effective radius is reduced following a
power function with increasing initial methane pres-
sure. The influence of negative pressure on the effec-
tive radius is negligible
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In order to accurately and comprehensively obtain information about coal rock mesocrack images, image processing technique
based on partial differential equation (PDE) is introduced in order to expound on the active contour model without edges and
overcome the deficiency of the C-V model. The improved C-V model is adopted in order to process mesoimages of coal rocks
containing single and multiple cracks and obtain high-quality binary images of coal rock mesocracks and the effective
characteristic parameters of coal rock mesostructures through quantitative processing, which will lay solid foundations for the
follow-up research into coal rock seepage computation and damage calculation. Studies have shown that, compared to the
original C-V model, the improved model achieves better image segmentation effects and more accurate quantitative information
about coal rock mesostructures for coal rock mesoimages with low contrast ratios and nonuniform grayscale, a fact showing that
it can be applied to the calculation of coal rock permeability and damage factors.

1. Introduction

Underground coal mining will inevitably trigger an inner
stress response of coal rock and cause the concentration or
release of local stress, thus resulting in the buckling failure of
coal rock. In this process, different stress states and ampli-
tudes will bring about different forms of destruction to the
rock. The material composition within coal rock and its
primary physical and mechanical structure determine its
stress and strain status under the external load, which further
controls the macromechanical response and failure mecha-
nism. Cracks are generated under high stress in a certain area
of undergroundmining, and the formed cracks of the unstable
coal rock in turn affect its inner stress and strain state, thus
causing the deflection of local principal stress and improving
or worsening the stress state of local coal rock. Research on
the damage to coal rock on the mesoscale mainly focuses on
the crack initiation, expansion, connection, direction, scale,
and properties. These important factors provide significant
guidance and design basis for the prevention and control of
coal rock instability and failure.

The digital image processing technique provides an effec-
tive means for the precise measurement and quantitative
analysis of the materials on the mesoscale and opens up a
new way for scientists and engineers to gain a comprehensive
understanding of the heterogeneity, internal structure char-
acteristics, and morphological characteristics of each compo-
nent and the corresponding mesomechanic characteristics
[1]. The image segmentation algorithms based on threshold
segmentation, edge detection, and region growth have been
widely applied to the processing of coal rock mesoimage pro-
cessing. In order to extract the image characteristics of the
different compositions of granite, Chen et al. [2, 3] proposed
a multithreshold region partitioning method based on color
space. Yue et al. [4, 5] combined digital image processing with
numerical methods, such as FEM and FDM, in order to study
the influence of themesostructure of geotechnical engineering
materials on inner stress distribution. Zhu et al. [6] also
utilized the regional growth algorithm in order to extract the
mesostructural information of marbles. Xu et al. [7] used
digital image processing technique to study the internal
mesostructure characteristics of soil-rock mixture, and by
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using the geometry vectorization transformation technique,
the vector concept model that can represent the actual inter-
nal mesostructures of soil-rock mixture is constructed. Liu
et al. [8] expounded on the rock mesoimage analysis method
based on LS-SVM. Yu et al. [9] introduced a digital image pro-
cessing technique to the analysis system of rock failure pro-
cesses and adopted a digital image processing technique in
order to characterize the heterogeneity of rocks and establish
a numerical model reflecting the mesostructure of materials.

Digital image processing includes the removal of noise,
contrast enhancement, recovery, segmentation, and charac-
teristic extraction of images through computers. The above-
mentioned literature review is based on traditional image
processing methods, which can inhibit noise but possess the
deficiencies of obfuscation of detailed image information,
susceptibility to interference, and low accuracy. It is worth
noticing that it is inaccurate to process images obtained
through coal rock mesomechanic experiments that are char-
acterized by low contrast ratios, multiple details, and weak
boundary information, which restricts the fundamental
research on the calculation of coal permeability, coal rock
damage, and multifield crack coupling. Compared to tradi-
tional image processing methods, image processing methods
based on partial differential equations (PDE) have the distinc-
tive advantages of conserving the marginal detailed informa-
tion and realizing nonlinear noise removal while eliminating
image noise. PDE-based methods also utilize numerical anal-
ysis theories and PDE, which are characterized by high speed,
accuracy, and stability. These methods enable analysis from
the perspective of the space geometry of the image on the basis
of the natural connection between the geometric images and
the equation in order to establish an image processing model
that is close to reality. The C-Vmodel is a widely applied PDE
image processingmethod. This paper introduces and explains
the principle of the C-V model and proposes an improved
model based on image enhancement function. With respect
to coal rock mesoimages with nonuniform grayscales and
low contrast ratios, the improved C-V model obtains high-
quality segmentation images through processing experiments
on mesoimages with single and multiple cracks. This method
also obtains coal rock mesostructural information through
the binary image quantization process and studies the perme-
ability coefficient and damage variables of coal rocks contain-
ing cracks, which provides a reliable support for the in-depth
research on the mesomechanic characteristics of coal rocks.

2. The C-V Model Based on PDE

2.1. Image Processing Based on PDE. Currently, no universal
segmentation theory can be applied to image segmentation
technology. The proposed segmentation algorithms are
mainly targeted at specific issues. When handing objectives
with fuzzy boundaries or dispersed objectives in the image,
the traditional segmentation technologies [10] are plagued
by low efficiency and precision. If image segmentation is
boiled down to an issue related to functional energy minimi-
zation, this issue can be converted into a PDE in order to exact
solutions through gradient descent flows. The image process-
ing method based on PDE is exercised in accordance with the

abovementioned concept. This method can effectively
segment the objectives with fuzzy boundaries or dispersed
objectives. With the segmentation effect reaching subpixel
precision [11], it can automatically detect the inside and
outside contours of the image and possess noise immunity.
Because of these unique advantages, the image processing
method based on PDE has been widely accepted, and it is
one of the hot issues in the field of image segmentation. So
far, it has been applied to every field of image processing.

The basic concept of the image processing method based
on PDE is to evolve an image, a curve, or a curved face in the
PDE model and to obtain the expected result by solving this
equation [12]. The general type of a PDE of an unknown
function uðx1, x2, x3,⋯, xnÞ is as follows [13]:

〠
n

i,j=1
aij

∂u2

∂xi∂xj
+ 〠

n

i=1
bi
∂u
∂xi

+ cu = f , ð1Þ

where aij, bi, c, and f refer to coefficients and aij = aji; x1, x2,
x3, and xn are independent variables and contain a time
variable.

2.2. Image Segmentation Based on the C-V Model. The C-V
model proposed by Chan and Vese [14, 15] has taken into
account the certain differences between the average grays-
cales within the region. If the curve is expressed by a param-
eter equation, then the segmentation issue can be boiled
down to the minimization (the functional of the minimum
Ω area:Ω = C +Ω0 +Ωb) of the energy functional of a closed
curve (boundary segmentation):

J C, c0, cbð Þ = μ
þ
c
ds + λ0∬Ω0

I − c0ð Þ2dxdy

+ λb∬Ωb
I − c0ð Þ2dxdy,

ð2Þ

where I is the image grayscalematrix;C is the closed curve;Ω0
is the internal area of the image divided byC;Ωb is the external
area; c0 and cb refer to the arithmetic mean value of the gray-
scale of the input image, Iðx, yÞ, at Ω0 and Ωb; and μ, λ0,
and λb are the weight coefficients of each energy item.

Variation level methods are adopted and embedded in
function u and introduced in order to obtain the function
of the embedded function u:

J u, c0, cbð Þ = μ∬
Ω
δ uð Þ ∇uj jdxdy

+ λ0∬Ω0
H uð Þ I − c0ð Þ2dxdy

+ λb∬Ωb
1 −H uð Þ½ � I − c0ð Þ2dxdy,

ð3Þ

where HðuÞ is the function of Heaviside.
Under fixed function u, the following formula is obtained

on the basis of the minimum Equation (3) of c0 and cb:

ci =
∬

Ωi
Idxdy

∬
Ωi
dxdy

  i = 0, bð Þ: ð4Þ
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Under the fixed c0 and cb, the following formula is
obtained under the minimum Equation (3) of u:

∂u
∂t

= δε μ div ∇u
∇uj j

� �
− λ0 I − c0ð Þ2 + λb I − cbð Þ2

� �
: ð5Þ

In which,

δε uð Þ = dHε uð Þ
du

, ð6Þ

where HεðuÞ refers to the arbitrary function that meets the
lim
ε⟶0

HεðuÞ =HðuÞ. Equations (4) and (5) are synthesized in

order to obtain the steady-state solution as well as the
segmentation results.

3. Improved C-V Model

3.1. Improved C-V Model. The C-V model can effectively
detect the weak or fuzzy edge of images, which testifies to
the high segmentation accuracy, simple calculation, and noise
immunity. These advantages have substantially expanded its
applied range. However, the evolutionary velocity ∂u/∂t of
the level set function of the C-V model is intimately related
to the mean difference (c0 − cb) between the internal and
external grayscales of the evolving curve in image I. When c0
≈ cb, or the internal and external grayscales of the evolving
curve are close to each other, the early iterations give rise to
the slight changes in the level set function u; under such
circumstances, more iterations are required (sometimesmore
orders of magnitudes are needed) so as to displace the evolv-
ing curve. For the images with nonuniform grayscale and
low contrast ratio, such as the coal rock images, the slight
grayscale difference between the foreground and the back-
ground is prone to cause c0 ≈ cb in theC-Vmodel, thus leading
to the low segmentation efficiency. At the same time, the non-
uniform grayscale is also prone to cause the segmentation of
the background as false foreground, which will greatly reduce
the image processing effect. Therefore, for the images, espe-
cially the coal rock images with nonuniform grayscale and
low contrast ratio, the application of the C-V model has been
enormously restricted.

In light of the aforesaid analysis, in order to enhance the
utilization effect of the C-V model, it is necessary to improve
the C-V model from the two perspectives of increasing the
image contrast ratio and the equalization of image grayscale.
By mapping the grayscale value, with a narrow grayscale
distribution range, of images to be processed into a broad-
band output value, the contrast ratio of the target area can
be effectively improved. The typical methods include loga-
rithm transformation and power transformation. Gonzalez
et al. [10] also point out that if the image pixel occupies all
the gray levels and are evenly distributed, then the image
possesses high contrast and varied gray tone. The image’s
grayscale is equalized using a histogram equalization method
by effectively expanding the common grayscale. When the
foreground and background grayscales are close to each
other (nonuniform grayscale), the increase in the local con-

trast of images (without influencing the overall contrast
ratio) will help with the better distribution of image grayscale
on the histogram. In the meantime, in the aforesaid opera-
tion, the image grayscale value is prone to approach the two
ends of the gray level, forming impulse noise. However, noise
of this kind must be eliminated in order to maintain the effi-
ciency of level set evolution. The median filtering function
adopts the observation window consisting of odd sampling
and checks the samples in the input signal in order to judge
whether this sample can meet the signal requirements (elim-
inate the noise). The numerical values in the observation
window are subjected to rank ordering with the median in
the middle of the observation window as the output. Then,
the earliest values are abandoned and new samples are
obtained. In this way, the median filtering function can elim-
inate impulse noise while preserving edge characteristics.

This paper adopts an image enhancement function, GðIÞ,
that combines power transformation, logarithm transforma-
tion, gray equalization, and a median filtering function to
replace the image grayscale matrix, I, in the energy function
of the original C-V model (Equation (2)). The results are
listed below:

J C, c0′ , cb′
� �

= μ
þ
c
ds + λ0∬Ω0

G Ið Þ − c0′
h i2

dxdy

+ λb∬Ωb
G Ið Þ − cb′
h i2

dxdy,
ð7Þ

where c0′ and cb′ represent the grayscale arithmetic mean
values of the image at Ω0 and Ωb, respectively. In this way,
the image enhancement function, GðIÞ, has increased the
difference between the internal and external grayscale aver-
ages of the evolving curve (c0′ − cb′), thus greatly reducing the
possibility that the internal and external grayscale averages
of the evolving curve are close to each other and obtaining
a higher level of set evolutionary velocity and better image
processing effects.

The aforesaid image enhancement function, GðIÞ, can be
specified as follows:

G Ið Þ =med
ðF Ið Þ

0
pf uð Þdu

� �
k

k = 1, 2, 3,⋯,s × rj
� 	

, ð8Þ

where s × r is the size of the median filter, with s and r as odd
numbers; pf ðuÞ is the grayscale distribution density function
of image FðIÞ; and GðIÞ is the grayscale matrix of the trans-
formed images of the uniform random variable in FðIÞ distri-
bution interval, which is monotonic and nondecreasing. FðIÞ
can be expressed as follows:

F Ið Þ = cIγ, ð9Þ

or

F Ið Þ = c lg 1 + Ið Þ, ð10Þ

where c is the constant of improving contrast. Equation (9)
presents the stretching of contrast based on power
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transformation, and Equation (10) introduces the improved
contrast based on logarithm transformation.

By following the C-V derivation process, the minimum
value of functional J against u is calculated as follows:

∂u
∂t

= δε μ div ∇u
∇uj j

� �
− λ0 G Ið Þ − c0′

h i2
+ λb G Ið Þ − cb′

h i2� �
:

ð11Þ

In the original C-V model, the regularized Heaviside
function must be conformed to the condition lim

ε⟶0
HεðuÞ =

HðuÞ. The improved C-V model in this paper selects the
following regularized Heaviside function:

Hε zð Þ = 1
2 1 + 2

π
arctan z

ε

� �
: ð12Þ

Such regularized function is an odd symmetric function.
Parameter ε is used in order to control the frequency of
HεðzÞ and change it from 0 to 1.

3.2. Numerical Implementation of the Improved C-V Model.
The numerical calculation scheme of PDE includes the
explicit, implicit, and semi-implicit schemes. The explicit
scheme refers to the direct calculation, which can be easily
understood but is prone to the accumulation and propaga-
tion of error, which testifies to its low algorithm stability.
The implicit scheme has the advantage of high stability but
usually gives rise to the nonlinear simultaneous algebraic
equation. It is usually accompanied by more complicated
calculations compared to the explicit scheme. The semi-
implicit scheme usually generates a linear difference equation.
Different from the nonlinear simultaneous algebraic equa-
tion, it usually requires much easier numerical calculation;
at the same time, the semi-implicit scheme is also character-
ized by high stability, and thus, it is widely applied to PDE
numerical calculation. Therefore, the semi-implicit scheme
is adopted in this paper.

Parameters λ0 and λb refer to the weight coefficients of
each energy item, representing the importance of the
segmentation part. The foreground segmentation in image
segmentation means the segmentation of the background
and vice versa. Therefore,λ0 = λb = 1. A discretization scheme
combining forward difference and backward difference is
adopted with the improved C-V model’s semi-implicit
numerical calculation scheme:

ut+1ij = utij + τδεu
t
ij μP ut+1ij

� �
− G Ið Þð Þij − c0′
h i2

+ G Ið Þð Þij − cb′
h i2� 	

,

ð13Þ

in which

P ut+1ij

� �
=D −ð Þ

x

D +ð Þ
x ut+1ij

� �

D +ð Þ
x utij
� �� �2

+ D 0ð Þ
y utij
� �� �2

� �1/2

0
BBB@

1
CCCA

+D −ð Þ
y

D +ð Þ
y ut+1ij

� �

D +ð Þ
y utij
� �� �2

+ D 0ð Þ
x utij
� �� �2

� �1/2

0
BBB@

1
CCCA:

ð14Þ

Under the regularized Heaviside function, the following
calculation is applied to the internal and external image gray-
scale averages of the current evolving curve (zero level set) in
order to avoid the troubles of detecting zero level sets:

c′t0 =
∑i,jHε utij

� �
G Ið Þð Þij

∑i,jHε utij
� � ,

c′tb =
∑i,j 1 −Hε utij

� �
G Ið Þð Þij

h i

∑i,j 1 −Hε utij
� �h i ,

ð15Þ

where c′t0 and c′
t
b represent the image grayscale averages after

t iterations.

4. Experiment Results and Analysis

4.1. Experiment Process and Results. In order to verify the fea-
sibility and superiority of the method proposed in this paper,
both the C-V model and the improved C-V model were
adopted to process images of coal samples with single and
multiple crackswith the specific procedure that is listed below:

Step (i) Image Acquisition. The mesoimages of geotech-
nical materials are usually obtained by the
following: (1) digital camera, (2) CCD vidicon
with observation made by a stereoscopic micro-
scope or polarizing microscope, and (3) electron
microscope (TEM or SEM) [16]. In this study,
SEM was used to obtain the mesoimages of coal
rock. Figure 1 shows a typical example of a coal
containing cracks

Step (ii) Image Segmentation. The C-V model and
improved C-V model were adopted for the seg-
mentation of the aforesaid images. In this experi-
ment, the semi-implicit scheme was adopted with
parameters λ0 = λb = 1, ε = 1, μ = 250, and time
step τ = 0:1. The image segmentation effect based
on the C-V model is shown in Figure 2 and the
image segmentation effect based on the improver
C-V model in Figure 3. The left images in
Figures 2 and 3 introduce the distribution of
the evolving curve (zero level set) on the original
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image, and the right images present the image
effect of this evolving curve (zero level set).

4.2. Analysis of the Experimental Results. Table 1 presents a
comparison of the image segmentation effects and times
based on the C-V model and the improved C-V model.

Table 1 shows that, for both single crack images and multiple
crack images, the segmentation based on the C-V model does
not have an ideal effect while the improved C-V model
primarily reaches the segmentation effect and obtains a rela-
tively clear crack profile. After 4000 times iterations, the
method based on the C-V model still fails to reach the ideal

Figure 1: Original image of the coal sample containing cracks.

(a) Single crack

(b) Multicrack

Figure 2: Segmentation of the image by the C-V model (10000 times iteration).
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segmentation effect. Many background details are mixed
with the foreground and segmented accompanied by the
foreground. At the same time, many details of the foreground
are not segmented because they are misunderstood as the
background, which results in the failure of crack extraction;
however, the improved C-V model results in better segmen-
tation effects, as evidenced by the effective extraction of
foreground objectives. Despite the fact that only a few back-
ground details, such as spots, are captured and distributed,
they will be eliminated in the following processing in order
to ensure the success of image segmentation. Besides, at the
early stages of iteration (about 1000 times), the improved
C-V model and original C-V model require similar amounts
of time. Along with the increase in iteration times, especially
at 4000 times iterations, the improved C-V model consumes
26 seconds less than the original C-V method when process-
ing the single crack images and 7 seconds less when process-
ing the multiple crack images. It can be seen that the
improved C-V model can process the images with nonuni-
form grayscale and low contrast ratio better than the C-V
model. Compared to the original C-V model, the improved
C-V model can greatly enhance processing efficiency.

5. Application of Image Processing Results

5.1. Crack Information Obtainment. The aforesaid segmenta-
tion image based on the improved C-V model should be
further processed in order to eliminate the interference of
the background and obtain more effective crack information.
The original image shows that the straight line portion that
connects the top and bottom in Figure 3 is the crack and the
other black spot-like part is a background detail, not a crack,
which should be eliminated by the morphological method.

First, the improved C-V model is adopted in order to
iterate image binarization for 4000 times and select the
segmentation area in accordance with the original image by
means of the use of the morphological function, Bwselect.
A careful observation shows that the cracks in the original
image have been segmented into several sections with the
space between each section similar to the line connection.
In this paper, the tangential direction growth method is
utilized in order to reconnect the fractured cracks, as shown
in Figure 4(b). At the same time, the morphological function,
Bwmorph, is adopted in order to eliminate the burrs on edges
and select the crack profile with the effect shown in

(a) Single crack

(b) Multicrack

Figure 3: Segmentation of the image by the improved C-V model (4000 times iteration).
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Figure 4(c). Then, the function, Imfill, is used to fill the crack
profile with the effect shown in Figure 4(d). At last,
Figure 4(e) is obtained by overlaying the aforesaid results
on the original image. In comparison with the original image,
the crack extracted can cover the original crack area, a fact
showing the ideal processing results.

The function Regionprops is adopted to obtain the
regional characteristic parameters in the image and crack
information, as shown in Table 2. According to Table 2, it
is convenient to obtain the area of each single-fracture or
multiple-fracture crack (a), perimeter (p), long axis length
(l), and short axis length (d) with the same standardized
second central moment as the area, the radius (r) of the circle
with the same area as the area, and the azimuth angle (α). For
the multiple crack images, it is also possible to obtain the
crack number, N , and group them according to the crack
strike; it is worth noticing that further processing can obtain
the space, m, between each group of cracks. Refer to the
multiple crack images (Figure 5) for specific operation in this
paper with a crack number of N = 4. In light of the different
azimuth angle, these four cracks can be divided into two
groups: crack 1, crack 2, and crack 4 in one group and crack
3 in another. Table 2 shows that the average azimuth of

cracks 1, 2, and 4 is -74.4°. Therefore, a straight line is drawn
on the binary image along the 15.6° direction (binary image
with the crack) in order to intersect with the aforesaid three
cracks. The distance between A and C is measured as 330
pixels; therefore, the space between these groups of cracks
is 165 pixels.

5.2. Further Application of Crack Information Quantification.
The mesocomposition and structure of coal rocks determine
their stress-strain states under external force and control
their macromechanical response and failure mechanisms.
The existence and development of these mesocompositions
and structures make the seepage-stress coupling of coal rock
very complicated. Digital image processing technology pro-
vides an effective method of expressing the heterogeneity of
coal rock from the perspective of mesophysical mechanic
structure, which has made the mesoresearch on crack rock
mass liquid-solid coupling more direct and efficient.

The method based on the improved C-V model is
adopted in order to process the coal rock image contain-
ing cracks and obtain various two-dimensional data about
cracks, such as the crack area (a), perimeter (p), azimuth
(α), length (l), width (d), number (N), and crack space

Table 1: Comparison between the effects of the C-V model and the improved C-V model.

Conditions
1000 times iteration 4000 times iteration

Effect image Time consumption Effect image Time consumption

Single crack

C-V model 69 s 287 s

Improved C-V model 70 s 261 s

Multicrack

C-V model 68 s 280 s

Improved C-V model 69 s 273 s
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(a) Crack image obtained at the initial stage

(b) Connection of crack image

(c) Crack profile

Figure 4: Continued.
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(m). An analysis of this information can be used to realize
a quantitative description of the mesostructure of coal
rock; as a result, this information can also be further

applied to the theoretical study of the seepage mechanics
and damage mechanics of coal rock.

5.2.1. Application of Coal Rock Crack Information to the
Research on Seepage Mechanics. In coal rock containing

(d) Fill of crack profile

(e) Crack image overlaid on the original one

Figure 4: Extraction of crack information.

Table 2: Two-dimensional information of the crack (unit: pixel).

Characteristics Crack 1 Crack 2 Crack 3 Crack 4

Single crack

Crack area 4175

Fitted long axis 499

Fitted short axis 53

Azimuth (°) -81.9

Crack perimeter 1385

Equivalent radius 36.5

Multicrack

Crack area 16504 1888 277 1942

Fitted long axis 435 418 193 301

Fitted short axis 53 11 11 15

Azimuth (°) -79.3 -73.6 4.4 -70.2

Crack perimeter 1096 816 338 679

Equivalent radius 72.5 24.5 9.5 25

Crack 1

Crack 2 Crack 3 Crack 4

CBA

Figure 5: Measurement of the multicrack space.
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cracks, the cracks can be grouped according to their strike. In
accordance with the model with equal-width crack, the coef-
ficient of permeability for crack can be expressed as

Kf = gd2/12v: ð16Þ

Romm [17] supposed that the cracked rock mass is a
quasicontinuous medium and that the fluid flow conforms
to the Darcy law:

q = −Kf
d
m
J ′: ð17Þ

As the Darcy Law suggests,

q = −KcJ ′: ð18Þ

Combining Equations (16)–(18) can obtain the coefficient
of permeability of the crack group:

Ke =
gd3

12vm , ð19Þ

where g is the acceleration of gravity, v is the viscosity coeffi-
cient of fluid motion, q is the permeation rate, and J ′ is the
pressure gradient of fluid.

5.2.2. Application of Coal Rock Information to the Research
on Damage Mechanics. The mesostructure of coal rock
determines its damage state, which can be roughly obtained
by evaluating the mesostructural characteristics of micro-
cracks. Themesoimages obtained through themesomechanic
experiment can be used to quantitatively investigate the rela-
tionship among the initiation, expansion, and deformation
response of cracks (mesostructure). In order to establish the
correlation among the damage variables of mesostructures,
macromechanical responses, and physical constitutive equa-
tions, variable γ should be introduced to express the surface
damage degree of a sample and quantify it based on crack data
with the expression listed as below:

γ εð Þ = Lcr εð Þ
Lf
cr εð Þ , ð20Þ

where Lf
crðεÞ is the effective length of the crack under the peak

stress and LcrðεÞ refers to the effective length of the crack
under the corresponding strain.

The effective length of a crack is calculated according to
the following equation [18]:

L 1ð Þ
cr = 〠

n

i=1
l ið Þcr cos2β ið Þ, ð21Þ

where Lð1Þcr is the effective length of the surface crack of the

sample; lðiÞcr is the length of the ith crack; n is the total number

of cracks; and βðiÞ is the included angle between the ith crack
and the load orientation, i.e., βðiÞ = π/2 − αðiÞ, where αðiÞ is the

azimuth of the crack, in the unit of radian. The aforesaid
quantitative method of measuring the degree of surface crack
damage has effectively simplified data processing without
taking into account the anisotropy of coal rock. However,
in the practical project, the coal rock is characterized by
significant heterogeneity and geometric discontinuity. For
this reason, the evaluation of damage of coal rock should also
take into consideration the anisotropy. In conformity with
the theory of continuum damage mechanics [19–24], the
damage tensor, ~w, of the rock mass is defined as follows:

~w = m′
V

〠
N

i=1
ai ni × ni

 �

, ð22Þ

where m′ is the minimum space of the crack surface, a is
the area of the ith crack, and n is the normal vector of the
ith crack.

6. Conclusions

In order to comprehensively and accurately obtain crack
information from coal rock mesoimages, this paper intro-
duces image processing technology based on PDE and
expounds on the principle of active contour models without
edges. In light of the uneven grayscale distribution of the C-
V model and the limitations of coal rock images with low
contrast ratios, an improved C-V model based on image
enhancement functions is proposed with a discretization
scheme that combines forward difference and backward
difference and a semi-implicit scheme for numerical calcula-
tion is adopted.

The C-V model and improved C-V model were adopted
for the image processing of coal rock mesoimages. The results
show that the improved C-V model achieved a better image
segmentation effect and provided more accurate quantitative
information about coal rock mesostructure than the C-V
method for images with both single cracks and multiple
cracks. This fact demonstrates that the improved C-V model
is superior when it comes to processing coal rockmesoimages
with nonuniform grayscales and low contrast.

The extracted binary crack images were subjected to
quantitative processing in order to extract the length,
azimuth, area, perimeter, and space of cracks and crack sets.
The quantitative information about crack images at different
experimental stages of coal rock mesostructure is used in
order to conduct more in-depth research into coal rock seep-
age and damage mechanics.
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