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Editorial on the Research Topic
Mine engineering geological disaster forecasting, monitoring, and
prevention

Due to the gradual depletion of shallow resources and the deepening of resource
extraction depth, the engineering geological conditions are more complex. High ground
stress, high temperature, high osmotic pressure, strong mining disturbance, and complex
geological structure have led to a more frequent occurrence of geological disasters in
mines. The common geological disasters mainly include mine water inrush, rock and coal
burst (as shown in Figure 1), roof accident, coal and gas protrusion, surface subsidence,
fault activation, high steep slope instability, water pollution, and so on. Given the
increasing prominence of mine engineering geological hazards and the serious threat
to mine safety production, the research on the prediction, monitoring, and prevention of
mine geological hazards has become urgent. To this end, Research Topic researched on
regional geological characteristics, state of ground stress, nature of surrounding rocks, and
support strategies. Furhermore, the disaster-causing mechanism of mine geological
hazards, monitoring approaches, and prevention and control techniques were studied
and provide an important guarantee for the safe development of mine resources and
economic development.

The study of the disaster-causing mechanism of mine geological hazards will help to
understand the causes and processes of disaster occurrence in essence and to provide
theoretical support for disaster prevention and control. The mechanical property and
deformation law of surrounding rock are always the important research content in
disaster-causing mechanism of mine geological hazards, and also the focuses of Research
Topic. To reveal the causes of dynamic hazards in rock engineering, Wei et al. analyzed
the uniaxial damage mechanics and energy evolution law of sandstone using the DIC
technique, explored the uncoordinated evolution of the deformation displacement field of
rock mass, and revealed the fracture development and failure mode of sandstone
specimens under uniaxial compression conditions. Wei et al. investigated the effect of
loading rate on the mechanical and fracture properties of shale and found that the peak
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FIGURE 1
Schematic diagram of rock and coal burst disaster.

strength and elastic modulus of shale increased with increasing
the loading rate, but there was no significant pattern in Poisson’s
ratio. Wu et al. researched the mechanism of impact ground
pressure in a sub-vertical extra-thick coal seam under the control
of a “roof-rock pillar” by numerical simulation and microseismic
analysis, which revealed that the superposition of dynamic
disturbance caused by roof and pillar failure and high static
stress in a coal seam is the cause of rock burst in the B3 + 6 coal
seam. In addition, He et al. reviewed the application of
micromechanical methods in mechanics of complex rock
masses and provided a new approach to analyze the mechanic
law of the disaster-causing mechanism. Yi et al. analyzed the
characteristics of overburden movement and the law of surface
movement in areas with exposed bedrock, which explained the
causes of sudden water explosion disasters.

The research on the action mechanism of water on coal/rock/
soil is also an important topic of mine geological disaster theory.
The influence of water not only leads to the redistribution of
chemical elements between coal/rock/soil and water, but also
leads to the changes in the microstructure and mechanical
properties of coal/rock/soil, then inducing engineering
geological disasters. Lu et al. studied the risk of coal and gas
outburst under different water content, which provided new
insights for the theoretical study of coal and gas outburst and
the hydraulic prevention and control measures of coal and gas
outburst. Wang et al. used PFC numerical calculation software to
study the mechanical properties and fracture propagation
characteristics of fractured rock mass under the coupling
effect of heavy rainfall infiltration and mining unloading. It
was found that the compressive strength and peak strain of
the rock decreased as the pore water pressure of the rock
increased, and the pore water pressure accelerated the
destruction process of the rock. Zhang et al. proposed a
saturated-unsaturated seepage random field model to analyze
the effects of rainfall intensity, rainfall duration, and spatial
variability of the saturated hydraulic coefficient on the
infiltration process and stability of unsaturated rocky slopes,
which provides reference significance for the risk assessment of
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rainfall infiltration-induced slope geological hazards. Zhao and
Wei conducted a systematic study on the porosity and
permeability of coal from two areas of the Dahebian landslide
in the Liupanshui coalfield and found that the internal
mechanism of permeability loss is related to fracture closure
and plastic deformation caused by confining pressure. Cao et al.
investigated the effects of key factors (gradient, temperature, and
initial dry density) on the soil-water characteristic curves of fine-
grained tailings dams, which provided the support for stability
assessment and prediction of unsaturated tailings dams. To
understand the risk of tailings pond failure, Chen et al
studied the flow characteristics of slurries with different
concentrations in tailings dams and conducted a series of
flume experiments to obtain the flow characteristics such as
inundated height, impact force, and velocity at 30%, 40%, 50%,
and 60% concentrations.

The development of disaster monitoring technology has a
crucial impact on the prediction and prevention of mine
geological disasters. Its main task is to monitor the spatial
evolution information and inducing factors of geological
disasters, and to obtain continuous spatial deformation data
to the maximum extent. The research of disaster monitoring
technology can effectively predict and prevent the occurrence of
disasters. For example, in the safety monitoring of tailings dams,
Nie et al. developed a 3D visual early warning system for tailings
dams by combining the GIS (geographic information system),
ARIMA (autoregressive comprehensive moving average model)
and 3S (RS, GIS, GPS) technologies to predict phreatic line
changes and tailings dam deformation. The system solves the
problems of low visualization of monitoring data, poor
management of various data, and prediction and early
warning of the point-surface combination. For the monitoring
and warning of surrounding rock stability, Xu et al. proposed an
object-oriented method combined with an improved recursive
algorithm to realize the visual computation of key strata. Then,
the object-oriented application was developed and applied in the
Xia Dian coal mine in Shanxi, verifying the practicality and
efficiency of the method. For the coal gas outburst disaster, Wang

frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2021.737995/full
https://www.frontiersin.org/articles/10.3389/feart.2021.808161/full
https://www.frontiersin.org/articles/10.3389/feart.2022.833384/full
https://www.frontiersin.org/articles/10.3389/feart.2022.782372/full
https://www.frontiersin.org/articles/10.3389/feart.2021.792038/full
https://www.frontiersin.org/articles/10.3389/feart.2021.804005/full
https://www.frontiersin.org/articles/10.3389/feart.2021.822322/full
https://www.frontiersin.org/articles/10.3389/feart.2021.822322/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.710986/full
https://www.frontiersin.org/articles/10.3389/feart.2021.726336/full
https://www.frontiersin.org/articles/10.3389/feart.2022.800924/full
https://www.frontiersin.org/articles/10.3389/feart.2021.717177/full
https://www.frontiersin.org/articles/10.3389/feart.2022.811978/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1049480

Chen

et al. proposed an early warning method for predicting coal and
gas emergencies based on the deep learning model and statistical
model indicators, which has advantages in predicting
emergencies. For the monitoring of sudden water accidents in
coal mines, it is crucial to accurately grasp the development
height of the water-conducting fractured zone. To this end, Feng
et al. used a combination of drilling and 3D seismic exploration
to study the 3D development characteristics of the water-
conducting fractured zone in the middle and deep coal seam
mining. The height and morphology of the water-conducting
fractured zone were measured using the first mining face of
Xiaobodang No.1 mine as an example.

Disaster prevention and control are the most critical tasks of
Research Topic after understanding potential engineering
disasters. For example, for the potential roof collapse disaster
caused by the empty area or irregular damage zone left by coal
mining, Chen et al. proposed a damage zone filling repeated
mining method based on the analysis of the disaster state when
the working face passes through the existing damage zone, which
provides an effective practical reference for preventing roof
collapse hazards. In the goaf backfilling, gangue is often used
as the main solid backfilling material. Therefore, Wang et al.
established the laboratory coal gangue compaction test system
and carried out research on the compaction characteristics (such
as stress-strain, stress volume density, and stress-deformation
modulus) of coal gangue in deep backfilling mining. Through
monitoring the surface subsidence, it is found that the backfilling
technology with an initial compression force of 2.5 MPa can
effectively control the surface subsidence. Yin et al. used alkali
slag-modified gangue backfill material to further improve the
surface settlement control. Qiu et al. conducted uniaxial
compression strength tests and permeability tests to
investigate the strength and permeability characteristics of
cemented tailings backfill with different cement-sand ratios
and different waste rock contents. To control the deformation
of mine surrounding rock and ensure its stability, Wu et al.
studied the load concentration of the coal pillar and the goaf
floor, as well as the stress distribution characteristics of the coal
pillar area before and after the top slice, and determined the
suitable location of the lower slice roadway in the residual pillar
area after top slicing of thick coal seam, which achieved a better
effect of surrounding rock management. To better prevent the
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collapse deformation of the roadway, Han et al. proposed an
optimized support scheme by analyzing the deformation damage
characteristics of the roadway surrounding rock caused by
penetrating hydraulic reaming using ground-penetrating radar
technology. To ensure the stability of the gob-side entry when
experiencing quick subsidence of the hard roof, Zhang et al.
researched roof-cutting pressure relief of the gob-side entry
retaining with roadside backfilling, by establishing a roof-
cutting mechanical model and using a numerical simulation.
In addition, coal and gas protrusion, as an extremely serious
dynamic hazard, seriously threatens the safe production of coal
mines. Zhang et al. conducted a study on coordinated slag
disposal from horizontal boreholes during hydraulic cutting
based on two-phase flow theory, which could result in 4.
5 times higher average net gas extraction in coal mines
compared with conventional boreholes, 25 times higher gas
permeability coefficient, and more than double the effective
extraction radius.
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Experimental Study on the Effect of
Key Factors on the Soil-Water
Characteristic Curves of Fine-Grained
Tailings

Baofeng Cao’, Yakun Tian®, Rong Gui* and Yong Liu*

School of Resource and Environment and Safety Engineering, University of South China, Hengyang, China

The soil-water characteristic curve (SWCC) is an essential parameter for studying
the mechanical properties of unsaturated tailings, and it plays an important role in
stability assessment and prediction of unsaturated tailings dams. In this paper, the
matrix suction was measured indirectly by a filter paper-based method to investigate
the effects of key factors (gradation, temperature, and initial dry density) on the
soil-water characteristic curves of fine-grained tailings, and the Van Genuchten
model was adopted to obtain the empirical equation of SWCC and to verify the
accuracy of experimental results. The results showed the following: 1) the Van
Genuchten model fits well the relationship between matric suction and volumetric
moisture content of fine-grained tailings, indicating that experimental data
determined by filter paper-based method is accurate and appropriate; 2) at the
same volumetric moisture content, the matrix suction increased with decreasing
average particle size, and the decrease in temperature will increase the matrix
suction and water-holding capacity of fine-grained tailings, and the matrix suction of
the tailings in summer is 38.3% lower than that in winter under the natural volumetric
moisture content (14.0%); 3) when the saturation degree of fine-grained tailings is
less than 60%, the greater the initial dry density, the better the water-holding
capacity and matrix suction.

Keywords: fine-grained tailings, filter paper-based method, unsaturated tailings, Van Genuchten model, soil water
characteristic curve (SWCC)

INTRODUCTION

As the hydraulic structure for tailings storage, tailings reservoir is one of the major hazardous sources
for the mining enterprises. The operational status of a tailings reservoir is directly related to the
operation of mining enterprises and the safety of the lives and properties of people living
downstream. In recent years, fine-grained tailings have become the primary dam-building
materials of tailings reservoirs due to the pervasiveness of fine-grained mineral processing
technology in China. The physical and mechanical properties of these fine-grained tailings with
small average particle sizes and poor permeability are more vulnerable to environmental factors than
coarse-grained tailings. The changes in rainfall intensity, temperature, and the dry-wet cycle will
affect the matric suction and cohesion of unsaturated fine-grained tailings, resulting in instability of
the tailings dam (Lersow, 2010; Ma et al., 2021).
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The soil-water characteristic curve (SWCC), as an important
parameter of unsaturated soil, shows the relationship curve between
moisture content and suction. The changing trend of the curve
reflects the water holding capacity and porosity characteristics of the
soil, and many engineering properties such as hydraulic
conductivity, shear strength, coefficient of diffusion, etc. can be
estimated from it (Fredlund and Rahardjo, 1993). The previous
research results show that gradation, temperature, and initial dry
density are the key factors affecting the SWCC of tailings, so it is
necessary to quantitatively evaluate the effect of key factors on the
SWCC to analyze the stability of the unsaturated part of the tailings
dam. There are many instruments available for measuring the matric
suction, such as the Tensiometer Method (Marinho et al., 2008),
Pressure apparatus (Bechtold et al,, 2018; Jiang et al., 2020), Electrical
resistance blocks (Zeitoun et al., 2021), etc., and indirect methods,
such as the Filter paper-based method (Mahler and Mendes, 2005;
Fattah et al., 2021), Empirical method (Kern, 1995), etc. During the
past few decades, many empirical models have been developed to
predict SWCC, such as the Van-Genuechten (1980), Brooks-Corey
(1964), Fredlund and Xing (1994), Gardner (1958), etc., and
researchers also compared and evaluated the applicability and
consistency of various empirical models (Matlan et al, 2015;
Fattah et al, 2021). Based on this, the scholars investigated the
SWCC of clay (Tripathy et al.,, 2014; Li et al,, 2017), sand (Yan and
Zhang, 2015), and expansive soil (Tamer et al,, 2017; Ahmed et al.,
2018), and they analyzed the effect of dry density (Birle et al., 2008;
Gallage and Uchimura, 2010), void ratio (Heshmati and Motahari,
2015), grain size distribution (Chen et al., 2018; Zhai et al., 2020), and
temperature (ElKeshky, 2011; Qiao et al., 2019) on the SWCC.

Although many studies have been conducted to analyze the
SWCC of various soils, none of these investigations have
highlighted a comprehensive evaluation of the effect of key
factors on SWCC of fine-grained tailings from the microscopic
mechanism. And fine-grained tailings are significantly different
in physical properties and mechanical behavior from the general
soil due to the complex mineral composition, high content of fine
particles. The results of previous studies show that gradation,
temperature, and initial dry density have the most significant
influence on the physical and mechanical properties of
unsaturated tailings. Therefore, in this paper, the matrix
suction was determined by filter paper-based method to
investigate the effect of gradation, temperature, and initial dry
density on the SWCC of fine-grained tailings. In addition, the
Van Genuchten model, as the most widely used mathematical
model for fitting SWCC, was adopted to verify the accuracy of the
experimental results in this paper. The fitting parameters and
empirical equations for the SWCC were also obtained to provide
a basis for mechanical properties, seepage calculations, and
stability evaluation of fine-grained tailings dam.

MATERIALS AND EXPERIMENTS

Experimental Principle

The filter paper-based method is a widely used method to
indirectly measure the matric suction of soil, which has the
advantages of low price, ease of operation, and large

SWCC Analysis of Fine-Grained Tailings

measurement range, but it must, however, be measured under
an environment of a certain humidity and temperature. When a
dry filter paper is placed on or in a soil sample for a few days, the
filter paper will absorb the moisture from soil by evaporation and
capillary action, and the moisture can be balanced between the
soil and the filter paper at last. After moisture equilibration, the
matrix suction of the soil was determined by a recommended rate
formula according to the volumetric moisture content of the
filter paper.

“Whatman No.203” quantitative filter paper of 70 mm
diameters and hardened low ash was used to determine the
matrix suction of tailings. The matrix suction was rated based
on the rate formula recommended by ASTM D5298-10 (2010)
with the following Eq. 1 (Fredlund and Rahardjo, 1993):

IgS = 5.493 - 0.0767w; w; <47%

lg$ =2.470 - 0.0120w; wy >47% M

whereS is the suction, kPa; and

wy is the volumetric moisture content of filter paper.

The Van Genuchten model was used to obtain the empirical
equation of the SWCC. The mathematical expression of Van
Genuchten models is shown in Eq. 2 (Van-Genuechten, 1980):

0, 6,
[1+ (ay)']”

where 0 is the volumetric moisture content (%), 6,, 6;are the
residual and saturated volumetric moisture content, which can be
determined by a test, and yis the suction (kPa). «, n,m are the
fitting parameter, where « is associated with air-entry value (kPa):
the smaller the a value, the greater the air-entry value and water-
holding capacity of the soil. m, nare associated with the residual
volumetric moisture content and the slope of the SWCC,
respectively, m =1—1/n. The value of n,m related to the
particle size distribution and pore size of soil: the more
uniform the particle size distribution and the smaller the
porosity, the smaller the n,m value.

0=06,+ )

Experimental Materials and Specimen
Preparation

The raw tailings were chosen came from the discharge outlet of
the Gao Wangqju tailings reservoir in Hunan province, China. The
physical properties of the raw tailings were determined according
to ASTM recommended test methods (ASTM D2216-19, 2019;
ASTM D854-14, 2014; ASTM D7263-21, 2021), as shown in
Table 1.

The particle size distribution of tailings samples was
determined by a Screening Test (ASTM D6913-04, 2017), and
the particle sizes smaller than 0.074 mm were determined by the
Winner 2,000 Laser Particle Size Analyzer (Zhang et al., 2015).
The experimental results showed that the mass of tailings with
particle diameters lower than 200 mesh (0.074 mm) accounts for
more than 30% of the total mass.

A physical model of fine-grained tailings sedimentation
was established by an acrylic tube with an inner diameter of
20cm and a height of 100 cm to obtain the tailings with
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TABLE 1 | Physical properties of the fine-grained tailings.

Raw material Natural density Volumetric moisture

plg/ecm?®) content%
Tailings sample 1.42 14.0
Top tailings
Middle tailings
Bottom tailings

r0
10

801 20

70 30

60 1 - 40

501 50
—u— Top tailings
—e— Middle tailings
—A— Bottom tailings

40 - 60

304 70
204 - 80

- 90

Less than a certain percentage of tailings p (%)

More than a certain percentage of tailings p (%)

0 T
0.25

100

T T T
0.125 0.06250. 03125 0

Soil particle size / mm

FIGURE 2 | Particle size distribution curve of different sedimentary
tailings.

different gradations. The raw tailings and water were put into
the physical model in a mass ratio of 1:2 and stirred evenly
with a wooden stick for 10 min. After the fine-grained tailings
were deposited, the water was discharged out of the tube.
Along the direction of gravity sedimentation, the tailings
were divided equally into three layers (top tailings, middle
tailings, and bottom tailings) from top to bottom of the
model, as shown in Figure 1. The volumetric water
content of the saturated tailings at the top, middle, and

SWCC Analysis of Fine-Grained Tailings

Pore ratio e Relative densityGs Dry densitypd(g/cma)

111 2.68 1.27

bottom of the physical model were in-situ measured by
RS-485 Soil Moisture Sensor before the water was drained
out, which was 44, 41, and 38%, respectively.

The sedimentary tailings were sampled in the middle of each
layer, and the particle characteristics of each tailings sample were
analyzed by screening test and laser particle size analysis.
Additionally, the particle size distribution curve of different
sedimentary tailings was plotted according to experimental
results, as shown in Figure 2.

The particle characteristics of different sedimentary tailings
were calculated according to Figure 2, and the results are shown
in Table 2.

Raw tailings with different burial depths have different
porosity and dry density under the confining pressure. To
determine the effect of different initial dry densities on the
matrix suction of fine-grained tailings, the raw tailings with a
volumetric moisture content of 14% were compacted under
the vertical pressure of 0, 150, and 300 kPa, which are roughly
consistent with gravity stress of tailings at burial depths of 0,
10, and 20m, respectively. In addition, the initial dry
densities of tailings under the vertical pressure of 0, 150,
and 300 kPa were calculated as 1.27, 1.41, and 1.55 g/cm®,
respectively.

Experimental Procedures
First, dry the tailings samples with a thermostatic drying chamber
(105~110°C) for no less than 10 h.

Second, wet the dry tailings samples to different volumetric
moisture content (3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, and 36%
up to saturation moisture content), respectively. Tailings
samples with different moisture content are made into
cylindrical specimens, and the specimens are placed into
sealed jars for 2days to allow for the tailings and water
homogenization.

Third, put three sheets of filter paper baked over 2 h into the
tailings specimens, the top and bottom filter paper are designed to
protect the middle filter paper from damage, as shown in Figure 3.
Weigh the mass of middle filter paper with a High-precision
Electronic Scale before placing it into the tailings specimens.

Fourth, place the tailings specimen with the filter paper into the
sealed jar, and place the sealed jar into a constant temperature and
humidity box for 7 days to balance the moisture content between the
filter paper and fine-grained tailings. Then keep the box with constant
humidity, and change the temperature of the box to investigate the
effect of temperature on the soil-water characteristic curve. Tailings
specimens in the sealed jar are shown in Figure 4.

Fifth, take the middle filter paper out of the tailings specimen,
and measure its mass within 30 s, as the filter paper is sensitive to
moisture, and calculate the volumetric moisture content of
filter paper.
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TABLE 2 | The particle characteristics of different sedimentary tailings.

SWCC Analysis of Fine-Grained Tailings

Specimens Effective particle size Median Restricted particle size Nonuniformity coefficient C,,
dio/mm particle size dzo/mm dgo/mm
Top tailings 0.036 0.056 0.089 2.472
Middle tailings 0.038 0.071 0.108 2.842
Bottom tailings 0.041 0.078 0.121 2.951
Tailings specimen

Top filter paper
Protective P pap

filter pap er{
Bottom filter paper-

FIGURE 3 | Position relationship between tailings specimens and filter paper.

Middle filter paper

FIGURE 4 | Tailings specimens in the sealed jar.

TABLE 3 | Fitting parameters of the Van Genuchten model for the SWCC of
tailings at different gradations.

Samples n m a/kPa R%(COD)
Top tailings 2.49 0.598 0.125 0.952
Middle tailings 2.57 0.611 0.134 0.981
Bottom tailings 2.68 0.627 0.137 0.972

Sixth, calculate the matrix suction S of the fine-grained tailings
by Eq. 1 according to the volumetric moisture content of
filter paper.

Last, use the Van Genuchten model to obtain the empirical
equation of SWCC and to verify the accuracy of experimental
results.

—m— Top tailings C (2.472)
—eo— Middle tailings C,(2.842)
- —A— Bottom tailings C,(2.951)

Volumetric moisture content/%

25 30 35 40
Matrix suction/kPa

45 50 55 60 65

FIGURE 5 | The experimental data and best-fit SWCC of tailings at
different gradations.

RESULTS AND DISCUSSION

Effect of Particle Gradation on the SWCC of
Fine-Grained Tailings

The fitting parameters and correlation coefficients of the Van
Genuchten model at different gradations were obtained as shown
in Table 3.

As can be seen from Table 3, the correlation coefficient R values
were 0.952, 0.981, and 0.972, respectively, indicating that the Van
Genuchten model fits the experimental data determined by filter
paper-based method at different gradations. Additionally, the top
tailings have maximum fitting parameters of a, 1, m value, indicating
that the top tailings have better water-holding capacity, more uniform
particle size distribution, and smaller porosity than the bottom
tailings, which is consistent with screening experimental results.
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Ua

Ua

Large particle size

Small particle size

FIGURE 6 | Meniscus forces between tailings particles at different
average particle size.

The experimental data and best-fit SWCC of fine-grained
tailings at different gradations as shown in Figure 5. The
matrix suction of fine-grained tailings increased with
decreasing volumetric moisture content, and the increasing
trend of matrix suction at different gradations is consistent
and can be divided into three stages: the slow growth stage
(volumetric moisture content more than 20%), stable growth
stage (volume moisture content between 10 and 20%), and sharp
growth stage (volumetric moisture content less than 10%).

The average particle size and non-uniformity coefficient of each
tailings sample are different due to the gravity sedimentation, which
affects the water-holding capacity and matrix suction of the fine-
grained tailings. From table 2, we can see that the top tailings have a
minimum average particle size (dgy = 0.089 mm) and non-
uniformity coefficient (C, = 2.472), while the bottom tailings
have a maximum average particle size (dgy = 0.121 mm) and
non-uniformity coefficient (C, = 2.951). At the same volumetric
moisture content, the matrix suction of top tailings is greater than
that of bottom tailings, the matrix suction of top tailings is 18.6%
higher than that of bottom tailings under natural volumetric
moisture content (14.0%). According to the experimental results
of the previous studies (Chen et al, 2018; Zhai et al., 2020), the
matrix suction increased with decreasing soil particle size (Negative
correlation) and with increasing non-uniformity coefficient (Positive
correlation). However, as can be seen from Figure 5, experimental
results show that tailings (Top tailings) with minor uniformity
coefficients have larger matrix suction, indicating that the particle
size plays a more important role than the non-uniformity coefficient
to affect the matrix suction of fine-grained tailings.

For the unsaturated soil, according to the Young-Laplace equation
(Young, 1805; Laplace, 1806), there is the following relationship
among the additional pore pressure, the curvature radius of the
meniscus, and the surface tension of fluids, as shown in Eq. (3):

2T;

Ug — Uy = R_a (3)
where u,, u,are the pore air pressure and pore water pressure,
(ug — u,) is the matrix suction; R, is the average curvature radius

of the meniscus; and T is the surface tension of fluids.

SWCC Analysis of Fine-Grained Tailings

TABLE 4 | Fitting parameters of the Van Genuchten model for the SWCC of
tailings at different ambient temperature.

Ambient temperature n m a/kPa R?(COD)

Spring (15 °C) 2.67 0.625 0.118 0.991

Summer (30 °C) 2.7 0.629 0.171 0.989

Autumn (20 °C) 2.63 0.620 0.155 0.983

Winter (5 °C) 2.46 0.593 0.100 0.986
07 o —u— Winter (5°C)

—e— Spring (15°C)
-A— Autumn (20°C)
—e— Summer (30°C)

Do ) w w
=3 321 S o
1 1 1 1

Volumetric moisture content/%
1

10

20 25 30 35
Matrix suction/kPa

40 45 50 55

FIGURE 7 | The experimental data and best-fit SWCC of tailings at
different temperatures.

At the same volumetric moisture content, the change of
particle size will change the curvature radius of the meniscus.
The smaller the particle size of fine-grained tailings, the larger the
curvature radius of the meniscus. So, the fine-grained tailings
with smaller particle sizes have greater matrix suction (u, — u,,)
and better water-holding capacity, as shown in Figure 6.

Effect of Ambient Temperature on the
SWCC of Fine-Grained Tailings

Temperature theoretically affects the matrix suction of soil in
direct and indirect aspects, especially in the case of large
temperature differences. The local average temperature in
Spring (15°C), Summer (30°C), Autumn (20°C), and Winter
(5°C) are chosen in this experimental program to analyze the
effect of seasonal temperature changes on the SWCC of fine-
grained tailings.

The fitting parameters and correlation coefficients of the Van
Genuchten model at different ambient temperatures were
obtained, as shown in Table 4.

As can be seen in Table 4, the correlation coefficient R’ values
were 0.991, 0.989, 0.983, and 0.986, indicating that the Van
Genuchten model fits the experimental data determined by
filter paper-based method at different ambient temperatures.
The fitting parameter n, m value showed little change since to
the tailings used in the test have the same particle size and
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Y F>F;
-
Vi<vz

Low temperature state High temperature state

FIGURE 8 | Molecules velocity and intermolecular interaction forces

between tailings particles at different temperatures.

TABLE 5 | Fitting parameters of the Van Genuchten model for the SWCC of
tailings at different initial dry densities.

Initial n m a/kPa R?(COD)

dry density (g/cm®)

1.27 2.72 0.632 0.160 0.982

1.41 2.51 0.602 0.141 0.951

1.51 2.36 0.576 0.129 0.974
40

—m— hitial dry density 1.27g/cm®
—e— Initial dry density 1.41g/cm?
A— Initial dry density 1.51g/cm?

o ) w w
=3 31 S o
1 1 1 1

Volumetric moisture content/%
1

0 10 20 30

Matrix suction/kPa

FIGURE 9 | The experimental data and best-fit SWCC of tailings at
different initial dry densities.

porosity. The fitting parameter « value decreased with decreasing
temperature, are minimum in winter and maximum in summer,
indicating that a decrease in temperature can improve the water-
holding capacity of fine-grained tailings.

SWCC Analysis of Fine-Grained Tailings

As can be seen from Figure 7, the ambient temperature has a
significant effect on the matrix suction of fine-grained tailings.
At the same volumetric moisture content, the lower the ambient
temperature, the greater the matrix suction. The matrix suction
of the tailings in summer is 38.3% lower than that in winter
under the natural volumetric moisture content (14.0%).
Therefore, it should be considering the effect of reduced
matrix suction of fine-grained tailings on the stability of
tailings dams in hot summer.

The influence mechanism of temperature on matrix
suction is different from that of particle size. At the same
volumetric moisture content, the kinetic energy of liquid
molecules increases (v; < v,), and the intermolecular
interaction force (F, > F,) weakens with the increase of
temperature, reducing the surface tension of fluids and
resulting in a decrease in the matrix suction of fine-grained
tailings, as shown in Figure 8.

Effect of Initial Dry Density on SWCC of
Fine-Grained Tailings

The fitting parameters and correlation coefficients of the Van
Genuchten model at different initial dry densities were obtained
as shown in Table 5.

As can be seen from Table 5, the correlation coefficient R*
values were 0.982, 0.951, and 0.974, indicating that the Van
Genuchten model can well-fit the experimental data
determined by filter paper-based method at different initial
dry densities. The fitting parameter o, n,m value decreased
with increasing initial dry density due to the tailings were
compacted, indicating that the greater the initial dry density,
the smaller the porosity and the better the water-holding capacity
of the fine-grained tailings.

As can be seen from Figure 9, when the degree of
saturation is less than 60%, the matrix suction of the fine-
grained tailings increased by increasing the initial dry density:
the greater the compaction of the tailings, the greater the
matrix suction. When the degree of saturation is greater than
60%, the matrix suction of fine-grained tailings does not vary
significantly.

As can be seen from Figure 10, when the initial dry density of
fine-grained tailings increases, the air between pores and water is
compressed, and the spacing distance between particles decreases,
resulting in a decrease in the curvature radius of the meniscus and

Low initial dry
density

Medium initial dry
density

FIGURE 10 | Meniscus forces between tailings particles at different initial dry densities.

High initial dry
density
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increase in matrix suction. When the tailings are over compacted,
the gravitational water in the pores is extruded, which reduces the
contact surface area between the gravitational water and the tailings
particles. Instead, the matric suction of the tailings decreases when
the saturation degree is greater than 60%.

CONCLUSION

This paper investigated the effects of gradation, temperature, and
initial dry density on the SWCC of fine-grained tailings by the
laboratory tests and theoretical analysis, and the following
conclusions were obtained.

First, the correlation coefficient R* value of Van Genuchten
model is more than 0.95, and the physical significance of the
fitting parameters o, m, and n are also consistent with the
experimental results, indicating that the matrix suction is
determined by the filter paper-based method was accurate and
appropriate.

Second, the top tailings have better water-holding capacity,
more uniform particle size distribution, and smaller porosity than
the bottom tailings. At the same volumetric moisture content, the
matrix suction of top tailings is greater than that of bottom
tailings, and the particle size plays a more important role than the
non-uniformity coefficient to affect the matrix suction of fine-
grained tailings.

Third, at the same volumetric moisture content, the lower the
ambient temperature, the greater the matrix suction and water-
holding capacity of fine-grained tailings. The matrix suction of
the tailings in summer was 38.3% lower than that in winter under
the natural volumetric moisture content (14%) because an
increase in temperature reduces the surface tension and
viscosity of the water.

Finally, when the saturation degree of fine-grained tailings is
less than 60%, the greater the initial dry density, the better the
water-holding capacity and matrix suction.
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Gangue is the main backfiling material in solid backfiling mining, and its compaction
characteristics determine the overburden control effect and surface subsidence. Under the
action of compaction force and overburden pressure, the gangue will be broken, rotated
and occluded, resulting in different compaction characteristics of gangue in the field and
laboratory. To this end, a laboratory gangue compaction test system was established to
test the compaction characteristics of gangue in the laboratory, such as stress-strain,
stress bulk density and stress deformation modulus. Based on actual geological
conditions of backfiling mining in the Tangshan coal mine, the characteristics of stress
deformation modulus of gangue under different inclination angles and mining heights were
tested on-site. Through the Beidou satellite CORS system, the surface subsidence of
working face F5001was monitored. The research results show that the stress deformation
modulus of gangue measured in the field is slightly less than that measured in the
laboratory, and it is maintained at about 27 MPa under the overburden pressure in the
on-site measurement. Backfilling technology with an initial compaction force of 2.5MPa
can be used to effectively control the surface subsidence, and the maximum subsidence
value is only 61 mm.

Keywords: backfilling mining, compaction characteristics of gangue, deformation modulus, compaction force,
surface subsidence

INTRODUCTION

As the main energy source in China, coal still plays an irreplaceable role in economic and
social development in the short term. However, the ecological environment damage caused by
coal mining and ground collapse cannot be ignored (Xie et al., 2012; Xie et al., 2015a; Xie et al.,
2015b). The Chinese government attaches great importance to the problems caused by coal
mining subsidence and has issued a series of documents on the treatment of subsidence
areas caused by coal mining. The control of strata movement and surface collapse in
backfilling mining and the implementation of backfilling mining technology in combination
with field work is key work of researchers (Zhang and Wang, 2007; Fall et al., 2008; Shukla et al.,
2009).

Solid backfilling mining is a relatively mature backfilling technology and has been widely used in
mining areas in Northeast, North and West China. Up to now, solid backfilling mining technology
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has gone through three stages: gangue dumping backfilling,
mechanized solid non-dense backfilling and mechanized solid
full-section dense backfilling. In the solid backfilling mining,
gangue is used as backfilling material to fill goaf and support
overburden (Ma et al., 2021b). In recent years, research on the
mechanical properties of solid backfilling materials and the
mechanism of controlling strata movement have been widely
performed. Through macroscopic mechanical tests, Malusis
et al. (Malusis et al, 2009) studied the compression
properties of continuously graded gangue, discontinuously
graded gangue and single-grain graded gangue under the
three-dimensional loading. Based on the compression test of
broken gangue, Li et al. (2018) reconstructed the gangue
particles through 3D scanning and established the meso
numerical model of gangue particle flow. Besides, the effects
of particle gradation and loading rate on the compaction
characteristics and lateral pressure coefficient of gangue were
mainly studied. Fall et al. (2010) carried out the confined
compression experiment of gangue, and analyzed the
deformation and crushing characteristics of gangue particles
at different immersion heights. Chong et al. (2020) tested the
compaction characteristics of gangue granular backfilling
materials with different particle sizes, and explored the
influence of initial particle size of backfilling materials on the
control effect of strata. Zhang et al. (2015) investigated the
mesostructure, stress-strain relationship, energy dissipation and
roof control effect of five common solid backfilling materials
(Ma et al., 2021a).

It can be seen that the mechanical properties of gangue,
especially the compaction characteristics, are the focus of
backfill mining. The compaction characteristics of gangue
affect the overburden control effect and surface collapse (Niu
et al., 2014; Meng et al., 2016; Wei et al., 2021). In the above
studies, all the mechanical properties of gangue were tested in the
laboratory. However, the mechanical properties of gangue are
dynamic in the stope, and the pressure situation of gangue in the
goaf is more complex than that in the laboratory. In the advance
of the working face, the gangue filling body will be rotated,
slipped, occluded and broken under loads (Ercikdi et al., 2009;
Cao et al, 2018; Zhu et al, 2020). Therefore, it is of great
significance to study the actual compaction characteristics of
gangue in stope.

Based on the geological conditions and gangue in
Tangshan Coal Mine in Hebei Province, China, the
confined compression test of gangue was carried out by the
self-designed bearing-compression device; the compaction
characteristics such as bulk density and deformation
modulus of the backfilling body were obtained.
Subsequently, the optimal axial pressure was obtained from
the test, and applied to the working face F5001. The on-site
compaction characteristics monitoring scheme was designed
to explore the compaction characteristics under different
inclination angles and different mining heights in the
process of advancing. Through the developed Beidou
satellite CORS monitoring system, the surface subsidence
was monitored in this study. This study promotes the
development of backfilling mining technology in China.

On-Site Measurement Surface Subsidence

PROJECT OVERVIEW AND BACKFILLING
TECHNOLOGY

Project Overview

Tangshan coal mine is located in Lunan District, Tangshan City,
Hebei Province, with a minefield of 37.28 km? and a mining area
of 55 km? With convenient transportation, it is the sole state-
owned super-large coal mine located in the central area of the
city in China. Tangshan Mine adopts the progressive
development mode of vertically inclined shaft mining in
stages. At present, it has seven vertical shafts and 10 mining
production areas, and no major fault. The main coal seams are
coal seams 5, 8, 9, and 12, with an average thickness of 2.4, 3.7,
3.5, and 6.4 m, respectively.

Recently, the mining area F has been mined in the Tangshan
mine; the working face F5001 was the first mining face, and the
mining time was from 2016.10.5-2019.9.16. The average
thickness of coal seams was 2.2m, and the average
inclination angle of coal seams was 11°, and the buried depth
was about 600 m. The main roof was gray fine sandstone with a
thickness of 17.5 m; The immediate roof was grey strip medium
and fine sandstone, with a thickness of 3.7-6.0m. The
immediate floor was dark gray mudstone with a thickness of
0.4-1.4 m, and the main floor was gray strip fine sandstone with
a thickness of 5.2 m. The strike length of the working face was
639.5 m and the inclined length was 66 m. Figure 1 shows the
location of the Tangshan Mine and the layout of the working
face F5001.

Backfilling Method and Technology
Backfilling Mining Method in Tangshan Mine

The full cross-section solid mechanized backfilling mining was
adopted in the Tangshan Mine (Livaoglu et al., 2011; Mitchell
et al.,, 2011; Dai et al., 2018). The backfilling system included the
ground conveying system, vertical feeding system, underground
separation system, underground conveying system and
backfilling system (Hawkes and Fellers, 1969; Wijewickreme
and Vaid, 1993; Yuan and Sun, 2012). The ground conveying
system was mainly used to crush and transport gangue backfilling
materials on the ground. The vertical feeding system was used to
transport the backfilling materials from the ground to the
underground (Li and Sheng, 1995; Louréno et al, 1997;
Benzaazoua et al., 1999). The underground separation system
was used to separate the gangue contained in the underground
coal flow. The underground conveying system was used to
transport the gangue from various sources to the backfill
working face. The function of the backfilling system was used
to fill gangue into goaf. Figure 2 shows the backfilling system of
the Tangshan mine (Zhang et al., 2015).

Backfilling Technology in the Working Face F5001

In the process of mining, the inclination angle and mining height
of the working face F5001 are constantly changing, and the
backfilling technology is relatively complex. The inclined
mining is not conducive to the backfilling of working face. To
improve the backfilling quality in the inclined mining, the
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FIGURE 1 | Location of the Tangshan mine and the layout of working face F5001.
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FIGURE 2 | Backfiling system of Tangshan Mine (Zhang et al., 2015).

following points should be ensured: 1) the compaction force
should be appropriately increased (Ye et al., 2010; Yanli et al,,
2011; Zhou et al., 2016), and the compaction force should no less
than 2.5 MPa; 2) a small amount of backfilling materials should
be discharged at sections, and the number of compaction and
single-hole discharge should be increased to ensure the backfilling
body can fully connect with the roof (Chen et al., 2002; Komine,
2004; Latha and Krishna, 2008). It can be seen that compaction
force is the key point of backfilling technology research.

VERIFICATION OF LABORATORY GANGUE
COMPACTION TEST RESULTS

Materials and Test Systems

The gangue samples were taken from washing gangue and
excavated gangue in the mining area F of Tangshan mine. The
main lithology of gangue samples was sandy mudstone. Before
the test, the gangue samples were crushed. The crusher was used
to break the gangue to obtain gangue samples with a particle size
of less than 30 mm (Cihangir et al., 2012; Grgic et al., 2013; Han
et al., 2016), and then the grading screen was used to grade the
original gangue. The grading of particle size was 0-5mm,
5-10 mm, 10-15mm, 15-20 mm, 20-25mm and 25-30 mm,
respectively.

The uniaxial loading test system of gangue backfilling
material (Komine, 2010; Brzesowsky et al., 2014; Miao et al,,
2016) was developed, which was mainly composed of the axial
loading system, steel cylinder, data monitoring and acquisition
system. The compaction test was carried out on the electro-
hydraulic servo universal testing system, which includes the
WAW-1000D microcomputer controlled electro-hydraulic
servo universal testing machine and the self-made
compaction steel cylinder. The maximum loading force
provided by the testing machine was 1000 KN. The self-
made compaction steel cylinder was composed of the steel
cylinder, base, dowel bar and loading plate. The inner diameter
of the steel cylinder was 250 mm, the outer diameter was
274 mm, the height was 305 mm, and the wall thickness was
12 mm. The steel cylinder and the base were connected by the
flange. The radius of the loading plate was 124 mm and the
height was 40 mm, which can realize the uniform stress of the
sample in the loading process. Figure 3 shows gangue samples
and the test system.

Test Principle and Scheme

Test Principle

The axial loading force was used to simulate the compaction force
in the field (Helwany et al., 1999; Ahmadabadi and Ghanbari,
2009; Yan et al., 2021). After the initial loading stress was applied,
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a final loading force of 735 kN (15MPa) was applied, and the final
compaction deformation of gangue backfilling materials was
recorded. The test principle is as follows:

The strain of the sample is:

o
" h

where ¢ is the strain, Ah is the compression deformation and £ is
the initial loading height before compaction.
The relationship between stress and bulk density is as follows

Po

1-¢(0)

(1)

&

plo) = @)
where py is the initial density of gangue, 2.4 t/m?>.

There is no fixed parameter to express the stress-strain
relationship of gangue, and the deformation modulus of gangue
is defined as E = o/, and the elastic foundation coefficient of the
backfilling body is k; = E/h. During the compaction, the relationship
between stress and elastic foundation coefficient is as follows:

o
9 ¢h

k 3)

Test Scheme

According to the grading of gangue, six graded particle sizes are
0-5, 5-10, 10-15, 15-20, 20-25, and 25-30 mm, which are named
as gl, g2, g3, g4, g5 and g6, respectively. The gangue with different
particle size was proportioned evenly, i.e, gl: g2: g3: g4: g5: g6 = 1:1:
1:1:1:1:1:1. The compaction deformation characteristics of six
kinds of particle size gangue and uniform graded gangue were
tested, and then the compaction and deformation characteristics of
seven groups of samples were studied.

Test Results

Stress-Strain Relationship

The stress-strain curve of gangue during compaction is obtained,
as shown in Figure 4. The comparison of gangue strain in each
stage is shown in Table 1.

05 -

04

03

w
02 — ¢l
g3 —gd
0.1 — g5 —g6
g7
0 . . ,
0 5 10 15 20
o(MPa)

FIGURE 4 | Stress-strain curves of gangue samples.

As shown in Figure 4 and Table 1, the stress-strain curve of
the gangue sample generally shows a logarithmic distribution
trend. In the initial compaction stage (0-2.5 MPa), the strain
increases by 16.6-25.8%, and the gangue sample has a rapid
deformation rate. With the gradual increase of axial loading, the
gangue sample is compacted gradually, and the strain growth
decreases gradually.

Relationship Between Stress and Bulk Density

The stress bulk density curve of gangue samples in the
compaction process is obtained, as shown in Figure 5. The
variation of gangue bulk density in different stages is shown in
Table 2.

As illustrated in Figure 5 and Table 2, with the increase of the
compaction force, the bulk density of the backfilling material
increases. The bulk density of the backfilling material is
222-17.6 kNm™> under the compaction force of 0-2.5MPa.
With the increase of compaction force, the deformation of
gangue samples increases gradually. The bulk density increases
slowly in the later compaction stage, which is represented by the
gentle curve in the later compaction stage.
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TABLE 1 | Strain variable of gangue samples at different stages.

On-Site Measurement Surface Subsidence

Uniform proportioning (%) 0-50 mm (%) 5-50 mm (%) 10-50 mm (%) 15-50 mm (%) 20-50 mm (%) 25-50 mm (%)
2.5 MPa 16.6 19.7 20.4 20.8 21.3 23.0 25.8
15 MPa 30.6 31.0 34.7 39.0 40.3 41.6 42.4
2.5-15MPa 14.0 1.3 14.3 18.2 19.0 18.6 16.6
TABLE 2 | Variation of bulk density of gangue samples in different stages.

Uniform proportioning 0-50mm 5-50 mm 10-50 mm  15-560 mm 20-50 mm  25-50 mm

Original bulk density/(kN m™=) 18.5 16.2 156.3 14.7 13.7 13.4 13.0
Bulk density at the 2.5MPa\kN m™2 222 20.3 19.1 17.9 16.9 16.7 17.6
Mass ratio of mining and backfilling after compaction 1.49 1.36 1.28 1.20 1.14 112 1.18
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FIGURE 5 | Stress-bulk density curve of gangue samples.

Relationship Between Stress and Deformation
Modulus

The stress deformation modulus curve of gangue during comp-
action is shown in Figure 6, and the variation of deformation
modulus of gangue at different stages is shown in Table 3.

As shown in Figure 6 and Table 3, with the increase of
pressure o, the deformation modulus E of gangue samples with
different particle sizes increases, and the changing range of E is
0-60 MPa. Compared with the elastic modulus of intact gangue,
the order of magnitude of the granular material composed of
broken gangue particles is quite different. When the compressive
strength reaches 15MPa, the deformation modulus is about
28-50 MPa.

FIELD TEST ON LONG-TERM
COMPACTION CHARACTERISTICS OF
GANGUE SAMPLES

According to test results in the laboratory, 2.5 MPa is the
optimal compaction force. In the actual backfilling operation
of working face F5001, the compaction force of 2.5 MPa was
adopted, and the backfilling materials were discharged and
backfilled at sections.

E (MPa)

0 . . . )

10
o(MPa)

15 20

FIGURE 6 | Stress deformation modulus curve of gangue.

Principle and Scheme of Compaction
Characteristics in the On-Site Measurement

The mass ratio of mining and backfilling refers to the mass ratio
of coal and gangue. Through monitoring the mass ratio of mining
and backfilling, the compaction characteristics of gangue are
further converted in the Tangshan mine. According to the
formula of the mass ratio of mining and backfilling, it is
obtained as follows:

Lome _vepo M po_ 1 p )
¢ mg Vg-p, ho—Ahp, 1-ep,
E=2 )
€

TABLE 3 | Variation of deformation modulus of gangue in different stages.

No Particle size grade E- ¢ equation

1 Uniform proportioning E =2.79580 + 6.7557
2 0-50 mm E =2.83110 + 4.7453
3 5-50 mm E =2.51590 + 5.4693
4 10-50 mm E =2.10140 + 6.3100
5 15-60 mm E =2.03660 + 5.9730
6 20-50 mm E =2.0098¢ + 5.1370
7 25-50 mm E =1.95780 + 4.0882
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TABLE 4 | Mass ratio of mining and backfilling and deformation modulus data in coal mining.
Date 2016/10 2016/11 2016/12 2017/1 2017/2 2017/3 2017/4 2017/5 2017/6 2017/7 2017/8 2017/9
Cumulative advancing distance 24 96 103 138 138 138 213 313 4083 495 585 640
Mass ratio of mining and backfiling 1.86 1.21 1.2 1.31 0 0 1.29 1.28 1.30 1.30 1.30 1.31
Deformation modulus 21.88 29.03 29.26 27.10 0 0 27.49 27.62 27.26 27.26 27.21 27.10

where ¢ is the mass ratio of mining to backfilling; € is the test ~ The deformation modulus of the final gangue backfilling

strain; p. is the density of coal, kg-m™>; pg is the density of  body remains at about 27 MPa under the compaction state,

gangue, kg-m~>, g, is the vertical stress and E is the deformation ~ which is slightly smaller than the data measured in the

modulus. laboratory.

Due to the change in the inclination angle and mining

height during the actual mining process, the angles of -5°,0°,  Experimental Study on Compaction Characteristics of

10°, 15°, and 20° were used, and the mining heights 0f2.2,2.4,  Gangue Under Different Inclination Angles and Mining

2.6, 2.8, and 3.0 m were selected. In this way, the mass ratio ~ Heights

of mining and backfilling under different advancing  With the change of inclination angles, the distribution of the

distances, inclination angles and mining heights were  mass ratio of mining and backfilling is obtained, as shown in

explored. Figure 8. It can be seen that with the increase of inclination
angle, the mining in the working face gradually changes from
downward mining to upward mining, and the mass ratio of

On-Site Measurement Results of mining and backfilling gradually increases, which is conducive
Compaction Characteristics to backfilling in goaf. However, the deformation modulus of the
On-Site Measurement of Compaction Characteristics  backfilling body decreases gradually, and the deformation
of Gangue During Advancing resistance of the backfilling body weakens. Thus, the larger

With the advance in the working face from October 2016 to  inclination angle in the upward mining is not beneficial to the
September 2017, the distribution of mass ratios of the miningand  backfilling.
backfilling is shown in Figure 7. The deformation modulus data With the change of mining heights, the distribution of mass
converted from the mass ratio of mining and backfilling is shown  ratios of mining and backfilling is shown in Figure 9, and the
in Table 4. During this period, 211,439 t gangue was filled and  deformation modulus data converted from these mass ratios
164,127 t coal was mined. are obtained. As shown in Figure 9, with the increase of
As shown in Figure 7 and Table 4, during the initial = mining height, the mass ratio of mining and backfilling first
mining in the working face, the roof condition of the goaf  increases and then decreases, indicating that the mining height
is good and more gangue can be filled in the goaf. With  of 2.6 m is more conducive to backfilling. The deformation
the continuous advancement of the working face, the mass ~ modulus of gangue backfilling body is the smallest at the
ratio of mining and backfilling is stable at about 1.30.  mining height of 2.6 m. It can be concluded that the smaller
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the deformation resistance of gangue, the more gangue can be

filled.

SURFACE SUBSIDENCE MONITORING
AND CONTROL EFFECT

Surface Subsidence Monitoring System

The surface subsidence monitoring system includes Beidou
satellite navigation system, Beidou satellite reference station
and CORS monitoring system (Rollins and Sparks, 2002; Liu
et al., 2009; Hla et al., 2021).This system can automatically and
accurately monitor the surface subsidence above the working face
all day. CORS monitoring system includes data center, reference
station, data communication subsystem and user application

subsystem, which greatly improves the accuracy of surface
subsidence measurement. The monitoring system is shown in
Figure 10.

Surface Subsidence Monitoring Scheme
The ground position of working face F5001 crossed Jianshe South
Road and Daxue Road, and was adjacent to the mining area
railway in the east. A surface observation line F was set on the
surface of working face F5001, and a total of 22 measuring points
were set along the line to observe the influence of mining on the
surface subsidence of working face F5001.

Surface Subsidence Monitoring Results
The surface subsidence test results of the working face F5001 are
shown in Figure 11.
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measuring points

From December 2016 to May 2017, the surface subsidence
increased slowly, and the subsidence value was less than 20 mm.
From May 2017 to July 2017, the surface subsidence increased
significantly, but the total subsidence was still in a small range,
and the maximum subsidence was 45 mm at the measuring point
of F16. In November 2017, the working face was fully mined; in
April 2018, the maximum subsidence increased to 61 mm at the
measuring point of F12, which was a small increase in 3 months.
Therefore, it can be considered that working face F5001 was fully
affected by the mining activities in January 2018.

According to the surface subsidence value in the measuring line
F of the working face F5001 in April 2018, the surface tilt
deformation, curvature deformation, horizontal displacement
and horizontal deformation at different measuring points were
calculated. The maximum surface tilt deformation value was
1.65 mm/m, which appeared at the measuring point of F12. The
maximum curvature deformation value was 0.094 mm/m?2, which
occurred at the measuring point of F17; the maximum deformation
value in the horizontal displacement was 16.1 mm, and the
maximum horizontal deformation value was 1.25 mm/m, which
also occurred at the measuring point of F17.

The maximum surface subsidence value was 61 mm, and the
value met the fortification standard of “Regulations for coal pillar
setting of buildings, water bodies, railways and main shafts and
coal pressed mining” (Ma et al., 2019; Ma et al., 2021a) in 2017.
With the advance of the working face, the surface of the ground
sank slowly. When the advancing speed of the working face
increased, the surface subsidence rate increased, and the curve in
Figure 11 was steeper. In other words, the greater the advancing
speed, the greater the sinking speed. After the mining, the surface
subsidence rate decreased obviously, even tended to be constant.
It indicated that the strata moved slowly and tended to be stable
after backfilling mining, which is helpful to the protection of
surface buildings.

CONCLUSION

In this study, the uniaxial loading test system of gangue backfilling
material was developed, and the basic compaction characteristics of
gangue were obtained, such as stress-strain relationship,
relationship between stress and bulk density, and relationship
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between stress and deformation modulus. The test results show
that the initial loading stress of 2.5 MPa can ensure the large
deformation characteristics of gangue.

Based on the on-site measurement of the compaction
characteristics of the gangue backfilling body in the Tangshan
mine, the deformation modulus of the working face with different
inclination angles and mining heights was studied. The results
show that the field measurement data are consistent with the
laboratory test data, and the deformation modulus of the gangue
after compaction is close to 27 MPa.

After the backfilling in the working face F5001, the Beidou
satellite CORS monitoring system has been used to monitor
the surface subsidence for 2years. The monitoring results
show that the surface deformation is effectively controlled,
and the maximum surface subsidence is limited to 61 mm.
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The exploitation and utilization of coal resources have caused serious ecological and
environmental problems that are closely related to the movement and destruction of the
overlying strata, especially the activities of the overlying key strata (KS). The existing KS
calculation methods are characterized by low efficiency and high costs. This study
proposes an object-oriented improved recursive algorithm (OORA) model to achieve
efficient calculations for KS. An application program was developed and tested with the KS
of the Xiadian coal mine, Shanxi, China. The calculation results were basically consistent
with field observations, and the calculation depth was increased by 146.05 m. In addition,
five typical KS calculation cases were selected for in-depth testing. The calculation time
ranged from 0.175-0.225 s, and the calculation time was shortened by approximately
three times compared to that with traditional methods. Therefore, it is feasible to apply the
model algorithm for KS calculations, and the model provides benefits such as high
efficiency and low costs.

Keywords: KS calculation, object-oriented recursive algorithm (OORA), high efficiency and low cost, rock strata
control, coal mine

INTRODUCTION

The mining industry, which is driven by human demand for mineral resources, is one of the main
causes of current environmental pollution problems and poses a serious threat to the ecological
environment system (Gu, 2018). The pollution of groundwater and air in mining areas is closely
related to the development of the mining industry (Silva and Lizardi-Jimenez, 2020). Problems, such
as the movement and destruction of strata and surface subsidence caused by high-intensity mining,
have seriously affected the deterioration of the ecological environment and the destruction of water
resources (Lin et al., 2020a; Santana et al., 2020; Zhang et al., 2020; Zhu et al., 2020). During the
mining process, the movement and destruction of the overlying rock strata directly reflect the
damage done to the environment by mining. With the advancement of the mining face and the
gradual expansion of the mining scope, the overlying rock is seriously damaged (Bai et al., 2018; Bai
et al., 2019a; Bai et al.,, 2019b). The breaking of the strata directly destroys the conditions for the
occurrence of groundwater, causes the loss and pollution of groundwater, severely damages water
resources, and leads to the deterioration of the ecological environment, which will bring extremely
adverse effects to sustainable development; furthermore, this will cause mine water inrush accidents,
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FIGURE 1 | Model of the key strata in the overburden.

causing serious casualties and economic and property losses (Li
et al.,, 2015; Liang et al,, 2015; Zhang et al., 2017).

A series of environmental problems induced by coal mining
are essentially caused by the movement and destruction of the
overburden, and the location and damage of the key strata are
closely related to the movement and destruction of the
overburden (Ma et al., 2012; Shi and Zhang, 2013; Chen et al,,
2015; Jiang et al., 2015; Ma et al., 2018). In coal mines, the
overlying strata are composed of strata with different lithologies,
thicknesses, strengths, and other characteristics. Therefore,
during the mining process, the impact of mining on the strata
is different, and the sensitivity and response of strata with
different characteristics to the impact of mining are also
different (Wu et al., 2009; Zhang et al., 2019; Sun et al., 2020;
Wang et al,, 2020).

Hard strata may have a greater bearing capacity and weaker
sensitivity and may control and support relatively weak strata.
Based on the differences in these characteristics, the key strata
theory is proposed and successfully applied to field production,
which highlights an important direction for the study of mining
overburden control (Qian et al., 1996). According to the key strata
theory, strata that are hard and thick and have major control over
overburden activity are named key strata; the immediate roof (IR)
and weak strata (WS) have little effect. As shown in Figure 1, the
top key stratum (KS) is named the primary KS (PKS) as it plays a
major role in controlling the movement and destruction of the
overlying strata. Correspondingly, the following KS that controls
the partial influence of some overlying strata activities are named
the sub-key strata (SKS). On the assumption that the load on the

strata is evenly distributed and the dip angle is horizontal, the
criteria for determining the stiffness and strength are proposed.
Assuming that the range of strata controlled by the first stratum
includes 7 strata, the load formed by the n strata on the first
stratum is (g,,); (Xu and Qian, 2000; Xu and Ju, 2011).

n-1
Elhi’ Z '}/ih,‘
(q")1 = = > (1)

n-1
> Eil}
i=1

where E is the modulus of the elasticity, y is the bulk density, A is
the thickness, i is the number of strata, and g is the load. These
variables correspond to the corresponding rock strata.

If the strata of no. n are still controlled by the first stratum,
their load acts on the first stratum. This action should obey
inequality (g,,); > (gn-1)1; otherwise, it appears that the strata of
no. n are not controlled by the first, and the strata of no. n can be
considered hard strata. After analyzing each stratum, all hard
strata can be searched. Then we regard the strata as a beam model
and analyze the advancing distance of the working face that
caused the strata to break. The breaking distance (L;) of each hard
rock strata can be calculated by Eq. 2.

Do
L= hi ﬁ,
qi

where o is the tensile strength, q is the load, and / is the thickness.
The breaking distance of all hard rock strata can be obtained by

2

Frontiers in Earth Science | www.frontiersin.org

28

November 2021 | Volume 9 | Article 717177


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Xu et al.

calculation, and then the key strata can be determined by analyzing
the relationship between the breaking distances. The breaking
distance of the key strata should satisfy the inequality L; > L; ;.
Otherwise, the load of the previous strata needs to be added to the
next strata and recalculated. After a series of calculations and
analyses, the key strata can be searched. The identification methods
of the key strata mainly includes lithology calculations, ground
drilling, and laboratory simulations (Xie and Xu, 2017; Zhu et al.,
2017; Liet al,, 2018). Key strata recognition software was developed
and successfully used in field practice, and the fast calculation
efficiency of the software soon showed a huge advantage (Xu et al.,
2000).

Inspired by key strata theory, research on mine disaster
management, mining safety, water-preserving mining, and
green mining has achieved decent practical results, effectively
guiding field practice (Cheng et al., 2018; Liang et al., 2019; Gong
et al., 2020). Furthermore, a large number of valuable research
results on strata control and surface subsidence prediction based
on the KS have been obtained, which provides new ideas for
solving environmental problems caused by mining (Cheng et al.,
2017a; Cheng et al., 2017b; Cheng et al., 2018; Cheng et al., 2020).
However, in practical applications, using lithology calculations,
laboratory simulations, magnetotelluric (MT) detection methods,
etc. to identify the location of the key strata consume considerable
resources and time. There is no doubt that using a program for
lithology calculation is one of the most efficient and economical
methods, but a development of the program requires a
computational foundation and certain programming skills, and
the actual development process is cumbersome and complicated.

It is necessary to find a high-efficiency, low-cost, easy-to-
understand, and implementable method to realize do-it-yourself
KS program calculations to meet the increasing amount of
research relying on key strata theory.

With the rapid development and popularization of computer
technology, the application of computers has gradually
penetrated various industries. Emerging technologies such as
artificial intelligence, data mining, machine learning, and big
data have had huge impacts on many traditional industries.
Many traditional industries have made full use of the research
results from the development of computer technology to
provide new research ideas and solutions for the research of
some professional problems (Lin et al., 2018; Ahmed et al., 2020;
Lin et al., 2020b; Brykov et al., 2020; Ge et al., 2020; Leng et al.,
2020). Under the background of the rapid popularization of
computer technology in various areas, basic programming
abilities, which makes it possible to write programs by
oneself, have become basic skills of universities, research
institutions, and even field staff. Designing programs and
writing codes through do-it-yourself (DIY) are conducive to
a deep understanding of the physical meaning behind the
theoretical principles and the way of thinking of previous
scholars. Researchers can use black box software and rely on
their own abilities to connect theory with practice. Through
DIY, humans improve their comprehensive ability to research
and analyze problems and maintain an active thinking mode;
more importantly, DIY improves the practical abilities (Sarpong
et al., 2020; Yoon et al., 2020).

Recursive Numeration of Key Strata

Object-oriented technology connects the objective world with
the computer world in a way that is easier for humans to
understand. It has the advantages of abstraction,
encapsulation, inheritance, and polymorphism, and the design
logic is similar to the way of human thinking. Therefore, the logic
is simple and easy-to-understand and does not require a solid
professional computer background and basic knowledge. Object-
oriented technology has become one of the main methods of
modern programming (Chen et al., 2020; Lopes et al., 2020; Lv
et al., 2020; Prajapati and Chhabra, 2020; Van Hien et al., 2020).
Recursion is an algorithm widely used in program design. Its
characteristic is that it can transform a large and complex
problem into a smaller problem similar to the original
problem to solve. Recursion provides a structured, readable,
and easily debuggable way of designing algorithms to solve
complex problems (Hamouda et al., 2020; Rakic et al., 2020).

According to the above analysis, the key strata have an
important influence on mining rock strata control and disaster
management. In the current research, the use of programs for
lithology calculation still occupies an important position, but
there are still some problems in their actual application and
promotion.

First, mathematical formulas and related judgment conditions
are used for programming. The lack of an overall abstract process
of mathematical formulas makes it difficult to fully utilize the
advantages of algorithms.

Second, the traditional process-oriented programming
method has a complicated logic and is difficult to program. It
is difficult to meet the needs of mining staff to develop programs
by themselves, which invisibly increases the development costs
and application difficulty.

It is necessary to find a high-efficiency, low-cost, easy-to-
understand, and implementable method to realize do-it-yourself
KS program calculations to meet the increasing research relying
on key strata theory. In response to the above problems, we
introduced an approach using object-oriented programming
techniques and improved recursive algorithm strategies to
achieve high-efficiency, low-cost, easy-to-understand, and
practical methods to conduct key strata calculation.

First, traditional KS theory is abstractly analyzed, and a flexible
and robust algorithm model is established to improve the
convenience, efficiency, and accuracy of KS calculations.

Second, object-oriented technology is used to encapsulate the
KS algorithm and corresponding functional modules to
establish a technical framework with high cohesion and low
coupling, which improves the flexibility and maintainability of
the system and decreases the difficulty of independent
development.

REQUIREMENTS ANALYSIS AND OVERALL
RESEARCH FRAMEWORK
ESTABLISHMENT

Lithology Data
In the actual study, lithology data are generally stored in a
spreadsheet such as an Excel spreadsheet, and its main
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TABLE 1 | Format of lithology data.

Number Lithology Thinckness h
(m)

1 Sandstone 8.2

2 Mudstone 3.9

3 Fine sandstone 2.3

4 Medium sandstones 5.9

5 Siltstone 4.6

6 Mudstone 7.5

Recursive Numeration of Key Strata

Bulk density Elastic modulus Tensile strength
y (kg/m?) E (GPa) ¢ (MPa)
2,680 40 3.83
2,200 8 1.2
2,660 34 2.75
2,680 40 3.45
2,550 37 3.76
2,230 7 1.3

structure

|
Functional requirement | |
|

analysis

f 1
1| Abstract analysis of Organizational Algorithm esign and | |
: rock strata structure design analysis :
\ 4
Application
development
\ 4

Example verification

\ 4

Evaluation results

End

FIGURE 2 | Research framework of KS calculation research.

indicators are the following: number, lithology, thickness (m),
bulk density (kg/m3), elastic modulus (GPa), and tensile strength
(MPa). The organization format is shown in Table 1.

Program Function Analysis

1)

2)

In order to make a program to have better applicability, in the
functional analysis, the user should first design a function to
read the traditional spreadsheet data to achieve an import
batch data function, avoid repeated manual input, and
improve the overall efficiency of the calculation process.

The data visualization function is an important link in the
process of users checking the correctness of data and adjusting
parameters. When the data are imported into memory, a

3)

4)

certain carrier should be used to display the data, and the user
can check the data by viewing it.

The iterative calculation function is the core of the entire
program. After the data are ready, iterative calculations can be
performed. The calculation process is completed in the
background, and the calculation results are displayed in
real time.

The parameter adjustment function is the core of improving
the efficiency and reducing the time costs. In actual
applications, the most troublesome thing is the need to
repeatedly adjust the parameters. Therefore, the logic of
adjusting parameters must be considered when designing
functions. After the parameters are updated, the iterative
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FIGURE 3 | The abstract analysis of rock strata.
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-thickness:double |
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|

calculation function is automatically triggered and the new
calculation results are displayed in real time.

5) The data export and storage function is the end of the entire
process. Users can export and store the calculation results, and
then perform other lithology calculations or choose to end the
program.

Specific Research Framework of KS Based
on an Object-Oriented Recursive Algorithm
Model

According to the above analysis, the research framework of the
entire program can be preliminarily defined as shown in Figure 2.

ABSTRACT ANALYSIS AND ALGORITHM
DESIGN

Abstract Analysis of Strata

The strata in the physical world have different characteristics.
After the abstract analysis, the strata class is defined to describe
the strata. The parameters of the strata such as the number,
lithology, and bulk density are defined as attributes in the class,
and the load and fracture of the strata are defined as functions.
The objects describing different strata can be obtained by
instantiating the strata with different strata parameters.
Through the process of abstraction, encapsulation, and
instantiation, the strata of the physical world can be mapped
into the computer world for expression. The data are all
encapsulated inside the object, and an interface is provided for
access, which is not only easy to manage but also ensures data
security. Through the object-oriented analysis, strata are

Calculate

N\

FIGURE 4 | Organizational structure of classes.

petformance vurve

transformed from the physical world to the computer world,
which not only simplifies the analysis process but also expresses it
in a logical way similar to human thinking, which is more
conducive to learning and application. Internal functions are
defined to simulate the loading and breaking of rock strata and
perform function calls and data exchange through message
transmission.

Using the rock strata class as a space carrier to map the strata
in the physical world into the computer world, the abstract
expression of the strata data is related to object-oriented
technology, as shown in Figure 3.
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FIGURE 6 | Load calculation process.

Main Class Organization Structure
According to the above analysis, the main classes in program design

include strata, input and output, calculation, and parameter
adjustment. The C# language was used to define the classes, their
attributes, and the methods in the Visual Studio 2015 compilation
environment, and the logical calling relationship and organizational
structure between classes was defined, as shown in Figure 4.

Strata data

Load Condition Break Condition

25

abstract
analysis

Inside of object

id//position

g//Load | | |
| (D) '
Hardstrata=false L L]
keystrata=false Strata Hard strata Key strata
array array array

FIGURE 7 | Implementation process of calculation.

Algorithm Design
1) Principle analysis

For different strata positions, the overlying rock load needs to
be calculated and then compared. Taking the stratum numbered 1
as an example, the number of load calculations is #, and the load
calculation is shown in Figure 5.

When you need to calculate (g,,);, you need to calculate (g,,.1)
first; and when you calculate (g,,.1);, you need to calculate (g, 5);-
The calculation process is shown in Figure 6.

2) Core algorithm design

The calculation of the load is a recursive calculation process
because each recursion has to wait for the return of the following
results. As the number of recursions increases, the time complexity
and space complexity increase drastically. Therefore, a more efficient
tail recursion algorithm is adopted, and the recursive iterative
algorithm for the strata is designed according to the results of the
above analysis. After the recursive iteration, the load of all the strata
can be solved. Then all the hard rock strata in the array can be located
according to the load judgment criterion.

After calculating the hard strata, the breaking condition is used
to judge the key strata. According to the breaking condition, the
judgment function of the key strata is designed. Then an infinite
loop is used to traverse the hard rock strata and finally locate the
key strata.

The class describing strata is constructed through object-
oriented technology, and the strata objects are instantiated
with the parameters of the real strata to map the strata in the
physical world to the computer world. The recursive algorithm
structure is used to decompose the complex strata data and is
finally merged to realize the load calculation. Using the load and
breaking distance conditions of the key strata theory, the final key
strata position calculation can be realized through a simple cycle.
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FIGURE 8 | Location of the Xiadian coal mine.

type histogram |depth/m [thickness/m

top

pks 252.1 11.43

ws 17.76

sks2 269.8 9.85

ws 100.66

sksl 370 15.88

e 64.23
coal(3#) 440 6.05

FIGURE 9 | Key strata occurrence of the Xiadian coal mine (partial).

The logic of the entire calculation process is clear and easy-to-
understand and practice; the data are completely encapsulated
and separated from the calculation, it has higher cohesion and
low coupling, and it is more conducive to expansion and
debugging. The implementation process is shown in Figure 7.

EXPERIMENT AND ANALYSIS

Accuracy Verification

In order to verify the accuracy and efficiency of the program, the
Xiadian coal mine in Shanxi Province, China, was chosen as a
case study, as shown in Figure 8. The key strata occurrence of the
Xiadian coal mine is shown in Figure 9.

The input function of the program is used to import data in
batches and calculate and adjust parameters. The user interacts with
the program through the visual interface, and the calculation process
is completely shielded from the user. The friendly interactive
experience reduces the complicated repetitive calculation work
and improves the efficiency of the key strata calculation.

In the verification of the key strata of the Xiadian coal mine,
the program response and the calculation process are completely
consistent with the design, and the calculation results are basically
consistent with the original results, as shown in Table 2.

The borehole data of the Xiadian coal mine are calculated and
compared with the actual situation of the key strata on-site, as
shown in Figure 10. The calculation is basically consistent with
field practice. The algorithm searches out more strata that meet
the iterative conditions, and the calculated search height is
increased by 164.05 m, approaching 22 strata.
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Table 2 | Comparisons of program calculation and actual practical example.

Recursive Numeration of Key Strata

Number Lithology Thinckness h(m) KS of xiadian Program calculation
1 Sandstone 15.04 NOT PKS
2 Siltsone 11.43 PKS SKS
3 Sandstone 9.85 SKS SKS
4 Siltsone 15.88 SKS SKS
A B
350 200 _
h m=15.04m I psk d 1 Eiom
m=11.43m I pks
300 | Ks3
= Csks = ] m=9.85m [sks2
= d,=146.05m Csks2 =150 |
g 250 - g T skst
2 [sks1 = d =100.66m
S 200 d=17.76m 1143 5 % I coal
o pd Jm=11.45m [ coal o R
£ 1m=9.85m E 100
£ 150 F &
8 8
S 100 d,=100.66m S ]
2 - 2 50 |
= 50 ]m=15.88m = m=15.88m
d,=64.23m d,=64.23m
m=1.88m m=6.05m
y - " 0 1
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
H/m H/m
FIGURE 10 | Program calculation results and actual situation. (A) The results of the program calculation. (B) The actual situation of the Xiadian coal mine.
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FIGURE 11 | aw of the calculation time.

The reasons for the difference between the calculation results
and the field results are as follows.

1) The occurrence of KS, shown in Figure 10, is a comprehensive
conclusion drawn from the theoretical analysis, numerical
simulation, field practice, observation, and engineering work
experience. This is a further optimization and application in
preliminary theoretical calculations.

2) The method provided in this study can calculate all solutions
stably and quickly; however, it cannot combine the actual
mining situation and the working experience of engineers for
further optimization analysis.

These are the main reasons why the calculation results are not
exactly consistent with the field results. However, the method
proposed in this study can calculate all solutions stably and
efficiently, reduce the calculation time, improve the calculation
efficiency, and assist researchers in making decisions. Therefore,
it has a good application value.

Efficiency Analysis

In order to analyze the calculation efficiency and stability of the
program, different amounts of strata data are imported for
calculation and observation. When the number of strata is less
than 100, the calculation time is approximately 175 ms. As the
number of strata doubled, the calculation time increased.
When the number of rock layers reaches about
approximately 350, the calculation time is approximately
218 ms. The results show that the calculation time of the
program does not increase drastically as the calculation data
capacity increases, indicating that the calculation efficiency of
the program will not be significantly reduced due to the
increase in the amount of data. Therefore, the do-it-yourself
program can complete the calculation task within an
acceptable time. The law of the calculation time change is
shown in Figure 11.
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Table 3 | Efficiency comparison results.

Number Number of stratas
1 11
2 10
3 14
4 16
5 68

Recursive Numeration of Key Strata

Test of the paper
Number of KS

Previous research example

Number of KS

3 3
8 8
3 3
14 14
61 61

Previous calculating time(pct)/s

- max _pci- mean _pcl- min_pct
|:| max_lct - mean_lct E min_lct]

1 1
S e S
kS o [oe]

Latest calculation time(lct)/s

1
o
[N

0.0

11 14

FIGURE 12 | Comparison of the calculate time.

The total number of stratas

16

DISCUSSION AND SUGGESTION

Discussion

The calculation of key strata is an important topic of strata
movement control in coal mining. In this section, five
previous cases were selected for testing, and the calculation
efficiency was compared and analyzed to provide a reference
for the optimization of the program (Xu and Qian, 2000; Xu and
Ju, 2011).

Examples 1-5 are the calculation examples of the key
strata. The comparison results in Table 3 show that the
calculation results of the method proposed in this study are
basically consistent with previous conclusions. The
comparison results of the calculation time are shown in
Figure 12.

Figure 12 shows that the program designed by the method
provided in this study improves the computational efficiency by
approximately 5 times in terms of the maximum and average
computational time, and by approximately three times in terms of
the minimum computational time.

Suggestions
In recent years, problems such as environmental damage, water

loss, and mining-out collapse caused by mining have gradually
become prominent. On the basis of key strata theory, coal mining
has achieved remarkable results in mining design, rock strata
control, and post-mining goaf governance; however, there are a
number of problems with the key strata calculation. The influence
of mining conditions and the working experience of engineers are
fuzzy and random, but they have an important influence on the
calculation of key strata, which should be further studied and
analyzed. The main recommendations are as follows:

1) Itis necessary to construct a mining influence analysis system,
comprehensively evaluate the influence of mining conditions
on key strata, and establish a quantifiable influence coefficient
to improve the precision of the calculation of key strata.

It is necessary to develop a fuzzy intelligent algorithm to
analyze fuzzy concepts such as work experience, optimize the
calculation conclusions of key strata, and improve the
auxiliary decision-making ability.

2)
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CONCLUSION

Aiming at the problems of complex calculations, a lack of
simplified algorithm models, difficult program development,
low efficiency, and high costs in traditional KS judgments, this
study proposes an object-oriented method combined with an
improved recursive algorithm to realize the visual calculation of
KS. In addition, object-oriented applications were developed and
applied to the Xiadian coal mine, Shanxi, China, which proved
the practicability and high efficiency of the method. The main
conclusions are as follows:

1) The calculation principle of KS is abstractly analyzed, and an
improved recursive algorithm structure is adopted to establish
an algorithm model with a clear structure and good
readability, which provides a clear and concise idea for
efficient judgment of KS.

Object-oriented technology is used to extract and encapsulate
the functional modules of KS computing and build a high-
cohesion and low-coupling architecture to reduce the
technical and time costs of program development.

The application program has been developed and applied to
the Xiadian coal mine. The conclusion shows that the method
has the ability to solve the KS stably and efficiently. However,
this method makes efficient use of algorithms and program
design skills to quickly calculate all solutions. It is difficult to

2)

3)
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In coal mining, the problems of massive discharge of solid waste, environmental pollution,
and surface subsidence disaster are urgent to be solved. Based on this engineering
background, the feasibility of using solid waste soda residue to improve gangue cemented
backfiling material was discussed, and the surface subsidence of the test working face
was measured in this study. Besides, the influence of soda residue on the performance of
gangue cemented backfilling materials was analyzed through laboratory tests. The
experimental results show that 1) as the content of soda residue increases within the
range of 0-12%, the slump of the soda residue gangue backfilling material (SRGBM) slurry
gradually increases, and the bleeding rate increases. The early strength and later strength
of SRGBM increase first and then decrease with the increase in soda residue content. 2)
The optimal ratio of the soda residue cemented backfilling material is soda residue: fly ash:
lime: cement: gangue = 6%: 34%: 10%: 2.5%: 47.5%. Compared with the reference
group, the slump of the material is increased by 12.7%, the bleeding rate is only 3.8%, and
the early strength and later strength are increased by 449 and 187 %, respectively. 3) The
addition of soda residue promotes the hydration reaction of the slurry system of soda
residue cemented materials. The coexistence of C-S-H gel and N-A-S-H gel reduces the
connectivity of pores and improves the strength of the material. 4) The maximum surface
subsidence of the test working face is only 245 mm, and the surface subsidence control
effect is good. Therefore, the preparation of SRGBM with soda residue can achieve energy
saving and emission reduction, with significant technical, economic, and social benefits,
and has good promotion and application value.

Keywords: soda residue, cemented fill mining, transport property, mechanical properties, strength mechanism,
surface subsidence

INTRODUCTION

Coal is the basic energy in China. However, the traditional caving mining method causes surface
collapse disaster in a large area and solid waste discharge of gangue, which seriously damages the
ecological environment of mining areas (Zhang et al., 2020; Ma et al., 2021a). Statistically, about 795
million tons of solid waste gangue is discharged annually in China, and about 6.56 x 10* m” of land
subsidence is caused (He et al., 2015), which severely restricts the sustainable development of mines
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in China. Cemented fill mining has the advantages of surface
subsidence reduction, gangue emission reduction, and
environmental protection and has become the core technology
of green mining systems (Martin And Holger, 2013; Deng et al.,
2020; Meng et al., 2017). Cemented backfilling can be divided into
low-concentration  tailings cemented backfilling, high-
concentration full-tailings cemented backfilling (Zhao et al,
2011), high water quick setting tailings cemented backfilling
(Guangming et al., 2010), paste cemented backfilling (Zhou
et al, 2019), and waste rock cemented backfilling (Li et al,
2020a; Liu et al., 2020; Meng et al., 2020). Backfilling material
(Ma et al.,, 2019a) is the key to cemented backfilling, and the
material cost accounts for more than 40% of the backfilling cost
(Liu et al., 2021). The gangue-based cemented backfilling mainly
composed of gangue and fly ash (solid waste) has been widely
applied (Cui and Henghu, 2010; Wang et al., 2019; Ran et al,,
2020). Studies on the performance of gangue-based cemented
materials (including slump, diffusivity, rheological properties,
setting time, compressive strength, shear strength, and
material mix proportion) have been widely performed (Li
et al., 2020b; Yin et al, 2020a; Yin et al, 2020b). With the
development of deep mining (Ma et al,, 2021b), the mining
of high ground stress and high ground
temperature is frequently encountered; the proper disposition
of bulk solid waste and cost reduction of backfilling materials are
urgently required (Zhang et al, 2018). Consequently, higher
requirements are put forward for the performance of
cemented backfilling materials and cost control of backfilling
mining (Ma et al., 2020a).

Soda, renowned as “the mother of chemical industry,” has
been widely used in construction, chemical industry, textile, and
other industries. The output of soda ash in China ranks first in the
world, mainly based on the ammonia-soda process (Song et al.,
2019). According to statistics, 0.3-0.6 t solid waste of soda residue
is discharged for every 1t of soda ash produced (Sun et al., 2012).
Due to the high alkalinity and high chloride ion content of soda
residue, the traditional ground discharge method not only
occupies a large number of land resources but also causes soil
salinization (Yang et al, 2017a). From the perspective of
environmental protection and land resource utilization, the
scientific treatment of solid waste soda residue has become a
problem faced by salt chemical enterprises (Hulisz and Piernik,
2013; Yang et al,, 2017b). Mitchell (Mitchell, 1993) in Japan
mixed soda residue with fly ash to make engineering soil for road
reclamation. Xu Dong et al. (Xu et al., 2020) used soda residue,
slag, steel slag, and desulfurization gypsum as composite
cementing materials, tailings sand, and waste rock as
aggregates to prepare clinker-free concrete. Yan Shuwang (Yan
et al., 2006) mixed soda residue and calcium ash in a certain
proportion and made soda residue soil for site backfilling.
Morgan (Morgan, 1996) and Huang Lanfen (Lanfen et al,
2014) used the alkalinity of soda residue to improve acid soil.
Yang Jivjun (Yang et al., 2010) used soda residue as an admixture
to partially replace fly ash for the preparation of building mortar.
The above utilization method consumes the solid waste of soda
residue to a certain extent. However, due to the low strength of
soda residue itself and the existence of chloride in soda residue,

environment
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the phenomenon of spreading soda and corrosion of steel bar
appears in the engineering (Ma et al., 2020b). Consequently, the
existing soda residue treatment methods hardly meet the
comprehensive requirements of the project on bearing
capacity, anti-deformation, environmental protection, and
large-scale treatment at the same time (Ma et al., 2019D).
Research has found that soda residue contains alkalinity (Tian and
Li, 2009) and a large number of CaCO;, Ca(OH),, and other
components, which can be used to improve the performance of
cement concrete to a certain extent (Tan et al., 2018). Due to the non-
chlorine corrosion of the filling body (no reinforcement is used inside
the backfill) and the rising price of fly ash, the technical idea of using
soda residue to replace part of fly ash and preparing soda residue
gangue backfilling material (SRGBM) is germinated. In this study, the
basic characteristics of soda residue, gangue, fly ash, and other raw
materials were tested, and SRGBM with different soda residue
contents was prepared. The slump, bleeding rate, and uniaxial
compressive strength of SRGBM at different ages were analyzed.
The influence of soda residue content on the flow performance and
mechanical properties of SRGBM was investigated, and the strength
formation mechanism of SRGBM was explored. The proposed
SRGBM was applied to engineering in the test mine, and the
surface subsidence measurement was performed to verify the
control effect of SRGBM on the surface subsidence of the mining
area. This study provides a reference for the large-scale resource
treatment of solid waste soda residue and the development and
performance improvement of new cemented backfilling materials.

GANGUE CEMENTED FILL MINING AND
PERFORMANCE INDEX

Technical Principle

In the gangue cemented fill mining, gangue is used as an aggregate,
and the additives (such as fly ash) and cementing materials (such as
cement, lime) are added. Then, water is added in the ground or
underground mixing station to obtain paste slurry by mixing.
Subsequently, the slurry is transported to the underground goaf by
gravity or backfilling pump through the transportation channel
such as drilling or pipeline, and then the excess water is removed
from the slurry in the goaf (or dehydration is omitted). After the
slurry solidifying strength is improved, the slurry is used to support
the surrounding rock, fill the goaf, and control the overburden
movement and surface deformation. The principle of gangue
cemented fill mining technology is shown in Figure 1.

Performance Index Analysis of Soda

Residue Gangue Backfilling Material

SRGBM is formed by gangue with certain gradation, lime,
cement, fly ash, and other materials mixed with water. As the
main bearing body of goaf, the cemented backfilling materials go
through the flowing state and solidification state of the slurry. The
ideal SRGBM needs to have two core indexes of good transport
property and mechanical property at the same time. In addition,
it should also meet the requirements of wide sources, low cost,
and no contaminants in engineering.
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FIGURE 1 | Technical principle of cemented fill mining.

Transport Properties

Slump

The transport property determines the difficulty and effect of
transportation of backfilling slurry to the underground goaf. A
poor transport property will lead to plugging of the backfilling
pipeline. Slump directly reflects the workability, fluidity, and
pump ability of cemented backfilling materials (Yu et al,
2016), which is usually used as a direct index to evaluate the
transport property of the backfilling slurry. Engineering practice
has proved that the slump of the backfilling slurry meeting the
transportation requirements should not be less than 100 mm, and
it has good transport properties when the slump is 120-200 mm
(Shenyang, 2019).

Bleeding Rate

Bleeding rate is another index to measure the transport property
of the backfilling slurry, which reflects the water retention and
segregation degree of slurry. The larger the bleeding rate, the
more serious the slurry segregation and the worse the transport
property. Consequently, pipe plugging can be easily caused in the
pumping process. Besides, the cement and other fine particles in
the slurry can be easily brought out during the bleeding process,
which reduces the strength of the material in the later stage
(Wang et al., 2014). The practice has shown that the bleeding rate
of the backfilling slurry meeting the requirements of transport
property should be less than 5% (Shenyang, 2019).

Mechanical Properties

The mechanical properties of the backfilling materials determine
the controlling effect of the filling body on the overburden after
solidification. The higher the mechanical strength of backfilling
materials, the stronger the bearing capacity of the filling body.
According to the function of the cemented filling body in

different periods of goaf, the mechanical properties can be
divided into early strength and later strength.

Early Strength

During the backfilling mining, cemented backfilling materials
must be self-supporting without collapse after backfilling into
goaf. Therefore, SRGBM needs to have early strength, that is, the
strength required for the filling body to maintain self-supporting
at the early stage. Although the early strength requirement is not
high, it is of great significance for backfilling mining. The early
strength design methods include the empirical formula and
Thomas model (Wang, 2019). Considering the actual
backfilling technology in a coal mine, the unconfined
compressive strength (UCS) of the filling body at the curing
age of 1 day is selected as the early strength index. The
relationship between the early strength and the backfilling
height of the goaf is shown in the following equation:

K = ko?, (1)

where h is the height of the filling body, m; k is the empirical
coefficient of early strength, and k= 600 generally; and o, is the
early strength of the cemented filling body, MPa.

Later Strength

With the internal hydration reaction of the cemented backfilling
slurry, the strength of the cemented filling body gradually
increases and finally tends to be stable. In the goaf, the filling
body is used to support the overburden, and the strength at the
curing age of 28 days is generally taken as the later strength in the
research. In this study, the control of surface subsidence is taken
as the backfilling target. If the strength of the filling body needs to
control the main key strata of overburden without breaking, then
the later strength of the filling body needs to control the weight of
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FIGURE 2 | Composition materials of SRGBM: (A) gangue, (B) soda residue, (C) fly ash, (D) lime, and (E) cement.

rock strata between the immediate roof and the main key strata.
The later strength calculation is shown in the following equation:

on=ay rih, ©)
i1

where o, is the later strength of cemented filling body, MPa; n is
the number of strata between the direct roof of overburden and
the main key strata; h; is the thickness of the ith layer, m; ; is the

unit weight of the ith layer, MN/m?; and a is the safety factor of
later strength, ranging from 1.1 to 1.4.

MATERIALS AND METHODS

Materials

The original gangue-based cemented backfilling material used in
the test mine was taken as the reference group. The mix
proportion of raw materials in the reference group was
gangue: fly ash: cement: lime = 47.5%: 40%: 10%: 2.5%, and
the mass concentration of the slurry was 84%. In recent years,
there is a supply tension of fly ash in the market, and the price of
fly ash is rising gradually. In this study, the technical idea of using
soda residue to replace fly ash was proposed. Based on the
reference group, SRGBM was prepared by replacing fly ash
with soda residue in proportion. Figure 2 shows the actual
photos of raw materials.

Soda Residue

The test soda residue was taken from Huai’an Soda Plant. The
fresh soda residue was a gray sticky paste with a pungent smell
and strong corrosion. The soda residue was dried by natural air
drying, and the moisture content, pH value, liquid plastic limit,
UCS, and other basic parameters of the air-dried soda residue
were tested according to Test Methods of Soils for Highway
Engineering (JTG E40-2007). The chemical composition of soda
residue was analyzed by XRF tests. Table 1 shows basic physical
and mechanical parameters and chemical components of soda
residue.

The moisture content of soda residue was 89.95%, the pH
value was 9.2, and it was alkaline. The plasticity index was 29.53,
belonging to high liquid limit clay. The UCS value of soda residue
was only 0.20 MPa, indicating the low strength of soda residue.
The scanning electron microscope (SEM) was used to scan the
internal structure of air-dried soda residue. Figure 3 shows the
internal structure under different magnifications. Based on the
analysis, the soda residue was a porous aggregate structure. It was
inferred that the material skeleton of soda residue was mainly
formed by CaCOs, and the single-particle size was about 2-5 pm.
The particles were cemented with each other to form aggregates.
Due to the main point contact of particles, the cementation of the
soda residue was weak. The surface of the aggregate structure was
rough, and there were many pores of different sizes on the surface
and inside of particles, resulting in the high water content and
large bearing deformation in a natural state.

Gangue

The test gangue was taken from the washing gangue of the coal
preparation plant. The natural moisture content of the gangue
was 6.7% and the density was 1.9 g/cm’. The gangue was ground
into a powder specimen and tested by a D/max-3B X-ray
diffractometer. The main components of gangue are quartz
and kaolinite, and the total amount of both is more than 70%;
there are also some illite and illite/smectite formations,
amorphous materials, and a small number of other minerals.

Gangue has a high content of SiO, and can act as the material
skeleton, contributing to better deformation resistance of
backfilling materials. Besides, gangue also contains carbon,
aluminum, and Cao, which is easy to react with fly ash.
Figure 4 shows the SEM micrographs of the internal structure
of gangue under different resolution conditions.

According to Figure 4A, there are many holes on the surface
of gangue, the surface joints and fissures are developed, the coarse
and fine particles are cemented with each other, there are obvious
edges and corners at the end of the particles, and the fracture is
flat. After magnification of 6000 times (Figure 4B), the micro-
layered structure of fractures can be clearly found; the rock
specimens are stacked in sheets, and the sheets are
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TABLE 1 | Physical and mechanical parameters and chemical composition of soda residue.

Physical and mechanics parameters

Chemical component/%

No Item Value Unit No Compositions Content Number Compositions Number
1 Moisture content 89.95 % 1 Ca0 52.25 6 MgO 2.33
2 PH 9.2 - 2 SO3 16.97 7 Al,O3 1.76
3 Plastic limit 53.96 % 3 Cl 18.39 8 FexOs3 117
4 Liquid limit 83.49 % 4 SiO, 4.06 9 K20 0.15
5 ucs 0.20 MPa 5 NaO, 2.46 10 Others 0.46

10 40 SEI

15kV X500 50pm

RET A CX

FIGURE 4 | SEM micrographs of gangue at different magnification: (A) 1500x, (B) 6000x, and (C) 12000x.

crisscrossed. After magnification of 12000 times (Figure 4C), the
microscopic pores are distributed on the surface of gangue, and
the diameter of pores is about 2 um. SEM results show that
gangue itself has good density and can be used as an aggregate
component of cemented backfilling materials.

Fly Ash
The fly ash used in the test was from the spontaneous combustion
coal power plant. According to the analysis, the main oxide
components in fly ash are SiO,, Al,Os, Fe,O;. The Al,Os, and
SiO,, which account for 74% are the favorable component of fly ash
activity and are closely related to the later setting and hardening
characteristics of cemented backfilling materials (Papadakis, 1999).
According to SEM micrographs of fly ash, fly ash particles
have different particle sizes and shapes. There are more particles

with small sizes and fewer particles with large sizes; most of the
particle size is 10-20 pm, and the maximum particle size is about
170 pm. It is observed that many pores are evenly distributed on
its surface, and there are small flake structures locally.

Cement

The cement used in this test was P.0.32.5 cement produced by
China United Cement Company. The apparent density of the
cement was 3.1 g/cm®, and 80 pm sieve residual was 6.4%. The
analysis shows that there are a lot of tricalcium silicate (CsS),
dicalcium silicate (C,S), part of tricalcium aluminate (C;A), and
tetracalcium ferroaluminate (C,AF) in cement. After hydration of
cement, calcium silicate hydrate and ettringite with cementing
ability can be produced. The results of the mineral composition
analysis are shown in Table 2.
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TABLE 2 | Mineral composition of cement.

Compositions CsS C.S CsA C4AF Other
Content (%) 1.5 1.2 255 48.8 Rest
Lime

The lime used in this test was quicklime produced by Huihui
Industrial Company. Through the analysis, it is found that the
main components of lime are calcium oxide and calcium
hydroxide, accounting for 70%. Calcium oxide is a kind of
nonhydraulic cementing material, which has poor cementing
ability in the water environment. The addition of lime can
stimulate the activity of fly ash, promote the hydration process
of fly ash, and improve the strength of the filling body; Besides,
the calcium oxide contained in lime can react with water,
consume free water content, and reduce slurry bleeding rate.

Test Scheme

To study the influence of soda residue content on the flow and
mechanical properties of SRGBM, five groups of tests (groups
A0—A4) were designed. Group A0 was the reference group
without soda residue. The specific ratios are available in
Chapter 3.1. The amount of soda residue in groups A0-A4
was 0, 3, 6, 9, and 12% respectively, and the corresponding
quality of fly ash in each group decreased. Slump and bleeding
rate are specific indexes of flow performance. Early strength,
middle strength, and later strength are mechanical property
indexes in this test, corresponding to the UCS at the curing
age of 1, 7, and 28 days. Table 3 shows the test proportioning
scheme and monitoring indexes.

Sample Preparation and Test Process

After grinding the soda residue in advance, raw materials in
different groups were mixed according to the test scheme. Then,
an appropriate amount of tap water was added to stir to form
cemented backfilling slurry. The slump and bleeding rate of slurry
were tested according to the GB/T 50080-2016 Standard for test
method of performance on ordinary fresh concrete. During the
bleeding rate test, the water exuded from the surface was sucked
by the straw at an interval of 10 min in the first 60 min; after
60 min, the water was sucked every 30 min until there was no
more water on the surface. The mechanical properties were tested
with a triple die (7.07 x 7.07 x 07 cm) for mold mounting, and
then the mold was removed after 24 h. The mold was cured under
the standard curing condition (at the temperature of 20°C and the

Soda Residue Gangue Backfiling Materials

humidity of 95%) at the curing age of 1, 7, and 28 days. The
WAW-1000D electro-hydraulic servo press was selected to test
the UCS of the cemented filling body at different curing ages. The
loading speed was set as 1 mm/s. Three specimens were tested at
each age, and the average value was taken as the final result. The
actual pictures of the test process are shown in Figure 5.

RESULTS AND DISCUSSION

Flow Performance
Slump
Figure 6 shows the slump test results of the SRGBM slurry with
different soda residue contents in Groups A0-A4.

As shown in Figure 6, when the soda residue content is 0, 3, 6,
9, and 12%, the slump values of slurry are 110, 115, 124, 135, and
152 mm, respectively. It indicates that the slump value of slurry
gradually increases with the increase in soda residue content.
Compared with the reference group (Group A0), the increase in
the slump value in Groups A1-A4 is 4.5, 12.7, 22.7, and 38.2%,
respectively, and the increasing amplitude gradually increases
with the increase in soda residue content. The reason is as follows:
there is a large number of fine particles of soda residue after
grinding and the water content is high, which increases the slump
value of slurry and enhances the fluidity of the backfilling
material.

Bleeding Rate
Figure 7 shows test results of bleeding and bleeding rate of slurry
with different contents of soda residue.

As shown in Figure 7A, the bleeding law of the SRGBM slurry
in each group presents two-stage characteristics of rapid bleeding
(stage I) and slow bleeding (stage II). In stage I, the speed of
bleeding is faster and the bleeding proportion is larger in the
whole process, while in stage II, the speed of bleeding is slower
and the bleeding proportion is smaller in the whole process. The
bleeding proportion of stage I in the reference group (Group A0)
is as high as 98% and that of stage I in Group A4 is 91%. With the
increase in soda residue content, the final bleeding in stage II
increases gradually, but the proportion of bleeding in stage I
decreases gradually. It indicates that soda residue can delay the
initial bleeding rate of free water, which is conducive to material
transportation.

As presented in Figure 7B, when the soda residue contents are
0,3, 6,9, and 12%, the bleeding rate of slurry in Groups A0-A4 is
24, 3.0, 3.8, 4.7, and 5.3%, respectively. The bleeding rate

TABLE 3 | Test proportioning scheme and monitoring index.

Monitoring index

Group Solids content composition (wt%) Mass
Soda Flyash Cement Lime Gangue Conceor/ltratmn
residue (%)
AO 0 40 10 25 47.5 84
Al 3 37 10 25 475 84
A2 6 34 10 25 475 84
A3 9 31 10 2.5 47.5 84
A4 12 28 10 25 475 84

Slump Bleeding ucs ucs ucs
rate (1 day) (7 days) (28 days)
So bo 001 002 003
S1 b, 011 012 013
S2 by 021 022 023
S3 b3 031 032 033
S4 b4 041 042 043
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FIGURE 5 | Actual pictures of the test process.
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FIGURE 6 | Influence law of slump.

Soda residue content/%

gradually increases with the increase in soda residue content. The
increasing amplitude of the bleeding rate of slurry in Groups A1-A4
is 25, 58, 95, and 120%, respectively. This increasing amplitude is
significant, and the bleeding rate of slurry in Group A4 is too large,
which has exceeded the recommended value. The analysis shows
that the water absorption rate of fly ash with the same quality is
higher than that of soda residue; the water absorbed by soda residue

is less than the water demand of fly ash; the free water of slurry is
more, which leads to the increase in bleeding rate.

Mechanical Properties

Bearing Deformation Characteristics

One specimen was selected from three specimens at different
curing ages in Groups A0-A4 and subject to the loading. The
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stress—strain curve of SRGBM specimens was drawn, as shown in
Figure 8.

As shown in Figure 11, the strength curves of SRGBM
specimens with different soda residue contents and different
ages show significant three-stage characteristics, namely, pre-
peak bearing area (zone I), post-peak attenuation area (zone II),
and residual bearing area (zone III). In zone I, the strength of the
specimen almost increases linearly with the increase of load. At
the peak point, the specimen is in the ultimate strength, and the
bearing capacity is the strongest. Zone I belongs to the strain
hardening stage. In zones II and III, with the continuous action of
the load, the strength of the specimen decreases rapidly, the
bearing capacity becomes weak, the cracks continue to develop
and connect, and the residual bearing area shrinks. However, the
specimen in zone III does not completely lose the bearing
capacity. It indicates that the material still has a certain
bearing capacity after failure, but the bearing capacity is weak.
Zones II and III belong to the strain-softening stage.

Analysis of Influence Characteristics

The UCS values of SRGBM specimens with different soda residue
contents and ages were summarized. To further analyze the
influence of soda residue content and curing age on the UCS
of SRGBM specimens, the data are plotted as shown in Figure 9.

Curing age

As shown in Figure 9A, the UCS of SRGBM specimens with
different soda residue contents increases gradually with the
increase in curing time. The early strength and later strength
of SRGBM in Group A2 are the largest, and the average uniaxial
UCS of SRGBM at the curing age of 1, 7, and 28 days are 0.74,
3.95, and 12.54 MPa, respectively. The average UCS of the
specimen at the curing age of 7 days is 5.3 times of that at the
curing age of 1 day; the average UCS of the specimen at the curing
age of 28 days is 16.9 times of that at the curing age of 7 days.

Soda residue content

As shown in Figure 9B, the UCS of SRGBM specimens increases
first and then decreases with the increase in soda residue content.
The strength of SRGBM at different curing ages is the highest at
the soda residue content of 6%. Compared with the reference
group, the UCS of SRGBM specimens at the curing ages of 1, 7,
and 28 days in Group A2 is 5.49, 2.23, and 2.87 times of that in
Group A2 (reference group), respectively. Based on the test
results, it is suggested that the optimum mix proportion of
SRGBM is soda residue: fly ash: lime: cement: gangue = 6%:
34%: 10%: 2.5%: 47.5%, and the slurry concentration is 84 wt%.

Strength Formation Mechanism

The cured specimen was broken and a small rectangular
specimen with a base area of 10 x 10mm and a height of
2-10mm was cut from the inside of the specimen. The
conductive adhesive was glued to the base and sprayed with
gold to improve the electrical conductivity. Finally, the specimen
was observed in the electron microscope. Figure 10 shows the
production process and the actual photos of the experiment.
Figure 11 shows the micrographs of SRGBM specimens under
different resolution conditions.

According to the analysis of Chapter 3.1.4, the main components
of cement are C;A and C,AF. The pH value and temperature of the
solution are increased by the Cao in lime and water heating, and then
trisulfide hydrated calcium sulfate (3CaO-Al,0;-3CaSO432H,0,
known as ettringite, expressed by Aft) is generated byC;A. The
reaction formula is shown in the following equations:

3Ca0O 'Ale3+Cll(OH)2 — 4Ca0O 'Ale3'13H20, (3)
4CaO - Al,05-13H,0 + 4CaS04-2H,0
+ Hzo — 3CaO0 - Ale3'3CﬂSO4'32H20. (4)

When the gypsum is exhausted, calcium aluminate hydrate
(C4AH;3), which is the hydration product of C;A, reacts with AFt
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FIGURE 8 | Stress—strain curves of SRGBM specimens.
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to form calcium sulphoaluminate hydrate (3CaO-ALO;-CaSO, 12H,0,
expressed as AFm). Both of these hydrates are needle-like crystals
and are insoluble in water. The reaction equations are shown

in the following equations:

3CaO - A1203+6H20 — 3CaO0 - A1203'6H20,

®)

4CaO - A120313H20 + 3CaO - Ale33CﬂSO432H20 — 3Ca0
. A1203CaSO412H20

(6)

At the same time, fly ash is activated in the sodane environment

of lime, the hydration reaction of cement is very rapid, and the
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released substances make the pH value of the solution further
increase. The substances in fly ash have the characteristics of
modifying the system structure, such as Ca®*, K*, and Na';
silicate or aluminosilicate minerals are also dissolved in the
solution. These substances with the ability of modifying the
system structure contact with each other to form calcium silicate
cement (C-S-H) and calcium aluminate hydrate (C4AH;3). These

hydration products can increase the structural density and strength
of cemented backfilling materials and make the materials have a
higher bearing capacity.

With the addition of soda residue, the active SiO, and
AlLO; contained in fly ash are excited by the OH™ contained
in soda residue. After the dissolution and re-polymerization
with different structures, aluminosilicate cementitious polymer

Frontiers in Earth Science | www.frontiersin.org

47

November 2021 | Volume 9 | Article 747675


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Yin et al. Soda Residue Gangue Backfiling Materials

B o6 T
I
- [ —=—31August 2019 | T CR302 total station
i 1
£ g 1
S 044 Scope of 6426 workface 1
$ "< :
s
o 0.3 !
Q I
=
'qU) 1
2 02
K=
=
0.1 4
0.0
1 T T T T T
0 100 200 300 400 500
Measuring point position/m
C o030
=3
0.25 —=— 7May2014-9May 2016
- — —e— 9May 2016-31Augest 2019
£ o
)
E 0154
8
£ 0.10 4
=
Z
< 0.05-‘
0.00
-0.05 T T T T T
0 100 200 300 400 500
Measuring point position/m
FIGURE 12 | Monitoring scheme and results of surface subsidence.

(N-A-S-H) is formed. N-A-S-H has a stronger cementing
performance. In the soda residue cementing slurry system,
C-S-H gel and N-A-S-H gel coexist (Liu et al, 2017), which
improves the cementing performance of the system, reduces the

backfilling. According to the test results, the material ratio
of Group A2 was used. Surface settlement observation points
were set on the corresponding surface of the working face.
Then, the surface subsidence of the backfilling working face

connectivity of pores, and improves the strength of the material.
This is the main reason for the gradual increases in the strength of
the material with the increase in soda residue content in the range
of 0-6%. The reaction process is shown in the following equation:

1(8i0,-AL0;)+nSi0,+4nH,0%5 (~-Si— O - Al- 0 - Si - 0),.
(7)

With the continuous increase in soda residue content, the degree
of soda residue participating in the hydration reaction of
materials is weakened, and the surplus soda residue no longer
participates in the hydration reaction. The decrease of fly ash
content reduces the content of the C-S-H gel polymer and N-A-S-
H polymer. Since the strength of soda residue itself is low, the
strength of SRGBM shows a downward trend with the continuous
increase in soda residue content.

ENGINEERING APPLICATION AND FIELD
MEASUREMENT OF SURFACE
SUBSIDENCE

Surface Subsidence Observation
The working face 6246 of a mine was selected as the
experimental working face of soda residue cemented

was monitored, and the control effect of SRGBM on the surface
subsidence was observed. The survey line was arranged on the
north of the coal mine, and the length of the survey line was
480 m. A total of 17 measuring points (N3-N19) were arranged
at an interval of 30 m. The monitoring instrument was tested
by the Laika TCR802 total station. Below the survey line was
the working face 6246. The surface subsidence monitoring
lines were monitored on May 7, 2014, May 9, 2016, and August
31, 2019. Some observation points were damaged or lost due to
human destruction and natural factors, but there are still 11
observation points in good condition. Figure 12 presents the
surveying scheme and surveying results.

As shown in Figure 12B, the maximum surface subsidence
from May 7, 2014, to August 31, 2019, is 245 mm, which is
located above the working face 6246. According to the
subsidence velocity curve, from May 7, 2014, to May 9,
2016, the surface subsidence velocity is faster (the
maximum subsidence velocity of measuring point N8 is
0.269 mm/d) than that from May 9, 2016, to August 31,
2019 (the maximum subsidence velocity of N10 is
0.112mm/d). The measuring points N8 and NI0 are,
respectively, located above the working face 6246, and the
mining of the working face 6246 is completed on December 31,
2015. It can be known that the main reason for the rapid
surface subsidence from May 7, 2014, to May 9, 2016, is that
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the working face 6246 is in the mining period, and the mining
had a severe impact on the overlying rock, which leads to the
rapid surface subsidence. During the second observation of the
working face 6246, the mining has been completed, and the
surface subsidence was slow. In addition, the measuring points
N14, N15, and N16 are at the edge of the working face 6241.
Combined with the subsidence curves and subsidence speed
curves, it can be seen that the surface subsidence is small from
May 9, 2016, to August 31, 2019, and the surface subsidence
has tended to be stable. In summary, SRGBM has a good
control effect on overburden movement and can effectively
control the surface subsidence.

Benefit Analysis
The test results show that the effect of soda residue on the
transport performance and mechanical properties of SRGBM
is significant, and the surface subsidence value of the test mine is
small, and the surface subsidence control effect is good. To
comprehensively compare and analyze the influence of soda
residue on the economic, technical, and social benefits of
cemented fill mining, SRGBM with the soda residue content of
6% in Group A2 and SRGBM without soda residue content in
Group A0 were taken as the comparison. Figure 13 shows the
specific results of data analysis.

In Group A2, 6% fly ash in Group A0 was replaced by solid

slurry increases by 12.7%. With the increase in slurry
bleeding, although the increase in bleeding rate is 58%, the
bleeding rate is only 3.8% (less than 5%), which still meets the
engineering requirements. The increase in early strength and
later strength is 449 and 187%, respectively, and the
mechanical properties of SRGBM are greatly improved.
According to statistics, the plant price of fly ash and soda
is about 150 yuan per ton and 80.7 yuan per ton. Considering
the transportation cost of soda residue, the economic benefit
of SRGBM is estimated to be 200 yuan per ton of soda residue
consumed. At the same time, this technology can achieve
energy saving and emission reduction, environmental
protection and social benefits and has good application
value (Biernacki et al., 2017).

CONCLUSION

1) The moisture content of fresh soda residue is 89.95%, and the
pH value is 9.2, which is alkaline. The plasticity index of fresh
soda residue is 29.53, which belongs to the category of
cohesive soil. The UCS of soda residue is only 0.20 MPa.
Soda residue is a porous aggregate structure, with many
internal  interconnected  pores, large  compression
deformation, and weak bearing capacity.

waste soda residue. The results show that the performance  2) With the increase in soda residue content within the range of
indexes of specimens in Groups A2 and A0 are significantly 0-12%, the slump of the SRGBM slurry gradually increases,
improved except for the bleeding rate. The slump of SRGBM and the bleeding rate gradually increases, but the proportion
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of bleeding in the early rapid bleeding stage (stage I) is
gradually smaller. The early strength, middle strength, and
later strength of SRGBM increase first and then decrease. The
optimum mix proportion of SRGBM is soda residue: fly ash:
lime: cement: gangue = 6%: 34%: 10%: 2.5%: 47.5%, and the
slurry concentration is 84 wt%.

Soda residue promotes the hydration reaction of cementing
materials in the slurry system, and C-S-H gel and N-A-S-H gel
coexist in the slurry system. The N-A-S-H gel has a stronger
cementing performance, reduces the connectivity of pores,
and improves the strength of materials. However, the
excessive addition of soda residue cannot always promote
the formation of C-S-H and N-A-S-H. The excessive addition
of soda residue can reduce the strength of the material
gradually.

The field measurement of the surface subsidence shows that
the maximum subsidence value of the backfilling working face
with SRGBM is only 245 mm, and the surface subsidence
control effect is good. The statistical data show that compared
with the reference group, the slump of SRGBM in Group A2
increases by 12.7%, the bleeding rate is only 3.8%, and the
early strength and later strength increase by 449 and 187%,
respectively; the economic benefit of 200 yuan is generated by
the addition of soda residue per ton. The technical, economic,

3)

4)
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When studying the rock burst mechanism in subvertical extra-thick coal seams in the
Wudong coal mine in Xinjiang, China, most studies focus on rock pillars, while the effect of
the roof on rock bursts is usually ignored. In this paper, a rock burst mechanism in
subvertical extra-thick coal seams under the control of a “roof-rock pillar” is proposed. A
theoretical analysis is first performed to explain the effect of roof-rock pillar combinations
on rock bursts in coal seams. Numerical modeling and microseismic analysis are
implemented to further study the mechanism of rock burst. The main conclusions are
as follows: 1) During the mining of the B3+6 coal seam, an obvious microseismic
concentration phenomenon is found in both the roof and rock pillar of B3+6. The rock
bursts exhibited obvious directionality, and its main failure characteristics are floor heave
and sidewall heave, but there will also be some failures such as shoulder socket
subsidence in some parts. 2) The stress transfer caused by rock pillar prying is the
main reason for the large difference in rock burst occurrence near the vertical and extra
thick adjacent coal seams under the same mining depth. 3) Under the same cantilever
length, the elastic deformation energy of the roof is much greater than that of the rock pillar,
which makes it easier to produce high-energy microseismic events. With an increasing
mining depth, the roof will become the dominant factor controlling the occurrence of rock
bursts. 4) The high-energy event produced by the rock mass fracture near the coal rock
interface easily induces rock bursts, while the high-energy event produced by the fracture
at the far end of the rock mass is less likely to induce rock burst. 5) Roof deformation
extrusion and rock pillar prying provide high static stress conditions for the occurrence of
rock bursts in the B3+6 coal seam. The superposition of the dynamic disturbance caused
by roof and rock pillar failure and the high static stress of the coal seam is the main cause of
rock burst in the B3+6 coal seam.

Keywords: rock bursts, subvertical extra-thick coal seams, adjacent coal seams, roof bending, rock pillar prying
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INTRODUCTION

Rock bursts are dangerous phenomena caused by the brittle
failure of deep rock and are associated with excavation-
induced seismic events (Kaiser and Cai, 2013). The occurrence
of rock bursts usually causes significant economic losses, such as
equipment damage and construction delays, and even worker
injuries (He, 2011; Feng et al., 2012; Mazaira and Konicek, 2015;
Lu et al., 2016; Dou et al., 2018; Feng et al., 2019; Naji et al., 2019;
Simser, 2019; Wang et al., 2020; Wu et al., 2021a). They are one of
the common dynamic instability modes during underground
mining and excavation in the hardness, brittleness and
integrity surrounding rock strata. In many cases, a rock burst
in a coal mine can destroy tunnels hundreds of meters long,
causing equipment damage and casualties (Aydan et al., 2002;
Zhu et al., 2015; Afraei et al., 2019). The scale and severity of the
damage in coal mines are usually greater than those in hard rock
engineering.

Steeply inclined coal seams are widely distributed in Xinjiang,
Ningxia, and Gansu in China, Asturias in Spain, and Lorraine in
France, as well as other coal-producing regions (Diez and Alvarez,
2000; Driad-Lebeau et al., 2005; Heib, 2012; Qi et al., 2019b; He
et al., 2020b). The steeply dipping thick coal seam contributes to
approximately 17% of the total coal reserve and 10% of the total
coal production of China (Duan et al., 2008; Wu et al., 2014). In
recent years, as the mining intensity has increased, some areas in
the east have suffered from the depletion of coal reserves that have
had good conditions for many years. Many mining areas have
begun to consider the mining of steep coal seams distributed in
the west. However, compared with a gently inclined coal seam,
the roof of a steeply inclined coal seam is not located above the
stope but at the side of the stope. Therefore, the stress
environment of steeply inclined coal seam roofs, the
movement characteristics of overburden and the fracture
mechanism are obviously different from those of gently
inclined coal seams (Unver and Yasitli, 2006; Miao et al.,
2011; Lai et al.,, 2014). The subvertical extra-thick coal seam is
a type of coal seam with a large dip angle of 85-90° and is
recognized as difficult to mine in academic circles (Lai et al., 2014;
Lai et al.,, 2018). Because of their special characteristics of a high
horizontal stress and complex geological conditions, the critical
depth for rock bursts is less than that of most coal mines. The
mine area of Urumchi has more than 30 steeply dipping coal
seams with various thicknesses and spacings. Among them, the
south mining area of the Wudong Coal Mine has particularities in
addition to the special occurrence of the steeply dipping thick coal
seam. In the southern area of the Wudong coal mine, an
ultrathick rock pillar occurs between adjacent coal seams of
the steeply dipping coal seam group. It has been shown that
when the adjacent working face is mined, the complete and hard
thick rock layer plays a macrocontrol role on the working face
pressure, and the coupling effect of the stress transfer and
structural stress of the thick rock layer increases the static load
and the accumulation of the coal and rock mass, which provides
the force source conditions for a rock burst occurrence (Xu et al.,
2015; Liu et al.,, 2017; Qi et al., 2019a). Under the coupling action
of suspended roofs and rock pillars, adjacent mining faces with
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the same mining depth may show completely different rock burst
behaviors due to the asymmetry of deformation, failure, energy,
and stress transfer of the two working faces. Some experts have
been investigated the rock burst mechanisms in steeply inclined
coal mines with such coal and rock occurrences and mining
conditions, and some meaningful results are obtained (Li et al.,
2020a; Wu et al., 2021b; He et al., 2021). However, most studies
are based on numerical simulation, and lack of relevant
theoretical analysis. Therefore, it is of great significance to
analyze the mechanism of rock burst with a combination of
theoretical analysis and numerical simulation. Compared with
gently inclined coal seams, research on the rock burst mechanism
of subvertical extra-thick coal seams is immature. Research on
subvertical extra-thick coal seams is rarely reported and is still in
the exploratory stage.

Rock bursts are usually induced by a combination of dynamic
and static loads (Cai et al., 2020; Cao et al., 2020). However, the
sources of a dynamic load and static stress and the mechanism of
a rock burst in the process of mining are still unclear for this
special geological structure coal seam. Due to the particularity of
the geological structure of subvertical extra-thick coal seams, the
occurrence of rock bursts in adjacent coal seams with the same
mining depth in the same mining area is different. Currently,
some studies are focused on the deformation and failure of
roadways under the control of rock pillars. Although the
impact of roof on rock burst is considered by some scholars, it
is limited to numerical simulations (Li et al., 2020a; He et al,,
2021).

In this paper, mechanical models of roof and rock pillar are
established based on the Wudong coal mine in Urumgi, Xinjiang.
The change law of elastic deformation energy of a roof and rock
pillar with an increase in the mining depth and its effect on rock
burst in B3+6 coal seam are obtained, and the reason that a rock
burst does not occur in the adjacent B1+2 coal seam is explained.
Based on numerical modeling and microseismic monitoring, the
sources of the dynamic loads and static stress are determined, and
the mechanism of rock burst under the joint mining condition of
adjacent subvertical extra-thick coal seams is systematically
analyzed.

ENGINEERING BACKGROUND

Occurrence Characteristics of Rock Burst

and Mining Conditions of the Coal Seam

This study case is located in the Urumgqi mining area. Due to the
strong geological movement, the dip angles of the north and
south wings of the Badaowan syncline are approximately 87° and
45°, respectively. The southern area of the Wudong coal mine is
located in the southern wing of the Badaowan syncline. The south
mining area of the Wudong coal mine belongs to the near vertical
extra-thick coal seam group. The main mining areas are B3+6 and
B1+2. To meet the economic benefit requirements, an alternate
production mode of two working faces is adopted, among which
the B3+6 working face is the first mining face (Figure 1), and the
tail entry and head entry are arranged along the roof and floor of
the coal seam, respectively. The width of the working face is the
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FIGURE 2 | Microseismic events distribution characteristics of rock bursts. (A) Elevation view of the rock burst distribution; (B) Spatial distribution of microseismic

thickness of the coal seam, the height of the layer is 25 m, and the
mining drawing ratio is approximately 1:7. The coal mine adopts
single wing horizontal sublevel fully mechanized top coal caving
technology, and the roof is managed by the natural caving
method. The average thickness of the B1+2 coal seam is
37.45 m, that of the B3+6 coal seam is 48.87 m, and the strike
length of both coal seams is 2,520 m. There are hard and thick
rock pillars between the two coal seams, with an average thickness
of 100 m. The results of the in situ stress test in the south mining
area of the Wudong coal mine show that the horizontal stress oy
is 1.9-2.2 times the vertical stress oy when the mining depth
exceeds 300m (Lai et al., 2015), which indicates that the
horizontal stress is the main factor leading to the occurrence
of rock bursts. According to the statistics of rock burst accidents

in the southern mining area of the Wudong coal mine, the mining
depth of the B3+6 coal seam in the southern mining area of the
Wudong coal mine is approximately 300 m, which is far less than
the critical depth of rock bursts in a gently inclined coal seam.

MS Monitoring System

The Wudong coal seam adopts the ARAMIS M/E MS monitoring
system, which is capable of monitoring MS events (with an energy
above 100], a frequency within 0-150 Hz, and an anti-
interference ability lower than 100 dB) across the mine area,
and the data can be used to effectively identify the areas at risk of
rock burst (Xu et al.,, 2017). The Wudong coal mine south mining
area adopts the joint monitoring of the surface and underground,
which increases the positioning accuracy, to a certain extent.
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According to field monitoring, three rock bursts occurred in the
B3+6 coal seam at the +450 mining level. The occurrence
locations of the three rock bursts are shown in Figure 2A, and
the three events are named 11.24, 2.1, and 4.26 per their
occurrence dates.

Field practice shows that microseismic events with energy levels
greater than 10°J easily cause rock bursts in coal mines. This kind
of microseismic event with a high risk of inducing rock bursts is
called an “induced shock event” (He et al, 2017). During the
mining process of the +450 horizontal coal seam, 22,649
microseismic spontaneous events were monitored, including
23 “induced shock events.” According to a statistical analysis of
the distribution of “induced scour events” in the mining process of
the B3+6 coal seam, the regional distribution was very obvious,
with 62.5% in the rock pillar, 25.0% in the B3+6 coal seam, and
12.5% in the roof of the B3+6 coal seam. According to the
microseismic event energy in the range of 10° J~10"J, it can be
determined that the microseismic events near the B3+6 coal seam
are distributed intensively (Figure 2B) (red dotted line area). The
distribution of micro earthquakes in the roof of the B3+6 coal seam
also has a similar concentration area, and there are obviously more
microseismic events in the B3+6 coal seam than in the B1+2 coal
seam. This is because the hanging rock pillar and roof bend to one
side of the goaf, and the coal body is squeezed by the rock pillar and
roof together, resulting in an increase in the coal stress, which is
more likely to produce high-energy events in the process of mining.

Description and Analysis of Rock Bursts

The positions of the three rock bursts are in the B3 and B6
roadways of the B3+6 coal seam, while the B1 and B2 roadways of
the B1+2 coal seam are not affected at the same mining depth.
The rock bursts exhibited obvious directionality. Based on the
actual rock burst situation and the analysis of image data, it can be
determined that there are obvious floor heave and sidewall heave
deformations in B3 and B6, especially at the bottom corner of the
south side of B3 where the floor heave deformation is more
obvious, as well as a large top subsidence in B6, where the
subsidence of the shoulder socket on north side is more

Mechanism of Rock Bursts

serious. Combined with the damage of the roadway after rock
burst and field microseismic monitoring data, it can be
determined that there are two main reasons for the rock burst
in the B3+6 coal seam:

1) With a continuous increase in the coal seam mining depth, the
rock pillar between coal seams is in a state of suspension. Under
the action of an external load and self-weight, the rock pillar
moves to the goaf of the B1+2 coal seam and pries B3+6 coal
seam to produce a stress transfer. The stress of the B1+2 coal
seam transfers to the B3+6 coal seam through the rock pillar,
which increases the probability of a rock burst in the B3+6 coal
seam. However, the B1+2 coal seam with the same mining depth
is not prone to rock bursts due to the release of coal seam stress.
In addition to the stress transfer of the rock pillar, the B3 + 6
roof is bent and deformed under the action of horizontal
tectonic stress and overburden load, which compresses the
coal body of the B3+6 coal seam, resulting in a large roof
deformation of the roadway (especially B6) when rock burst
occurs.

2)

MECHANICAL ANALYSIS OF THE HARD
ROOF AND HARD-ROCK PILLAR

According to the analysis above, rock pillar prying and roof
bending and extrusion are the main reasons for the rock bursts in
the B3+6 coal seam. Therefore, it is necessary to establish
mechanical models for roofs and rock pillars in order to
analyze the control effect of rock bursts.

Theoretical Analysis of Rock Bursts
Induced by Stress Transfer of Hard Rock
Pillar

Taking the rock pillar and the coal seams on both sides in as the
research object, the mechanical model is established (Figure 3).
The rock pillar is simplified as a cantilever beam OB for the

FIGURE 3 | Mechanical model of the rock pillar.
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mechanical analysis. The cantilever length is L, the length of the
constrained part is /, and the angle between the cantilever and the
horizontal direction is . The bottom of the rock pillar extends
from the working face to the coal body. Under the joint action of
the coal body and the overlying strata, the bottom constraint can
be regarded as a fixed constraint. The coordinate system is then
established with the bottom end point of the rock pillar as the
origin, where x is the upward distance along the surface of the
rock pillar. The residual stress yFy after attenuation of the
horizontal tectonic stress, the self-weight of loess and rock
pillar, and the component force along the y-axis of the rock
pillar are simplified as triangular load F;(x), and the axial load is
ignored (the axial load does not lead to rock pillar bending). F5(x)
is the binding force of the B3+6 coal body on the rock pillar.
Combined with the actual conditions of the site, the following two
points need to be explained:

1) Under actual mining conditions, the fully mechanized caving
face is mined from east to west. In the process of mining, with
an increasing mining distance, the binding force of coal on the
rock mass gradually decreases;

In this model, B1+2 can alleviate the bending deformation of
the rock pillar. To investigate the bending effect of the rock
pillar, the force of the B1+2 coal seam on the rock pillar is
simplified as a simply supported support, which acts at the
junction of the coal seam and loess.

2

~

According to the study of in situ stress, the horizontal tectonic
stress can be estimated according to the vertical stress, where the
ratio of the horizontal tectonic stress to vertical stress is a.
Assuming that the width of the rock pillar on any section is a
unit length, the load on the rock pillar at any section can be
deduced as follows:

Fi(x)= (L+1-x)sina[pAy, sina
+(y,+yp)cosa]l  (I<x<L+lI)

1

where u is the attenuation coefficient of the horizontal tectonic
stress; y; is the average bulk density of overlying strata on the roof
of the B3+6 coal seam; y; is the bulk density of backfill loess; yp is
the bulk density of the rock pillar; and a is the dip angle of the
coal seam.

Because the loess is loose, it is inevitable that the compactness
of different positions is not consistent in the process of backfill, or
the cavity, loess and rock pillar are not fully contacted. If the
support effectiveness coefficient fis defined here, then the support
force of loess to the rock pillar can be expressed as follows:

Fz(x):%fyL[(L+l)—x]sin2¢x (Isx<L+])) )
where A is the lateral pressure coefficient, A = 1/A; and the value
range of the support effectiveness coefficient fis [0,1]. Under the
ideal filling condition, f= 1, but when the loess has no supporting
effect on the rock pillar, f = 0.

When the B3+6 coal seam does not start mining, the binding
force of the coal seam on the rock pillar is equal to the horizontal
in situ stress. When the B3+6 coal seam starts mining, the binding
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force of the coal seam on the rock pillar is assumed to be k; then,
the binding force of the B3+6 coal seam on the rock pillar can be
expressed as:

3)

where the constraint weakening coefficient k = 1-L7/L, L’ is the
length of the coal seam that has been mined, and L is the design
strike length of the coal seam. When the coal seam is mined out,
k = 0 (at this time, it is considered that it is the moment when the
coal seam is just finished). Because the coal mining height is far
less than the suspended length of the rock pillar, it is
approximately regarded as a uniform load in a later calculation.

According to the idea of the “geometry, physics, balance”
analysis of statically indeterminate problems in material
mechanics, the force is taken as the basic unknown quantity,
the structural body is analyzed based on automatically satisfying
the equilibrium conditions, and the deformation coordination
of the cantilever structure is mainly considered. The redundant
restraint is removed and the excess reaction force and load are
retained. If the load is the same and the excess reaction force is
equal to the actual force, then the stress state of the cantilever
beam is exactly the same, and the deformation and
displacement of the original structure and the basic system
are also identical. For j-order statically indeterminate
structures, the equation after removing redundant
constraints can be written as follows:

Fy(x) =kAy,[(L+]) - x]sin*a (0<x<])

811X1 + 812X2 + "‘811'Xi + "'81]'Xj + A]p = 0
821X1 + 622X2 + '“821'Xi + 82]X] + +A2p =0

6,'1X1 + (S,’zXz + "'6,‘,‘)(-1‘ + 6UX] + +Aip = 0 (4)

6j1X1 + 8]'2X2 + 6]1X1 + 8]]X] + +Ajp = 0

where 0; is the generalized displacement caused by the
generalized force at j in the direction of x; and A;p is the
displacement caused by the actual external load in the
direction of x; J; and Ap are called the displacement
influence coefficient (flexibility coefficient) and the free
term, respectively. The calculation method is shown in Eq. 5
and Eq. 6.

MM,

8ij=ZJ £l ds (5)
ae= Y | s (6)

Writing Eq. 4 as a matrix:
[01{X} + {A} = {0} )

where [§] is the structural flexibility matrix, X is the free term
matrix of the structure, and A is the force matrix to be solved.

The constraint of the B1+2 coal seam on the rock pillar at
point A is released, and the constraint reaction force X; is applied.
The deformation coordination condition is that the deflection at
point A is 0. Taking F, (x), F»(x), F5(x), and X, into Eq. 5 and Eq.
6, the flexibility coefficient and the free term under different loads
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TABLE 1 | Bending moment diagram of the rock pillar’s basic structure under different loads.

Mgy

x

Basic structure Bp---

F)

& - -

Ap -qiL%P Q@L?P
12E1 12E1

Notes g1 = pAysLsin® a + (y, + yp)Lsinacosa gz = fy, A" Lsin® &; qa = kAy,L sin® a.

can be obtained. The results are shown in Table 1 (only an
approximate calculation is made in the table).

The binding force of the B1+2 coal seam on the rock pillar can
be obtained by taking the calculation results in Table 1 into Eq. 7.

(¢ — )L L el

X, =
! 4 8

(®)

When the local stress conditions and physical and mechanical
parameters of loess are known, g; and g, in Eq. 8 are constant
values. With mining of the B3+6 coal seam, the binding force g5 of
the B3+6 coal seam on the rock pillar gradually decreases.
According to Newton’s third law, the pressure of the rock
pillar on the B1+2 coal seam gradually decreases. In short, the
mining of the B3+6 coal seam has a pressure relief effect on the
B1+2 coal seam, which reduces the probability of a rock burst in
the B1+2 coal seam, to a certain extent.

The suspended rock pillar will inevitably bend and deform.
Assuming that the bending stiffness of the suspended rock pillar
is constant, then the approximate differential equation of the
deflection curve of the rock pillar can be expressed as follows:

EIwz—J[JM(x)dx]dx+C1x+C2 9)

where C; and C, are integral constants, which are determined by
the boundary conditions of the deflection curve of the beam, and
M(x) is the bending moment equation of the beam.

The deflection change of the rock pillar’s OA section has a
direct impact on the mining of the B3+6 coal seam. According to
the superposition principle, the deflection curve equation of the
rock pillar OA section can be obtained:

(4 - )Lx*
24E1

g%

1-xl
(=) + e

w(x) = (-2x*+5Ix-3P%) (0<x<l])

(10)

Because the variation range of the parameters, such as the
density of overlying strata and the density of backfill loess, is
small, the paper considers that the material parameters at
different positions are essentially the same, and the single
parameter method is used to analyze the variation of the

F(x)
!

—qal* —
8El

deflection of a rock pillar with k in the OA section. According
to the field measurement results, the default values of the
expression parameters are set as follows: y, = 29.82 KN/m’; yp
=24.83 KN/m’; y. = 16.2 KN/m’; E = 26.63 GPa; A = 2; 1 = 0.5;
f=0.85; a =87 and k = 0.5. By substituting the above parameters
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FIGURE 4| Influence of rock pillar prying on B3+6 coal seam mining. (A)
Deflection curve of the OA section of the rock pillar under different k values; (B)
Influence of rock pillar prying on the coal seams on both sides.
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into Eq. 10, the deflection curves of the OA section of the rock
pillar under different k values are obtained (assuming that the
deflection changes to the B3+6 coal seam are positive).

As seen from Figure 4A, with a decrease in the constraint
weakening coefficient k, the deformation of the OA section of the
rock pillar increases, especially in the range of 12-18 m above the
working face, and the rock pillar crowing is more obvious. This is
mainly because with the continuous extraction of the coal body in
the B3+6 coal seam, the binding force of the coal body on the rock
pillar is gradually reduced, and the activation degree of the rock
pillar is strengthened, leading to a more obvious prying action.
The rock pillar takes the coal body of coal seam B1+2 as the
fulcrum and deflects to the goaf of coal seam B1+2, releasing the
stress of the coal body of coal seam B1+2. However, the stress of
the coal body of coal seam B3+6 increases due to the extrusion
effect, which increases the probability of a rock burst (Figure 4B).
The stress transfer of the rock pillar caused by prying is the main
reason for the difference in rock bursts in adjacent coal seams
with the same mining depth.

According to the load distribution, the moment function M(x)
along the rock pillar can be calculated, and then the deformation
energy of the rock pillar at any position can be obtained. The
bending moment at any position of the rock pillar is:

[#4y, - fy A" + (v, +p) cosa] L’ sin’ a

[(L— 2)x + 28 — éLl]

41
22
+7"AVSL8 T - x)(1-4x)
M(x) = (0<x<l) i
(L +1 - x)sin’ a[ﬂAyS +6(yL +yp)cosa— fyL)Vl] (Ll x)
(I<x<L+1)

(11

According to the relationship between the bending moment
and the elastic deformation energy, the elastic deformation
energy at any x along the rock pillar can be expressed as:

[‘MA))S —fy A+ (y ) cosot]L2 sin’ «
1 4]
2EI

2
[(L—Zl)x+212 —§L1]+

2
kAyJIésm o (- x) (I - 4x)
(0<x<l)

1 (LJrl—x)sinzot[[u‘&yS + (Y. +yp) cosa—fy,‘/\'l]

2EI 6

2
(L+l—x)2]

(Isx<L+1)
(12)

Under the condition of different rock pillar suspension lengths
L, the variation curve of the elastic deformation energy of the rock
pillar along the coordinate axis x direction is shown in Figure 5A.

Figure 5A shows that the elastic deformation energy of the
rock pillar increases with an increasing suspended height. At the
junction of the coal seam and loess, the elastic deformation energy
of the rock pillar reaches its maximum, and the rock pillar is most
prone to fracturing. According to the statistical analysis of the
high-energy microseismic events (>10°J) around the +450
mining horizontal pillar in the B3+6 coal seam (Figures
5B-C), it can be determined that 73.2% of the high-energy
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FIGURE 5 | Relationship between elastic deformation energy of rock
pillar and microseismic activity. (A)Variation curve of the elastic deformation
energy of the rock pillar along the x axis coordinate direction ; (B) microseismic
energy distribution at 0-50 m above the working face; (C) microseismic
energy distribution at 18-25 m above the working face.

events are distributed in the range of 18-25m above the
working face (in particular, the high-energy events are more
concentrated at approximately 22-23 m), which indicates that the
rock pillar activity is more intense in this area. Because the
theoretical calculation results are based on the assumption of
idealized conditions, there will be some deviations from the actual
conditions, but they are essentially consistent with the field
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monitoring results. The events near the working face are mainly
low-energy position events, which are due to the compression of
the rock pillar on the B3+6 coal seam, which leads to an increase
in coal mining stress in this area. However, in the process of coal
mining the coal body is constantly disturbed by an external load.
In this process, a part of the coal body is released without storing
high energy, which leads to more low-energy microseismic
events.

A large amount of elastic deformation energy is stored in the
rock pillar at the interface of the coal seam and loess. When the
rock mass breaks a large amount of energy will be released.
Because the distance between the fracture position of the rock
pillar and coal seam is short, the seismic wave generated after the
rock pillar fracture can act on the coal body quickly without great
attenuation, resulting in a rapid increase in the coal stress and the
superposition of dynamic stress and static stress. Therefore, B3+6
coal seam is prone to rock bursts. However, the elastic
deformation energy of the rock pillar in the goaf area is small,

and the rock pillar does not easily break. Even if fracture occurs,
the dynamic stress applied to the coal body by seismic wave load
disturbance action will be greatly reduced due to the attenuation
of the long-distance transmission process. To more intuitively
show the variation in the vibration wave load disturbance with
distance, it is assumed that the rock pillar breaks at x m away from
the coal rock interface, the vibration wave propagates vertically
down to the coal body of the B3+6 coal seam along the shortest
distance, and the mine earthquake energy is 1 x 10°J. The
densities of the coal and rock mass are 1,325 and 2,663 kg/m”’,
respectively, and the propagation velocities of the S-wave in intact
sandstone are 4.2 and 2.4 km/s, respectively. One study (Wang
et al, 2018) fitted and analyzed the in situ test data of the
propagation law of underground vibration waves in coal mines
and obtained the relationship between the peak vibration velocity
of particles and the energy of mine earthquakes:

V pm = 0.0645U77°% (13)

where V., is the peak vibration velocity of the particle and Uy is
the energy value of the microseismic event.

Assuming that coal is an isotropic continuous medium, the
dynamic stress caused by the propagation of vibration waves to a
specific position of the medium can be expressed as (Dou et al., 2014):

n
oap = 0.0645U3%p Cp,, [ [L;"
i=1

n
745 = 0.0645U7°°p, Cs [ [L7"

i=1

(14)

where o4p and 745 are the dynamic stresses produced by the
P-wave and S-wave, respectively; p,, is the density of the medium
at L,, away from the source boundary; Cp,, and Cs,, are the wave
velocities of the P-wave and S-wave at L,, from the source
boundary; L; is the propagation distance of the seismic wave
in the i-th medium, L, =Y L; m represents the m-th
propagation medium; and A; is the attenuation coefficient of
the i-th medium.
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FIGURE 7 | Relationship between elastic deformation energy of roof and
microseismic activity. (A) Variation curve of the elastic deformation energy of
the roof along the coordinate axis x direction; (B) microseismic distribution at
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“coal” refers to the roof in solid coal; “loess” refers to the suspended roof); (C)
statistics of the energy and frequency of microseismic events in the B3+6 coal
seam at the +450 m level.

He and Dou (2012) used a microseismic monitoring system
and blasting to obtain the attenuation coefficient 1 = 1.526.
According to Eq. 12, the variation curve of the vibration wave
generated using a rock pillar fracture with the distance calculated.
The result of calculation showed that the initial propagation stage
of the vibration wave attenuates the fastest before gradually
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FIGURE 8 | Variation curve of the elastic deformation energy of a
suspended roof and rock pillar under different dip angles (L = 300 m).

weakening and tending to stability. When the propagation
distance of the vibration wave is 10m, the normal stress
decreases from 94.5 to 2.8 MPa, and the tangential stress
decreases from 26.9 It can be seen that the high-energy events
produced by the rock pillar fracture near the coal rock interface
very easily induces a rock burst, while the high-energy events
produced by the fracture at the far end of the rock pillar have
difficulty inducing a rock burst. Combined with the analysis
results of the previous paper, as the rock pillar is difficult to
fracture as a whole, the rock burst prevention and control in the
south mining area of Wudong coal mine should be based on the
rock mass blasting pressure relief near the coal rock interface,
supplemented by the pressure relief of the remote suspended rock
pillar. At the same time, the rock pillar can be artificially fractured
on site to reduce the hanging length of the rock pillar.

Mechanical Model and Elastic Deformation
Energy Distribution Function of the Roof

The analysis method is the same as that in Theoretical Analysis of
Rock Bursts Induced by Stress Transfer of Hard Rock Pillar. The
roof is simplified as a cantilever beam structure mechanical
model, as shown in Figure 6, which comprehensively
considers the stress of the rock pillar. The left side of the roof
is affected by the horizontal tectonic stress F; and the gravity load
G’ of the overburden, which can be simplified as the load F,(x)
perpendicular to the roof. The supporting force of loess on the
roof of the B3+6 coal seam goaf is Fs(x), and the force between the
left side of the roof and coal seam is Fg(x).

Assuming that the width of the roof on any section is a unit
length, the load F,(x) at any position of the roof can be
expressed as

Fy(x)= (L+1-x)sina(Ay, sina+yzcosa) (0<x<L+])

(15)

The supporting force F5(x) of loess at any section on the right
side of the roof can be expressed as
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FIGURE 9 | Numerical simulation results of horizontal stress distribution in B3+6 coal seam. (A) Numerical calculation model; (B) Horizontal stress distribution of the
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TABLE 3 | Measured tectonic stress (He et al., 2020a).

No Level OH Oh 02
Stress/MPa Trend/” Plunge/’ Stress/MPa Trend/ Plunge/* Stress/MPa Trend/ Plunge/’
14 +475 16.2 168.0 15.6 10.4 70.4 8.6 8.7 188.3 721
2# +475 141 157.3 7.8 9.6 69.2 7.8 8.4 189.4 74.8
3# +450 156.8 168.5 16.9 10.2 76.0 15.0 9.3 193.0 69.4
44 +450 15.4 160.5 13.6 1.3 76 8.6 9.5 178.7 65.0

oy is the maximum horizontal principal stress; oy, is the minimum horizontal principal stress; and o, is the vertical stress.
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TABLE 4 | Physical and mechanical property parameters of coal rock in the numerical model of the Wudong coal mine (Mine Safety Technology Branch CCRI, 2017a; Mine

Safety Technology Branch CCRI, 2017b; Li et al., 2020a; He et al., 2021).

Stratum y KN/m® o/MPa
Overburden (B1+2) 29.82 4.25
Basic Floor (B1+2) 27.50 3.01
Immediate Floor (B1+2) 26.67 417
B1+2 Coal Working-face (B1+2) 12.84 212
Immediate roof (B1+2) 20.32 3.77
Basic Roof (B1+2) 25.55 3.80
Rock Pillar 24.83 4.25
Basic Floor (B3+6) 28.87 4.39
Immediate Floor (B3+6) 27.74 4.01
B3+6 Coal Working-face (B3+6) 12.53 1.68
Immediate Roof (B3+6) 24.55 2.89
Basic Roof (B3+6) 26.85 3.66
Overburden(3+6) 27.46 4.43
Backfill (B1+2) 15.00 1.00
Backfill (B3+6) 15.00 1.00
Coal Roadway (B1+2) 12.84 212
Coal Roadway (B3+6) 12.53 1.68

Fs(x)z%fyLsinzoc(L+l—x) (Isx<L+]) (16)

If Fi(x), F5(x) and Fg(x) are brought into Eq. 5 and Eq. 6, the
flexibility coefficient and the free term under different loads can be
obtained. The uniform load of Fy(x) is equivalent to the concentrated
load acting on point C. The calculation results are shown in Table 2
(only approximate calculations are made in the table).

According to Newton’s third theorem, the surface load of the
roof at any section is

Fe (x) =%[F4(x)(L+§l)2—q5L(L+zl)] (17)

According to the load distribution, the bending moment
function M(x) at any position along the roof can be calculated

é(L+l—xf—

(L +1-x)(Ay, sin® a + yg sin @ cos «)

=

(L+1-x)sina
6

£KL+§OZU—M

P sina
4]

(0<x<l)

(Ay,sina +y, cosa— fy, A" sina)

(I<x<L+])
(18)
According to the relationship between the bending moment

and elastic deformation energy, the elastic deformation energy at
any position x along the roof can be expressed as

o./MPa E/GPa v} C/MPa (7
63.15 29.63 0.22 41.25 37.98
58.11 21.70 0.25 46.57 34.20
49.63 18.02 0.19 32.46 38.40
15.66 2.04 0.21 25.10 36.80
30.20 26.80 0.21 35.34 33.05
556.91 20.64 0.20 38.22 35.19
65.82 16.74 0.23 31.17 30.88
61.12 25.91 0.22 37.66 35.10
57.32 20.39 0.25 33.82 36.25
17.04 3.09 0.19 11.68 38.57
52.78 22.65 0.24 30.54 30.56
46.90 27.56 0.22 34.22 35.91
58.79 21.37 0.22 21.46 36.50
10.00 16.00 0.25 5.00 40.00
10.00 16.00 0.25 5.00 40.00
15.66 2.04 0.21 25.10 36.80
17.04 3.09 0.19 11.68 38.57

1 Iy 2
g(L +1-x)"-
(L+1-x)(Ay,sin® a + y, sinacos a)
1 2
o S(1+31) -
U(x) = 4 _t

4] 3
(0<x<I)

[y A sin’ « <x )

(L+1-x)*sina

2
1
Y [ 3 (Ay, sina + yycosa— fy, A" sin oc)]

(I<x<L+1)
(19)

Under the condition of different suspended roof heights H, the
variation curve of roof elastic deformation energy along the
coordinate axis x direction is shown in Figure 7A.

Figure 7A shows that the elastic deformation energy of the
roof increases with an increasing cantilever length. According to
the theoretical calculation results, the elastic deformation of the
roof at the interface of the B3+6 coal seam and loess can reach a
maximum value. However, according to the field monitoring
results (Figure 7B), the high-energy microseismic events of the
roof are mostly concentrated in the range of 8-16 m above the
working face. This is due to the stress transfer of the rock pillar
and roof extrusion, the stress concentration area of the B3+6 coal
seam being larger than that of the B1+2 coal seam, and the lateral
restraint of coal on the roof being weakened, which leads to the
downward movement of the bending position of the roof, in
practice. Under the same cantilever length, the elastic
deformation energy of the roof is much higher than that of
the rock pillar. This is because one side of the roof directly bears
the horizontal tectonic stress and the overlying load while the
other side is in contact with the goaf, and the thickness of the roof
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FIGURE 10 | Schematic diagram of the rock burst induced by superposition of the vibration wave load and static load.

is less than 1/2 of the rock pillar with a bending stiffness is far less
than that of the rock pillar. Therefore, the roof plate is prone to
bending deformation in the direction of the goaf, thus
accumulating more elastic deformation energy. Both sides of
the rock pillar are goaf, and the horizontal stress is greatly
reduced after being attenuated by loess. The horizontal stress
acting on the rock pillar is very small, which is mainly due to its
own gravity bending. At the same time, the elastic strain energy of
the rock pillar is relatively low due to its large thickness and large
bending stiffness. Based on the statistics of the energy results of
microseismic events in the period from the beginning of mining
to the end of mining in B3+6 coal seam at the +450 m level
(Figure 7C), it is determined that in the range of “10°~10*J,” the
frequency of high-energy microseismic events in the rock pillar is
much higher than that in roof, while the sum of microseismic
energy of roof in the range of “10*~10°J” and “>10°J” is much
higher than that of rock pillar, and there is even a 10°]
microseismic event. This is because both sides of the rock
pillar are close to the working face. In the process of coal
mining on both sides, compared with the roof of the B3+6
coal seam, the rock pillar will be more disturbed and release
energy continuously. However, only one side of the roof is close to
the working face, which is less affected by the mining disturbance,
and the roof easily accumulates higher energy. Therefore, to
prevent the occurrence of rock bursts in the B3+6 coal seam,
roof pressure relief and artificial roof breaking are also important
preventive measures. In addition, the lithology of the roof is
carbonaceous mudstone. Under the condition of the same mine
earthquake energy, the declining trend of the seismic wave
generated after a roof fracture with distance must be the same
as that of the rock pillar. Therefore, the blasting pressure relief of

the roof at the coal rock junction is also an effective means to
prevent rock bursts.

Influence of the Coal Seam Dip Angle on

Elastic Deformation Energy

Compared with the gently inclined coal seam, the initial depth of
the rock burst in the steeply inclined coal seam is smaller.
Therefore, under the same geological conditions, the coal seam
dip angle is also an important factor affecting the occurrence of
rock bursts. When the length of the suspended roof and rock
pillar is fixed, the change curve of the elastic deformation energy
with the coal seam dip angle is shown in Figure 8. For the roof,
the elastic deformation energy first increases and then decreases
when the coal seam dip angle changes from 0 to 90° and reaches
the maximum value when « = 69.5°. Compared with the gently
inclined coal seam, the roof of the steeply inclined coal seam has a
higher elastic deformation performance. Under the same mining
intensity, the rock mass is more prone to fracturing and releasing
energy, which also explains why the critical depth of the rock
burst in steeply inclined coal seams is much smaller than that in
gently inclined coal seams. The change trend of the elastic
denaturation energy of the rock pillar is the same as that of
the roof. When a = 56.1°, the elastic deformation energy of the
rock pillar reaches its maximum value, but the elastic
deformation energy of the roof is much greater than that of
the rock pillar. This is because the goaf of the coal seam weakens
the influence of horizontal in situ stress, and a large part of the
prying force of the rock pillar comes from a gravity action rather
than horizontal tectonic force, while the roof is the opposite. The
bending of the roof is the result of the joint action of horizontal
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tectonic force and the overlying rock mass, and its own gravity is
only a small part. At the same time, the bending stiffness of the
rock pillar is also greater than that of the roof, so the elastic
deformation energy of the roof is much higher than that of the
rock pillar under the same cantilever length.

NUMERICAL ANALYSIS

According to the results of field investigation and theoretical
analysis above, the occurrence of rock bursts in subvertical extra-
thick coal seams are caused by the coupling effect of roof and rock
pillar. In order to verify the rationality of this analysis result,
numerical analysis on the stress concentration induced by the
combination of roof and rock pillar after mining was carried out.
A self-developed numerical code, i.e., Cellular Automata Software
for engineering the Rockmass fracturing process (CASRock), was
used to simulate the stress evolution of the coal seam in the
process of mining. CASRock is composed of different modulars,
such as EPCA for elasto-brittle-plastic analysis, THM-EPCA for
coupled thermo-hydro-mechanical analysis, RDCA for
continuum-discontinuum analysis in rock mass etc. (Feng
et al.,, 2006; Pan et al., 2009; Pan et al., 2019; Li et al., 2020b;
Feng et al., 2021; Mei et al., 2021). To avoid the interference from
other factors, the influence of the geological structure and mining
layout is omitted in the modeling. The model is established
according to the actual size of the coal seam mining area. The
B3+6 coal seam is 48 m wide, the B1+2 coal seam is 37 m wide,
the middle pillar is 100 m wide, the vertical direction is 600 m
high, the coal seam inclination is 87, and the coal seam strike
direction is 2,500 m long. The tunnel was modeled according to
the actual size. The model has a total of 76,465 elements. The
actual geological conditions, incorporating thinner and weaker
interlayers are simplified (Figure 9A). Gravity load is applied in
the vertical direction with the gravity acceleration 9.8 m/s”. The
horizontal to vertical stress ratio is calibrated by field in situ stress
measurement between levels +450 and +475 m (Table 3). The
trapezoidal boundary stress conditions are applied and the
maximum horizontal principal stress and minimum principal
stress at +450 m level are around 15.6 and 10.7 MPa, respectively.
After that, all boundaries except top boundary are roller fixed.
The physical and mechanical parameters of the corresponding
rock strata in the model are shown in Table 4, and the Mohr-
Coulomb strength criterion is adopted for the calculation. The
mechanical parameters of coal and rock in this paper are taken
according to the previous research results (Li et al., 2020a; He
et al, 2021) and the technical reports from Wudong Coal Mine
(Mine Safety Technology Branch CCRI, 2017a; Mine Safety
Technology Branch CCRI, 2017b). In the modeling, backfilled
loess and broken coal gangue in the goaf are also considered.
Take the “2.1” rock burst as an example, when a rock burst
occurs, the mining level of the B3+6 and B1+2 coal seams is
+450 m, and the strike positions of the working face are 1824 and
2,309 m, respectively. The simulated stress distribution is shown
in Figure 9B (impact appearance position: 1,730 m). It can be
seen that the stress of the B3+6 coal seam reaches 45.1 MPa,
which is 2.64 times the uniaxial compressive strength of the coal
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body and 2.85 times the measured horizontal tectonic stress
(mining depth of 365 m). High stress areas are found at the
top and bottom of lanes B3 and B6 with the highest stress value
57.6 MPa, while at the top and bottom of lanes B1 and B2, the
highest stress is only 41.2 MPa. The numerical results show that
under the coupling action of rock pillar and roof, the stress
concentration degree of B3+6 coal seam increases obviously,
which might be the reason for the frequent occurrence of rock
bursts in B3+6 coal seam. This is because the B3+6 coal seam is
squeezed by a rock pillar and roof in addition to horizontal
tectonic stress. The prying of the rock pillar causes a stress
transfer between coal seam B1+2 and coal seam B3+6, which
increases the stress of coal seam B3+6. Meanwhile, the bending of
the coal seam roof to the goaf further increases the stress of the
coal body. The joint action of the rock pillar and roof makes the
high stress area near the B3 and B6 roadways more obvious,
making it easier to produce an impact appearance.

DISCUSSION

Figure 10 shows a schematic diagram of the rock burst in the
B3+6 coal seam under the coupling effect of the rock pillar and
roof. The south mining area of the Wudong coal mine adopts
horizontal section top coal caving, where the two adjacent coal
seams are alternately mined. Due to the large dip angle of the coal
seam, the roof does not easily crack. With an increasing mining
depth, the stress concentration area of the B3+6 coal seam is
produced under the action of the overlying rock mass and the
horizontal in situ stress. At the same time, the release or
weakening of the lateral restraint in the goaf provides
deformation space for lateral deformation of the rock pillar
between two coal seams. The bending and prying of the rock
pillar causes the internal stress of the B3+6 coal body to increase
suddenly, but the stress of the B1+2 coal seam is released. The
mining stress of the B3+6 coal seam increases rapidly under the
joint action of the roof and rock pillar, which provides high static
stress conditions for the occurrence of rock bursts. In addition,
with the mining of coal the hanging length of the roof and rock
pillar of the B3+6 coal seam increases gradually. The fracture
sliding of the roof and the local failure of rock pillar produce a
stress wave, which makes the coal rock vibrate and rapidly
increases the stress of the coal and rock mass, which provides
dynamic stress conditions for the occurrence of rock burst, and
ultimately leading to the occurrence of rock burst.

With an increase in the coal seam mining depth, the horizontal
tectonic stress increases continuously, resulting in a stress increase of
the B3+6 coal seam and B1+2 coal seam. When the mining depth is
the same, the probability of a rock burst in the two coal seams should
be similar. However, due to the special mining method of the near
vertical extra thick coal seam, the rock pillar between the two coal
seams is suspended and bent to one side of the goaf, which causes the
rock pillar pry to squeeze the B3+6 coal seam and release the stress of
the B1+2 coal seam (the rock pillar contains the roof of the B1+2 coal
seam). At the same time, the bending compression of the roof of the
B3+6 coal seam to the goaf further increases the stress of the B3+6
coal seam. Under the superposition of these three conditions, the
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B3+6 coal seam is more prone to rock bursts. This is why the B3+6
coal seam is more prone to rock bursts than the B1+2 coal seam at
the same mining depth.

CONCLUSION

In this paper, the mechanism of rock burst in subvertical extra-
thick coal seams in the Wudong coal mine was studied using
analytical and numerical methods. The main conclusions are as
follows:

1) In the process of mining the B3+6 coal seam, the “inductive
impact event” has an obvious regional distribution. A total of
62.5% is distributed in the rock pillar, 25.0% in the B3+6 coal
seam, and 12.5% is distributed in the roof of the B3+6 coal
seam. The rock pillar and B3+6 coal seam roof fractures are
obvious, and the microseismic events in the energy range of
10°-107 ] have a concentrated distribution.

The mining of the B3+6 coal seam intensifies the activation of
the rock pillar and leads to a more obvious prying action. The
rock pillar deflects to the goaf of the B1+2 coal seam, releasing
the stress of the B1+2 coal seam and increasing the stress of
the B3+6 coal seam. The stress transfer of the rock pillar
caused by prying is the main reason that the occurrences of
rock bursts in adjacent coal seams with the same mining depth
are quite different.

Mechanical models of the cantilever structure of the roof and
rock pillar in subvertical extra-thick coal seams are
established, and elastic deformation energy distribution
functions are obtained. Under the same cantilever length,
the elastic deformation energy of the roof is much greater than
that of the rock pillar, which makes it easier to produce high-
energy microseismic events. With an increasing mining depth,

2)

3)
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In China, the first tunnel was built in accordance with the 30-ton heavy-haul railway
standard. Based on the change in water and soil pressure obtained from long-term on-site
monitoring, the cavity mechanism of the surrounding rock at the bottom of a heavy-haul
railway tunnel under rich water conditions was explored in this study. The cavity
characteristics and degradation depth of the three types of surrounding rock under
different axial loads and hydrodynamic pressures were analyzed through laboratory
tests. The structural defects at the bottom of the tunnel and local cracks in the
surrounding rock were determined to provide a flow channel for groundwater. The
dynamic load of heavy-haul trains causes groundwater to exert high hydrodynamic
pressure on the fine cracks. The continuous erosion of the bottom surrounding rock
leads to a gradual loss of surrounding rock particles, which would further exacerbate with
time. The cohesive soil surrounding rock is noticeably affected by the combined action of
heavy-haul load and groundwater in the three types of surrounding rock, and the
surrounding rock cavity is characterized by overall hanging. In the simulation
experiment, the particle loss of the surrounding rock reached 1,445 g, which is 24.2%
higher than that of the pebble soil surrounding rock and 40.8% higher than that of sandy
soil surrounding rock. The findings of this study could be helpful for developing methods for
defect prediction and treatment of heavy-haul railway tunnels.

Keywords: heavy-haul railway tunnel, field test, train load-groundwater, laboratory test, tunnel bottom cavity

INTRODUCTION

At present, heavy-haul railway transportation has become one of the major means of transportation
of global trade goods. Owing to their large volume, low cost, and high efficiency, heavy-haul railways
have been widely promoted and used worldwide. In addition, the characteristics of heavy-haul
railways, such as large axle loads, large total weights, high traffic densities, and large traffic volumes,
have a significant dynamic impact on the structure of the bottom of a tunnel, greatly reducing the
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operation state and service life of the tunnel structure. When the
heavy-haul railway tunnel is built within a surrounding rock
environment with groundwater development, the damage to the
structure of the tunnel bottom is more severe under high
frequency and large axle loads (Hong, 2000; Zou et al., 2016;
Wu et al., 2017). Through the investigation of diseases of heavy-
haul railway tunnels in service, it was found that these diseases are
mainly concentrated to the bottom of the tunnel structure, for
example, the deterioration of and cavity formation in the
surrounding rock of the tunnel bottom, sinking of the
basement, and mud pumping (Li, 2018; Lazorenko et al., 2019;
Singh, 2019; Li et al., 2021). According to the disease situation, the
train load is one of the major factors affecting the damage to the
bottom of a heavy-haul railway tunnel. Combined with the effect
of groundwater, the diseases of a tunnel bottom will further
increase and endanger the safety of tunnel operation. Therefore,
the evolution law of such diseases must be studied in the case of
heavy-haul railway tunnels under the coupling effect of train load
and groundwater.

At present, research on the formation and development of
diseases of the bottom of heavy-haul railway tunnels under the
coupling effect of train load and groundwater has achieved
certain results. In the field investigation of heavy-haul railway
tunnel diseases, the study by Mandal and Singh (2009) shows that
when the tunnel is located in weak surrounding rock, the tunnel
structure is strongly squeezed under large geological tectonic
stress. Li Zigiang (Li et al., 2019) determined that the diseases to
the tunnel bottom are mainly manifested as basement
surrounding rock cavities, especially under the combined
action of groundwater and train load. Based on the plastic
damage constitutive model of concrete, Ding Zude (Ding
et al,, 2012) found that the dynamic response and damage to
the bottom structure of the tunnel increased with an increase in
the cavity distance after the cavity occurred at the bottom of the
tunnel. Based on the structural dynamics theory, Fan Xiangxi
(Fan et al,, 2018) analyzed the dynamic response of the tunnel
structure under a train dynamic load and the change in the
surrounding rock seepage field. Their results showed that the
train dynamic load can significantly improve the water pressure
of water-rich tunnels without considering the influence of
waterproofing and drainage methods. Jia Chaojun (Jia et al,
2020) derived the damage evolution law of brittle rock
surrounding rock under water-force coupling based on an
elastic-plastic damage model. Joo and Shin (Joo and Shin,
2013) confirmed the relationship between pore water pressure
and inflow rate. Su Haijian (Su, 2015) proposed a numerical
method for calculating the degradation effect of surrounding rock
under groundwater. Gao Liping (Gao et al.,, 2020) established a
three-dimensional model of train load-tunnel-surrounding rock
with an axle load of 300 kN, and divided the different degrees of
the tunnel basement cavity into four grades: safety, alertness,
danger, and extreme danger. Zhang Dongmei (Zhang et al., 2003)
established a viscoelastic rheological model of a soft soil tunnel
based on the Terzaghi consolidation theory and obtained tunnel
settlement characteristics and settlement stability time. Liu
Xinrong (Liu et al, 2012) studied the interaction between
water and rock and found that the deterioration of rock was
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FIGURE 1 | Lining section of Taihangshan Mountain Tunnel (unit: cm).

mainly caused by the coupling of seepage and stress. Khamitov
et al. (Khamitov et al., 2021) established a contact bond model to
determine the damage range and discrete particle trajectory of
weakly cemented sandstone during perforation and sand
production. Wang Nianyi (Wang et al., 2016a) analyzed and
summarized the variation law of water and soil pressure of heavy-
haul railway tunnels under train loads and found that the
dynamic influence of water and soil pressure of the
surrounding rock of the tunnel base was mainly concentrated
in the arch bottom and below the track. In summary, the
surrounding rock cavity at the bottom of a heavy-haul railway
tunnel is mainly caused by defects in the surrounding rock, train
load, and groundwater. However, owing to the lack of field
measured data, most of the research results are based on
qualitative research of theoretical analysis and numerical
simulation, and differ considerably from each other.

In this study, based on the engineering of the Taihangshan
tunnel of the Wali line, according to the measured data of
contact pressure and water pressure on the surface of the
surrounding rock at the bottom of the tunnel, the
phenomenon of surrounding rock degradation and cavity was
explored. Combined with the actual conditions at the site, a
laboratory test was conducted to explore the evolution law of the
surrounding rock under the coupling effect of train load and
groundwater, and the scope and degree of the cavity are
quantitatively analyzed.

FIELD LONG-TERM MONITORING

Engineering Situation
This study is based on the Taihang Mountain Tunnel of Wali
Railway, which is the first railway built according to the standard
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FIGURE 2 | Schematic layout of bottom surrounding rock sensors.

300-kN heavy-haul railway in China. Taihang Mountain is the
third double-hole, single-line heavy-haul railway tunnel in China.
A ballastless slab track structure is adopted in the tunnel. Curves
were set in the inlet and outlet sections, and the remaining
sections are straight lines. The length of the left tunnel is
18.125km (DK 578 + 875-DK 597 + 000), and the right
tunnel is 18.108 km (DYK 578 + 865-DYK 596 + 973). The
actual axle load of the heavy-haul train in the Taihang Mountain
Tunnel is 300 kN, the designed speed is 120 km/h, and the actual
opening speed is 80km/h. The daily traffic includes
approximately 16 heavy-haul trains, with annual traffic
exceeding 40 million tons. The hydrogeological conditions of
the section where the tunnel is located are complex, and
groundwater is developed in some mileages. The lining is
illustrated in Figure 1.

Detection Scheme

Measuring Point Arrangement

To measure the distribution and variation in the water pressure
and contact pressure of the surrounding rock of the tunnel
basement under the long-term load of the heavy-haul train,
the measuring points, as shown in Figure 2, were
symmetrically arranged on the surface of the bottom
surrounding rock, arch foot, bottom of the side ditch, bottom
of the track, and center of the line (Goh et al., 2018; Zhang et al.,
2020a). The geological condition of the sensor buried section is
class V surrounding rock, and the buried depth is 872 m.

In the long-term monitoring process of the Taihang Mountain
Tunnel, the measuring range of the soil pressure gauge (WT-
1-WT-7) on the surrounding rock surface was 2 MPa, and the
measuring range of the water pressure gauge (WS-1-WS-7) was

Surrounding Rocks’ Deterioration and Cavity

700 kPa. The sampling frequency was 100 Hz, that is, the
sampling time interval was 0.01 s.

Test Sensors

In view of the complex hydrogeological conditions of the Taihang
Mountain Tunnel, it is necessary to meet the requirements of
strong anti-interference, long-term durability, and stable test data
when selecting test sensors. Therefore, the long-term monitoring
employed in this study uses fiber grating water and soil pressure
SEensors.

REMOTE MEASUREMENT RESULTS

Because the tunnel structure is statically indeterminate, it is
bound to accumulate stress on the surrounding rock of the
tunnel bottom under the action of high-frequency
reciprocating trains during operation. This cumulative effect
also directly affects the long-term change in the contact and
water pressures of the surrounding rock at the bottom.

Long-Term Variation in Contact Pressure of
the Bottom Rocks

To systematically study the variation law of the contact pressure
of the surrounding rock at the bottom, the long-term variation
law of the contact pressure of the rock was divided into four
characteristic stages (before operation, 1 month, 6 months, and
1 year) according to the measured data analysis, as shown in
Table 1 and Figure 3.

As shown, the surrounding rock at the bottom of the Taihang
Mountain tunnel is only disturbed by the construction stage
before operating the tunnel. The surrounding rock at the bottom
shows that the contact pressure distribution at each measuring
point is uniform, with the maximum contact pressure of
51.419kPa below the left rail. For a single-track railway
tunnel, the transverse distribution of the base contact pressure
should theoretically be symmetrical. However, because of factors,
such as site construction methods and geological conditions, the
inverted arch structure and the bottom surrounding rock cannot
be fully fitted, resulting in a transverse distribution of the contact
pressure.

After 1 month of operation, the contact pressure of each
measuring point in the bottom surrounding rock increased,
and the maximum contact pressure below the left rail was still
61.445 kPa. This phenomenon indicates damage between the
inverted arch structure below the left rail and the bottom
surrounding rock and implies a small deviation in the position

TABLE 1 | Contact pressure of surrounding rock of Taihangshan tunnel basement (kPa).

Traffic state Left arch foot Bottom of left ditch Left track
Before operation 23.524 30.118 51.419
One month 28.324 38.181 61.445
Six months 40.563 89.129 84.129
One year 78.486 142.505 113.944

Arch bottom Right track Bottom Right arch foot
of right ditch
36.410 37.670 48.901 21.651
57.345 53.465 50.657 24.310
72.997 62.766 73.806 23.245
137.812 93.169 122.846 32.444
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FIGURE 3 | Contact pressure of surrounding rock at the bottom of
Taihangshan tunnel (unit: kPa).

of the earth pressure sensor. Under the load of a heavy-haul train,
reciprocating rolling aggravates the damage to form a local cavity,
resulting in an increase in the contact pressure.

After 6 months of operation, the contact pressure at the
bottom of the left ditch on the surrounding rock surface
increased to a maximum of 89.129kPa. The increase in
contact pressure at the adjacent positions of the left rail
measuring point (the bottom of the left ditch and the arch
bottom) was 195.9% and 100.5%, respectively. This
phenomenon shows that with the increase in operation time,
the damage cavity range of the surrounding rock at the tunnel
bottom gradually expands to the adjacent measuring points.

After 1 year of operation, the measuring points at the bottom
of the left ditch and arch bottom increased most obviously. The
contact pressure at the bottom of the left ditch increased from
30.118 to 142.505 kPa, with an increase of 373.16%. The arch
bottom measuring point increased by 278.5% from 36.410 to
137.812 kPa. The long-term effect of the contact pressure on the
surface of the bottom surrounding rock is not the same after
opening; however, the overall increment of the left is significantly
higher than that of the right. According to this development law,
it is easy to cause instability in the basement structure and affect
the operation safety.

Long-Term Variation of Water Pressure in
Bottom Rock

The uneven distribution of contact pressure was caused by
groundwater erosion on the surrounding rock under heavy-
haul train loads. To clarify the change in water pressure, the
long-term change in hydrodynamic pressure was divided into
four stages (before operation, 1 month, 6 months, and 1 year) and

Surrounding Rocks’ Deterioration and Cavity

analyzed. The hydrodynamic pressures are listed in Table 2;
Figure 4.

As shown, the maximum hydrodynamic pressure of the
Taihangshan tunnel before operation is 111.765 kPa, which is
located below the left track. The main reason for the large water
pressure at this measuring point is that during the construction
stage, the empty slag of the base surrounding rock is not
completely cleared during the inverted arch pouring, resulting
in a large gap between the surrounding rock and inverted arch
structure, and thus allowing space for groundwater to seep in and
cause high hydrodynamic pressure owing to the disturbance of
the construction on the surrounding rock.

After 1 month of operation, the water pressure at each
measuring point increased. The local cavity beneath the left
rail and the combined action of heavy-haul train load and
groundwater make the water pressure at this position the
maximum, which is 184.804 kPa. The maximum increase in
the water pressure at the arch bottom is 143.2%.

After half a year of operation, under the long-term action of
heavy-haul train load and groundwater, the surrounding rock
damage under the track was intensified, and the cavity was
developed. The maximum water pressure at this location on
the lateral distribution was 239.804 kPa.

After 1year of operation, the water pressure at the left rail
measuring point increased from 111.765 to 250.931 kPa. With an
increase in the cavity range, the hydrodynamic pressure of the
adjacent measuring points, namely, the bottom of the left ditch
and the arch bottom, also increased continuously. The largest
increase was the increase in the arch bottom measuring point by
243.4%.

According to the analysis of the variation in water pressure at
each measuring point, the dynamic water pressure increases with
the increase in the degree of cavity, indicating that the load of the
heavy-haul train intensifies the erosion of groundwater on the
surrounding rock, expanding the surrounding rock gap, and
intensifying the accumulation of groundwater. In view of the
flow of water to places with low terrain, this phenomenon is the
most obvious at the bottom of the surrounding rock arch for the
single-track railway tunnel.

LABORATORY TEST DESIGN OF BOTTOM
SURROUNDING ROCK CAVITY

According to the analysis results of the contact pressure and
water pressure of the surrounding rock at the base of the
Taihang Mountain Tunnel, after the heavy-haul railway tunnel

TABLE 2 | Water pressure of surrounding rock of Taihangshan tunnel basement (kPa).

Traffic state Left arch foot Bottom of left ditch Left track
Before operation 50.673 58.605 111.765
One month 87.420 88.257 184.804
Six months 112.358 87.623 239.804
One year 133.453 139.389 250.931

Arch bottom Right track Bottom Right arch foot
of right ditch
38.528 54.694 36.000 18.605
93.714 99.587 56.530 30.620
100.173 104.070 63.289 33.470
132.294 122.523 84.622 38.625
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TABLE 3 | Dynamic similarity constants of laboratory tests.

Physical quantity Similitude parameter

Geometrical dimension L /m C.=20
Pressure P /kPa Cp=20
Quality density Cp/Kg - m~3 Cp=1

Elastic modulus Cgy /Pa Crg =20
Poisson ratio pd Cua=1
Vibration (loading) frequency w(l/s) Co=C"% =447
Gravity g /m-s~2 Cg =1
Duration of input vibration T /s Cr=C""2=0224
Dynamic response stress od/Pa Csq=C, =20
Dynamic response line displacement Sd /m Csa=C. =20
Dynamic response deformation ey Ceg =1
Physical quantity Similitude parameter
Dynamic response acceleration a /m-s~2 Ca=1
Dynamic response pore water pressure u /Pa C,=C,. =20

TABLE 4 | Dynamic similarity constants of model tests.

Test parameters Dynamic similarity constant

Permeability coefficient k /m.s™" Cy =
Flow velocity v /m-s™" C,=Cx=1
Water head height H /m Cy=C, =20

Seepage quantity Q/m®.s™" Cq = C/2 Cy = 400

was put into use, with an increase in operation time, the
bottom surrounding rock was damaged and deteriorated
under the influence of groundwater and large axle load; this
affected the operational safety of the tunnel structure. It was
predicted that the deterioration of the bottom surrounding
rock was due to the erosion of the surrounding rock by
groundwater and the loss of surrounding rock particles,
resulting in cavities and cracks.

Surrounding Rocks’ Deterioration and Cavity

Based on the measured water-soil pressure, a laboratory test
was established to simulate the cavity characteristics and
formation mechanism of three types of surrounding rock:
pebble soil, clay soil, and sandy soil. Among them, the cavity
mechanism of the bottom structure of the heavy-haul railway
tunnel was qualitatively obtained by studying the defect location,
defect degree, soil pressure value of the bottom surrounding rock,
and the degree of soil particle loss.

Principle of Experimental Design

Based on the similarity theorem, the geometric similarity ratio
between the test model and prototype was 1:20, the similarity
ratio of mass density was 1:1, and the similarity ratio of the elastic
modulus of the surrounding rock and concrete inverted arch plate
was 1:20. The bottom structure of Taihang Mountain adopts
plain concrete; that is, the reinforcement is not conducted using
the bottom structure model. The similarity constants of other
physical quantities derived from the m theorem are listed in
Table 3.

According to the seepage mechanics of the rock mass, the
water movement along the rock gap obeys Darcy’s law. The
similarity constants of the fluids can be obtained by dimensional
analysis, as shown in Table 4.

Test Materials and Simulation Devices

Test Material Parameters

The similar materials of the surrounding rock in this
laboratory test were simulated by class V surrounding rock.
Based on the physical and mechanical parameters of the Code
for the design of railway tunnels (Ministry of Railways (200,
2005) class V, surrounding rock, and the actual situation of the
Taihangshan tunnel surrounding rock, the range of physical
and mechanical parameters of similar materials in the
laboratory test of the surrounding rock was determined, as
shown in Table 5.

To study the cavity characteristics and degree of degradation
of various types of surrounding rocks, three representative soil
surrounding rocks, namely, pebble soil, clay soil, and sandy soil,
with high observability in a relatively short period of time, were
selected for the study in a laboratory.

The tunnel bottom structure adopts a simplified model, and
the inverted arch filling and inverted arch structure were regarded
as the overall structure and prefabricated with gypsum. The
inverted arch of the Taihang Mountain Tunnel was filled with
C20 concrete, and C30 concrete was used as the inverted arch
structure. Therefore, the concrete label of the tunnel bottom
structure in this laboratory test was regarded as C25 for the
simulation. According to the literature (Similarity Theory and
Structural Model Test) (Yang, 2005; Wu et al., 2013; Wang et al.,

TABLE 5 | Physical and mechanical parameters of Class V surrounding rock prototype and similar materials.

Class V Unit weight Deformation modulus

y (kN/m?) E (MPa)
Prototype materials 17-20 1,000-2000
Similar materials 17-20 50-100

Poisson ratio Internal friction Cohesion C
v angle ¢ () (kPa)
0.35-0.45 20-27 50-200
0.35-0.45 20-27 2.5-10
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TABLE 6 | Comparison of concrete materials of tunnel basement structure.

Mechanical parameter Prototype value (C25) Model values

17
29.5

0.85
1.475

Uniaxial compressive strength
Elastic modulus

2016b; Zheng et al., 2017) and previous production experience,
the mixture ratio of water, gypsum, and diatomite was
determined as 1:0.8:0.2. The mechanical parameters of the
concrete prototype and model are listed in Table 6.

Training the Simulation Device

The vibration motor 100 W belt governor was selected for the
simulation, and the maximum excitation force could reach
130 kg. According to the dynamic load of a 300-kN heavy-
haul train obtained by the excitation test, combined with the
dynamic similarity ratio of the laboratory test, the excitation force
was increased by 10 times as that applied to the surface of the
tunnel bottom structure at 100 kPa.

Model Equipment

The self-designed test box was used for testing, and the test box
was made of an organic glass plate to facilitate changes in the
surrounding rock model and real-time measurement records
(Zhang et al, 2020b). A consolidated flume was set on both
sides of the main test box, and the water conveyance channel was
set on the side wall of the flume to form a connecting device in the
main test box, which provides water supply between the tunnel
bottom structural model and the bottom surrounding rock. The
size of the main test box was 30 cm x 30 cm x 40 cm, and the size
of the two sides of the flume was 10 cm x 10 cm x 40 cm. The
material similar to the tunnel bottom structure and a device with
simulation of train were set inside the test box, as shown in
Figure 5.

As shown in Figure 5, 1-8 structures are as follows: 1, main
test box; 2, left flume; 3, right flume; 4, train load simulation
device (exciter); 5, material similar to bottom surrounding rock;
6, material similar to tunnel bottom structure; 7, test water

Surrounding Rocks’ Deterioration and Cavity

storage; and 8, test bench; 9, water conveyance pipeline. The
test bench was used to offset the dynamic effect of the exciter, as a
detachable structure, and it cannot be set.

Test Conditions

This laboratory simulation test was mainly conducted to study
the cavity characteristics and formation mechanism of three types
of surrounding rocks under the combined action of heavy-haul
train load and groundwater. The simulation opening time was
1year, and the test time was approximately 118 h. The test
conditions are listed in Table 7.

LABORATORY TEST RESULTS

In this laboratory test, the characteristics and formation
mechanism of the cavity and degradation of the surrounding
rock at the tunnel bottom under the combined action of heavy-
haul train and groundwater were simulated for three types of
surrounding rocks: pebble soil, clay soil, and sandy soil. Heavy-
haul train load will further promote the erosion of groundwater
on the surrounding rock, and under the same conditions of
cavity, different types of surrounding rocks form and their
distribution range is different.

Surrounding Rock of Pebble Soil
The laboratory test results of the pebble soil surrounding the rock
under water-rich conditions are shown in Figure 6.

As shown in Figure 6, before the water-rich excitation test, the
surface of the surrounding rock of the pebble soil was uniform,
and there was no obvious bump phenomenon. After water-rich
excitation, the grooves in the middle line were visible, and pebbles
sank further owing to their weight. The mud sand was affected by
the excitation force and the outlet of the flume, which gathered at
the top of the surrounding rock and flowed into the groove to
form a catchment area. Under the action of excitation, the light
mud sand in the surrounding rock of pebble soil flowed out from
the outlet of the flume, and approximately 941 g of fine particles
was lost after excitation.
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FIGURE 5 | Evacuation test device for tunnel basement structure. (A) Test device size (unit: cm). (B) Test device diagram.
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TABLE 7 | Test conditions.

Tunnel
bottom structure type

Serial number

1 Invert structure Pebble soil
2 Clay soil
3 Sandy soil

Rock condition

Surrounding Rocks’ Deterioration and Cavity

Hydrographic condition Excitation
times /10,000 times
Water-rich 2.53x10°

FIGURE 6 | Excitation of water-rich surrounding rock of pebble soil.

FIGURE 7 | Excitation of water-rich surrounding rock of clay soil.

Clay Soil Surrounding Rock
The laboratory test results of the clay surrounding rock under
water-rich conditions are shown in Figure 7.

As observed, the surrounding rock morphology of clay soil
before water-rich excitation is basically consistent with that of the
anhydrous condition, and the clay property between particles of
clay soil surrounding rock under water-rich conditions is
enhanced, and the whole cohesive soil is stable and
homogeneous. After water-rich excitation, owing to the lack of
large-sized aggregates in the clay surrounding rock, the
surrounding rock gradually changes from plasticity to flow
plasticity under excitation. Because the plasticity of the
surrounding rock weakens the active pore water between the
surrounding rock particles and carries more clay particles, the
cavity phenomenon is most obvious at the opening of the flume
on the side of the test box owing to the high flow velocity. After
excitation under water-rich conditions, the clay particles lost
approximately 1,415 g.

Sandy Surrounding Rock
The laboratory test results of the sandy soil surrounding rock
under water-rich conditions are shown in Figure 8.

As observed, the integrity of the sandy soil surrounding rock
before water-rich excitation is good, and the distribution of
surrounding rock particles on the surface of the bottom
surrounding rock is relatively uniform without obvious defects.
After water-rich excitation, the soil particles on the surface of the
sandy soil surrounding the rock are no longer evenly distributed
and appear uneven. Under the action of dynamic load,
groundwater scours the bottom surrounding rock, and soil
particles enter the flume on both sides through the water
channels, thus forming a number of water channels on the
surface of the sandy soil surrounding rock, thereby
accelerating the formation of the cavity surrounding the rock.

There are three hard soil blocks with obvious uplift at the
interface between the inverted arch structure and sandy soil
surrounding the rock, and they are distributed along the
corresponding positions of the two sides of the track. The
main reason for the formation of the soil block is that under
the combined action of heavy-haul train load and groundwater,
the compactness of the sandy soil surrounding the rock is
different in different regions after water erosion. The loose soil
particles are eroded by water erosion, and an area with a large
consolidation strength is gradually formed. After water-rich
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FIGURE 8 | Excitation of water-rich surrounding rock of sandy soil.

excitation, the weight loss of the sandy soil particles is
approximately 858 g.

Comprehensive Analysis of Laboratory Test

Results

Under the condition of rich water, after the long-term action of
heavy-haul train simulation load, the tunnel bottom structure of
sandy soil surrounding the rock is characterized by large hanging
area. The cavity characteristics of the tunnel bottom structure in
the clay surrounding the rock are characterized by a large hanging
area with a partial uplift soil block. The cavity characteristics of
the tunnel bottom structure of the pebble soil surrounding rock
are shown as local cavities. It can be seen that the cavity
characteristics of the tunnel bottom structure are mainly
determined by the surrounding rock properties.

Under water-rich conditions, the cavity characteristics of
different surrounding rocks are different after the heavy-haul
train simulates the long-term load, and different degrees of
particle loss occur. Among them, the loss of clay surrounding
the rock is the most significant, reaching 1,415 g, which is 50.3%
higher than that of the pebble soil surrounding rock and 64.9%
higher than that of the sandy soil surrounding rock, which
directly affects the range and depth of cavity deterioration of
the bottom surrounding rock.

CONCLUSION

Based on the measured data of water and soil pressure in the
Taihang Mountain tunnel, this study investigated the mechanism

Surrounding Rocks’ Deterioration and Cavity

of the structural cavity at the bottom of the tunnel, and discussed the
cavity characteristics and degradation depth of pebble soil, clay soil,
and sandy soil under the combined action of heavy-haul trains and
groundwater. The following conclusions can be drawn.

1) For a heavy-haul railway tunnel under water-rich conditions,
the objective defects of the bottom surrounding rock after the
completion of construction continue to develop and
deteriorate under the combined action of groundwater and
train load. Thus, the soil and water pressures of the bottom
surrounding rock continue to increase with the increase in the
operation time, resulting in the instability of the tunnel base
and affecting the operation safety.

Laboratory tests showed that the cavity characteristics of
different surrounding rocks differ from each other. The
cavity characteristics of the pebble soil surrounding rock
are mainly characterized by small-scale local cavities, while
that of the clay soil surrounding rock are overall hanging,
and sandy soil surrounding rock are convex with local soil
blocks.

Under the same test conditions, among the three typical types
of surrounding rock, the clay soil surrounding rock had the
largest particle loss of 1,310 g, which was 64.9% higher than
that of 941 g of the pebble soil surrounding rock and 50.3%
higher than that of 858 g of the sandy soil surrounding rock.
Special attention should be paid to the deterioration and
damage of the bottom surrounding rock in the weak
surrounding rock area with rich water environment.

In the design and construction process of heavy-haul railway
tunnels, especially in the condition of rich water, in addition to
the safety of the bottom structure under a train impact load, it
is also necessary to compare and select the design scheme of
the bottom structure according to geological and groundwater
conditions. In the construction process, more attention should
be paid to the treatment of the bottom slag to improve the
construction quality.

2)

3)

4)
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The risk of tailings dam-break disaster is dependent on the type of slurry and its flow
characteristics. The flow characteristics of slurry surging from tailings dams collapse are
directly influenced by grain size, breach width, slurry concentration, and surface roughness
of the gully. Among these parameters, slurry concentration plays the most critical role, but
there are few studies on it. This paper focuses on the flow characteristics of slurry with
different concentrations, and a series of flume experiments were carried out to obtain the
flow characteristics of inundated height, impact force, and velocity in 30%, 40%, 50%, and
60% concentrations. The study confirms that the concentration of slurry has a significant
influence on the flow characteristics. Through the experimental study, it is observed that,
with the decreasing of slurry concentration, the impact force and velocity of slurry
increased in varying degrees; on the contrary, the flow height elevated with the slurry
concentration decreasing. The main reason is that the higher the slurry concentration, the
higher the static yield stress and viscosity—in varying degrees. The results can provide a
detailed understanding of the slurry concentration influence on the flow characteristics,
which guides the evacuation time and height downstream.

Keywords: tailings dam, dam break, slurry concentration, flow characteristic, model experimental

INTRODUCTION

Tailings are generated from mineral processing operations. The release of tailings to an open
environment causes serious safety and environmental issues. The tailings are generally retained in the
tailings storage facility (TSF) for reuse purposes. Once the TSF breaks, it causes flooding, which
pollutes the environment; moreover, the slurry causes serious loss of life and property downstream.

TSF is a unique industrial structure and also a dangerous source of artificial debris flow with high
potential energy (Tang et al., 2012; Detzel, 2016). In recent years, accidents of TSF caused by heavy
rainfall or earthquakes have occurred frequently, resulting in loss of lives and property (Moxon,
1999; Jing et al., 2019). Therefore, it is necessary to conduct an in-depth study to improve the
prevention and mitigation of TSF disasters. Previous research on tailings dams mainly focuses on
environmental pollution, stability analysis, and the mechanical properties of tailings (Nelson, 1977;
Finn, 1993; Rico et al, 2008; Yu et al, 2014; Bhuiyan, 2016). Wijewickreme and Lu study the
mechanical properties of tailings through indoor geotechnical tests (Wijewickreme et al., 2005; Lu
et al.,, 2019). Proskin analyzes the stability of the tailings dam under a freeze-thaw condition by
examining the influence of the freeze—thaw cycle on the permeability of fine tailings (Proskin et al.,

Frontiers in Earth Science | www.frontiersin.org 77

December 2021 | Volume 9 | Article 726336


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.726336&domain=pdf&date_stamp=2021-12-24
https://www.frontiersin.org/articles/10.3389/feart.2021.726336/full
https://www.frontiersin.org/articles/10.3389/feart.2021.726336/full
https://www.frontiersin.org/articles/10.3389/feart.2021.726336/full
http://creativecommons.org/licenses/by/4.0/
mailto:xfjing@cqust.edu.cn
mailto:chenyulong@cumtb.edu.cn
mailto:pcsqsl@163.com
https://doi.org/10.3389/feart.2021.726336
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.726336

Chen et al.

Tailings Dam-Break

Location of breach
Tailings dry beach Tail water Water level
Slope Burial depth <
Initial dam %
.............. Natural ground Saturation line Tailings sand
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FIGURE 2 | The grain-size distribution curve of debris flow and slurry, (A) debris flow, (B) slurry.

2010). Li, Dong, and Yu analyze the stability of the dam body
based on the fluid-solid coupling theory and a numerical
simulation analysis method (Dong et al.,, 2011; Li et al,, 2012;
Yu et al,, 2013). They find that the burial depth of the saturation
line is too shallow (Figure 1), which is the main reason for the
local instability of the dam. Jing (Jing et al., 2019) studies the
overtopping failure process of a reinforced tailings dam using a
small-scale model test, which finds that the reinforcement layers
could improve the anti-erosion capability of the tailings dam.
However, these studies are limited to the dam body and do not
take into account the flow characteristics of slurry after a dam
break. Once a tailings dam breaks, the slurry causes catastrophic
damage downstream.

For this reason, Yin, Zhou, Jing, and Wang study the slurry
resulting from a dam break with different dam heights and
tailings particle sizes (Yin et al, 2010; Jing et al, 2012; Zhou
etal.,, 2013; Wang et al., 2018). They analyze the disaster chain of a
dam break according to disaster system theory and describe the
evolution process of a dam-break disaster. Jeyapalan (Jeyapalan
et al, 2000) and Kwak (Kwak et al, 2005) study the flow
characteristics of slurry resulting from a tailings dam break
through a series of flume tests and predicted the possible
impact range. Jing (Jing et al, 2019) studies the effect of
particle size on the flow characteristics of dam-break fluid
with laboratory model tests, which observed that the flow
height decreased with the particle size increasing, and the

impact force and velocity decreased with the particle size
decreasing. The flow characteristics of slurry are similar to
those of natural debris flows. The particle size of debris flow is
widely distributed, ranging from a few millimeters of clay to a few
meters of stone as shown in Figure 2A (Bu et al., 2017). However,
the particle size of slurry is about 0.1 mm with a uniform material
source as shown in Figure 2B. The flow characteristics of slurry
and debris flow are similar; therefore, the research results of a
natural debris flow can be used as a reference to analyze tailings
dam-break fluid. For natural debris flows, Chen et al. (2021), and
Jeong (2010) study the impact characteristics of debris flows using
different particle sizes, slurry viscosities, and solid-phase ratios
with similar model tests (Chen et al., 2021; Jeong, 2010; He et al.,
2014). It is believed that the average impact force of fluid increases
with the slurry viscosity, solid-phase ratio, and particle size
increasing.

The flow characteristics of slurry surging from tailings dams
collapse are directly influenced by grain size, breach width, slurry
concentration, and surface roughness of the gully. Among these
parameters, slurry concentration plays the most critical role, but
there are few studies on it. To explore the flow characteristics of
slurry with different concentrations, a detailed study is
undertaken. The Yangtianqing tailings pond (in Yunnan
Province, China) is used for this purpose. The location map of
the Yangtianqing tailings pond is shown in Figure 3. A scaled-
down version of the pond is developed in the laboratory for the
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Yangtianqging tailings pond,” -
Yunnan Province, China N

FIGURE 3 | Location map of Yangtianging tailings pond.

dam-break tests. The tests are carried out for a range of slurry
concentrations using an experimental simulation test device for a
dam break (SSTDDB). The flow characteristics of slurry with
different concentrations resulting from a tailings dam break
through a series of flume tests predicted the possible impact

Tailings Dam-Break

range. The results provide a detailed understanding of the slurry
concentration influence on the flow characteristic, which guides
the evacuation time and height downstream.

EXPERIMENTAL SETUP

Terms

Understanding and analyzing the flow characteristics of slurry are
the focus of the present work; a few terms which are used
frequently in the paper are defined. These terms set the
context for the readers:

TSF: tailing storage facilities.

Slurry: Mass concentration of tailings, which includes fluid
along with sediment.

Tailings: Products of the mineral after ore-dressing practice;
its useful mineral content is very low, so it cannot be used in
production.

Flow height: The liquid level height from the bottom of the
flume as shown in Figure 8.

Beneficiation technology: The beneficiation technology is the
same as mineral processing technology. It refers to the
separation of wuseful minerals from ores by mineral
processing equipment based on the difference of physical and
chemical properties.

drawing of the pressure sensor.

FIGURE 4 | Physical drawing of terms and sensor installation, (A) Initial dam slope, (B) Stacked tailings dam, (C) Gully, (D) Sensor and measuring ruler, (E) Detalil

1.Stress-membrane
2. Resistance strain gage
3. Wiring board

4. Wiring

5.Cover

6.Cable (e)
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TABLE 1 | Physical and mechanical index of tailings.

Index Tailings

1# 2# 3#
Plastic limit (W,/%) 13.2 12.8 13.5
Liquid limit (W /%) 20.7 21.0 19.7
Plasticity index I, 7.6 7.2 6.2
Compression modulus (MPa) 13.87 14.38 14.29
Compressibility (MPa™") 0.142 0.135 0.137
Permeability coefficient (cm-s™") 1.46e-04 1.53e-04 1.51e-04
Cohesion (kPa) 6.8 7.0 6.4
Internal friction angle (¢/°) 28.4 28.1 28.5
Specific gravity Gg 2.83 2.84 2.81

Slope: The slope with a certain angle as shown in Figure 4A.

Tailings Dam: The structure of intercepting tailwater in the
tailings pond. As shown in Figure 4B, the dam consists of two
slopes and one platform.

Gully: The flow pathway of tailings is brushed glass flumes by
cement as shown in Figure 4C; the sensor in the gully is shown in
Figure 4D, and the detailed drawing of the pressure sensor is
shown in Figure 4E.

Experimental Material

The experimental materials are tailings from the Yangtianqing
tailings pond in Yunnan Province, China. We randomly
divided the tailings sand into three parts and carried out
particle size analysis and triaxial tests. We obtained the
particle size distribution of tailings by the Microtrac
S3500 tri-laser particle size analyzer (Measurement range:
0.02-2,800 um, Microtrac Inc., United States) as shown in
Figure 2B. Cumulative distribution refers to the proportion
smaller than a certain particle size. The physical and
mechanical properties of tailings are obtained by a triaxial
test as shown in Table 1.

In China, more than 80% of tailings impoundments are built
using the upstream method with a thickening of 20%-30%
because it is considered to be more economic (Zheng, 2017).
High-density thickened tailings (HDTT) discharge can save a
lot of water resources, reduce environmental pollution, and
improve the utilization of the reservoir. Therefore, more and
more HDTT discharge was considered in recent years. The TSF
design considered discharge of tailings at 62% solids of Sierra
Gorda Sociedad Contractual Minera (SCM), Chile (Engels et al.,
2018). So, the four common types of slurry with mass
concentrations of 30%, 40%, 50%, and 60% were used for
experimental research. The test conditions are shown in
Table 2.

Tailings Dam-Break

Experimental Apparatus
Based on the geometric size of the Yangtianging tailings pond, an

SSTDDB is developed in the ratio of 1:400. The kinematic
similarity ratio is 1:20. The experimental apparatus (SSTDDB)
consists of a reservoir area, downstream gully, slurry mixing
system, gate (simulated dam), measurement device for impact
force and velocity, flow monitoring system, and slope adjustment
device. The panorama of the experimental apparatus (SSTDDB)
is demonstrated in Figure 5A. The impact force-measuring device
is composed of the pressure sensor (Type: BX-2, Range: 0-10kPa +
0.5%F.S, Dandong city electronic instrument factory, Liaoning,
China), sensor support plate, dynamic strain gauge, and computer
as illustrated in Figure 5B. Figure 6 shows the schematic of the
gate device and gate lifting device. The highest sampling frequency
of the dynamic strain gauge is 1 kHz, and the sampling frequency is
5 Hz. The pressure sensor is fixed on the sensor support plate, and
the height from the bottom of the gully is 2 cm. The pressure sensor
and measuring rulers are installed at 2 and 4 m away from the dam.
To thoroughly explore the flow characteristics of slurry in the
downstream gully, the gully is constructed of transparent
toughened glass.

The internal dimension of the tailings pond is 200 x 60 x
50 cm (length x width x height). The dimension of the gully is
400 x 30 x 40 cm (length x width X height). According to the
actual topography of the Yangtianjing tailings dam in China, the
slope ratio of the gully is set to be 2%, the floor is roughened with
cement, and the bed roughness of the gully is calculated by
Manning’s formula (ie,V, = iR§ I%) and corrected by
empirical judgment (Li et al, 2005). Here, n. is the bed
roughness of the gully, V. is the velocity of slurry at one
section, R is the hydraulic radius, and I is the gradient of the
gully. Flow characteristics of fluids are monitored using
measuring rulers and high-resolution cameras (Sony/HDR-
CX680, Camera resolution: 1920 x 1080/50p, Sony (China)
Co., Ltd., Beijing, China). The installation of the measuring
rulers is shown in Figure 4D, and the real-time height of the
slurry is recorded through the measuring rulers and video. To
measure the impact force of the fluid, pressure sensors are
arranged at 2.0 and 4.0m away from the dam layout.
Experimental monitoring points and the equipment layout are
depicted in Figure 7.

Experimental Procedures

(1) After the slope ratio of the gully is set to be 2%, the pressure
sensor, dynamic strain gauge, and computer are connected and
the impact force-measuring device is benchmarked so that the
data is zero at the start. Moreover, the digital camera is placed in
the research section (S; = 2m, S, = 4 m).

TABLE 2 | The test conditions.

Dam height (cm) Slurry concentration (%)

30 30
30 40
30 50
30 60

Gully gradient (%) Bed roughness (um)

2.0
2.0
2.0
2.0

Roughness by cement 0.012
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impact force and time, 1:400, 1:557.3, and 1:20, respectively) is
used for the flow height, impact force, and the time to reach the
peak velocity.

- The whole experimental procedure is shown in Figure 8.
rst gate

RESULTS AND ANALYSIS

Analysis of Flow Characteristics
The flow height of the slurry at sections S; and S, were recorded
by two high-resolution cameras placed S; = 2m and S, = 4m
FIGURE 6 | The schematic of the gate device and gate-lifting device. away from the dam toe. The flow pattern diagram of slurry with
different concentrations after 4.0 s at section S; is shown in
Figure 9. It shows that the concentration of slurry has a
(2) Then, the slurry is prepared by the slurry mixing system to  significant effect on the flow pattern. The slurry is fluctuant at
concentrations of 30%, 40%, 50%, and 60%. The slurry is  S;=2mand S, =4 m; the flow pattern of slurry becomes flattered
conveyed to the tailings pond through the conveying pipeline.  with the slurry concentration decreasing, which indicates that the
At the same time, the slurry in the area is stirred to create a  flow pattern of slurry is a nonconstant flow. The flow height is
uniform suspension. The initial filling height in the tailings pond ~ monitored by measuring rulers and high-resolution cameras
is 30 cm as shown in Figure 7. After the slurry surface is stable, ~ (Sony/HDR-CX680, Camera resolution: 1920 x 1080/50p,
the gate is completely opened in 0.5 s by the cylinder to simulate ~ Sony (China) Co., Ltd., Beijing, China) in real time. The flow

the instantaneous dam break of the tailings pond. height with different concentrations at sections S; and S, is
(3) The impact force, flow height, and velocity (using a  illustrated in Figure 10.

displacement tracer method) of slurry are collected by By analyzing the submerged peak of section Sj, it is found that

pressure sensors, high-resolution cameras, computers, and  the curve of flow height includes two peaks; the first peak is 11.9,

measuring rulers. 13, 14, and 14.8 cm, and the second peak is 9.7, 10.8, 12, and

(4) Each concentration test was performed three times, and the 13 cm for slurry concentrations of 30%, 40%, 50%, and 60%,
average value was taken as the data analysis value. The scale  respectively. It also shows a submerged peak increase with a slurry
recommended by previous research (Jing, 2011) (flow height, concentration in the S; and S, sections. The main reason is the
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viscosity of slurry increases with increasing concentrations of
slurry, which can enhance the friction force between slurry and
gully; the flow height increased significantly at the S; and S,
sections.

When the slurry concentration is 60%, in section S;, the first
peak reaches 14.8 cm at 2.1 s, and the second peak reaches 13 cm
at3.3s. As M. Rico (M Rico., 2008) says, the slurry resulting from
dam break forms a lower viscosity “water stream” at the front and
a higher viscosity “slurry” at the back. The water stream moves
faster because of its low viscosity. Therefore, the first peak is
formed by a water stream with lower viscosity, and the second
peak is formed by slurry with higher viscosity. The flow of slurry
in any section can be divided into three stages: stage (A) rapid
increase; stage (B) rapid reduction; stage (C) slow decline. The
graph of flow height presents a triangular shape, and the
conclusion is consistent with that in reference (Xie, 1992). It
can also be observed from Figure 10 that the slurry with higher

concentration can take less time to reach the same section. It
means the evacuation time downstream can increase.

Variation in an Impact Force of the Slurry
The impact force of the slurry is obtained by pressure sensors at
sections S; and S,, respectively, and is shown in Figure 11 (the
coordinate origin is the time when the slurry reaches S; and S,).
As illustrated in Figure 11, there are two peaks in the graph of
impact force. In section S;, the graph shows that the first peak
reaches 6.5 kPa at 1.0 s, and the second peak reaches 5.7 kPa at
2.1 s when the slurry concentration is 30%. The main reason is
that, when the tailings dam collapses, the water stream with a
lower concentration is the first to flow, followed by the slurry
with a higher concentration. After the slurry reaches S;, the
water stream first hits the pressure sensor. Because the
concentration of the water stream is lower, its velocity is
higher, so it produces the largest impact force peak, and then
the first peak is formed. As the water stream flows away, the
impact force gradually decreases, the slurry with its higher
concentration hits the pressure sensor at this time. Because
the sand in the slurry generates additional force on the sensor,
the impact force increases, and the second peak is formed. The
overall trend of the impact force graph is similar with different
slurry concentrations. The impact force graph can be divided
into three stages: stage (A), rapid increase; stage (B), rapid
reduction; stage (C), slow decline.

As depicted in Figure 11A, the first peak value of impact force
produced by slurry with 30%, 40%, 50%, and 60% concentration
at sections S; is 6.5 kPa (equivalent to 3.62 MPa on site), 5.7 kPa
(equal to 3.18 MPa on site), 3.9 kPa (equal to 2.17 MPa on site),
and 3.3kPa (equivalent to 1.84 MPa on site), respectively. It
shows that the impact force of slurry decreases with the
concentration increasing. The main reason is the viscosity of
slurry increases with increasing the concentration of slurry, which
can decrease the flow velocity. According to the relationship
between flow velocity and impact force (Xie, 1992), it is observed
that impact force is positively correlated with fluid velocity and
also with the size of solid substances carried in the fluid.
Therefore, liquid concentration is closely related to the impact
force on buildings downstream. Figure 11 demonstrates that all
the impact force curves reach the peak value within 2.0s
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TABLE 3 | Front velocity at different sections for the four different slurry
concentrations.

Slurry concentration (%) Front velocity V (m s™")

S;=20m S>=4.0m
30 3.61 3.22
40 3.30 2.94
50 3.00 2.61
60 2.77 2.20

(equivalent to 40.0 s on site) with a rapid increase in front and a
gentle decrease in back. This demonstrates that the growth rate of
the impact force is much faster than the decrease rate.

Variation in the Velocity of the Slurry

The displacement tracer points are used to record the velocity of
the slurry. The tracker and camera record the velocity at two
sections S; and S,. The front velocities at different monitoring
points are explained in Table 3. The flow velocity curves of slurry
with different concentrations at sections S; and S, are shown in
Figure 12. (The coordinate origin is the front time of slurry
reaching sections S; and S,.) It is observed that the front velocities
of slurry with 30%, 40%, 50%, and 60% slurry concentrations at
section S; are 3.61, 3.3, 3.0, and 2.77 m/s, respectively. This
demonstrates that the velocity of the slurry decreases with the
increasing concentration. The higher the concentration, the
longer time it takes for the slurry to reach downstream. The
time for 60% concentration to reach section S; is 0.5 s longer than
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the 30% concentration, which is equivalent to an increase of 10 s
at the actual site. It can extend the evacuation time in the event of
a dam-break accident.

Figure 12 also shows that the instantaneous velocity of
slurry decreases with increasing the concentration. The reason
is that the concentration can increase the viscosity of the
slurry, which makes the slurry consume more energy in the
flow process. The velocity curve of the slurry resulting from a
dam break can be divided into three stages: stage (A) rapid
reduction; stage (B) constant; stage (C) slow decline. Stage (A),
rapid reduction in the leading section, is the initial stage when
the dam break slurry reaches the characteristic sections. When
the slurry reaches downstream, the speed at the front of the
slurry is higher, and then it decreases rapidly, lasting about 6.0
s. For stage (B), the stable stage (dragon body), the velocity
remains at the stable stage relatively. However, the average
duration of velocity is distinctive respectively in different

sections. In stage (C), slow reduction (dragon tail), as the
flow of slurry from upstream decreases gradually and the
energy of slurry from the dragon tail decreases slowly, the
velocity of slurry decreases steadily until all slurry flows out of
the gully.

DISCUSSION

TSF is a unique processing subsystem of a mining and mineral
processing facility. The slurry resulting from a dam break is
hazardous and may cause serious safety and environmental
impact. The slurry concentration determines the viscosity and
affects the energy conversion of the slurry in the downstream
movement. There are thousands of TSFs in China, and the
deposit methods of each tailings pond is different; the
concentration of tailing disposal is also different. Therefore,
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the study of disaster damage from different slurry concentrations
is significant. Then, the results can provide a detailed
understanding of the flow characteristic by slurry
concentration influence, which guides the evacuation time and
height downstream.

Through the experimental study, it is observed that, with the
decrease of slurry concentration, the impact force and velocity of
slurry increase in varying degrees; on the contrary, the flow height
is elevated with the slurry concentration decreasing. The main
reason is that the higher the slurry concentration, the higher the
static yield stress and viscosity are in varying degrees. The
reduction of static yield stress and viscosity indicate that the
resistance of slurry during movement decreases, and the slurry
moves farther. According to the formula AH = 7/yc. I (where His
the adhesive thickness, 7, is the static yield stress of the slurry, y¢
is the bulk density of the slurry, and I is the longitudinal slope of
the groove) (Jing, 2011), it is known that the flow height of the
slurry (H) decreases with the decreasing of the static yield stress
(t9). As the static yield stress of the slurry has a nonlinear
relationship with the concentration, it can be inferred that the
flow height of the slurry varies nonlinearly with the change of
concentration, which is also confirmed by the test results.

From the point of energy, before the tailings dam breaks, the
slurry has a certain gravitational potential energy. The total energy
of the slurry resulting from a dam break is derived from the total
gravitational potential energy. The gravitational potential energy of
the slurry is gradually transformed into kinetic energy after the
dam break. As the concentration decreases, the viscosity of the
slurry decreases gradually, making the substances in the slurry
loose instead of gathering together, thus reducing the interaction
between the materials, so the flow rate of slurry increases with the
slurry concentration decreasing. A faster velocity leads to a
tremendous conversion rate from potential to kinetic energy
after the dam break, making the retained potential energy
smaller in the limited space, and a lower flow height is
generated downstream. According to research (Wu et al., 1990),
the impact force of the flowing sand is proportional to the square of
the velocity. Therefore, the impact force of slurry resulting from a
dam break increases with the slurry concentration decreasing.

The experimental study finds that, at section S;, the impact
range of the 30% concentration slurry was 0-6.5 kPa, whereas
that of 60% concentration slurry was 0-3.3kPa as shown in
Figure 11. This shows that the fluctuation of the impact force of
the low concentration is more intense. This phenomenon is
consistent with Liu’s research on debris flow (Liu et al., 2019).
As Liu says, when low-density debris flow interacts with obstacles,
the maximum impact force mainly comes from the impact of
particles in the fluid and obstacles, which exist throughout the
impact process. When high-density debris flow interacts with
obstacles, the maximum impact force appears when they just
touch the obstacles, and the main contributor of the impact force
is the high-viscosity “viscous body” composed of particles and
water. Moreover, the fluid with a higher viscosity has a smaller
flow velocity (Liu et al., 2019), so the fluctuation of the impact
force of the low-concentration slurry is more intense.

After the tailings dam breaks, the slurry causes huge damage
downstream; therefore, we can build a diversion channel or other

Tailings Dam-Break

structures downstream and build energy dissipation
structures in the diversion channel, thereby reducing the
damage degree of fluid (Kim et al., 2018). For example,
Chen (Chen et al, 2015) built an energy dissipation
structure by digging pits in the channel. The energy
dissipation structure can reduce the debris flow velocity to
the original 0.43 to 0.63 times. The establishment of a flexible
net barrier is also a good energy dissipation measure. After
the fluid impacts the flexible net barriers, its energy is greatly
reduced. The degree of reduction depends on both the
material textures and mesh sizes (Huo et al.,, 2018; Yuan
et al., 2019). Therefore, it is suggested to build a flexible net
barrier downstream or dig pits in the diversion channel to
reduce the damage degree of dam break.

CONCLUSION

(1) The curve of flow height and impact force of slurry
downstream includes two peaks. The first peak is formed
by the front water stream with lower viscosity, and the second
peak is formed by slurry with a higher viscosity. At section S;
(2.0 m from dam), the peak heights and impact force are 11.9,
13, 14, 14.8cm and 6.5, 5.7, 3.9, and 3.3kPa for slurry
concentrations of 30%, 40%, 50%, and 60%, respectively. It
is observed that the front velocities of slurry with 30%, 40%,
50%, and 60% concentrations at section S; are 3.61, 3.3, 3.0,
and 2.77 m/s.

The curve of flow height and impact force can be divided into
three stages: rapid increase, rapid decline, and slow decline.
The velocity curve can also be divided into three stages: rapid
decline, stable, and slow decline.

Through the experimental study, it is observed that, with the
decreasing of slurry concentration, the impact force and
velocity of slurry increased in varying degrees; on the
contrary, the flow height elevated with the slurry
concentration decreasing. The main reason is that the
higher the slurry concentration, the higher the static yield
stress and viscosity—in varying degrees.

)

€)

The results provide a detailed understanding of the slurry
concentration influence on the flow characteristics, which guides
the evacuation time and height downstream.
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Rainfall Infiltration Process of a Rock
Slope with Considering the
Heterogeneity of Saturated Hydraulic
Conductivity

Qingqging Zhang, Laigui Wang and Huabin Zhang *

Mechanical and Engineering College of Liaoning Technical University, Fuxin, China

In order to analyze the effects of rainfall events on the stability of an open-pit rock slope,
with considering the spatial variability of saturated hydraulic conductivity, based on the
unsaturated seepage theory and the random filed theory, modified functions of the unit
saturation, the hydraulic conductivity (k), and the shear strength parameters are
established for unsaturated slope, by using FISH and the non-intrusive stochastic
method. A saturated-unsaturated seepage random field model is proposed. And then
the impacts of the rainfall intensity, the rainfall duration, and the spatial variability of
saturated hydraulic conductivity (kg) on the infiltration process and stability of the
unsaturated rock slope are analyzed. The results show that the proposed model can
estimate rainfall infiltration of rock slope accurately. Rainfall mainly affects the seepage field
in the shallow layer of the slope, where a transient saturated zone can be formed. With the
development of the rainfall duration, the weight of the rock mass increased, the matric
suction reduced, the negative pore pressure, the degree of saturation, and the infiltration
depth of the rock slope increased, and the water in the slope root connects with the initial
water table gradually, the unsaturated zone shrinks, which causes the safety factor of the
model decreases, but the trend of change slows down gradually. As the rainfall intensity
strengthened, the infiltration depth increased and the safety factor of the slope reduced,
while the changing rate increases first and then decreases. Increasing the correlation
length of k can reduces the infiltration depth and safety factor of the slope. Increasing the
variation coefficient of k will increase the infiltration depth, while the safety factor of the
slope decreases. The infiltration depth and safety factor of the slope are most affected by
rainfall duration, but its sensitivity to the variability coefficient of k will be strengthened when
the rainfall intensity exceeds the infiltration capacity. This conclusion can provide reference
significance for the risk estimation of slope geological hazards, which are induced by the
rainfall infiltration.

Keywords: rock slope, random field, unsaturated seepage, rainfall infiltration, FISH
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INTRODUCTION

The impact of water on the safety and stability of slope is not
ignorable, the rock mass of a slope generally contains a large
amount of groundwater, and, what is more, it is eroded by
seasonal rainfall. In recent years, the global climate anomalies,
for example, extreme rainfall, may lead to frequent occurrence of
various geological disasters on slope. Rainfall events affect the
seepage of a slope differently, short-term rainfall can form a
transient saturation zone in the shallow layer of a slope, and a
continuous rainfall can even raise the groundwater level. Rainfall
infiltration is a continuous and dynamic process, and the physical
composition, sedimentary feature, and complex geological
processes on the rock and soil mass have significant
differences. It is necessary to comprehensively analyze the
effect of rainfall infiltration on the seepage field and stability
of rock slope with considering its natural spatial variability.
Many scholars, both foreign and domestic, expended
significant research on the infiltration of water into soil; some
of them take into account the natural spatial heterogeneity of
hydraulic soil properties, from the late 1970s. Horton (1939)
defined the infiltration capacity (IC) of soil as a hyetograph
separation rate, and put forward that if the rainfall intensity
exceeds the IC, a portion of the rainfall will runoff the soil surface.
Santoso et al. (2011) analyzed the probability of slope failure
induced by rainfall with considering the spatial variability of
hydraulic conductivity. Based on the limit equilibrium method
and finite element method, Collins and Znidarcic (2004) studied
the mechanism of rainfall-induced landslides, and then analyzed
the slope stability under multiple rainfall conditions. Chu-Agor
et al. (2008), Huang and Jia (2007), and Oh and Vanapalli (2010)
analyzed the influence of rainfall infiltration on the shear strength
and stability of a slope. Considering the shear strength changes
with the matric suction, Cho and Lee (2001) carried out a two-
dimensional flow-deformation coupled model to analyze the
stability of a soil slope under rainfall infiltration. Morbidelli
et al. (2018) reviewed the research on infiltration models, such
as models established by Green, Ampt, Horton, Philip, Brutsaert,
Parlange, etc., and put forward that the natural spatial variability
of soil hydraulic characteristics and that of rainfall make the
estimate of infiltration has further challenges. Cai et al. (2020)
developed a coupled hydro mechanical model of unsaturated soil
considering the effect of the microscopic pore structure, and
analyzed the effects of rainfall intensity and rainfall duration on
the pore pressure, fluid velocity, and displacement of the
unsaturated soil slope. Some scholars adopt the saturated-
unsaturated seepage theory to analyze the rainfall infiltration
process of rock slope (Qin et al., 2003; Rong et al., 2005; Liu and
Xu 2017; Pan et al.,, 2020; Zhang et al., 2021). Huang and Qi
(2002) discussed the effect of unsaturated soil’s suction on slope
stability, suggested a modified model and applied it to an open pit
mine slope, and analyzed some basic laws of suction on slope
stability. Based on the unsaturated soil theory, Xu et al. (2005)
analyzed the stability of unsaturated soil slope under rainfall
infiltration. Introducing a fluid-mechanical interaction model
based on continuous porous media theory and mixture theory,
Xie et al. (2019) applying FISH language to program, studied the
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saturated-unsaturated seepage with FLAC3D. Jiang et al. (2014)
studied the unsaturated seepage module and seepage calculation
algorithm used in FLAC3D platform, based on that analyzed the
unsaturated seepage of slope under rainfall condition. Fu et al.
(2014) carried out the numerical simulation on the safety factor
variation on an embankment slope of Six River highway in
Guangxi, and analyzed the slope stability during continuous
rainfall. Li et al. (2012) proposed a modified adjusting element
permeability method to correct the permeability of unsaturated
zone strictly, after calculation, an exact continuous smooth
seepage surface and saturated-unsaturated seepage of a slope
are obtained. Hu et al. (2017) investigated the effect of spatial
variability of the shear strength parameters on the stability of
completely decomposed granite slopes under intense rainfall
infiltration. Based on the Monte Carlo method, Qin et al.
(2017) established a reliability analysis model of bedrock
laminar slope with considering the variability of ks of slope
soil, analyzed the failure probability of Zhang jia wan landslide
under different variation coefficients of k, and different rainfall
intensities. Jiang et al. (2014) developed a modified Green-Ampt
model to determine the distribution of moisture content of soils
and the wetting front depth within the slope under different
rainfall durations, and investigated the failure mechanism of the
infinite slope considering the interaction of the spatial variability
of multiple soil parameters and the rainfall infiltration. And some
scholars considered the randomness of the geotechnical
properties of rock and soil when studying the rainfall
infiltration process and slope landslides induced by rainfall
(Wang et al, 2019; Chen et al., 2020; Hamrouni et al., 2020;
Han et al,, 2020; Liu and Wang, 2021).

The above references mostly considered the rainfall infiltration
process of soil slopes and/or the effects of the spatial variability of
slope soil parameters on slope stability. While the surface of an
open-pit mine rock slope is mainly composed of a mixture of soil
and rock, coupled with the seasonal rainfall effect and the natural
spatial variability of the slope rock and soil, which greatly
increases the risk of geological disasters, even if the open-pit
mine ceased operation, the risks are still greatly. Based on the
above researches, the non-intrusive stochastic method was
realized in this paper by using FISH and MATLAB, which can
be used to simulating the unsaturated seepage stochastic filed, and
the numerical realization of a saturated-unsaturated seepage
random field was carried out by adopting the seepage coupling
function module in FLAC3D. Then, the seepage field and stability
of a rock slope under different rainfall intensity and rainfall
duration was analyzed, with considering the variability of k of
rock slope. The result can provide technical support for further
study on the risk assessment of geological disasters of open-pit
mines slope that induced by extreme rainfall.

SATURATED-UNSATURATED SEEPAGE
RANDOM FIELD

Saturated-Unsaturated Seepage Theory
The upper-layer of a rock slope, which is above the water table, is
unsaturated. Water entry into the shallow layer of a slope during
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Initial in -situ stress and seepage field

Y

Modify the maximum matric suction in the unsaturated zone

Y

Apply the constant flow boundary on the nodes of the slope surface

—TRainfall intensity is greater than the infiltration capacity of the slope or

no

Apply a constant head boundary at the corresponding slope node

Y

Correct the pore water pressure and permeability coefficient in
unsaturated zone

A

no

yes

Reach the rainfall duration or not

end

FIGURE 1 | Schematic diagram of saturated-unsaturated seepage procedure.

the rainfall process changes the initial water content of the slope,
and the matric suction changes with it too. The matric suction is
one of the important parameters reflecting unsaturated soil
mechanics. Between the degree of saturation or the value of k
of the unsaturated seepage zone and the matric suction, there
exists a functional relation (Guo et al., 2005). According to the soil
water characteristic curve (SWCC), many scholars are committed
to fitting the empirical formula, such as Liakopoulos, Alonso, Van
Genuchten (1980), and so on. Alonso et al. (1995) put forward the
relationship between liquid permeability and matric suction, and
then the hydraulic conductivity can be obtained as a function of
matric suction.

(1 - Sr)as
as + (bspe)"
akks

= — S
ax + (bkpc)

_r+

1

where s, is the residual degree of saturation, which is
dimensionless, and p. is the matric suction, the unit is kPa.
Parameters aj, b, a;, by, and c are the model parameters. k; is the
hydraulic conductivity of saturated soil (the unit is cm/s).
Therefore, according to (1), the unit saturation and k of
unsaturated soil can be determined by user-defined functions
in FLAC3D. In the unsaturated zone, the value of saturation and
pore water pressure at the zone gridpoint changes with the

development of rainfall duration; what is more, the value at
the unit changes with it. Therefore, it is necessary to correct
the degree of saturation and the value of k at the unit at each time
step in calculation. In addition, it is necessary to modify the
strength criterion to analyze the slope stability. Bishop proposed
the shear strength of unsaturated rock mass in 1960, and
Fredlund and Rahardio (1997) put forward the revised
formula in 1978.

2
(©)

where u, — u,, is the matric suction of the potential failure surface
(the unit is kPa), u, is the pore-air pressure, and u,, is the pore-
water pressure (the unit is kPa). ¢’, ¢', are the effective cohesion
and friction angle, and ¢° is an angle defining the increase in
shear strength for an increase in matric suction. The cohesion can
be corrected according to (3), when calculating the safety factor
via FLAC3D.

Tp=c + (0 —u)tan @' + (u, — u,)tang®

¢ =c + (U, —uy)tang®

Verification of Saturated-Unsaturated
Seepage Filed Model

Figure 1 shows the schematic diagram for developing the
saturated-unsaturated seepage procedure. In order to verify the
accuracy of the development program of the modified algorithm
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100m
Pore water pressure obtained by FLAC?” (kPa)

Degree of saturation obtained by FLAC*?

Pore water pressure obtained by FLAC? (kPa)

Degree of saturation obtained by FLAC®

Degree of saturation obtained by Geo-studio

FIGURE 2 | Distributions of pore water pressure and saturation under different conditions obtained by using FLAC3D and Geo-studio: (A) Pore water pressure
before raining, (B) Pore water pressure before raining, (C) Degree of saturation before raining obtained, (D) Degree of saturation before raining, (E) Pore water pressure
after rainfall last 84 h, (F) Pore water pressure after rainfall last 84 h, (G) Degree of saturation after rainfall last 84 h, (H) Degree of saturation after rainfall last 84 h.

Degree of saturation obtained by Geo-studio

for the seepage field in FLAC3D, the results in this paper were
compared with that of the reference (Xie et al., 2019) and the
results were obtained using the SEEP/W module of GEO-Studio.
Figure 2A shows the simple model for a homogeneous rock slope,
the height of the model is 40 m and the length is 100 m, the height
of the slope is 20 m, and the angle is 45°. The initial water level is
horizontal and below the ground, so the water table is at the
height of 20 m, and a zero flux condition is imposed at the
bottom, the front, and back of the model. The left and right
boundaries of the model represent a constant head boundary
below the water table. The surface of the model is free. In

addition, the water pressure on the slope surface is not
considered, so the zero pressure head boundary is applied
when the slope surface exhibits transient saturation. And the
softening effect on the rock mass under rainfall is ignored. The
initial groundwater level of the slope is at h = 20 m, and the value
of ki is set to 5.56 x 10~® m/s. The maximum value of the matric
suction in the unsaturated zone is 50 kPa. The rainfall intensity is
5 x 107> m/s, the rainfall durations selected is 84 h, and the
mechanical parameters of the rock slope are consistent with the
reference (Xie et al., 2019). The simulation results shown in
Figure 2 are basically consistent with the results get in reference
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(Xie et al., 2019) and the laws obtained by GEO-Studio, which
indicate the correctness of the development program. It can be
seen from Figure 2, at the end of 84 h continuous rainfall events,
the wetting front depth increased, and the pore water pressure at
the slope surface rises to a stable value of zero, and the rock mass
in the up-layer of the slope exhibits a transient saturation. As the
rainfall continues, the transient saturated zone formed in the
shallow layer of the slope expands gradually, and the range of the
unsaturated zone decreases.

RANDOM FIELD FOR HYDRAULIC
CONDUCTIVITY OF THE ROCK SLOPE

The Non-invasive Stochastic Method for

Random Field

Many scholars have adopted the random field theory in
geotechnical engineering to characterize the natural spatial
variability of ky (Cho 2014; Yang et al, 2018; Nguyen and
Likitlersuang 2019; Jiang et al., 2020; Zhang et al., 2021). In
addition, the non-intrusive stochastic method is more simple and
easier to implement than the traditional stochastic finite elements
method (such as perturbed stochastic finite element method
PSFEM, Neumann stochastic finite element method NSFEM
and spectral stochastic finite element method SSFEM) (Wang
and Xu, 2014; Zhang et al., 2020). Discretizing the random field
and determining the covariance matrix are the core issue of a
random field realization. Methods to discretize the random field
include the center of discrete method, local average method,
interpolation function method, weighted integral method, and
random field orthogonal expansion method. The local average
method is relatively simple and widely used, and Figure 3 detailed
the mathematical method that can be used to discretize the
random field. The random field is divided into units through
mesh generation, and then the statistical characteristics of these

50m

Top of 1h|‘sl%‘
P
X 1

= Monitor line
-~ Water table
M Weathered layer

Bottom of the,_slope

\

40m

20m

FIGURE 5 | Slope geometry and boundary conditions.

units can be described approximately by the mean, variance, and
covariance of stochastic variables (Vanmarcke, 2010).

The elements of the covariance matrix can be got according to
Eq. 4, and then the elements of the correlation coefficient matrix
M can be obtained according to p (E;, E;) = Cov(ELE))

/D (END(E))’

3 3
kzl (-1 (LaaLp) T(LuLy)
=01=0

0.2
Cov(E;, E;) = ywe

. 4)
o

T 1AA, kzzz (D" (L) T (LT (L)
i43j k=01=0

where, E;, E; mean the ith and jth unit in the random field. D (E;),
D (E;) are the variance of the random variable. A;, A; represent
the area of a rectangular unit at different positions in the x and
y-direction of the local average units; the edges of the unit are
parallel to the coordinate axis. Ly, Ly (k= 0,1,2,3;1=10,1,2,3)
indicate the distance between the edge of different rectangular
units in the x and y-direction, respectively. For example, the
distances from the left side of A; to the left and right sides of A;
are denoted as Ly; and Ly,, respectively; the distances from the
right side of A; to the left and right sides of A; are denoted as Ly
and L, respectively; and the distances from the upper and lower
sides of A; to the sides of A; are detailed in Figure 3. I' (L) is the
variation reduction function, which can be expressed as the
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TABLE 1 | Mechanics parameters of the model.

Elastic modulus of 1.2 GPa
salt rock £

Poison ratio of salt rock p 0.28
Effective cohesion ¢’ 150 kPa
Effective friction angle ¢’ 30°
Tensile strength o; 0.2 MPa
Density p 2500 Kg m™

1x 107 cm/s
as=1,bs=5x10° n=35
a = 1000, b = 0.01, c = 1.7

hydraulic conductivity kg
Parameters of Eq. 1a
Parameters of Eq. 1b

Porosity of the rock n 0.2975
Residual degree of saturation Sr 0.08
Angle defining the increase in shear strength for 15°

an Increase in matric suction ¢°

attenuation of the variance of random variable in the local average
process of the random field, that is, the relationship between the
changing of the local average range and the degree of variation
reduction. The variation reduction function can be established by
the correlation function which is shown in Eq. 5 as a triangular
form.

T
1—£ T<6
I(T)= 0 T (5)
7(1-3) T

where 8 = §, § is the correlation length, the unit is m.

According to Eqs 4, 6, mathematical transformation for the
random variable k can be carried out via using Matlab, and then a
random field model can be obtained, which has same units with
the numerical model.

Rainfall Infiltration Process of a Rock Slope

Y =p+0L YL, (6)

where Y, y, and ¢ represent the column vector of the random
field, the mean value, and the standard deviation of k,
respectively. L; is the conjugate transpose form of the
triangular matrix obtained by the Cholesky decomposition of
the autocorrelation coefficient matrix. Y is the column vector of
the random variable k. L, is the upper triangular matrix obtained
by the Cholesky decomposition of the cross-correlation matrix.

In order to analyze the impact of the variability of k on the
seepage characteristic of a rock slope, this paper refers to the non-
intrusive stochastic method proposed by Dou et al, 2016, and
Figure 4 details the development flow chart of the method. The
value of k of the rock slope is smaller than that of the soil, referring
to the locale data of an open-pit mine coal rock slope, and the k, of
the rock slope is set to 1 x 10~* cm/s. According to the flow chart
shown in Figure 4, a ks random field of the model can be obtained
firstly, and then update the value of k in the unsaturated zone
according to Figure 3. In addition, considering the weathering effect
on the slope surface, which caused a significantly increases in the
value of k, take the layer within 2 m from the slope surface as the
weathered layer, in which the value of k is magnified by 10 times.

Simplified Model

To analyze the seepage and stability of the slope under rainfall
infiltration, it is necessary to form a simplified steady-state
seepage field as the initial condition for the transient seepage
calculation. Figure 5 shows the numerical model. A saturated
hydraulic conductivity random field can be generated, when the
value of random variable k is assigned to each unit of the model.
The displacements of the bottom boundary and the normal
displacements of the left and right boundaries of the model
are fixed. In addition, the other boundaries are free. And then

Pemeability
1,2E-09
1e5e

-1
-1
-1
-1

2

Pore water pressure (Pa)

FIGURE 6 | Initial state of seepage random field of rock slope: (A) Hydraulic conductivity, (B) Density, (C) Pore water pressure, (D) Degree of saturation.
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FIGURE 7 | Pore water pressure and saturation under different rainfall duration: (A) Pore water pressure with rainfall last 12h (Pa), (B) Pore water pressure with
rainfall last 24 h (Pa), (C) Pore water pressure with rainfall last 48 h (Pa), (D) Pore water pressure with rainfall last 72 h (Pa), (E) Degree of saturation with rainfall last 12 h,
(F) Degree of saturation with rainfall last 24 h, (G) Degree of saturation with rainfall last 48 h, (H) Degree of saturation with rainfall last 72 h.
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the initial water table is set, the water table on the left sideisath =
18 m, and that on the right is at h = 25 m. Firstly, carrying out the
balance calculation of the initial in situ stress field and the
saturated-unsaturated seepage field, and then modifying the
unsaturated seepage field, the steady seepage field can be

obtained. Secondly, apply constant rainfall intensity on the
slope surface.

The pore water pressure at the model node changed constantly
when the rainfall boundary is applied, which means the matric
suction of the model is changed. According to Eq. 1, the
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FIGURE 8 | The seepage and stability of the slope with the development of rainfall duration: (A) Pore water pressure at the top of the slope, (B) Pore water pressure
at the bottom of the slope, (C) Degree of saturation at the top of the slope, (D) Degree of saturation at the bottom of the slope, (E) Safety factor and infiltration depth.
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saturation is a function of pore water pressure, and the value of
saturation at the model node can be obtained. In addition, the
value of the unit saturation can be calculated. What is more, the
pore water pressure at the unit should be modified with its
changing value at the model node, and then the value of k at
the unit can be acquired according to Eq. 1. So the value of k and
saturation should be modified at each time step in calculation.
While the rainfall intensity is greater than the infiltration capacity
of the slope, the boundary on the slope surface becomes a
constant head condition. Finally, according to Eq. 3, the unit
cohesion of the model is corrected, and the safety factor of the
rock slope under rainfall infiltration can be got by using the
strength reduction method. The initial safety factor of the slope is
3.24, indicating that the rock slope is safety. The mechanical
parameters E, y, ¢* ¢, 0y, p and kq are determined from the
laboratory test results of rock slope in an open-pit mine in China,
which has ceased excavating. Other parameters are determined
combing previous studies (Xie et al., 2019). The mechanical
parameters of rock mass are detailed in Table 1.

Initial Conditions

Based on the non-invasive method and the simplified model, the
realization of the random field is shown in Figure 6A, the variation
coefficient of k is set to 0.45, the horizontal correlation length is
60 m, and the vertical is 6 m. The maximum value of the matric
suction is 50 kPa. Different colors in Figure 6A represent different
values of k, the darker the color, the smaller the value of k. The
value of k distributed randomly ranges from 1.0689 x 102 to
1.127 x 10~° m*/Pas (it is necessary to convert the unit of k from
m/s to m*/Pas for calculation) (Liu et al., 2020). There is a
nonlinear relationship between the value of k and the matric
suction of unit in the unsaturated zone: the larger the matric
suction, the smaller the value of k. The value of k of the unit in
unsaturated zone is corrected according to Eq. 1. The value of k
decreases rapidly with the increase of matric suction, so the value in
the unsaturated zone is obviously smaller than that in the saturated
zone (except for the superficial weathered layer). Figures 6B-D
show the initial density, the pore water pressure, and the saturation
distribution of the rock slope, respectively. Density, pore water
pressure, and saturation have undergone major changes above and
below the water table. The zero pore water pressure line is defined
as the water table. The rock below the groundwater level is
saturated, and the density and saturation of the rock mass are
large, and the pore water pressure is positive. But, the rock above
the groundwater level is unsaturated, where the density, the
saturation, and the negative pore water pressure all transition to
a minimum value rapidly.

RAINFALL INFILTRATION
CHARACTERISTICS AND STABILITY OF
THE ROCK SLOPE

Influence of Rainfall Duration

Figures 7A-D show the pore water pressure inside the rock slope
with the rainfall last different times, 12, 24, 48 and 72 h, when the
rainfall intensity is 7.2 mm/h. Figures 7E-H show the degree of

Rainfall Infiltration Process of a Rock Slope

saturation. It can be seen from Figure 7 that rainfall events have
an important impact on the unsaturated zone of the slope. The
negative pore water pressure in the unsaturated zone changes
greatly with the development of rainfall duration. With the
extension of the rainfall, the more water penetrates into the
slope, the greater the impact on the negative pore water
pressure. As the rainfall intensity exceeds the infiltration
capacity of the soil, only a portion of it can infiltrate while the
remaining quantity runoff the slope surface at the beginning of
the rainfall, and the surface of the slope enters a transient
saturation rapidly. Under the action of gravity and hydraulic
gradient, rainwater moves continuously from the slope surface to
the inside of the slope, and the infiltration depth will first increase
rapidly and then slowly, and the range of transient saturation
expands continuously. The transient saturation connects with the
water table at the bottom of the slope, and then raises the water
level. The unsaturated zone, between the top of the slope and the
water table, shrinks gradually, and the negative pore water
pressure of the rock mass in the unsaturated zone increase
continuously, while the matric suction decreases. Figures
7E-H show that the changes of saturation is basically
consistent with that of pore water pressure of the rock slope
suffering continuous rainfall.

In order to analyze the rainfall infiltration in the shallow
layer of the slope, monitoring points within 10 and 5 m away
from the slope surface at the top and bottom of the slope are
selected, and the location is detailed in Figure 5 and the
negative pore water pressure and the degree of saturation at
the monitoring points are compared. Figures 8A-D show the
curves of pore water pressure and saturation within different
distances to the slope surface at the top and bottom of the
slope at the end of different continuous rainfall events. With
the distance away from the slope surface, the rainfall effect on
the slope decreases gradually until there is no change. With
the development of rainfall duration, negative pore water
pressure and saturation have similar changes in time and
spatial. The negative pore water pressure increases gradually
from —50kPa to approximately 0kPa, and the saturation
changes from 0.08 to approximately 1, which is a dynamic
process. The negative pore water pressure on the slope surface
and the points near the surface rises sharply and reaches the
peak value 0 kPa earliest. But with the distance away from the
slope surface, the rising trend slows down gradually. The
rainfall infiltration has a certain hysteresis. The vertical
distance from the surface at the slope root to the water
table is only 1m, and considering the impact of rainfall
infiltration and surface runoff, the transient saturation zone
at the slope root connected with the groundwater soon after
the rainfall begins, and the groundwater level raises quickly.
The transient saturation zone of the upper layer expanded
gradually with the continuous rainfall, and the infiltration
depth at the end of 24, 48, and 72 h rainfall duration are 1.15,
1.64, and 2.24 m in sequence, and the relationship between the
infiltration depth and the rainfall duration is shown in
Figure 8E.

The transient saturation caused by rainfall events has an
important impact on the safety and stability of the slope. The
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FIGURE 9 | Pore water pressure and saturation under different rainfall intensity: (A) Pore water pressure, (B) Pore water pressure, (C) Pore water pressure, (D)
Pore water pressure, (E) Degree of saturation, (F) Degree of saturation, (G) Degree of saturation, (H) Degree of saturation.
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safety factor is an important parameter for evaluating the stability of
a slope: the greater the safety factor, the more safety the slope
(Zhang et al., 2021). The safety factor of the slope changes with the
development of rainfall duration, and the changing rules are detailed
in Figure 8E. It can be seen from the figure that the safety factor at
the initial stage of rainfall is relatively large, and it decreases linearly
as the rainfall continues. The safety factors are 3.195, 3.160, and

3.146 at the end of 24, 48, and 72 h rainfall duration, respectively. As
the rainwater infiltrates into the slope, the internal water content of
the slope changes, and a transient saturation zone appears at the
shallow layer of the slope, which increases the weight of the rock
mass, reduces the matric suction, and deteriorates the shear strength
of the slope. Eventually, the anti-sliding ability of the slope is
reduced, and its safety factor is reduced.
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TABLE 2 | Ratios setting in different calculation conditions.

Rainfall Infiltration Process of a Rock Slope

Case No x/X*

Variable coefficient ratio Horizontal correlation length Vertical correlation length Rainfall duration ratio Rainfall intensity ratio
ratio ratio

1 1.31 1 1 1 1

2 1.49 1 1 1 1

3 1.64 1 1 1 1

4 1 0.75 1 1 1

5 1 0.50 1 1 1

0.6 1 0.25 1 1 1

7 1 1 0.83 1 1

8 1 1 0.67 1 1

9 1 1 0.50 1 1

10 1 1 1 0.17 1

11 1 1 1 0.33 1

12 1 1 1 0.67 1

13 1 1 1 1 0.25

14 1 1 1 1 0.50

15 1 1 1 1 2.00

Influence of Rainfall Intensity
Based on the same seepage random field conditions, the impact of

rainfall intensity on the rainfall infiltration process of the slope is
calculated. Considering four different rainfall intensities, with the rainfall
last 3 days, the pore water pressure and the degree of saturation of the
unsaturated zone and the slope stability are analyzed. Referring to
the rainfall dlassification standards issued by the National
Meteorological department, the rainfall intensities considered for
analysis are 1.8 mm/h (heavy rain), 3.6 mm/h (torrential rain),
7.2 mm/h (downpour), and 14.4 mm/h (heavy downpour).
Figures 9A-D show the negative pore water pressure of the
rock slope at the end of 72 h continuous rainfall under different
rainfall intensities, 1.8, 3.6, 7.2, and 14.4 mm/h. Figures 9E-H
show the saturation. It can be seen from Figure 9 that, at the end
of 72 h continuous rainfall under different rainfall intensities, a
transient saturated zone can be formed in the shallow layer of the
slope, and it will be connected with the initial groundwater at the
slope root, and then raising the groundwater level. The pore water
pressure and saturation in the transient saturation zone change
greatly with the rainfall intensity. The greater the rainfall
intensity, the more water penetrates into the slope, and the
seepage field of the slope is affected more significantly. With
the rainfall intensity increases, the range of the transient saturated
zone enlarged, and the depth of infiltration becomes deeper,
which means the range of the unsaturated zone decreased.
Figures 10A-D show the pore water pressure and saturation at
the top and bottom of the slope under different rainfall intensities.
The impact of rainfall intensity on the seepage field weakened
gradually with the distance away from the slope surface, and the
infiltration depth was within 1.31-2.6 m. As the rainfall intensity
changes, the negative pore water pressure and saturation exhibits
similar characteristic in spatial. The negative pore water pressure
and saturation at the slope surface and the points close to the
surface increased sharply, and are closer to the peak value. But its
rate of increase decrease gradually. Increasing the rainfall intensity
will increase the negative pore water pressure and saturation at one

point, while the rainfall intensity reaches the downpour level, the
change extend will decrease because of the limitation of infiltration
capacity. At the end of 72h continuous rainfall, under different
rainfall intensities, heavy rain, torrential rain, downpour, and heavy
downpour, the maximum infiltration depth is 1.31, 1.66, 2.31, and
2.6 m, respectively.

Figure 10E shows the relationship between the slope safety factor
and the rainfall intensity. It can be seen from Figure 10E that when
the rainfall intensity is heavy rain, the safety factor is relatively large.
When the rainfall intensity is heavy rain, torrential rain, downpour,
and heavy downpour, the safety factors of the slope are 3.195, 3.180,
3.146, and 3.140, respectively. With the increases of rainfall intensity,
the volume of water infiltrates into the slope increased. Then, the
weight of the transient saturation zone becomes larger, and the
impact on the matric suction of the rock and soil becomes greater.
The infiltration depth is rapidly increased, so the safety factor of the
slope is rapidly reduced. While the rainfall intensity reaches the
torrential level or above, that is, it overcomes the infiltration capacity
of the slope, the rainwater cannot fully penetrates into the slope, and
part of the water will runoff the slope surface. Therefore, the rising
rate of the infiltration depth and the rate of decline of the safety
factor will slow down.

Influence of the Variability of Hydraulic

Conductivity

The physical and mechanical properties of rock and soil of the rock
slope has obvious natural spatial variability, and the sensitivity
analysis method (Jiang et al, 2014) can be used to study the
influence of variability of rock parameters on the seepage and
stability of the slope. Jiang et al., 2020 proposed that although the
mechanical parameters of soil exhibit variability, there also exist
certain correlations between different points of the model. For
example, the horizontal correlation length and the vertical
represent the fluctuation range of the correlation of rock mass in
the horizontal and vertical directions, respectively. The main
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FIGURE 11 | Sensitivity comparison of different impact factors: (A) Infiltration depth, (B) Safety factor.
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FIGURE 12 | Sensitivity coefficient of infiltration depth and safety factor
to different parameters.

parameters reflecting the variability of k include the variation
coefficient, the horizontal correlation length, and the vertical. The
single factor sensitivity analysis method is used to deal with the above
factors. A base case is established, where the rainfall intensity is set to
7.2 mm/h, rainfall duration is 72 h, and the variation coefficient and
the horizontal and the vertical correlation length of k is 0.45, 60, and
6 m, respectively. In addition, in accordance with the statistics on the
variability and the autocorrelation length of geotechnical parameters
at China and abroad, the horizontal correlation length ranges from
10 to 75 m, while the vertical is significantly smaller and ranges from
0.1 to 8 m (Jiang et al., 2014). So comparison cases are established,
and the calculation conditions are detailed in Table 2, where x
represents the value of the rainfall intensity, rainfall duration,
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variation coefficient of k, and horizontal or vertical correlation length
in a comparison case, and x* represents the value of parameters in
the base case; a total of 15 numerical simulations are carried out.
According to the numerical results of different cases, the relationship
between impact factors and infiltration depth or safety factor can be
obtained, which are shown in Figure 11. Taking x/x* as the X-axis,
and taking F/F* as the Y-axis, F represents the infiltration depth or
safety factor of a comparison case, and F* represents the
corresponding results of the base case. The absolute value of the
curve slope is defined as the sensitivity coefficient, which reflects the
influence degree of various factors on the seepage of the model (Wu
et al,, 2010). The larger the sensitivity coefficient is, the greater the
impact of the factor on the seepage of the slope.

It can be seen from Figure 11 that the effects of various factors on
the slope seepage and stability are significantly different. The increase
in rainfall intensity, rainfall duration, and variation coefficient can
lead to an increase in the infiltration depth, while an increase in
horizontal and/or vertical length will result in a reduction in the
infiltration depth. The impact of various factors on the safety factor
of the slope exhibit a same trend, and increasing the value of the
influence factor will cause decrease of the safety factor. When the
rainfall intensity is smaller than the infiltration capacity of the rock
and soil, the slope of the curve referring to the rainfall intensity and
rainfall duration is larger than that of the variability of k, that is, the
infiltration process of the rock slope is more sensitive to the rainfall
intensity and/or duration. While the rainfall intensity reaches the
downpour level or above, the impact degree of rainfall events on the
infiltration depth and safety factor is slowed down, even lower than
the impact of the variability of k. This is mainly due to the high
rainfall intensity, which results in the water forms runoff on the slope
surface, and then the impact of rainfall intensity on the seepage and
stability of the slope is alleviated. Considering the variability of k, the
slope is most affected by the variation coefficient of k, followed by the
vertical correlation distance, while the least sensitive to the horizontal
correlation length, which is mainly related to the geological
sedimentation history of the rock layer. Figure 12 shows the
sensitivity of the slope to various factors, and the order of the
sensitivity is: rainfall duration, variation coefficient of k, rainfall
intensity, vertical correlation length of k, and horizontal correlation

length.

CONCLUSION

1) Based on the unsaturated theory, a program for the saturated-
unsaturated seepage of a rock slope under rainfall infiltration is
established. Comparing the results of this paper with previous
research and results obtained via Geo-studio, the correctness of
the development program is verified.

2) The spatial variability of saturated hydraulic conductivity (k)
has great impact on rainfall infiltration process. According to the
local average random field theory, the spatial variability of k; can be
described with parameters such as variation coefficient and
correlation length. The variance reduction function is used to
obtain the connection between the variability of points and space.
The non-invasive realization of the random field k; of rock mass is
carried out by adopting MATLAB; on this basis, the numerical

Rainfall Infiltration Process of a Rock Slope

simulation of the seepage random field of the slope suffering rainfall
is carried out. The dynamic seepage characteristic is obtained with
considering both the variability of k, and the rainfall infiltration.

3) Rainfall infiltration has a great impact on the shallow layer of
the rock slope, and the infiltration process leads to an increase in the
value of pore water pressure and the degree of saturation in the
unsaturated zone of the slope. A transient saturated zone appears in
the upper layer of the slope, and it connects with the initial
groundwater level at the slope root firstly. With the increasing of
rainfall duration and/or rainfall intensity, both the negative pore
water pressure and the degree of saturation in the transient saturation
zone all increased. The infiltration depth is positively associated with
the rainfall too; while the rainfall intensity reaches the downpour
level, the increase rate of the infiltration depth slows down.

4) Rainfall infiltration is a dynamic process from surface to inside
of the slope, from shallow to deep. Water penetrates into the slope
gradually with the continuous of the rainfall. This process increases
the weight of the shallow layer of the slope and causes the reduction
of the matric suction, which makes the shear strength of the slope
reduced. Then the safety factor of the slope decreases with the
increase of rainfall duration, rainfall intensity, variation coefficient,
and/or relative length. When the rainfall intensity reaches the
downpour level, the deceleration rate slows down.

5) Considering the variability of the k, the seepage of the slope
is most sensitive to the variation coefficient, followed by the
vertical correlation length, while it is least sensitive to the
horizontal length. Compared with the variability of the k;, the
seepage field is more sensitive to rainfall duration and rainfall
intensity. However, when the rainfall intensity reaches the
downpour level, the impact of the variation coefficient of k; is
greater than the rainfall intensity. For practical engineering, it is
necessary to consider both the spatial variability of saturated
hydraulic conductivity and the unsaturated seepage
characteristics of rock slopes.
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The mechanical analysis of complex rock mass is a difficult problem, which often occurs in
scientific research and practical engineering. Many achievements have been made in the
study of rock mass composite problems by composite material micromechanics method,
but it has not been well summarized so far. This paper summarizes in detail the research
status of complex rock mass problems by composite material micromechanics method at
home and abroad, including the application of the Eshelby equivalent inclusion theory and
self-consistent model in rock mass composite problems, and the application of the
homogenization method in jointed rock mass and other rock mass composite
problems such as anchored rock mass, layered rock mass, and salt rock mass with
impurities. It is proposed that the structural similarity and mechanical analysis similarity
should be satisfied when the composite material micromechanics method is used to study
the complex rock mass. Finally, the problems that need to be further studied are put
forward. The research results provide a valuable reference for the study of complex rock
mass by the composite material micromechanics method.

Keywords: complex rock mass, composite material micromechanics method, Eshelby equivalent inclusion theory,
self-consistent model, homogenization method

INTRODUCTION

As a very complex structure, the rock contains defects such as the holes, stratification, schistosity,
joints, weak structural planes, and interlayer. In addition, micro-structures, micro-cracks, or
multiphase inclusions are also formed in the microstructure, and the mineral crystals that make
up rocks also bear a variety of forms. The spatial distribution, geometric size, and internal filling type
of these defects have a great influence on the physical and mechanical properties of rock materials
(Chen and Li, 1992). Therefore, the study of the evolution law of cracks or defects under various
external factors such as force, temperature, and moisture has important significance for some special
rock mass structures such as fissure rock mass, jointed rock mass, weak interlayer rock mass, and
impurity rock mass.

In the early days, the elastic mechanics method was used to analyze the rock materials.
Subsequently, plastic mechanics, fracture damage mechanics, explosive mechanics, statistical
mechanics, computational mechanics, and computer technology are increasingly applied for rock
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mechanics. However, rock is a kind of complex geological
material, and the discipline of rock mechanics and engineering
should not only develop its theories, technologies, and methods
from other basic disciplines but also carry out multidisciplinary
cross-collaboration (She and Peng, 2014). The composite
mechanics is a science of specializing in mechanical behavior
under different material combinations based on theoretical
mechanics, material mechanics, elasticity mechanics, plasticity
mechanics, efc.

Based on the idea of applying composite material mechanical
methods to study the rock mechanics, as early as 1956, Einstein
(Einstein, 1956) was apparently the first to attempt such work,
followed by Hashin (Hashin and Shtrikman, 1963). After that, a
great number of scholars (Salamon, 1968; Eshelby, 1957; Li et al.,
2006a; Abou-ChakraGue’ et al, 2008) have studied the
mechanical problems of complex rock mass by composite
material micromechanics methods. In 1979, Chinese Professor
Wang Jingtao (Wang, 1979) pointed out that it is meaningful to
deal with the problems of rock mechanics by using the basic
principles and composite material micromechanics methods, and
it can more realistically reflect the mechanical properties of rock
mass. In 1990, Professor Zhao Pinglao (Zhao and Zeng, 1990)
believed that studying rock mechanics by the composite material
mechanics methods would be a favorite new idea to promote the
rapid development of rock mechanics.

This article mainly summarizes the application of composite
material micromechanics methods in the field of rock
mechanics, and analyzes and discusses the relevant problems
in order to provide relevant researchers with a more
comprehensive understanding of the research status in this
field and promote the further application of composite
material micromechanics methods to the research of
geotechnical engineering problems.

BASIC THEORY OF COMPOSITE
MATERIAL MECHANICS AND ITS
APPLICATION IN ROCK MECHANICS

The theoretical research methods of mechanical properties of
composite materials are mainly divided into macro-
mechanical methods and micro-mechanical methods (Qin
and Yang, 2006). In the macro-mechanics theory of
composites, the composites are regarded as
homogeneous media, and the internal reinforcing phase and
matrix are regarded as a whole without considering the
interaction between internal components, and the
micromechanics is to establish the quantitative relationship
among the macro properties, composition properties, and
microstructure of composites (Du and Wang, 1998).

As early as 1957, Eshelby (Eshelby, 1957; Eshelby, 1959) put
forward Eshelby’s equivalent inclusion theory based on a large
number of studies. Subsequently, more mature micro-mechanics
theories have been put forward, such as the Mori Tanaka method
(Mori and Tanaka, 1973), self consistent theory (Hill, 1965a;
Budiansky, 1973), and generalized self consistent theory
(Christensen and Lo, 1979).

macro-

Study of Complex Rock Mass

The homogenization method (Benssousan et al, 1978;
Cioranescu and Paulin, 1979; 1980)
developed in the 1970s is used as an alternative method to
find the effective characteristics of equivalent homogenized
materials. The representative volume element method, the
multi-scale progressive homogenization method, and the
homogenization method based on inclusion theory are the
main contents of the homogenization method.

Sanchez-Palencia,

Eshelby Equivalent Inclusion Theory and Its
Application

Eshelby uses Green’s function method of three-dimensional
elastic problems to obtain the explicit solution of the
ellipsoidal inclusion problem, and also analyzes the elastic
stress field around the inclusion (Eshelby, 1957; Eshelby,
1959). More research work has been carried out in the field of
rock mechanics. On the one hand, scholars used Eshelby’s
equivalent inclusion theory to study the application of rock
macro-equivalent elastic modulus (Hu et al, 2013; Xiao and
Huang, 2013; Nguyen et al, 2016), rock rheology, and
reinforcement engineering (Xiao and Huang, 2013). At the
same time, the change of the rock meso-structure is studied by
Eshelby inclusion theory and meso-damage mechanics (Bai,
2016).

Pensee (Vincent and Kondo, 2003) and Zhu (Zhu et al., 2008)
combined Eshelby’s inclusion theory and energy method to
obtain the damage model of brittle materials. Zhu (2006) used
the Eshelby inclusion problem solution to construct the
thermodynamic framework of the micromechanical damage
model, and by considering the elastic strain (&”) of matrix
and the inelastic strain (&) caused by crack, the general form
of representative volume element free energy is obtained, as
shown in Eq. 1:

L 1
W= (o= ¢ (= e) 46t & & M

where : C" is the matrix modulus, which is the fourth-order
effective elastic tensor.

Chen et al. (2011) established the meso-damage mechanics
model of rock under the condition of thermal mechanical
coupling by using the M-T method and Taylor method.

The above is the case of meso-damage mechanics studied by
inclusion theory. Within the framework of macro-damage
mechanics, Weilide (Lide et al., 2004a; Lide et al., 2004b) used
the Eshelby equivalent inclusion method to establish the
elastic-plastic ~ constitutive relationship of rock mass
considering the plastic deformation of damaged rock.
However, because the Eshelby theoretical solution is not
applicable to the case of large inclusion proportion, the model
simulation results are quite different from the test results in the
later stage.

Self-Consistent Model and Its Application

The basic idea of the self-consistent method is to obtain the
average strain in the inclusion phase from the self-consistent
model under uniform boundary conditions, so as to obtain the
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FIGURE 1 | Intact rock block cut by orthogonal joints (Yang and Wu,
1991).

effective elastic stiffness tensor. In view of the defects in the
application of the self-consistent method to the calculation of
equivalent modulus of multiphase (inclusion) composites (Zheng
et al, 2010), Kerner (Kerner, 1956) proposed a generalized
autonomous model. The prediction results of the generalized
self-consistent model are more reasonable than those of the self-
consistent model (Christensen, 1990). In general, the application
of the self-consistent method in rock mechanics is not much. In
order to consider the influence of the interaction between
microcracks in rock on rock damage, Wen Jianhua and Zhou
Cuiying (Wen et al, 2011) studied the damage effect of rock
materials based on the generalized self-consistent theory, and
established a damage constitutive model reflecting the
development and change of rock micro-cracks under load.
Wang et al. (2015) developed a self-consistent model for the
elastic contact of rough surfaces to account for the asperity
interaction through Boussinseq’s solution.

The Homogenization Method and Its
Application

The homogenization theory can be applied in many areas of
physics and engineering, having finely heterogeneous continuous
media, like heat transfer or fluid flow in porous media, or, for
example, electromagnetism in composites (Hassani and Hinton,
1998). The homogenization method has also been widely used in
the field of rock mechanics, such as joint rock mass, anchored
rock mass, and layered rock mass.

Jointed Rock Mass

Joints have a profound impact on the mechanical properties of
rock mass structures. The purpose of studying the mechanical
properties of jointed rock mass is to study its macro rock mass
properties. For a single jointed rock mass, the joint model can be

Study of Complex Rock Mass

directly established. For example, Goodman joint element
(Goodman et al, 1968) can be easily introduced into
numerical analysis. However, the problems of joint set and
discontinuity plane are often encountered in practical rock
engineering. When analyzing this kind of rock mass, it is very
difficult to establish a separate joint element for numerical
analysis (Zhang et al., 2012).

Therefore, scholars equalize jointed rock mass into generalized
composite materials, regard joints as matrix materials in
composite materials, and regard rock mass as an inclusion
material in composite materials. Appropriate representative
units are selected to equivalent jointed rock into homogeneous
rock materials. Typical representative units are shown in Figures
1, 2. In representative units, the constitutive relations of rock
mass and joints are given. The macroscopic equivalent
mechanical parameters and constitutive model of jointed rock
mass can be obtained by using the coordination conditions
between macro and meso stress-strain and the meso-
mechanical method [Zhang Wu et al. (Zhang and Zhang,
1987); Yang Haitian et al. (Yang and Wu, 1991)], such as the
elastic constants and joint occurrence parameters of jointed
material and complete rock mass (Zhang and Zhang, 1987),
and the composite creep model of jointed rock mass (Yang
and Wu, 1991; Maghous et al., 20212021).

It should be noted that there are many forms of joints in
practical engineering. Researchers also use the composite meso
homogenization method to obtain the macro equivalent
constitutive models and parameters of these joints, such as
stepped jointed rock mass (Singh, 1973); unidirectional,
bidirectional, and multidirectional jointed rock mass (Zhang
and Zhang, 1987); oblique jointed rock mass (Niu and Yang,
2007a); and layered jointed rock mass (Huang et al., 2010).

In another case, scholars assume that jointed rock mass has
meso-periodic characteristics. First, according to the principle of

I\

=
d

=
(d-1)

— X

FIGURE 2 | Representative element (Yang and Wu, 1991).
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FIGURE 3 | Representative volume element for interbedded salt rock
(Wang et al., 2009).

virtual displacement within the range of linear elasticity (Niu and
Yang, 2007b; Ren and Xu, 2008), as shown in Eq. 2:

JEijk[% %dﬂ = Jffv,dQ + Jt,-v,«dl", (2)

0 Xi OX; 0 ;
where f? is the volume force, ¢;represents the external load acting on
the boundary, I;, u° is the real displacement, and vis any virtual
displacement satisfying the boundary conditions, i, j,k € {1, 2, 3}.

Then, the displacement and stress of a point in the macro-

structure are expanded into a small parameter progressive
expansion about the meso-structure scale. Combined with the
perturbation technology, a series of control equations are
obtained. According to these equations, the equivalent material
parameters of homogenized jointed rock mass can be solved, as
shown in Eq. 3, so as to convert the meso-heterogeneous jointed
rock mass into homogeneous material (Ren and Xu, 2008).

1 axkl
Ef, = Vi J < Eiju — Eijpm# dy. 3)

Y

Anchored Rock Mass

The mechanical and homogenization methods for composite
materials have also been applied to anchored rock mass. The
rock mass support system was regarded as a kind of composite
materials composed of rock mass (matrix), anchor (reinforcing
material), and mortar (bonding material) (Li et al., 2006b), and
then the micromechanical elastic constant calculation model for
rock mass was established by using composite material
mechanical methods. As a further study, the layered rock
mass—anchor support system (Li et al., 2006a)—was regarded
as a kind of unidirectional composite reinforcement material
composed of layered rock mass (matrix material), anchor rod
(fiber material), and mortar (carrier material). The relationship

Study of Complex Rock Mass

between the mechanical properties of the equivalent composite
material and each component was quantitatively analyzed.

Layered Rock Mass
The layered rock mass mentioned here refers to the interbedded
rock mass, which is composed of at least two lithologic units with
different engineering behaviors and properties. This layered rock
mass often presents the structure of alternating layers of hard
rock and soft rock with different thicknesses (Zhang et al., 2021).
Because this layered rock mass shows high anisotropy and
heterogeneity, it is very important to determine the
mechanical properties of layered rock mass for the selection of
eigenvalues for design and stability analysis in such engineering
construction (Liu et al., 2019; Zhang et al., 2019; Liu et al., 2020a).
In the experimental study, layered composite rock samples were
often used to carry out the relevant tests (Liang et al. (Liang et al,,
2007)). It is clear that complex samples have more complex
mechanical parameters or strength characteristics than a single
rock sample. The homogenization method is often used for the
heterogeneous medium when establishing the constitutive model;
that is, the rock mass of various thicknesses is generalized as an
equivalent homogeneous medium by using the representative
elements. The complex representation element, as shown in
Figure 3, is commonly found, and it can be taken as plane
strain problems or spatial problems. Of course, the correct
mixing rate is chosen according to the structural characteristics
of the rock strata, such as the strain coordination principle and the
multiphase mixture principle (Fan et al, 1999; Haj-Ali and
Muliana, 2003; Haj-Ali and Muliana, 2004). The mixing rate is
the bridge between the microscopic volume and the macroscopic
volume for the homogenization method, by which the equivalent
elasticity, elastic—plastic, and viscous constitutive model of the
layered rock mass can be finally obtained. For example, the macro-
equivalent elastic, elasto-plastic, and non-linear creep constitutive
models of interbedded salt rock mass were established by the Yang
Chunhe research group (Chun-he and Yin-ping, 2005; Li and
Yang, 2006; Wang et al., 2009). Zhao Pinglao (Zhao and Zeng,
1990) has studied the constitutive relations of layered rock mass by
means of composite material mechanical methods. Liu Kaoxue
et al. (Liu, 1990) have established the viscoelastic model of
interbedded and jointed rock mass.

Two-Step Homogenization Method and Its Application
In recent years, the two-step homogenization method has been
applied to solve the multi-scale problem of heterogeneous materials
(Nguyen et al.,, 2011; Shen et al.,, 2012; Bikong et al., 2015; Zhao
et al,, 2019). WQ Shen and JF Shao (Shen et al., 2012; Zhao et al.,
2019) have regarded clay rock as a complex of linear elastic mineral
particles embedded in the pore clay matrix, and the clay matrix was
considered to be made up of the solid phase and spherical micro-
pores. As shown in Figure 4, the clay solid phase and spherical
micro-pores are subjected to the first homogenization on the
microscopic  scale, and the macroscopic homogeneous
stress—strain relationship of the clay matrix is obtained. On the
basis of the first homogenization, the second homogenization of
clay matrix and mineral particles is carried out on the microscopic
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FIGURE 4 | Basic principle program of the two-step homogenization method (Shen et al., 2012).
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scale, and the micromechanical model of clay rock is established to
evaluate its macroscopic plastic properties.

However, the application of the homogenization method and
the establishment of representative elements are always greatly
related to the structural characteristics of rock mass. Unlike the
jointed rock mass, the isotropic porous rock materials or geo-
materials are, in the microstructure scale, composed of nearly
spherical grains surrounded by a matrix. Such kinds of materials
are encountered in geo-mechanics, such as concretes and some
rocks (limestone, ironore, clay rock, etc.). Because this material
has the particles in the matrix, the composite material mechanical
methods are used well in the homogenization process, such as the
Mori Tanaka Scheme (Mori and Tanaka, 1973), Hill’s
incremental method (Hill, 1965a;Hill, 1965b), and J.F. Shao
method (Shen et al., 2012; Bikong et al., 2015; Zhao et al., 2019).

STUDY ON OTHER COMPOSITE
GEOTECHNICAL PROBLEMS WITH
COMPOSITE MATERIAL
MICROMECHANICAL PRINCIPLES

Composite subgrade and composite soil are common treatment
ways for subgrade in geotechnical engineering. It is usually
composed of two or more kinds of component materials: one
is the soil (matrix) of continuous distribution and the other is a
pile or geo-synthetics (reinforcements) surrounded by the soil.
Because of the non-uniform structure of composite soil, it is
difficult to understand its nature. Ye Guanbao (Ye et al., 2002)
proposed a micro-mechanical view of composite subgrade where
the core task is to establish a quantitative relationship between the
macroscopic performance of composite subgrade and its
component performance and its meso-structure, and reveal the
response law and essence of composite subgrade under certain
working conditions.

Based on the micromechanical homogenization method,
many scholars ( Ye et al, 2002; Wang et al., 2002; Lu, 2013)
predict the equivalent elastic parameters of pile-soil composite
foundation. In other similar studies, Ren et al. (2009) considered
the geo-grid and soil as generalized composite materials and
established a numerical calculation model to predict the elastic
equivalent constitutive parameters.

STUDY ON MECHANICAL PROBLEMS OF
IMPURITY SALT ROCK MASS BY
COMPOSITE MATERIAL MECHANICAL
PRINCIPLE

Impurity salt rock mass belongs to the concept of rock mass. In
addition to pure salt rock, it also contains other common
symbiotic mineral components, such as gypsum, anhydrite,
glauberite, and other impurities (Ding, 2010). Impurities have
a great impact on the overall mechanical properties of impurity
salt rock mass (Liu et al., 2020b).

By the light of the composite material mechanical principle,
the impurity salt rock mass was considered as the particle-
reinforced composite material. In addition, the targeted
research into the impurity salt rock mass by composite
material micromechanical principles may present two types of
mechanical analysis models to evaluate the properties of the
impurity salt rock mass.

On the one hand, the impurity salt rock mass is regarded as a
homogeneous medium, and the continuum constitutive model is
deduced with the continuous stress—strain field. From the
microscopic viewpoint, the impurity salt rock mass is a non-
uniform material composed of different impurities and salt layers.
However, from the macroscopic viewpoint, it should be regarded
as a uniform material. Therefore, the representative elements can
be used for impurity salt rock mass, and the stress-strain
relationship of each component of the representative elements
can be used to establish the macroscopic equivalent stress—strain
relationship of the impurity salt rock mass. The purpose of the
micro-mechanical study on composite materials is to establish the
quantitative relationship among the macroscopic composite
properties, the component properties, and micro-structure.
The impurity salt rock mass is considered as a particle-
reinforced composite material, and the macroscopic and
micro-mechanical properties of the impurity salt rock mass
can be analyzed by the composite material micromechanical
principles.

On the other hand, the impurity salt rock mass itself has
obvious structural features. It is a kind of multiphase material
(salt rock matrix, impurity-enhanced phase, and interfacial
phase). Due to the difference in mechanical properties among
the different phases, the various phases will interact with each
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other under external load. The impurity salt rock mass is regarded
as an inhomogeneous medium, and the micromechanical finite
element method of composite materials, with consideration of
different microstructure and composition, can be used to study
the internal micro-stress field, displacement field, and overall
mechanical properties of the impurity salt rock mass, in terms of
the different contents, sizes, shapes, and mechanical properties of
impurities. Furthermore, the properties and damage of impurity
salt rock mass depend on the properties of salt rock compositions
and impurities as well as the micro-structure characteristics such
as impurity volume, impurity fraction, impurity shape, impurity
size, impurity distribution, and interface phase features.
Therefore, the key to revealing the effect of the microscopic
characteristics of impurity salt rock mass on its performance
depends on how to forecast and analyze its performance and
reveal its nature of damage and destruction by micromechanical
method.

DISCUSSION ON THE KEY PROBLEMS OF
ROCK MECHANICS BY COMPOSITE
MATERIAL MICROMECHANICAL
METHODS

Similarity of Structural Composition
Between Complex Rock Mass and

Composite Materials

According to the research literature works above, the authors
believe that the similarity in the structural composition must exist
between rock mass and composite materials when studying rock
mechanics issues by composite material mechanical methods.

In the composite materials faculty, composite materials are
defined as new materials composed of two or more components.
Essentially, the different components were optimized by the most
suitable microscopic structure to produce composite materials in
order to meet the practical needs of different industries.

As the research object of geotechnical engineering, the natural
rock mass is itself a kind of natural geological material. As the
literature (Peng, 2010) describes, the difference between the rock
mass and other materials mainly lies in the structure, and the
material structure is closely related to its scale. Rock is a non-
homogeneous material composed of particles, voids, fissures, and
cement. Heterogeneity has a significant effect on the strength and
deformation of rock. It can be seen that the idea on rock is just the
opposite of that on composite material, but with consistent
essence.

In terms of material composition, the composite model (Liu
et al,, 2011) of the composite material is divided into two types:
macro-composite and micro-composite. Macro-composite refers
mainly to the overlap between two or more layers of different
materials (also known as lamination), such as aluminum alloy
sheet and carbon fiber or glass fiber composite sheet stack. A
microscopic composite, such as a particle-reinforced, fiber-
reinforced, or polymer-based composite material, means that
one or more fine materials are uniformly dispersed in another

Study of Complex Rock Mass

continuous material. Therefore, as mentioned in the literature
(Chen and Li, 1992), rock is a kind of a complex material which
can be considered to contain two components: the matrix and the
defects or micro-cracks in the matrix. In addition, there are also
rock mass with cements, impurity particles, and weak interlayer,
which are commonly referred to as soft and hard interbedded
rock mass, interbedded salt rock mass, or impurity salt rock mass.
Obviously, from the composition viewpoint, the complex
structure of rock mass is also very similar to that of composite
materials. Figure 5 shows the micro-structural model of two-
phase composite materials, which are very similar to those of
common geotechnical engineering objects such as columnar
jointed rock mass, composite foundation, interbedded rock
mass, and impurity salt rock mass.

Similarity in Mechanical Analysis Between
Complex Rock Mass and Composite
Materials

Fan et al. (1995) considered that any material capable of two levels
of analysis and calculation can be called composite material.
Composite material mechanics is a two-level mechanics theory,
which is embodied in the establishment of the conversion
between two levels of mechanics, namely, between micro-
mechanics and macro-mechanics. In addition, the mechanical
properties and damage laws of composite materials depend on the
component properties and micro-structure features such as
volume fraction, distribution, shape, and interfacial properties
of the enhanced phase. It can be seen that the mechanical analysis
of composite materials focuses on the influence of micro-
structural features on the macroscopic properties from the
qualitative viewpoint and on the relationship between
microscopic mechanics and macroscopic mechanics from the
quantitative  viewpoint. The macroscopic  stress-strain
relationship of the composite is deduced by the stress—strain
relationship, the volume fraction of microscopic materials, and
Eq. 4 (Belayachi et al., 2012).

a‘j = %J‘O’,]dv STJ = %Js,‘jdv, (4)
v v

where 0;;and &;; are the macroscopic average components of the

stresses and strains over the whole volume V of the unit cell,

respectively.

From the viewpoint of rock mass mechanics, Ji et al. (2006)
believed that the difference in rock types lies mainly in the
differences in the volume fraction of rock-forming minerals.
As long as the physical and mechanical properties and volume
fraction of the main rock-forming minerals are determined, the
physical and mechanical properties of any type of composite
multi-mineral rock can be calculated by using the correct mixing
law. Therefore, it is the key to establishing the correct mixing law.
Obviously, this view is consistent with the transition relationship
between micromechanics and macroscopic mechanics in the
quantitative analysis of composite materials. In addition,
Gaofeng and Wei (2005) compared composite materials with
rock blocks. The similarity between composite materials and rock
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FIGURE 5 | Microstructure model of a two-phase composite (Ji et al., 2006): (A,B) equal strain arrangement of strong and weak phase, (C) equal stress arrangement of strong and weak phase, and (D) particle-type

composite materials, not equal stress and not equal strain distribution of strong and weak phases.
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blocks is that there is a clear interface between the two
materials, and the no-embedding criterion is satisfied at the
interface. The difference is that the displacement of the
composite material is continuous at the interface, with the
existence of tensile stress and compressive stress, but the rock
blocks, when contacting, are only under compressive pressure
with continuous displacement, without tensile stress, and
detach under tension.

Bolt support systems can be regarded as special composite
materials (Li et al., 2006a). From the point of view of composite
material, a bolt is a reinforcement material, and rock mass is the
matrix material in a composite material. From the point of view
of mechanics, bolt reinforcement of surrounding rock improves
the mechanical properties of rock mass. Similarly, salt rock
mass containing impurities can be regarded as particle
reinforced composites (Wang et al, 2011), in which
impurities are regarded as the “reinforcing phase” in
composites and salt rock is regarded as the “matrix phase.”
From the point of view of the mechanical mechanism, the
“reinforcement and creep inhibition” of impurities on the salt
rock layer is essentially consistent with the “reinforcement and
creep inhibition” of particles on the matrix.

DISCUSSION AND OUTLOOK

In summary, scholars in the world have carried out fruitful
research work in the study on rock mechanics using composite
material micromechanics methods. The authors believe that the
following aspects should be mainly concerned in the future
study:

Mechanical Properties of Interface

The combination of the rocks in the underground rock mass is
quite different at the boundary (Tan et al., 1994). The calculated
stress, strain, and strength at the boundary with cohesion are
obviously different from those without cohesion. One of the most
important problems in composite materials composed of grains
surrounded by a matrix with a strong contrast of stiffness
between them, such as concrete materials and also
rock-composite materials, is the interphase zone or interfacial
transition zone (ITZ) between grain and matrix. Therefore, more
rock mechanical experiments and microscopic experiments
should be carried out to understand the mechanical properties
and bonding action of the interface; study the interface stress
transfer, interface damage, and slip mechanisms; and explore the
effect of interface performance on the macro-mechanical and
micro-mechanical properties.

Macro-Failure Criteria

Due to the physical combination and structural
characteristics, the composite materials are totally
different from homogeneous materials in the failure
mode. Uniform materials fail macroscopically and evenly
as a whole, but composite materials fail in the weakest
section among the reinforcement, matrix, and interface.
The failure form and law of composite materials are related
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not only to the stress state but also to the component
performance and combination situation.

Similar to composite materials, relative displacement and
stress transfer will occur among the phases of the complex rock
mass when the external load changes. Thus, the mechanical
response, deformation, and destruction of complex rock mass
result from the micro-effects among internal components and
represent the macroscopic group behavior. Therefore, the
macroscopic deformation and failure mechanisms should be
researched in terms of the micro-structure level, which is also
the major problem in studying the macroscopic failure criterion
of rock complex mechanics.

Multiphase Complex of Geotechnical
Engineering

Guo (2000) proposed the concept of multiphase materials which
have a wide range of material composition and microstructure,
with clear micro-structure direction, organizational diversity,
anisotropy, and scale effect, compared to the two-phase
composite materials. Thus, the multiphase materials
demonstrate more complicated mechanical behavior. For
example, the anchoring rock and soil in geotechnical
complexes can be regarded as three-phase composite materials
composed of the bolt (cable), cement slurry, and rock (soil),
which can be further studied by means of composite material
micromechanical methods.

Combination Between Digital Image
Processing Technique and Finite Element
Method

As known by all, the microscopic behavior detection methods,
such as scanning electron microscopy (SEM), transmission
electron microscopy (TEM), electron backscatter diffraction
(EBSD), neutron diffraction, and digital image technology,
cannot provide microscopic information about stress and
strain, and the pure finite element model cannot reflect the
real microscopic characteristics and microscopic compositions
of materials.

Next, the rock samples can be sliced by using digital image
processing technology (Yue et al., 2004; Kang et al., 2007; Yan
et al, 2017) in combination with the meso-experimental
research method of composite material, and the real two-
dimensional microstructure of the rock samples can be
obtained through the digital image of a scanning electron
microscope. Then the microstructure is imported into the
finite element software for meshing, which can more truly
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In order to study the basic properties of coal seam thus to provide reference for coalbed
methane (CBM) production, the porosity and permeability of coal from DH and WJZ
regions of Dahebian syncline in Liupanshui Coalfield were systematically studied. The
results shows that the porosity and permeability of coal samples in DH region are between
7.4-10.1% and 0.01 mD~0.04 mD respectively. The permeability is obviously anisotropic,
and it is distributed in a U-shape along bedding angle. The porosity and permeability in the
WJZ region are between 12.4-24.85% and 0.3 mD-4.8mD, but the correlation of
permeability and bedding angle is not obvious. There are many primary cracks in coal
matrix of WJZ region, while the coal of DH region is relatively complete. As a result, the
porosity and permeability of WJZ coal samples are much higher than that of DH coal
samples. With the change of confining pressure, obvious change has taken place in the
permeability of coal in the two regions. When the confining pressure decreases from 2 to
8 MPa, the permeability loss rate of coal samples is close to 80%. The internal mechanism
of the permeability loss is related to crack closure and plastic deformation caused by
confining pressure. In contrast, the porosity and permeability of coal in WJZ region are
much higher than those in DH region, which indicates that the permeability of the same coal
seam in the same structural will have great differences and inhomogeneities. Therefore, the
WJZ region is the preferred area, which can be included in the preferential exploitation plan
of CBM. In addition, for the typical syncline gas reservoir in Liupanshui Coalfield, it is
necessary to consider the block division according to the porosity and permeability
indexes, and select the optimal block and give priority to development of CBM.
Furthermore, we should pay attention to the difference and adaptability of CBM
development in different regions.

Keywords: permeability, porosity, primary cracks, effect of confining pressure, intersection angle between bedding

INTRODUCTION

Natural gas is an important clean energy, which is of great significance for reducing carbon
emissions, haze and acid rain hazards (Aguilera, 2014; Nduagu and Gates, 2016; Shen et al,
2016). At present, the annual consumption of natural gas in China has reached 300 billion m?, and it
is expected to reach 500 billion m® by 2030 (Liang et al, 2019; Liu et al., 2020a). Natural gas
exploration and development (Wang et al., 2021), pipeline transportation (Liu et al., 2019a; Liu et al.,
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2020b), storage (Liu et al., 2019b; Zhang et al., 2019; Liu et al,,
2020c¢; Liu et al., 2020d; Wan et al., 2021; Zhang et al., 2021) and
peak shaving (Lin and Wang, 2012; Qiao et al., 2019; Qiao et al,,
2020) have become important deployment and research work in
the energy field of China. However, China’s conventional natural
gas reserves are limited and its dependence on foreign countries is
too high at present, which has become an important bottleneck
restricting the future development of China’s natural gas (Wang
and Lin, 2014). The total resources of unconventional natural gas
(coal-bed methane, shale gas and tight gas) in China reach over
190 trillion m®, more than 5 times of the total geological reserves
of conventional natural gas (Zheng et al., 2018). Therefore, in
order to realize the large-scale utilization of natural gas in the
future, it is particularly important to speed up the exploration and
development of unconventional natural gas. However, compared
with conventional natural gas reservoirs, unconventional natural
gas reservoirs are generally characterized by low porosity and low
permeability, so it is difficult to effectively form commercial
industrial  exploitation ~with the existing exploitation
technologies (Zhou, 2015). Taking CBM resources as an
example, the geological reserves of shallow CBM in China
below 2,000 m are 368,10 billion m® (Li et al,, 2015). However,
because most coal seams in China are soft and low permeability
reservoirs, the surface and underground exploitation of CBM is
not satisfactory (Regan and Chao, 2014; Tao et al., 2018; Men
et al., 2021).

Since the “11th Five-Year Plan”, the central government and
local governments have issued a series of support policies such as
“Effective development and utilization of coalbed methane”, but
the long-term development was not satisfactory. In the “12th
Five-Year Plan” period, the output of CBM should reach 30
billion m?, including 16 billion m* above ground and 14 billion m*
below ground. By 2015, both goals had failed, and only 4.4 billion
m?* was extracted from the surfaces. During the “13th Five-Year
Plan” period, the output of surface extraction was about 6 billion
m?, while the target was 10 billion m?, just over half of which. In
the beginning of the “13th Five-Year Plan”, the China’s CBM
production was mainly concentrated in Jincheng and Liulin,
Shanxi province, and the total utilization rate of China’s
resources was less than 0.1%. So far, the situation has not
improved significantly (Wang et al., 2019).

Guizhou Province is the province with the richest coal
resources in South China, and its resource reserves exceed the
sum of the fourteen provinces in South China. As an important
energy supply base in South China, Guizhou Province plays an
important role in ensuring energy security in South China. CBM
is a semi-natural resource of coal mines, and the reserves of CBM
in Guizhou Province are also very large. According to the shallow
buried depth of 2000m, the total amount of CBM resources in
Guizhou Province is 3,151 billion m?, accounting for about 10%
of the total CBM resources in China, ranking the third in China,
only after that of Xinjiang and Shanxi (Huang et al., 2010; Zhou
et al,, 2015). Therefore, most mines in the west of Guizhou
Province belong to high gas mines, and gas safety accidents
occur frequently (Zhong et al, 2016). Coal methane, like a
sword hanging on miners’ heads, which directly affects miners’
life safety, and it is a big worry for the development of coal
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industry in Guizhou province. Therefore, realizing the safe and
efficient exploitation of CBM resources in Guizhou Province can
not only greatly alleviate the safety situation of coal mining in
Guizhou Province, but also obtain a large amount of clean
energy-CBM (methane as its main component), which is of
great significance for improving the energy structure of
Guizhou Province, which lacks gas and oil.

However, compared to other types of rock (Li et al., 2021a; Li
etal,, 2021b), coal have low strength. And compared with the coal
seam conditions in Qinshui Basin, Shanxi Province, the coal
reservoir conditions in Guizhou Province are more complex, and
the exploitation is more difficult. Coal reservoirs in Guizhou
Province have special conditions, such as high in-situ stress, low
permeability and low water-content, and are composed of several
thin-medium-thick coal seams (Yi et al., 2007). However, there
are a few studies on the mechanical and physical properties of this
kinds of coal reservoirs, which needs further improving. The
geological conditions of CBM in Guizhou province are complex,
and the mainstream CBM development technologies at home and
abroad can not adopt to the complex geological conditions in
Guizhou Province, which leads to the unsatisfactory gas
production effect of most CBM extraction wells in Guizhou
Province.

The characteristics and evolution of porosity and permeability
of coal seam are the important basis for evaluating the recoverable
potential of CBM and formulating corresponding development
plans. In order to realize the efficient exploitation of CBM,
scientific understanding of the porosity and permeability
characteristics of coal seam is an important prerequisite.
Scholars at home and abroad have made extensive research on
the characteristics of porosity and permeability of coal reservoirs
(Yang et al., 2019; Xue et al., 2020). For example, Ayers pointed
out that the coal lithotypes rich in vitrinite tend to have an
increased cleavage frequency, so they have a correspondingly
higher grades than those with lower vitrinite (Ayers, 2002). Liu
et al. studied the anisotropic characteristics of cubic coal sample
under triaxial stress state (Liu et al., 2019c). Liu and Rutqvist put
forward a new permeability model of coal, which can reflect the
influences of internal swelling stress and fracture-matrix
interaction (Liu and Rutqvist, 2010; Meng et al., 2011). Meng
et al. studied the relationship between the permeability evolution
process of coal and in-situ stress, pore pressure by using coal
sample obtained from the southern Qinshui basin (Meng et al.,
2011). Nie et al. studied the pore structure characteristics of
different ranks by gas adsorption and SEM methods (Nie et al.,
2015; Liu and He, 2017). Li et al. (Li et al., 2020) studied the
mechanism of temperature and pore pressure on the evolution of
coal permeability by taking the raw coal of Qianbei Coalfield,
Guizhou Province as the research object. Yang et al. studied the
anisotropic permeability of coal sample under cyclic load (Yang
et al., 2018).

From the above research, it can be seen that the characteristics
of porosity and permeability of coal have always been the focus of
research in this field. Generally speaking, the characteristics of
porosity and permeability of coal reservoirs are greatly affected by
coal rank, stress state, temperature and so on. The porosity and
permeability characteristics of coal reservoirs usually have great
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FIGURE 1 | Dahebian syncline structure and the condition of underground coal seam in DH and WJZ regions. (A) Map of China. (B) Dahebian Syncline Structure.
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anisotropy and regional differences. However, these studies
mainly focus on the coalfields in the north China, such as the
Qinshui coalfield, while there are few reports devoted to
Liupanshui Coalfield in Guizhou Province. In particular, the
research on the characteristics of porosity and permeability of
the syncline gas-controlled coal reservoir in Liupanshui Coalfield
is even more scarce. Therefore, in this study, the pore and
permeability characteristics of typical coal in the Dahebian
syncline area of Liupanshui Coalfield were studied in order to
fill the research gap in this field and provide sufficient basis for the
exploration and development of CBM and the improvement of
the suitable technology.

In this paper, the coal of two typical regions of Dabebian
Syncline with typical syncline gas-controlling structure in
Liupanshui Coalfield, Guizhou Province was selected as the
research object. A series of porosity tests and permeability

evolution law studies were carried out for the underground
raw coal cores in two typical areas (DH region and WJZ
region) in the Dahebian Syncline region. The purpose is to
provide theoretical reference and basic data for CBM reservoir
evaluation, dessert spot screening, and rationale exploitation
design of CBM in Liupanshui Coalfield and similar coal seams.

TESTING SCHEME

Region and Coring

The Liupanshui Coalfield is the most representative coalfield in
Guizhou Province. The study area is named as Dahebian syncline,
which is one secondary geo-structure in Liupanshui Coalfield.
This syncline covers an area of about 50 km?, which is high in the
west, and lower in the east, with its major axis in the north-south
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FIGURE 2 | Coal cores and samples for porosity and permeability testing. (A) Raw coal cores (B) Sample preparation process by using wire cutting technology (C)
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direction, and its minor axis in the east-west direction. And the
position, shape, and boundary of Dahebian syncline are shown in
Figures 1A, B. The regional distribution of methane content in
coal seams in Liupanshui Coalfield is directly related to the scale
of single syncline and the depth of “Depression”, and it has typical
syncline gas-controlling structural characteristics. And there are
dozens of coal seams with thick-to-medium thickness. Dahebian
syncline is a typical syncline controlling gas structure in
Liupanshui area, and it is also the preferred block for CBM
exploration and development in Guizhou Province.

The study on the porosity and permeability characteristics of
Dahebian syncline coal seam and its evolution law is of great
representative significance to the mining of the whole Liupanshui
Coalfield and even the coal seam with syncline gas-controlling
structure in other coalfields of Guizhou Province. This study takes
No.11 coal seam in DH and WJZ regions was taken as the
research object, with a depth of about 800 m, and a layer
thickness ranging from 1.77 to 5.7 m. This coal seam has the

largest thickness and the highest gas content in this syncline, so it
is chosen as the research target. As can be seen from Figures 1C,
D, they belong to the same coal seam, but the apparent
morphology of the coal seam is still different, which may be
related to the tectonic evolution and stress conditions in different
regions. At the same time, it is found that the coal exhibits strong
bedding characteristics. Therefore, the influence of intersection
angle should be fully considered when testing permeability.

Coal Sample Preparation

All coal cores are taken from underground coal mining face in the
No.11 coal seam of DH and WJZ regions. The blocks with well
integrity and low cracks are selected, and the large blocks with the
size over 300 mm x 300 mm x 300 mm are obtained with
crowbars, and transported to the surface (Figures 2A), and
then packaged and transported to the laboratory. Because the
cores contain many fissures and has low strength, so as to reduce
the damage to the coal structure, all the samples in this study are
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processed by wire cutting (Figures 2B). Considering the obvious
bedding characteristics of coal, five intersection angles of 0°, 30°,
45°, 60° and 90° are considered in sample preparation, which is
defined as the intersection angle between the axis direction of
sample and the bedding plane of coal seam. The influence of
intersection angles on the permeability will be studied to reveal
the anisotropy of permeability, which provides an important
reference for the subsequent well-stability anaslysis and
hydraulic fracturing designing.

Typical coal samples (50 mm X 100 mm, cylinder-shape)
proceeding containing different intersection angles are shown
in Figures 2C: the first row is the coal from the DH region. The
coal samples have obvious bedding, good integrity, hard texture
and a few initial cracks; the second row presents the coal from
WJZ region, with many cracks and no obvious bedding, the
integrity of which is worse than that of DH coal samples. This also
fully shows that although they are in the same syncline tectonic
area and the same coal seam, the structural characteristics of coal
still show great differences with the different regional locations,
which increases the difficulty in forming a unified coal-bed
methane development technology.

Testing Principle and Scheme
1) Porosity test

In this experiment, the gas expansion method is used to
measure the porosity of rock samples, which is an indirect
method. The measuring principle is Boyle-Marius’s specific
law: P;V; = P,V,. First, open the valve of nitrogen bottle,
under a certain pressure P;, and expand the gas into a
standard chamber whose initial pressure equals the standard
atmospheric pressure. The standard chamber has a volume of
V. measure the balance pressure at this moment. Then, open the
vale to connect the standard chamber with the core holder. The
core holder has a volume of V,. After reaching a new pressure
balance, measure the new balance pressure of P,. after then, the
gas volume in the system is V;+V,-Vg.

According to Boyle-Mallot’s law:

P,V, =P,V,, (1
V1P1

, 2

D, ()

V=V, +V, -

The definition of porosity is:
¢ = (Vf_vs)/vf = 1_V5/Vf) (3)

Where: Vi, the total volume of the appearance of the rock, the
unit is cm’; Vy, is the volume of solid phase in cm”’.
Substitute Eqs 1, 2 into Eq. 3 to obtain:

$=1-[P,(Vi+Vy) - ViP] [P,V (4)

The gas source is provided by the laboratory, including
nitrogen, methane, carbon dioxide and helium. Considering
the development of micro-pores in coal, the permeable gas
medium is helium in this study. The corresponding program
has been compiled fro the test system, which only needs to input
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the basic information of the sample, and the result can be read
directly after the pressure becomes stable.

2) Routine permeability testing.

The permeability is measured by the steady-state method: first,
an initial fluid pressure difference is applied to both ends of the
rock, and the fluid will flow across the rock. After reaching a
steady state, the measured flow rate and pressure difference are
substituted into the Darcy seepage formula, and finally the
corresponding permeability is calculated. The basic principle
of the steady-state permeability measurement is Darcy’s law,
that is:

KA (hy — hy)

Q= I

®)
Where: Q, unit seepage flow, unit m*/s; K, permeability, unit m?;
A, Core cross-sectional area (m?); core length, unit m; h,-h;:
Total head loss, unit m.

According to the actual needs of the research, liquid such as
brine or gas such as nitrogen can be chosen as the permeation
medium, and in some cases, mixed-phase fluid can also be used.
When using gas as the permeation medium, the
comprehensibility of the gas must be considered, and the
calculation formula is as follows:

K, = —Qetsl Qg“gzl (6A)

A (P in Pout)

Where, K,, gas measurement permeability, unit m? Wy gAS
dynamic viscosity coefficient, in Pas; Py, atmospheric pressure
value, unit MPa; Q, gas flow rate, unit m/s; 1, length of core in m;
Pjy, inlet end fluid pressure, unit MPa; Py, the fluid pressure at
the outlet, unit MPa. In the oil and gas field, D (Darcy) or mD
(mild Darcy) is often used as the permeability unit, lum® = 1 x
10" m? = 1D = 10°mD.

Porosity and permeability tests are carried out on the LW-1
porosity and permeability tester (Liu et al., 2020c), which was
jointly developed by the State Key Laboratory of Coal Mine
Disaster Dynamics and Control at Chongging University and
Jiangsu Tuochuang Science and Technology Co., Ltd. It can be
used for porosity test by gas expansion, steady-state permeability
test and unsteady-state permeability test. This device can fully
meet the test requirements, which was shown in Figure 3.

3) Sample information.

See Table 1 for the test scheme. It mainly includes porosity,
conventional permeability, and permeability tests at different
confining/inlet pressures.

PORE AND PERMEABILITY TESTING

Results in DH Region

Figures 4A shows the test results of coal porosity in DH region.
The porosity fluctuates between 7.38 and 11.22%, with an average
value of 9.03%. It can be said that the porosity of DH region is
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TABLE 1 | Porosity and permeability testing scheme.

Content Coal zone
Porosity DH region
WJZ region
Permeability DH region
WJZ region
Permeability under different pressure DH region
WJZ region
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Types of coal sample Quantity
5 types of intersection angle 14
5 types of intersection angle 12
5 types of intersection angle 12
5 types of intersection angle 13
Confining pressure: 4 types 4

Gas pressure: 3 types

Intersection angle: 0°, 90°

Confining pressure: 4 types 10
Gas pressure: 3 types

Intersection angle: 0°, 45°, 60°, 90°

Contain
ST lomlfiowmeter M—_G_ 00

200ml flowmeter BN 00
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FIGURE 3 | Flow chart of rock porosity and permeability testing equipment.
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good, which is beneficial to the exploitation of CBM in this area.
Figures 4B shows the testing results of coal permeability in DH
region. The permeability of coal sample in DH region ranges from
0.0131 mD to 6.5797 mD. It should be noted that the permeability
0f 6.5797 mD corresponds to the sample containing a penetrating
crack. If this sample is excluded, the permeability of DH coal is
between 0.0131 mD and 0.0843 mD, with an average value of
0.0381 mD. It can be seen that, the permeability of coal in DH
region is very poor, which belongs to low permeability coal seam.

Without artificial stimulation measures such as hydraulic
fracturing, it is difficult to obtain effective exploitation and
utilization of CBM. At the same time, it shows that the
existence of cracks will increase the permeability of coal by
over than two orders of magnitude. Therefore, it is necessary
to pay close attention to the development of primary cracks in
coal seams, and find potential favorable regions for the CBM
extraction. In addition, it can also be seen in Figures 4B that the
permeability of DH coal has obvious angle effect. The
permeability of 0° sample (permeating along bedding

direction) is the highest, while that of the middle angle
samples (30°, 45° and 60°) is the lowest, indicating that the
permeability through matrix is slightly poor.

Pore and Permeability Test Results in WJZ
Region

The porosity test results of WJZ coal are shown in Figure 5A as
follows: the porosity ranges from 7.06 to 24.75%, with an average
value of 18.67%. It can be said that the porosity of WJZ coal is
high and good. Figure 5B shows the permeability results of the
WJZ coal testing. Permeability ranges from 0.175 mD to 5.21 mD,
with an average value of 1.36 mD. It can be said that the WJ]Z coal
has good permeability, which is helpful for realizing the
development of CBM directly or through simple reservoir
reconstruction. Combined with Figure 5, it can be seen that
there are many primary cracks in the WJZ coal, which may be an
important reason for its good permeability. Due to the existence
of a large number of primary cracks, the influence of bedding is
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weakened, so the relationship between the permeability and
intersection angle of WJZ coal is not obvious. In addition, it is
found that the permeability of WJZ coal is only several times
higher than that of the same group of samples even if the coal
contains perforating fractures, while the permeability of DH coal
with perforated fracture has no significant difference.
Considering the good porosity and permeability characteristics
of WJZ coal, it is necessary to pay close attention to the
recoverable potential of this region, and evaluate whether this
region belongs to the preferential exploitation block of CBM.

Comparison of Regional Results

DH region and WJZ region belong to two blocks in the same
synclinal structure, and the coal cores used here belong to the
same stratum. However, according to the above tests and analysis,
there are obvious differences between them. Figure 6 shows the
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comparison results of porosity and permeability between these
two regions.

The comparison shows that: 1) Due to the integrity of coal
structure, the permeability of coal in DH region is as low as the
order of 10~>mD, which belongs to the difficult-to-exploit coal
seam. However, once there is a crack, the permeability will
increase sharply. 2) The coal has good permeability, which is a
favorable condition for methane exploitation. At the mD level,
more attention should be paid to its exploitable potential and it
should be included in the priority area of methane development.
3) The porosity of WJZ coal is almost twice that of coal in DH
region, and the primary cracks are much more developed. From
the perspective of CBM exploitation, the WJZ region should be
given priority. 4) The comparative results fully show that even if
the plane distance between the two study regions are very close,
only 8 km, and the coal cores are taken from the same coal seam,
the characteristics of porosity and permeability are quite
different. Therefore, even in the same coalfield, some priority
blocks should be founded and exploited first. In addition, it is
necessary to further study the porosity and permeability
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characteristics of coal, and to find the development technology
suitable for each region.

The comparison shows: 1) Because of the integrity of coal
structure, the permeability of coal rock in DH region is low,
which is in the order of 107mD, and without reservoir
reconstruction, it is difficult to exploit CBM in this region.
However, once there are cracks, the permeability will increase
rapidly. 2) The permeability of WJZ coal is almost twice that of
the DH coal, with extremely developed cracks. From the
perspective of CBM exploitation, WJZ region should be given
priority. 3) The comparison results fully show that even if the
distance of the same coal seam in the same structural area is as
close as 8km, the characteristics of porosity and permeability are
quite different. Therefore, the exploitation of CBM in Liupanshui
Coalfield must consider the priority regions, such as the WJZ
region in Dahebian Syncline.
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INFLUENCE OF CRACKS AND PRESSURE

Influence of Cracks

Through the above research, it is found that the permeability
test result of individual sample is much higher than other
samples in the same group. For example, the permeability of
DH-11-02 sample in DH region is as high as 6.5795 mD,
which is 117.6 times of the permeability of coals in the same
coal seam with the same intersection angle, and 172.8 times of
the average permeability of all samples in the same coal seam.
After observation, it is found that there is a crack connecting
bedding on the surface of sample, as shown in Figure 7. The
crack runs through the upper and lower ends of the sample, is
almost parallel to the bedding, and bends locally, which is a
typical bedding tensile fracture. Because of the existence of
such crack, the permeability of the coal is increased by more
than two orders of magnitude.

Meanwhile, the permeability of some coal samples in WJZ
region is obviously higher than that of the same group. For
example, the permeability of WHZ-11-60-06 sample is as high as
5.01mD, which is 8.63 times that of coal with the same
intersection angle. This sample has an intersection angle of 60°
to the coal seam bedding, but there is a crack on the side
penetrating through the sample. The crack surface has a small
opening and a relatively straight crack, which is characterized by
shear crack. According to the analysis, the intersection angle of
60" is not the dominant direction of seepage migration, but it is
this kind of crack that leads to the increase in permeability.

From the above comparison, it can be seen that the integrity of
coal in DH region is better, and there are few cracks on the surface of
the samples. However, once cracks appear, the increase in
permeability is very obvious. From the observation of the sample,
most of the cracks are tensile cracks along the bedding direction.
However, in WJZ region, the integrity of coal is poor, and there are
many primary cracks with poor regularity. These cracks should be
formed along with the later tectonic process, including shear cracks
and tensile cracks. Due to the existence of primary cracks, the
permeability of WJZ coal samples is much higher than that of the
DH coal samples. Therefore, when exploring and developing CBM in
the WJZ region, the crisscrossing crack-network is a favorable factor
for CBM extraction.

Influence of Pressure Condition

In the third part, the conventional permeability tests were carried
out when the confining pressure was only 2.5 MPa. However, in
the underground space, with the change of coal seam depth and
CBM extraction depth, the stress state of coal will change. At
present, the depth of coal seam is generally over 300m, and the
reservoir pressure of the coal seam is much higher than 2.5 MPa.
Therefore, it is still necessary to study the permeability of coal
under different confining pressures and different gas pressure, so
as to provide a basis for coal permeability evaluation and CBM
extraction designing under the condition of field stress state. The
fourth-level confining pressure is 2/4/6/8 MPa and the third-level
inlet pressure is 0.4/0.6/0.8 MPa.
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DH-11-0-02 sample

FIGURE 7 | Coal sample with penetrating crack. (A) DH-11-0-02 sample. (B) WJZ-11-60-06 sample.

WIJZ-11-60-06 sample

1) Coal in DH region

Four coal samples in DH region were tested. The results show
that with the increase of confining pressure, the permeability of
coal shows a downward trend, indicating that the increase of
confining pressure would lead to the compaction of coal, thus
leading to the decrease of permeability.

The test results show that when the confining pressure
increases from 2 to 8 MPa, the permeability of the three intact
DH coal samples decreases by 75-93%, indicating that the
confining pressure has a great influence on the permeability.
When the confining pressure is in the range of 2-4 MPa, the
permeability decreases rapidly, and then the decreasing trend
slows down. When the confining pressure reaches 8 MPa, the
permeability is basically stable, so no higher confining pressure
test will be conducted. The influence of inlet pressure on
permeability is still not clear. Taking DH-11-0-05 sample
(intersection angle = 0°) as an example, the permeability
increases with the increase of inlet pressure. However, DH-11-
90-01 sample (intersection angle = 0°), the permeability decreases
with the increase of inlet pressure. The testing results of three
representative samples are selected as shown in Figure 8.

2) Coal in WJZ region

This paper studies the permeability evolution of coal in
W]JZ region under different confining pressures and inlet
pressures. The results show that the confining pressure has
a significant influence on the permeability of WJZ coal mass.
When the confining pressure is increased from 2 to 8 MPa, the
permeability decreases by 51.51-94.21%. Among them, the 60°
sample (WJZ-11-6-06) shows the smallest decrease, only
47.43%. The 90° sample (WJZ-7-45-04) has the highest
decrease rate, which is 13.74%. It should be noted that
samples with intersection angles of 0°, 45" and 90" have the

same decreasing trend and similar decreasing amplitude
(13.74-19.91%). There are several penetrating cracks in the
sampleWJZ-11-60-06, but with the increase of confining
pressure, the decrease of permeability is limited, which
indicates that the confining pressure only leads to partial
closure of the crack. This further indicates that even under
the action of underground stress, this crack are still the main
channel for gas seepage. The inlet gas pressure shows the
similar influence on the permeability of WJZ coal is basically
the same. Under the same confining pressure, the higher the
inlet pressure, the smaller the decrease of permeability.
However, compared with confining pressure, the effect of
the inlet pressure is very limited. See Figure 9 for the
representative permeability test results under different
confining pressures in the WJZ region.

From the above analysis, it can be seen from the above
analysis that the confining pressure has a very significant
impact on permeability. However, it is also found that after
the first test (confining pressure 2-4-6-8 MPa) and the second
test (confining pressure 2-4-6-8 MPa), the inlet pressure
increased from 0.4 to 0.6 MPa (average pressure increased
from 0.25 to 0.35 MPa), and the permeability is lower than
that of the first test. It seems that the inlet pressure causes the
decrease in permeability. However, from the third round tests
results (Confining pressure 2-4-6-8 MPa, Inlet gas pressure
0.8 MPa), it can be seen that the “Permeability-Confining
pressure” curves of the seven samples in the second and
third rounds are basically coincidental. This does not
explain the influence of inlet pressure on coal permeability.
As a matter of fact, this phenomenon has an important
influence on the field applications.

Generally speaking, from the external conditions, permeability
is related to confining pressure, permeation gas pressure and gas
type (Meng et al., 2017; Liu et al., 2020c). But from the internal
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mechanism, these factors essentially lead to the change of pore
structure in rock matrix, which reflects the interaction between
gas and pore structure, thus leading to the difference of
permeability. The Kozeny-Carman equation is a famous
theoretical formula for the response of permeability to pore
structure and permeability channel characteristics inside rocks,
and its revised formula is as follows (Kleinberg et al, 2003;
Schneider et al., 2011):

vt (A/V)

grain

(6B)

Where: v is the shape coefficient, dimensionless; (A/V)grain is the
specific surface area of grain per unit volume, mm™; K is the
absolute permeability of porous rock, 10> um?; ¢ is the effective
porosity of rock, %; T is tortuosity, dimensionless.

It can be seen from Eq.6A that the porosity, specific surface area
and tortuosity are all important factors affecting permeability. For
coal sample, the internal porosity will inevitably decrease when
subjected to external force. In the process of rock compression, the
micro-pores and cracks are closed, and the total volume decreases,
but the total surface area of particles remains unchanged, so (A/
Vgrain increases instead. The change in tortuosity was not
significant. Generally speaking, the larger the confining pressure,
the smaller the numerator and the bigger the denominator in Eq.6B.
As a result, permeability is reduced. In addition, according to the
research of Liu et al. (Liu et al., 2015; Fan et al., 2019; Fan et al., 2020),
rocks with flat pores and cracks are more easier to close under
pressure. Especially, in the process of increasing confining pressure,
the smallest pore throat tends to close at first, so the permeability
decreases rapidly in the early stage. Even if the confining pressure is
increased, the permeability can not be reduced further. This explains
why the permeability is almost unchanged when the confining
pressure reaches 8 MPa. However, for samples with perforated
cracks, because of the large crack size, the “closing pressure”
required for complete crack closure will be very high. Therefore,
when the confining pressure is 8 MPa, the decreasing trend of
permeability is unchanged.

It should be pointed out that both the DH coal and WJZ coal
have low strength and belongs to soft rock. After the first test
(Confining pressure is 2-4-6-8 MPa), irreversible plastic
deformation occurs in rock matrix (Liu et al., 2015). After
entering the second and third tests (confining pressure
2-4-6-8 MPa), the porosity, specific surface area and
tortuosity of the rock appear new situations due to the
appearance  of  plastic  deformation.  Therefore, the
“Permeability-Confining pressure” curves of the second round
and third round are basically close, but there are also a significant
difference from those of the first round. Hydro-fracturing and
methane extraction is a process of loading and unloading, which
inevitably leads to plastic deformation in coal. Therefore, the
permeability of the coal reservoir is likely to be reduced and thus
affect the productivity. In this study, the influence of plastic
deformation under loading on permeability is only studied by
conventional permeability test. In the follow-up study, according
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to the actual stress of coal and the loading and unloading situation
of confining pressure, the downward trend of coal permeability
will be further quantified, which will provide a favorable basis for
on-site CBM extraction.

DISCUSSION AND APPLICATION

The coal samples used in this study were obtained from two
different blocks of the same coal seam in Dahebian syncline.
The plane distance of the coring point is only 8 km, but the
porosity and permeability of the coal are quite different. This
fully shows that there are obvious differences in physical and
mechanical properties of coal in Liupanshui Coalfield.
Therefore, even within the same structural area, it is
necessary to understand the differences of coal in different
blocks, which is the basis for further implementation of CBM
exploitation plan.

In the previous exploitation of coal bed methane in Guizhou
Province, the harvest was not great, and the commercial
exploitation efficiency of coal bed methane has not yet been
achieved. However, according to this study, this is mainly due to
the complex coal structure, complex of coal occurrence
environment, huge heterogeneity, and regional differences of
coal in Guizhou Province. At the same time, the preliminary
research work is still insufficient. If the characteristics of porosity
and permeability of coal seam are not fully understood, the
drilling work may be blind. Therefore, it is difficult to obtain
commercial CBM extraction. There are still many blocks with
high porosity, good permeability and developed primary fractures
in coal seams in Guizhou Province (Figure 10). Although these
blocks may be isolated in distribution, they may be the best places
for methane extraction.

From the Dahebian Syncline, the anisotropy and heterogeneity
of coal in different areas are very obvious. Especially, the coals in
the WJZ region are characterized by high porosity and relatively
good permeability. These are the best regions for CBM
exploitation, and should be listed as the first exploitation areas.
Therefore, in the follow-up studies, even for different areas of the
same structural area, it is necessary to explore the optimal blocks,
find the areas with high porosity and high permeability (relative),
and establish the optimal methane extraction areas. Zhou et al.
(Zhou et al., 2009) studied the regional tectonic characteristics of
Dahebian syncline. They pointed out that the proportion of reserve
faults in WJZ regions is about 18%, and the argillaceous caprock in
WZJ region accounts for 35.3%, while the sandstone only accounts
for 32.2%. However, in the DH region, the proportion of normal
faults in the DH region is as high as 96.9%. And the argillaceous
caprock in DH region is as low as 3.57%, but the sandstone
accounts for 69%. As a result, due to the higher proportion of
reserve faults and tighter caprock, the coal seam in WJZ coal seams
have subjected to structural compression, and the stress
concentration becomes more obvious in this region. As a result,
the integrity of coal seam in WJZ region has been weakened or even
destroyed. Therefore, the coal in WJZ region have lower integrity
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and binarization picture.

WIZ coal surface crack and binarization picture

FIGURE 10 | Primary fractures and binarization of WJZ coal (size 50 mm x 75 mm). (A) DH coal surface crack and binarization picture (B) WJZ coal surface crack

but greater porosity and permeability than those of the DH region.

Due to the great differences in coal petro-physical properties, the
methane extraction methods and technical parameters in different
regions should also be different. Therefore, the implementation of the
specific technologies of blocks may be a better method for CBM
exploitation in Guizhou Province. In addition, Guizhou Province
may not be suitable for the formation of a unified and standardized
CBM exploitation method. It is suggested to study the relationship
between the favorable blocks with high porosity and permeability, so
as to provide some guidance for the selection of the favorable blocks
from a macroscopic perspective.

CONCLUSIONS AND PROSPECTS

The porosity and permeability of underground coal samples in
two blocks of No.11 coal seam in Dahebian Syncline of

Liupanshui Coalfield were systematically tested and studied,
and the following conclusions and suggestions are drawn.

1) The porosity of coal samples in DH region is 7.4-10.1%, with
an average value of 9.2%. The range of permeability k ranges
from 0.01 to 0.08 mD, with an average value of 0.04 mD. The
permeability of DH coal samples has obvious bedding effects.
The DH coal samples has good integrity and poor connectivity
of matrix, so it still mainly depends on fracturing to increase
productivity.

2) The porosity of the coal samples in WJZ region ranges from
7.06 to 24.8%, with an average of 18.67%. The permeability is
between 0.2mD and 5.2mD, with an average of 1.4 mD. There
is no obvious relationship between permeability and
intersection angle. WJZ coal mass has good porosity and
permeability, which is expected to be the optimal choice
block for CBM development in the Dahebian Syncline.
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3) Relatively speaking, the porosity of WJZ coal is twice that of
DH coal, and the permeability is 1-2 orders of magnitude
higher than that of DH coal. With the increase of confining
pressure, the permeability of coal decreases rapidly, but there
is a “Compaction confining pressure”. When this value is
exceeded, the permeability will remain basically stable. In
addition, with the occurrence of plastic deformation
(irrecoverable deformation), the permeability of coal will be
greatly decreased. The porosity and permeability of the same
coal seam in different positions are quite different, which
shows that the coal at different blocks have obvious
heterogeneity and differences. Therefore, we should pay
close attention to the differences in exploration and
development so as to adopt appropriate technology.
Generally speaking, when there are cracks in the coal, the
permeability will increase greatly. In contrast, the integrity of
coal in DH region is better, and the porosity and permeability
are lower, while WJZ coal contains more primary cracks, which
has higher porosity and permeability. Therefore, when
developing CBM similar to the Dahebian Syncline, it is
suggested to choose the first dessert area and give priority to
CBM development, and pay attention to the application of
appropriate technology in different blocks to gradually promote
the commercialization and scale of CBM development.

4

~

Dahebian Syncline, a representative syncline in Liupanshui
Coalfield, has the characteristics of strong porosity-permeability
heterogeneity and regional particularity, which must be paid
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To study the strength and permeability characteristics of cemented tailings backfill with
different cement—sand ratios and different waste rock contents, uniaxial compression
strength test and permeability test were carried out respectively. The porosity of cemented
tailings backfills after solidification was observed by scanning electron microscope. The
effects of cement—sand ratio and waste rock content on the internal porosity and overall
permeability of cemented tailings backfill were studied. The test results showed that the
cement-sand ratio and waste rock content have certain effects on the strength and
permeability of the backfill body. When the cement-sand ratio was fixed, the uniaxial
compressive strength and permeability of the backfill body increased first and then
decreased with the increase of waste rock content. When the waste rock content was
10%, the uniaxial compressive strength of the backfill body reached the maximum, and
when the waste rock content was 30%, the permeability reached the maximum. Due to the
increase of the area of waste rock particles in the cross-section, the area of gas passing
rapidly decreased, resulting in the decrease of the permeability growth rate. When the
waste stone content was fixed, with the decrease of cement-sand ratio, due to the
decrease of cementitious materials, more micro-cracks were produced in the curing
process of backfill body, resulting in the decrease of uniaxial compressive strength and the
increase of permeability.

Keywords: cemented tailings backfill, waste rock, uniaxial compression strength, permeability, scanning electron
microscope

1 INTRODUCTION

Backfill mining is an important development direction for safe and green mining in China. The use of
solid waste generated in the mining process to fill the goaf can effectively control the deformation and
damage of the surrounding rock in the goaf, and prevent the surface subsidence, which can not only
ensure the safety of stope but also make full use of the solid waste of mines. It has significant
advantages in safe mining, solid waste treatment, environmental protection, and so on (Zhang et al.,
2018; Qi and Fourie, 2019; Qi, 2020; Yin et al., 2019; Dong et al., 2019; Liu ]G et al., 2020). As the
main unit of backfill mining, cement tailings backfill took the solid waste generated in the process of
mining as aggregate and cement as cementing material. According to a certain ratio, water was added
to fully mix into an appropriate concentration of paste, which was sent into the mine through the
pipeline. After solidification, it can be used as an artificial pillar to bear the ground stress in the stope;
therefore, its mechanical stability was crucial to the safety of the stope (Zhang et al., 2011a; Zhang
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et al,, 2011b; Lin et al., 2013; Hong et al., 2021; Li et al., 2021b; Li
etal,, 2021c). In addition, the backfill is a porous medium, and the
permeation characteristic is also an important quality index of the
backfill (Wang et al., 2009). Permeability refers to the degree of
difficulty of gas, liquid, or ion permeating, diffusing, or migrating
into the specimen under the action of gradient such as pressure
concentration. The pores in the backfill are the main path of the
permeable medium, the transmission speed of harmful
substances in the backfill is directly determined by the
permeability, and this kind of permeable medium will have a
certain influence on the performance of backfill body. Therefore,
permeability is a key judgment index of the durability of the
backfill (Yang and Zhu, 2003; Liu et al., 2005; Deng et al., 2006;
Shi et al., 2021). The material of the backfill is mostly mine solid
waste, and the tailings from the concentrator are mainly used as
the aggregate. In the process of mineral processing, agents are
usually added, so there will be excessive pollution substances in
the tailings. Tailings particles produced by metal mines may
contain radioactive components and heavy metal ions such as
lead, copper, and zinc ions (Yuan and Xu, 2004; Xu et al., 2008;
Zhong et al., 2020; Yao et al., 2021). Therefore, the permeability
characteristics of the backfill will be related to whether these
harmful substances will flow out with the water seepage of the
backflll, resulting in the pollution of the underground
environment and even underground water. The permeation
characteristics of the backfill are studied to understand its
change rule, to better design and prepare the environment-
friendly and high-durability underground backfill artificial pillar.

Chen et al. (2019) conducted experiments on the permeability
characteristics of coal rocks filled with pulverized coal with
different air pressures and different crack widths, and studied
the variation law of the permeability of coal rocks filled with
pulverized coal with different particle sizes under the influence of
pressure and crack widths. Wang et al. (2010) combined electron
microscope photos of artificial sediment filling pores of the rock
fracture and rock seepage experiments, and discussed the sediment
particles’ influence law of fractured rock permeability
characteristics; they concluded that rock permeability under the
effect of sediment particles significantly decreased, and when
sediment particles migrated into the fracture after balance, rock
permeability increased gradually and tends to be stable. Qiu et al.
(2020) and Qiu et al. (2021) studied the microstructure
characteristics of the cemented rock-tailings backfill and its
influence on the strength. Wu et al. (2015) studied the influence
of different initial temperatures of backfill, cement-sand mass
ratio, and curing temperature on the seepage characteristics of
backfill through numerical simulation, and concluded that the
permeability of backfill decreases with the increase of curing
temperature and cement-sand mass ratio. Wang and Xu (2018)
carried out constant head permeability test and variable head
permeability test for filling materials with different cement-sand
ratios and different cement-cement agents. They studied
cement-sand  ratio, cement-cement composition, and
permeability variation characteristics of filling slurry after
gradually solidifying, and discussed the influence relationship
between the permeability of backfill and the content of
cementing material. Scholars have studied the strength

Strength and Permeability of Backfill

characteristics of rock materials and reported relevant results
(Fan et al, 2019; Zhu et al,, 2019; Fan et al, 2020; Li et al.,
2021a). Scholars have studied the permeability characteristics of
rock materials and reported the experimental results of influencing
factors (Chao et al.,, 2017; Zhang et al., 2020; Liu et al., 2020a; Liu
et al,, 2020b). But so far, there are few research reports on the
permeability characteristics of cemented tailings backfill.
Permeability characteristics of the backfill are aggregate
composition, cement-sand ratio, and other factors; considering
the impact of filling strength on the stability of feature, waste rock
added to the aggregate particles can effectively improve the
strength of backfill and better meet the needs of the filling (Fu
etal,2014; Geetal,2014; Luetal., 2017), and the addition of waste
rock particles has a certain influence on the infiltration
characteristics of backfill. Therefore, this article conducted gas
permeability tests on cemented tailings backfill with different
cement-sand ratios and different waste rock contents, and
analyzed the influence of cement-sand ratios and waste rock
contents on the permeability characteristics of backfill.

2 EXPERIMENTAL PROGRAMS AND
METHODS

All tests mainly included backfill specimen preparation, UCS test,
permeability test, and SEM test. The overall process of the test is
shown in Figure 1.

2.1 Specimen Preparation

Tailings from a mine in Shaanxi Province and waste rock particles
with a particle size of 3-5mm were selected as aggregate, and
ordinary Portland cement was used as cementing material.
Cemented tailings backfill with different proportions were
prepared according to a certain proportion. The cement-sand
ratios are 1:4, 1:6, and 1:8; the waste rock contents are 0%, 10%,
20%, 30%, and 40%; and the material concentration is 76%.
According to the designed material ratio, quantitative tailing,
waste rock, and cement were weighed and mixed fully, and water
was added quantitatively to mix them evenly. The samples were
loaded into the cylindrical cast-iron test mold three times. After
standing for 48 h, the surface of the specimen was scraped flat and
demolded.

According to the requirements of two test systems for
specimen size, 15 cylindrical specimens with a diameter of
50 mm and a height of 100 mm were prepared for the uniaxial
compressive strength test, and 15 cylindrical specimens with a
diameter of 25 mm and a height of 50 mm were prepared for the
permeability test. The specimens were marked and placed into the
curing box with constant temperature and humidity for curing
(temperature of the curing box was 20 + 1°C, the humidity was
95 + 1%). When the curing period reached 28 days, the waste rock
cemented tailings backfill specimen was taken out.

2.2 Uniaxial Compression Strength Test

A standard specimen (950 mm x 100 mm) with a curing period of
28 days was taken out, and both ends of the specimen were
polished to ensure that the two ends of the specimen were smooth
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and flat. After treatment, the specimens were subjected to the
uniaxial compression strength test. The uniaxial press was used as
MTS rock mechanical loading system in the test, and the constant
displacement loading mode with a loading rate of 1 mm/min was
used to load the specimens until they were destroyed.

2.3 Permeability Test

2.3.1 Permeability Test Device

This experiment using the gas penetration testing device is shown
in Figure 2. The whole device was composed of three parts: the
left side inlet section; a black rubber middle holster package part
for hydraulic confining pressure region into the specimen by its
surrounding space with water, fully squeezing the rubber holster
package backfill specimen and providing the confining pressure;
and the right end tank that adopts the inverted cylinder method
for gas collection and recording. The permeation medium
selected in this experiment was nitrogen.

2.3.2 Air Tightness Inspection

Before the test, the prepared test piece was put in to check the whole
device, first turning the confining pressure push water knob for
pressurization, observing whether the confining pressure gauge is
stable, checking whether there is water leakage at both ends, and
determining whether there is rupture damage inside the device’s
black rubber leather. Then the nitrogen cylinder knob was opened

to check the unblocked test pipeline and airtightness. It is important
to ensure that the black rubber plant holster is not ruptured, and the
pipe flow is steady and airtight according to the strength of the
specimens; to set the test gas inlet pressure in the process of
choosing the appropriate confining pressure, the confining
pressure should be greater than the test air inlet pressure to
ensure that there will be no damage to the specimen during the
test and that there is enough tightness.

2.3.3 Specimen Preparation

The small specimens (925 mm x 50 mm) were taken out from the
curing box for grinding to ensure the flatness of both ends of the
specimen and the smoothness of the cylinder to avoid gas passing
through the specimen and affecting the accuracy of permeability
due to the uneven contact surface or the loose wrapping of the
black rubber sleeve around the specimen in the test process. The
polished specimens were placed in a drying oven for drying for
24 h to ensure that all specimens were fully dried.

2.3.4 Test Steps

According to the uniaxial compression strength test, the minimum
uniaxial compressive strength of the backfill specimen was
0.684 MPa. To ensure that the specimen in the test process will
not be destroyed and affect the test results, the confining pressure
was set to 0.8 MPa and the air inlet pressure was set to 0.1 MPa.
Before the test, the diameter and length of the dried specimen were
measured and recorded with Vernier calipers. After the
measurement, the specimen was put into the device for
permeability test in accordance with the marked order. After
placing the specimen in the center of the device, the water
injection knob was slowly rotated to adjust the confining pressure
to 0.8 MPa. After the confining pressure was stabilized, the cylinder
was opened to adjust the inlet pressure and slowly adjust the inlet
pressure to 0.1 MPa. After the pressure gauge was stable, the outlet
pipe was inserted into the measuring cylinder in the water tank for
gas collection, and timing was started. Then 10 ml of gas was
collected through the measuring cylinder, the time consumed was
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TABLE 1 | Permeability test data of samples with different waste rock contents with cement—sand ratio of 1:4.

No Backfill length Backfill diameter Time (s)
(mm) (mm)

Qi 4.983 2.504 27.37
4.983 2.504 27.46
4.983 2.504 27.37
4.983 2.504 27.62
4.983 2.504 27.42

Q2 5.006 2.498 15.70
5.006 2.498 16.74
5.006 2.498 15.72
5.006 2.498 15.96
5.006 2.498 15.92

Q3 4.958 2.459 13.82
4.958 2.459 13.76
4.958 2.459 13.85
4.958 2.459 13.77
4.958 2.459 13.80

Q4 4.952 2.47 11.78
4.952 2.47 11.73
4.952 2.47 11.86
4.952 2.47 11.78
4.952 2.47 11.85

Q5 4.988 2.849 16.64
4.988 2.849 17.19
4.988 2.849 16.80
4.988 2.849 16.78
4.988 2.849 16.81

Flow rate Permeability (md) Average value
(mm3/s)

0.490918017 4.32242503 4.310190499
0.48972415 4.308258306

0.491877309 4.32242503

0.490439772 4.28330098

0.492599243 4.314543147

0.641320288 7.606525991 7.554918172
0.639690503 7.587195556

0.640504359 7.596848477

0.630872714 7.482610154

0.632457822 7.501410682

0.728562122 8.83204861 8.844898813
0.731738991 8.87056045

0.726984009 8.812917819

0.731207591 8.864118503

0.729618009 8.844848681

0.854730774 10.25702627 10.23981506
0.858374128 10.30074761

0.848965305 10.18783891

0.854730774 10.25702627

0.849681732 10.19643624

0.605091858 7.202833212 7.11643458
0.5685731735 6.97237607

0.599329079 7.1342348

0.600043416 7.14273806

0.5698972547 7.129990758

recorded, and the permeability of the backfill specimen was
calculated with the following calculation formula:

QxLxuyu
AP x A
where Q—the flow rate of permeable medium through specimen
per unit time (cm®/s), u—the viscosity of the permeable medium
(Pa-s), L—length of specimen (cm), AP—the pressure difference
of the permeable medium before and after passing the specimen
(MPa), and A—the cross-sectional area through which the

permeable medium passes (cm?).

K= 1)

2.3.5 Data Results

Due to the length of the article, Table 1 shows the data of
permeability test for waste rock content with a cement-sand ratio
of 1:4. As can be seen from the table, the lowest permeability of the
sample with a 1:4 cement-sand ratio of whole tailings was 4.31 md.
With the increase of waste rock content, the permeability of the
sample gradually increased. When the waste rock content reached
30%, the permeability was 10.24 md, which was the highest value.
When waste rock particles were added to 40%, it was found that the
permeability decreased at this time.

3 RESULTS AND DISCUSSION

3.1 Uniaxial Compression Strength

Characteristics
The histogram of uniaxial compressive strength of backfill was
drawn, as shown in Figure 3. It can be seen from the figure that,
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FIGURE 3 | Histogram of uniaxial compressive strength.

with the increase of waste rock content, the uniaxial compressive
strength of the three cement-sand ratios of backfill body increased
first and then decreased. Among the five waste rock content ratios
designed, the strength of backfill body reached the highest when
the waste rock content reached 10%. With the decreased of
cement-sand ratio, the strength of the backfill decreased gradually.

When the cement-sand ratio was constant, adding a small
amount of waste stone particles with large particle size can reduce
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the specific surface area of aggregate. In contrast, the content of
cementitious materials per unit area increased, and the gelation
effect was improved. Moreover, the waste rock particles fully
wrapped by cement can prevent the propagation and coalescence
of cracks in the specimen under uniaxial compression, effectively
inhibiting the growth of cracks in the backfill body during
uniaxial compression, thereby improving its uniaxial
compressive strength.

The waste rock particles continue to increase due to the
increase of large particle aggregates; cement cannot fully cover
all waste stone particles because after solidification, there were
more primary pores, thus forming a low strength area. In the
process of uniaxial compression strength test, the region was
more prone to cracks, and more likely to expand, resulting in
the decrease of uniaxial compressive strength of the
backfill body.

When the waste stone content of the backfill body was
constant, the uniaxial compressive strength and stability of the
backfill body decreased significantly with the continuous decrease
of the cement-sand ratio. The smaller the cement-sand ratio, the
more direct is the decrease of the cement content in the slurry.
The gelling effect of the backfill body in the curing process was
decreased, and the uniaxial compressive strength decreased after
curing.

3.2 Permeability Characteristics
3.2.1 Influence of Waste Rock Content on Permeability

Characteristics

The uniaxial compressive strength and permeability of backfill
with different waste rock contents and cement-sand ratios were
drawn, as shown in Figure 4. According to Figure 4, the
permeability variation curve of backfill body was analyzed by
referring to the uniaxial compressive strength histogram. When
the cement-sand ratio of the backfill body was fixed, the
permeability of the three cement-sand ratios of backfill body
changed in a similar trend with the increase of waste rock content,
which all increased first and then decreased with the increase of
waste rock content in the specimen.

The surface of the dirt particles was smoother and the
waste rock particle size was larger when adding a certain
amount of waste rock filling pulp after particles, filling
materials in the process of solidification, and backfilling
particles with waste rock particles formed between contact
cementation or pore type cementation; backfilling of
cementation effect between the particle and dirt particles
was reduced, and the specimen within the pore content
increased. In the permeability test, these pores greatly
shorten the permeability path of the permeable gas in the
backfill body, resulting in the improvement of the gas
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permeability of the whole specimen. As the waste rock
content continues to increase, the tailings particles and
cementing materials between waste rock particles become
less and less, and the pores formed between waste rock
particles became more and more, and the permeability of
backfill body became more and more.

When the waste rock content was too much, the waste rock
particles occupy a large area in the cross-section of the
backfill body, and the cross-sectional area of the
cemented tailings for rapid passage of gas decreases.
Moreover, the permeability of waste rock particles was
far less than that of whole tailings cemented backfill, and
there were more waste rock particles that need to be
permeated by gas per unit area, leading to a decrease in
the permeability of the backfill body. However, waste rock
particles lead to a large increase in primary pores inside the
backfill body, so the permeability was still higher than that of
whole tailings.

3.2.2 Influence of the Change of the Material Ratio on
Permeability Characteristics

Dot-line diagrams with different waste rock contents and
different lime-sand permeabilities were drawn, as shown in
Figure 5. It can be seen from Figure 5A that the permeability
growth rate of the backfill body decreased with the increase of the
waste rock content.

This was due to the increase of waste rock particles in the
backfill body, resulting in more primary pores that formed during
the solidification process, which promotes the increase of the
permeability of the backfill body. However, as waste rock particles
increase, the area occupied by waste rock particles in the cross-
section increases, and the cross-sectional area of the tailings
cemented part through which gas can pass quickly decreases,
which had a certain inhibitory effect on the increase in
permeability. Under the combined effect of the two, the
growth rate of the permeability of the backfill body showed a
downward trend.

Observing Figure 5B, it can be found that when the content of
waste rock was the same, with the decrease of cement-sand ratio,
the increase rate of permeability of backfill body decreases. After
adding waste rock particles, when the cement-sand ratio
decreased from 1:6 to 1:8, the permeability change rate of the
specimen decreased obviously.

With the decrease of cement-sand ratio, the cement content in
the backfill body decreased directly. The decrease of cement
content made it insufficient to completely encapsulate the
granular aggregate, and the cementing effect decreases,
resulting in more primary pores in the curing process. In the
case of whole tailings, the permeability of backfill body was
directly affected by cement content. After the waste rock
particles were added, the content of primary pores was greater.
However, due to the waste rock particles occupying a certain
cross-sectional area in the backfill body, the area available for
rapid passage of gas in the cross-sectional area was reduced, so it
had a certain inhibitory effect on gas permeability. Under the dual
effect of the increased of primary pores and waste rock
particles, the increase rate of permeability of the backfill
body decreased.

4 SCANNING ELECTRON MICROSCOPY
ANALYSIS

The schematic diagram of the internal pores and cracks of the
cemented rock-tailings backfill with different cement-sand ratios
was drawn, as shown in Figure 6. When the cement-sand ratio
was 1:4, the cement content in the backfill body was sufficient,
and the larger waste rock particles can be fully wrapped. Only a
few small pores were generated during the curing process; with
the decrease of cement-sand ratio, the cement content in the
backfill body was less and less, the wrapping effect on the larger
waste rock particles was gradually weakened, and it was easy to
form larger pores or even micro-cracks during the curing process.
The pores and micro-cracks in the backfill body greatly shorten
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a fissure

the gas penetration path, which was the main influencing factor of
its permeability change. To explore the changes of pore structure
in the backfill body of this test, the microstructure was observed
by scanning electron microscopy.

The backfill body specimens with different cement-sand ratios
of 10% waste rock content were placed in alcohol solution to
inhibit hydration. A small sample was cut from the core and
scanned by scanning electron microscope. The pore condition
was observed at x500 magnification when taking images. The
existence of pores in the specimen was observed by photographs
as shown in Figure 7.

It can be seen from Figure 7A that when the cement-sand
ratio was 1:4, the pore diameter and the number of solidified
backfill bodies were small, and there were only individual
larger pores; when the cement content was reduced to 1:6,
it can be seen from Figure 7B that there were not only larger
diameter pore structures in the backfill body but also
individual banded cracks; when the cement content was
further reduced to 1:8, it can be seen from Figure 7C that
the internal pore structure of the backfill body was greater, and
the diameter was larger. There were long strip cracks, and
some cracks were even connected.

When the cement-sand ratio was 1:4, the cement content in
the filling material was greater, which can fully cover the
aggregate particles, and the overall cementing effect was better
in the curing process, so the internal pores were fewer, and the
permeability of the backfill body was also low.

When the cement-sand ratio was 1:6, due to the decrease of the
cement content of the cementitious material, it was not enough to
fully encapsulate the tailings particles, and the overall cementing
effect decreases. Contact cementation begins to form between
particles, and cracks begin to appear in the curing process. The
formation of pore structure and micro-cracks in the backfill body
greatly improved the permeability of the specimen.

When the cement-sand ratio was 1:8, the further reduction of the
cementitious material makes the granular tailings of the backfill body
unable to be wrapped by the cementitious material in the curing
process. During the curing process, the contact cementation or pore
cementation was formed between the aggregate particles, and the
aggregate particles cannot be closely connected, resulting in the
further increase of the original pores and micro-cracks in the curing
process of the backfill body. These cracks greatly shorten the gas
permeability path inside the filling material, and the gas permeability
of the backfill body was improved.
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5 CONCLUSION

In this paper, backfill samples with different lime-sand ratios and
waste stone contents were designed and obtained. The strength
and permeability characteristics of the backfill were studied by
uniaxial compression and gas permeability tests. The
microstructure was observed and analyzed by SEM test, and
the formation of pores in the backfill was observed to explain its
permeability characteristics. Based on the results and discussion,
the following conclusions were summarized.

1) When the cement-sand ratio was constant, the uniaxial
compressive strength of backfill increased first and then
decreased with the increase of waste rock content. Adding
an appropriate amount of waste rock particles reduced the
specific surface area of solid materials in the backfill body,
increased the cement content per unit area, and improved the
strength of the backfill body. When the amount of waste rock
was too large, the cementation between waste rock particles
was weakened and the strength was decreased.

2) When the waste rock content was constant, the uniaxial
compressive strength of backfill body increased with the
increase of cement-sand ratio. The larger the cement-sand
ratio was, the higher the cement content in the backfill was,
and the aggregate particles can be fully coated, the
cementation effect was good, and the uniaxial compressive
strength was greater.

3) When the cement-sand ratio was constant, with the increase
of waste rock content, more micro-cracks were formed in the
solidification process of backfill, which greatly shorten the
permeability path of permeable medium in backfill, and the
permeability increased gradually. With the increase of waste
rock content in backfill, the number of waste rock particles per
unit cross-sectional area increased, which inhibited gas
permeability, so the permeability begins to decrease.
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In the process of shale gas development, different drilling, hydro-fracturing, and pumping
speeds will produce different productivity effects. This reflects the effect of the loading rate
of rock mechanics. Therefore, it is of great scientific significance to study the deformation
and failure characteristics of shale under different loading rates. In order to reveal the
loading rate effect of the Longmaxi shale, a series of laboratory experiments were carried
out, including scanning electron microscope, XRD, and uniaxial compression tests at
different loading rates. The results show that 1) the peak strength and elastic modulus of
shale increase with the increase in the loading rate, but Poisson’s ratio has no obvious rule
with the increase in the loading rate. In contrast, the loading rate causes the peak strength
to vary by about 20%, which is larger than that of the elastic modulus. 2) The loading rate
has a significant influence on shale failure. A higher loading rate will lead to severe damage
but with simple cracks, whereas a lower loading rate will lead to complex damage of
cracks. With the decrease in the strain rate, the length of the failure crack increases greatly.
Therefore, a lower strain rate is helpful to form more broken fragments in the shale matrix.
3) By analyzing the relationship between elastic strain energy/dissipated energy and the
loading rate, it is found that the elastic strain rate has a preliminary increasing and then a
decreasing trend with the loading rate, but the dissipated energy has a decreasing trend
with the loading rate. A higher loading rate is helpful to increase the brittleness of the shale,
but a lower loading rate is beneficial to forming more cracks and a greater degree of
fracture in the shale matrix. The effect of the loading rate on the mechanical properties and
fracture properties of the shale is discussed. It is suggested that the lower hydro-fracturing
rate is useful for generating more complex crack networks in the shale reservoirs.

Keywords: shale gas, loading rate, deformation characteristics, dissipated energy, fracture characteristics

INTRODUCTION

Natural gas is a type of clean and quality energy (Qiao et al., 2020a), and the consumption of natural
gas in China has continuously increased in the past 2 decades (Zhang X et al.,, 2021; Qiao et al,,
2020b). As a matter of fact, the conventional gas reserves of China are very limited (Shuai et al., 2021).
Up until now, more than 45% of natural gas production depends on foreign export (Liu et al., 2020).
However, China is rich in unconventional gas reserves, especially the shale gas reserves (Song et al.,
2019). In recent years, shale gas has become a new hot spot in global oil and gas exploration (Zhiltsov
and Zonn, 2016). Because of the need of economic and social development, China must vigorously
promote the exploration and development of shale gas. (Figure 1 shows a diagram of hydro-fracture
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FIGURE 1 | Schematic diagram for shale hydro-fracture.

in a shale reservoir.) Huge shale gas reserves provide a reliable
source for the development and upgrading of China’s economy
(Zhao et al., 2015; Yang et al., 2020; Zhang et al., 2020).

A shale gas reservoir is an unconventional natural gas reservoir in
the shale formation; its prospective reserves have far exceeded those
of conventional natural gas, and it is an important development
direction of clean energy in the future (National Development and
Reform Commission and Ministry of Finance, 2012). Until 2020, the
total shale gas production of China has exceeded 20 billion m?, and
four commercial shale gas production bases were founded; thus,
shale gas has become an important portion for the gas production
increase in China. Taking the Sichuan Basin as an example, the
sedimentary environment, geochemical characteristics, reservoir
characteristics, natural gas enrichment degree, and resource
potential of three different types of shale in China are introduced
(Zou et al, 2010). The mechanical properties of shale are an
important aspect that affects the formulation of shale
development schemes and production effects. Therefore, the
study on the influence of the loading rate on mechanical
properties of shale is of great guiding significance for shale gas
development.

In recent years, the research on the mechanical properties of shale
is also an important trend. For example, Xie et al. (2020) studied the
influence of the loading rate on shale fracture behavior under
dynamic and static loading conditions and found that the crack
propagation rate and fracture toughness were positively correlated
with the loading rate. Wang et al. (2018) studied the geotechnical
engineering characteristics of red shale and revealed the unfavorable
factors of its geological environment. Li et al. (2017) conducted a
series of unijaxial compression tests on coal, shale, and tight
sandstone and established a constitutive model of micro-damage
of various rocks based on power function distribution, Weibull
distribution, and Gaussian distribution. Wen et al. (2014) established
a chemical-mechanical coupling model for the wall stability of hard
and brittle shale shaft lining. Liang et al. (2011) put forward the
optimization method for studying the sweet spot area of shale gas
exploration. Wei et al. (2015a) and Wei et al. (2015b) carried out
uniaxial and triaxial cyclic loading tests on shale and revealed the

Mechanical Properties Under Loading Rate

deformation and fracture characteristics of shale. Hou et al. (2016)
and Rybacki et al. (2016) put forward a new evaluation model for the
brittleness of shale, in which the brittleness drop coefficient R can
reflect the difficulty of brittle failure, and the stress landing coefficient
P and softening modulus M can represent the brittleness strength.
Heng et al. (2019) revealed the non-planar propagation of hydraulic
fractures in shale through laboratory experiments and numerical
research. Li et al. (2021) studied the thermal damage effect of fine
grained granite. However, most of the current research studies focus
mainly on the deformation and fracture characteristics, and the
strain rate effect has not been deeply studied (Liu et al.,, 2014).

In fact, the loading rate effects of rock mass are a notable issue in
the field of rock mechanics and rock engineering. Liang et al.
Changyu et al. (2012) discussed the rate-dependent effect and
energy mechanism of rocks through uniaxial compression tests.
Guo et al. (2012) revealed the influence of the strain rate and cyclic
load on the deformation and strength of rock salt. Song et al. (Yao
and Yue (2021) studied the dynamic response of Beishan granite and
found that with the increase in the loading rate, its dynamic fracture
toughness increased. Zhao et al. (2020) studied the energy evolution
of granite under different loading rates and proved that the elastic
strain energy absorbed by rocks in the elastic stage is mainly stored in
the form of elastic energy. Gautam et al. (2016) studied the strain rate
and thermal damage of Dholpur sandstone at high temperature.
Zhang X et al. (2021) studied the tensile strength and peak tensile
strain of red sandstone under different loading rates through direct
tensile tests. Chen et al. (2020) studied the deformation and
mechanical properties of concrete under different loading
conditions and used the acoustic emission technology as the
observation technology. According to the aforementioned
literature, it is concluded that the mechanical tests under different
loading rates are helpful to understand the changing process of the
mechanical properties of rocks. However, at present, there is little
research on shale loading effects, which cannot support theoretical
research and field application. Therefore, it is highly necessary to
study the deformation characteristics of shale under different
strain rates.

In this study, uniaxial compression tests were carried out on
shale of Longmaxi Formation of lower Silurian in Enshi City,
Hubei Province. During the loading process, experimental data of
axial stress, axial strain, circumferential strain, and volumetric
strain were collected. The deformation and fracture
characteristics and stress characteristics of shale under
different loading rates were analyzed, and the relationship
between elastic energy and loading rate was also analyzed. The
fracture characteristics under different strain rates were revealed
emphatically. Finally, combined with the related background of
shale gas development, its application was explored and
discussed, which can provide guidance for shale gas development.

SAMPLE PREPARATION AND
EXPERIMENT EQUIPMENT

Collection of Shale Samples
All the shale cores were collected from the newly excavated shale
of Longmaxi Formation of lower Silurian in Enshi City, Hubei
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FIGURE 2 | Location shale and outcrops of shale cores. (A) Stratigraphic characteristics and location of the study area. (B) Outcrops of the shale rock

FIGURE 3 | Representative samples of the study (diameter = 5 cm, length = 10 cm).

Province of China. The geological characteristics of coring  Rock Mechanics Test Regulations. All the samples had a height
position are shown in Figure 2, including the main rivers and  of 100 mm, a diameter of 50 mm, and an aspect ratio of 2:1.
faults. Large-sized shale cores were obtained on site and then = The axis of the samples was perpendicular to the standard
transported to the laboratory for sample preparation. In order  cylinder of the bedding plane, and the parallelism between the
to reduce the individual differences among samples, the  upper and lower end faces was controlled within 0.02 mm. A
samples used for testing were taken from the same core  total of 15 samples were produced, and each loading rate
(Figure 2). The process of sample preparation was carried  consisted of three samples. See Figure 3 and Table 1 for

out strictly according to the requirements of the International  details of samples.
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TABLE 1 | Sample information and loading conditions.

Sample number Length (mm) Diameter (mm) Loading rate (mm/s)

V-90-17 99.57 48.35 0.00011
V-90-18 100 50

V-90-19 99.8 48.3

V-90-3 99.61 48.31 0.0005
V-90-4 99.5 48.17

V-90-5 99.65 481

V-90-6 99.55 48.03 0.0011
V-90-14 99.81 48.61

V-90-16 99.6 48.33

V-90-10 99.46 48.32 0.00275
V-90-12 99.56 49.14

V-90-13 99.563 48.34

V-90-7 99.42 48.41 0.01
V-90-8 99.48 48.01

V-90-9 99.42 48.44

Mineral composition and meso-structure are two aspects that
influence the physical and mechanical properties of rock mass.
Therefore, during the process of sample preparation, the small
samples used for XRD and SEM tests were also prepared. The
experiments were carried out in the XRD laboratory of the China
University of Geosciences (Wuhan), and the equipment was a
German Bruker AXS D8-Focus X-ray diffractometer. In order to
ensure the uniformity of the shale samples and also avoid the
mechanical property deviation that covers the deviation of the
loading rate, the samples with obvious gap and vein filling were
eliminated.

Test Program

The uniaxial compression tests of shale samples were carried out
on an MTS 815.03 rock rigid press test system in the Wuhan
Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences. During the process of testing, the system can
automatically collect and record the axial load, axial
displacement, and circumferential displacement of the sample,
and the loading mode was the displacement control mode. In this

Mechanical Properties Under Loading Rate

study, as the displacement control mode was used, the loading
rate referred to displacement within unit time during loading.
Five different loading rates were designed, which were
0.00011 mm/s, 0.0005 mm/s, 0.0011 mm/s, 0.00275 mm/s, and
0.01 mm/s, respectively. The uniaxial compression test was
carried out on 16 shale samples (Table 1). In order to reduce
the error caused by data contingency, each test of loading rate
consisted of three shale samples. The testing device and sample
installation are shown in Figure 4.

ANALYSIS OF EXPERIMENTAL RESULTS

Mineral Composition

The sedimentary environment of shale reservoirs can be divided
into marine sediments, marine-terrestrial transitional sediments,
and continental sediments. Due to the different sedimentary
environments and models, the mineral composition, bedding
structure, and internal pore/crack development of shale
reservoirs also show great differences. At present, commercial
development of shale gas in China is limited to marine strata in
the Sichuan Basin and its periphery; the exploration and
development of marine—terrestrial transitional shale have not
made great progress and are still in the early evaluation stage (Liu
etal,, 2014). This also fully illustrates the influence and restriction
of the sedimentary environment on mining. The greatest
influence of sedimentary environment is the reservoir
characteristics of shale, which further affects the subsequent
gas-bearing  characteristics and subsequent production
capacity. Shale reservoir characteristics mainly depend on
mineral composition, bedding structure, macro-/micro-pore
structure, fracture/microfracture development degree, and
other factors, especially on mineral composition and meso-
and micro-view structures. Different reservoir characteristics,
corresponding  brittleness  characteristics, bedding and
microfracture development characteristics, and hydraulic
characteristics will have great differences (Xiao et al., 2021),
which will have a significant impact on the fracturing effect of

FIGURE 4 | Testing device of MTS 815 (@ shale sample; @ pressure head; ® circumferential strain gauge).
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TABLE 2 | Mineral composition information of shale samples (BM-brittle materials).

Mechanical Properties Under Loading Rate

Number Quartz/% Albite/% Orthoclase/% Calcite/% Chilorite/% llite/% Pyrite/%
MAO-1 27.33 11.96 11.51 1.03 6.02 37.50 4.65
MAO-2 31.39 10.01 6.06 1.89 6.52 40.32 3.80
MAO-3 27.80 11.85 711 0.83 3.43 45.30 3.7
MAO-4 27.95 12.23 5.42 0 7.56 42.76 4.08
Average 28.62 11.51 7.53 0.94 5.88 41.47 4.06
Bl 48.59
% 100times x500times
SEM photos perpendicular to the plane
x100times x500times x2000times
SEM photos perpendicular to the plane
FIGURE 5 | SEM pictures for shale samples. (A) SEM photos perpendicular to the plane. (B) SEM photos perpendicular to the plane.
shale gas wells. Therefore, classifying shale according to its The brittleness index is defined as follows:
mineral composition, microstructure, and mechanical
properties has important engineering application significance. BI = BMC (%) (1)

In this study, the mineral composition of shale samples was
analyzed. The samples were scanned using a SEM, and mineral
analysis was done by X-ray diffraction for semi-quantitative
analysis of the core phase. Detailed information of the mineral
composition content and each element content is given in
Table 2. Generally speaking, quartz, albite, potash feldspar,
and calcite can be regarded as brittle minerals. The brittle
mineral content of the shale cores is about 48.6%, and it is a
group of shale samples with good fracturability.

where BI is the brittleness index, and BMC refers to the brittle
mineral contents of the shale cores.

SEM Testing Results

The shale samples were also tested by using the SEM. The
observation directions are vertical and parallel to the bedding
plane. The typical SEM photos of two groups of shale samples are
shown later. Figure 5A shows the photos perpendicular to the
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FIGURE 6 | Stress—strain curves at different loading rates.

bedding plane, and Figure 5B shows the photos parallel to the
bedding plane. The magnification of the samples is 100 times, 500
times, and 2000 times, respectively. From Figure 5, it is found
that the shale sample has a very compact matrix, and the minerals
are arranged in a layer along the direction perpendicular to the
bedding plane. After magnifying 2000 times, numerous
micropores are found among mineral mass, and the
micropores and micro-fissures have long aspects. Along the
direction parallel to the bedding plane, the matrix structure is
dense, and the micropores and micro-fissures have short aspects.
The SEM photos evidently reveal the anisotropy of the shale in
the point of view of micro-observation.

Stress-Strain Relationship Under Different
Loading Rates

By calculating the uniaxial compression testing data of shale
samples, the stress—strain curves of shale under different loading
rates are obtained. As is shown in Figure 6, the axial strain is on
the right side of the vertical coordinate, while the circumferential
strain is on the left side.

For the stress-strain curves for each group of loading rates,
we selected the curves close to the average value of the curves
under the same loading rate and drew them together. As
shown in Figure 6, with the increase in the loading rate,
the elastic modulus of the sample also increases. As the
loading rate increases, the peak strength of the sample also
increases. Shale is a type of hard and brittle rock with obvious
elastic characteristics, that is, the stress—strain curve is usually
very straight. It can be seen from Figure 6 that when the linear
stage (elastic stage) continues to exceed 2/3 of the peak
strength, the curve gradually deflects slightly and the slope
decreases slightly. This also shows that the micro-cracks in the
sample begin to gradually initiate, propagate gradually, and
gradually weaken the stiffness of the sample, but the degree is

Mechanical Properties Under Loading Rate

still far less than the state that leads to the formation of macro-
cracks. The decrease in stiffness is not as obvious as that of soft
rock; the peak value drops slowly, and then suddenly, brittle
fracture occurs. The lower the loading rate, the more sufficient
will be the time for the sample to adjust itself, and then the
more obvious the phenomenon of stress falling and rising, and
the more will be the time of fluctuation. The circumferential
strain is also influenced by the loading rate, as can be seen
from the left part of the curve in Figure 6; the circumferential
strain is also increased with the decrease in the loading rate. A
lower loading rate allows more time for lateral deformation, so
the circumferential strain has a negative relationship with the
loading rate. To sum up, regardless of whether the loading rate
is high or low, the axial stress of the specimen decreases
rapidly after reaching the peak strength, and the
characteristics of hard and brittle failure of the samples are
extremely remarkable.

As shown in Figure 6, the compaction of cracks or fissures
of shale samples is short or almost no. The reason for this
result is that the bedding direction of the core is the horizontal
direction of the rock sample, and there are almost no
developed micro-cracks in the shale matrix, which leads to
a very short initial compaction stage in the loading process. In
the stage of elastic deformation, the axial deformation of the
sample is dominant, but the circumferential deformation is
small. When the shale sample enters the stage of stable failure
and unstable failure, both the circumferential deformation
rate and the axial deformation rate increase. With the change
in the strain rate, there is a good corresponding relationship
between the axial deformation and circumferential
deformation, that is, with the increase in the loading rate,
both axial deformation and circumferential deformation
reach the peak strain rapidly and steadily.

Experimental Results

Considering the difference in mechanical response
characteristics of rock mass under different loading rates,
the loading rate used in this test is 0.00011 mm/s-0.01 mm/
s, and there is only static load in the loading process. The static
load is defined as the loading rate less than 1.07 mm/s, and
when the loading rate is greater than 1.07 mm/s, it falls into
the category of dynamic load (Zhou, 1990). Different loading
rate is an important index to reflect the response of elastic
modulus, peak strength, and Poisson’s ratio of the rock
samples. It should be considered in the design of the rock
compression experiment. Based on the aforementioned
experimental data, Table 3 is obtained. The peak strength,
Poisson’s ratio, and elastic modulus are discussed as follows:

Peak Strength

In order to further clarify the changed rule of peak strength
with loading rate, the relationship curve between peak
strength and loading rate is drawn, as shown in Figure 7.
It can be seen that with the increase in the loading rate, the
peak strength is positively correlated with the loading rate.
The variation range of peak strength is 118.817-140.515 MPa,
and the average value is 126.45 MPa. With the increase in the

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 9 | Article 815616


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wei et al.

TABLE 3 | Uniaxial compression test results of shale samples.

Shale sample number Loading rate (mm/s)

Peak strength (MPa)

Mechanical Properties Under Loading Rate

Elastic modulus (GPa) Poisson’s ratio

V-90-17 0.00011 121.586 21.795 0.322
V-90-18 103.996 15.834 0.345
V-90-19 130.870 26.564 0.258
Average 118.817 21.398 0.308
V-90-3 0.0005 105.968 21.503 0.242
V-90-4 143.691 27.291 0.296
V-90-5 114.701 20.372 0.295
Average 121.453 23.055 0.278
V-90-14 0.0011 132.403 23.505 0.287
V-90-15 128.870 28.024 0.263
V-90-16 109.148 22.934 0.284
Average 123.474 24.821 0.278
V-90-10 0.00275 128.265 22.392 0.314
V-90-12 122.991 18.541 0.34
V-90-13 134.150 23.670 0.2925
Average 128.468 21.534 0.316
V-90-7 0.01 142.971 23.339 0.323
V-90-8 141.622 30.958 0.292
V-90-9 136.954 22.888 0.296
Average 140.515 25.728 0.303
loading rate, the peak strength also tends to increase, showing 15
a fluctuation range of —6.11%-11.04%. The fitting curve is
obtained by fitting with polynomial, where R* = 0.9668, and 150 L
the fitting polynomial given in Eq. 2: s
£ o 8
0, = 2056.2u, + 120.6 @ |E¥r : s
where 4, is the peak strength (MPa) and u, is the corresponding _%” 130 [ : ®
loading rate (mm/s). = ®
According to the test results of peak strength, it can be seen 5 120
that the loading rate has a certain influence on the peak strength, B o
that is, the loading rate improves the peak strength of shale to a 1o I 5 ®
certain extent, and with the increase in the loading rate, the - P i i . i .
growth rate of the peak strength increases slightly. Therefore, the
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value is 11.04%. Loading rate (mm/s)
Elastic Modulus and Poisson’s Ratio 160
According to the data in Figure 8, the elastic modulus is
calculated and its average value ranges from 21.398 to 150 | =
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fitted by the following curves: ~ 120 5
(5]
E =0.91961In (1) +29.809 (R* = 0.9847) (3) = 110 |
where E is the modulus under each loading rate. 100 1 1 I L I
It can be seen that the influence of the loading rate also 0.000 0.002 0.004 0.006 0.008 0010 0.012
leads to the increase in the elastic modulus. According to the Strain rate (mm/s)
data fitting, the relationship between the loading rate and
elastic modulus accords with logarithmic function. In the o ,
stage of low 10ading rate, the elastic modulus increases FIGURE 7 | Relationship between loading rate and peak strength.

Frontiers in Earth Science | www.frontiersin.org

143

February 2022 | Volume 9 | Article 815616



https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wei et al.
30
K J
A27 5
j3
[
224
27 8 $
€ b
g [
g |*
2
b8 +
4
15 1 1 1 1 1
0.000  0.002 0.004 0.006 0.008 0010 0.012
Loading rate (mmy/s)
30
5 E =0.9196In(u,) + 29.809
ST R?=0.9847
g 24 r
p=
=
2 21 F
E
L
2
5 18 |
>
<
15 1 1 1 | 1
0 0.002  0.004 0.006 0.008 0.01 0.012
Strain rate (mm/s)
FIGURE 8 | Relationship between loading rate and elastic modulus.

rapidly with the increase in the loading rate and then slows
down gradually. Relatively speaking, the elastic modulus
fluctuates uniformly around the average value. By
comparison, both the peak strength and elastic modulus
increase with the increase in the loading rate. Because of
high strength and brittleness of shale, in the loading rate of
0.0001-0.01 mm/s, the peak strength and elastic modulus will
fluctuate by nearly 20%. Therefore, the change in mechanical
properties caused by loading rate should still be considered in
wellbore stability analysis, fracturing design, and shale-
related engineering in practical projects.

As shown in Figure 9, Poisson’s ratio changed from 0.242 to
0.345, with an average of 0.296. In analysis, the relationship
between the loading rate and Poisson’s ratio is not obvious, and
the fluctuation range of Poisson’s ratio is very small with the
loading rates. Therefore, it can be inferred that the influence of
loading rate on Poisson’s ratio of shale is not significant, so it is
suggested to adopt the average Poisson’s ratio for practical
engineering.

Mechanical Properties Under Loading Rate

FRACTURE CHARACTERISTICS AND
ENERGY ANALYSIS

Fracture Characteristics

The loading rate has non-negligible influences on the
mechanical parameters of shale, which further affects the
failure morphologies of the shale samples. Figure 10 shows
the photos of shale samples after fracture with loading rates of
0.01 mm/s, 0.00275 mm/s, 0.0011 mm/s, 0.0005 mm/s, and
0.00011 mm/s, respectively. For each loading rate, it
consists of two pictures: one is the sample photo after
failure and the other is the failure surface (a half circle
lateral surface). Apparently, it can be seen that the loading
rate has a significant influence on the fracture morphology of
the shale samples. The length of all the cracks is also calculated
by using image processing technology. The results show that
the total lengths of the cracks are 225.2, 304.1, 563.2, 492.4,
and 807.5 mm, respectively, for the loading rate from high to
low (0.01 mm/s-0.0001 mm/s).

It can be seen from Figure 10 that at a higher loading rate, a
single crack develops to failure, and when the sample reaches the
peak strength, the sample is split into larger blocks. The failure
crack has a large aperture, which implies that a large amount of
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FIGURE 9 | Relationship between loading rate and Poisson’s ratio.
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LR=0.01mm/s

LS=0.0011mm/s

LR=0.00011mmnv/s

FIGURE 10 | Failure modes and schematic diagrams at different loading rates (LR is short for loading rate, all the samples have a diameter of 5 cm and a length of
10 cm).(A) LR=0.01 mm/s. (B) LS=0.00275 mm/s. (C) LS=0.0011 mm/s. (D) LS=0.0005 mm/s. (E) LR=0.00011 mm/s

LS=0.00275mm/s

LS=0.0005mm/s

energy is released. In addition, rock powder appears on the failure
surface, which indicates that serious friction occurred on the
failure surface before failure. Therefore, at a higher loading rate, it
can be deduced that the crack initiation, propagation, and
penetration time of the shale sample are very short. Moreover,
it is observed that the cracks started from the upper end and then
quickly destroyed the whole sample; most of the inclined sections
appeared in the lower half of the rock sample.

With the decrease in the loading rate, the rock sample is no
longer broken by a single crack but by a large number of
fragments. When the loading rate is low, it can be clearly
observed that the surface cracks of rock samples gradually
initiate and penetrate, and brittle failure occurs after the peak
value, but the broken pieces are not dispersed. These phenomena

can be explained as follows: at a low loading rate, the deformation
and crack development of rock samples have enough reaction
time, and there is enough time to adjust the free structure so that
the overall damage appears more uniform; after the damage, the
rock samples appear as a dense crisscrossing crack distribution
phenomenon.

Relationship Between Loading Rate and
Elastic Energy

During the deformation and failure of rock samples, the
initiation, propagation, and cut-through of micro-cracks will
occur. The sample needs to absorb energy from the outside to
produce new fracture surfaces. The relative sliding friction
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between fracture surfaces will dissipate energy, that is, the process
of deformation and failure of rock sample is a process of energy
absorption and dissipation (Li et al., 2019). In this study, the
instability and failure processes of shale sample are analyzed from
an energy point of view. According to the law of thermodynamics,
energy dissipation is the essential attribute of rock deformation
and failure, which reflects the continuous development,
weakening, and ultimate strength loss of the micro-defects in
the rock matrix. Therefore, energy dissipation is directly related
to the destruction and loss of strength, and the amount of energy
dissipation reflects the attenuation of original strength.
According to the first law of thermodynamics, we can draw a
conclusion as follows:

wW=w!+we (4)

where W is the total energy absorbed by the rock sample during
the loading process, W refers to the released dissipated energy
(unrecoverable energy), and W€ is the recoverable elastic strain
energy.

Figure 10 shows the stress—strain curve (V-90-14) of shale
sample V-90-14. During uniaxial loading of the shale sample,
the deformation and failure processes can be divided into four
stages: the compaction stage, the linear elastic stage, the
yielding stage, and the post-destruction stage. In the whole
process of the rock sample loading test, the deformation of
rock samples can be divided into recoverable elastic
deformation and unrecoverable plastic deformation. The
energies absorbed and dissipated by the rock samples at
different stages are closely related to the failure mode of
the rock samples. The relationship between the elastic
strain energy W° and dissipated energy WY per unit
volume is shown in Figure 11. In this figure, the total
input energy W is the total area under the stress—strain
curve. The dissipative energy is the area of curved, AOC,
surface in the figure, which is used to induce internal damage
and plastic deformation of the rock matrix. The area of

Mechanical Properties Under Loading Rate

triangle ABC in the figure represents the elastic strain
energy released by the rock sample unit after unloading.
After the external force is eliminated, the energy can
restore the deformation of the rock mass to a certain
extent. From a thermodynamic point of view, as long as
certain conditions are met, energy dissipation is
unidirectional and energy release is reversible. Energy
dissipation is an essential attribute of deformation and
failure of the rock samples, which reflects the continuous
development, weakening, and ultimate strength loss of micro-
defects in rock samples. Therefore, energy dissipation is
directly related to the destruction and loss of strength of
rock samples, and the dissipation reflects the attenuation of
the original strength of rock samples.

According to the aforementioned analysis, the energy W
absorbed by the rock samples under the uniaxial condition is
the total area included in the stress-strain curve of the rock
samples, which can be obtained by integrating the stress—strain
curve. Considering the unknown curve equation, it is difficult to
calculate using the integral method, so the definite integral
method is adopted to solve (Changyu et al., 2012):

W= [oder = Y1200+ o) (-5 O

where oy is the stress value under a certain stress state and W is
the total energy absorbed by the rock sample at the state of stress
value 6y, with a unit of mJ/m?>.

The elastic energy of rock sample under the peak strength state
is expressed as follows:

‘/Ve = 1/2 * Omax * (emax - b) (6)

where W¢ (elastic energy) is the area of right triangle ABC in the
figure, Oy is the peak strength, &y, is the axial strain
corresponding to the peak strength, and b is the intercept of
line AC on the axial strain axis.

The line AC in the figure is given as follows:

0= Eie (7)

where E; is generally replaced by the initial elastic modulus of
the sample (Changyu et al., 2012).That elastic energy is the
area of triangle ABC in Figure 11. The curve closest to the
average value at each loading rate is selected, and the strain
energy of each shale sample under each loading rate when it is
loaded to the peak strength is calculated. The calculated
results are shown in Table 4.

The data in Table 4 are plotted in the coordinate system,
and the trend line of strain energy is shown in Figure 12. It
can be clearly seen that within the range of the loading rate in
this study, with the increase in loading rate, the elastic strain
energy W*¢ absorbed by the rock sample increases first and
then decreases, and the peak of the elastic strain energy
appears when the loading rate is about 0.0005 mm/s. With
the increase in the loading rate, the dissipated energy WP
absorbed by the sample decreases. Fatigue damage and new
plastic deformation caused by interfacial friction between
cracks during compression are a reflection of dissipated
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TABLE 4 | Energy values of samples under peak strength at different loading rates.

Elastic
energy We (MJ/m°)

Loading rate (mm/s)

0.01 334.3078
0.00275 377.8769
0.0011 380.6543
0.0005 381.1503
0.00011 313.9827
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FIGURE 12 | Relationship between elastic energy, dissipative energy,
and loading rate.

energy. The higher the dissipated energy, the more cracks and
greater the fracturing degree will occur in the sample.
Therefore, in the point of view of the dissipative energy, a
lower loading rate is helpful to produce more cracks and
greater degree of fracture in the shale matrix.

In the process of uniaxial compression, when the shale sample
reaches the peak strength, the elastic strain energy is suddenly
released, resulting in complete crushing of the rock matrix
immediately, and the consumed fracture energy is close to 0
(Changyu et al., 2012). Therefore, the elastic strain energy
absorbed by the sample before the peak value represents the
brittleness of the sample to some extent. In other words, the
greater the elastic strain energy absorbed by the sample at the
peak, the stronger will be the brittleness of the sample. Brittleness
is reflected by the number of cracks and the fracturing effect.
From this, it can be seen that with the increase in the loading rate,
the absorbed elastic strain energy, the number of cracks, and the
fracture degree of the sample all show a downward trend, that is,
with the decrease of loading rate, the rock samples show stronger
brittleness.

DISCUSSION AND APPLICATION

From the previous analysis, it can be seen that the response
characteristics of loading rate to peak strength, elastic modulus,

Mechanical Properties Under Loading Rate

Total
energy W (MJ/m%)

Dissipative
energy WP (MJ/m?)

7.2210 341.5289
20.7454 398.6223
31.2136 411.8678
30.1490 411.2993
79.2177 393.2004

and elastic energy of rock sample are obvious. A comprehensive
understanding of various parameters of rock mass is the need of
extensive engineering design. Determining the characteristics of
mechanical parameters of shale can provide effective and reliable
technical references for the design of the shale gas development
project. In the process of shale gas development and utilization,
most researchers mainly pay attention to the influence of shale
fracture characteristics on shale gas production efficiency. Shale is
a special reservoir with the functions of production, storage, and
covering. For rock mass like shale, the structure is compact, the
permeability is low, and the micropores are developed. Therefore,
shale has always been regarded as caprock, and it has not received
enough attention in the past. With the increasing demand for
energy and the gradual depletion of conventional oil and gas
resources, we have to turn our attention to shale gas production,
although it is difficult to be exploited. According to existing
research results, apart from the loading rate, the bedding
direction is also one main factor that affects the mechanical
properties of shale. A large number of studies have shown that
shale is easier to crack in the bedding direction than in the vertical
bedding direction.

In the process of shale gas exploitation, it is the most effective
way to produce shale gas by fracturing to produce dense,
crisscrossing high-density fracture networks. The research
results in this study show that the higher the loading rate, the
greater will be the total energy absorbed by the sample. The
fracture characteristic is that the larger the crack blocks, the fewer
will be the cracks. Although the samples absorb more energy at a
higher loading rate, most of the energy is used for the kinetic
energy of the rock mass. Due to the relatively small number of
cracks produced under a high loading rate, the production
efficiency in shale gas development will not be ideal. However,
when the loading rate is low, the energy absorbed by the rock
sample is small. The fracture characteristics are that there are
many cracks, the cracks are fully developed, and most of the
absorbed energy is fully utilized in the crack development.
Therefore, in shale gas development and utilization projects, a
low loading rate can often improve the efficiency of shale gas
exploitation.

CONCLUSION

1) During the uniaxial compression test of shale, different
loading rates have an obvious response to the mechanical
characteristics and deformation characteristics of rock

Frontiers in Earth Science | www.frontiersin.org

147

February 2022 | Volume 9 | Article 815616


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wei et al.

samples. The peak strength of rock samples increases with the
increase in loading rate, and it has a good linear relationship.
The elastic modulus and Poisson’s ratio fluctuate with the
loading rate.

2) In the process of compression, rock sample failure also has
four basic stages: the compaction stage, the linear elastic stage,
the yielding stage, and the post-destruction stage. Due to the
physical properties of rock samples and sampling angle, the
compaction time is very short. With the increase in the
loading rate, the axial and circumferential deformation of
rock samples can rapidly and stably reach the peak strain.

3) At high loading rates, shale is broken into pieces, but cracks
are less developed; at low loading rates, vertical and horizontal
fracture networks are formed. Under a lower loading rate,
longer cracks will be formed. Therefore, in the process of
hydraulic fracturing, the lower fracturing speed is conducive
to the formation of crisscrossing fine fracture networks in the
reservoir, which is also beneficial to improve the productivity
of shale gas.

4) With the increase in the loading rate, the elastic energy, the
dissipated energy, and the total energy of the rock samples
all decrease. As the loading rate decreases, the dissipative
energy and elastic energy absorbed by the rock samples
increase. At a lower loading rate, the rock samples are
accompanied by stronger brittleness, fully developed
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The damage of asphalt concrete pavement (AC pavement) structure caused by reflection
crack is an urgent problem in many areas of China, especially in cold regions of China, so it
is necessary to study how to reduce the reflective cracking and prevent the AC pavement
structures cracking. The acoustic emission (AE) information is fetched in this paper to study
the AE characteristics of pavement structures and the crack propagation law inside the
system. On the above basis, cracks with crack spacing/layer thickness values of 1.25, 2.5,
3.75, and 5 were prefabricated in the foundation course by the numerical simulation
method. The models with different foundation course crack spacing were calculated by
Realistic Failure Process Analysis finite element software. The influence of varying crack
spacing on the propagation mechanism of reflective cracks in the foundation course
structure was studied. The results show that the AC pavement structure has prominent AE
characteristics. The faster the cooling rate is, the more serious the damage to the AC
pavement surface is. In addition, with the increase of crack spacing/layer thickness value,
the stress level between cracks increases continuously. Most of the stress will make the
cracks expand toward the foundation course structure, and only a tiny part of stress is
used to form reflective cracks. In practical engineering, it is suggested to increase the crack
resistance of foundation course materials and preset some small spacing cracks in the
large spacing cracks in the foundation course.

Keywords: value of S/T, mechanism, reflective crack, low temperature effect, asphalt pavement, crack propagation

INTRODUCTION

In southwestern China, the Qinghai-Tibet Plateau and its surrounding areas are mainly alpine
regions with a wide area (Liang et al., 2020; Duan et al., 2021). The asphalt concrete (AC) pavement
structure is fatal in cold areas with significant temperature differences between winter and summer
and seasonal freeze-thaw alternation. Low-temperature cracks are a significant disease of the
pavement structure (Wei et al,, 2020; Wei et al, 2021). Relevant studies have pointed out an
internal relationship between the acoustic emission (AE) of AC pavement structures and the damage
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S/T on Reflection Crack Propagation

Crack cross form 1

FIGURE 1 | Two types of cracks (Xie, 2018). (A) Crack cross form 1 and (B) Crack cross form 2.

Crack cross form 2

location of pavement structures (Li and Marasteanu, 2011; Wei
et al,, 2019; Yang et al., 2021b). So far, AE technology has been
widely used in concrete materials and concrete bridges, and many
AE analyses have been carried out (Nair and Cai, 2010; Behnia
etal., 2014; Jiao et al., 2020), as well as the use of AE to study the
cracking of mixtures (Li et al., 2006; Behnia et al., 2018; Xu et al.,
2018; Yang et al., 2021a). AE was also used to evaluate the related
subjects (Hill et al., 2013; Sun et al., 2017; Jiao et al., 2019b; Cai
etal,, 2021). In recent years, AE detection methods have also been
used to characterize AC materials (Jiao et al.,, 2019a; Qiu et al.,
2020). For example, Seo and Kim (2008) applied AE technology
to study AC materials’ damage and healing characteristics and
proved that cumulative AE energy could be a feasible AE
parameter to identify fatigue damage and healing in the AC.
Hakimzadeh et al. (2017) mainly studied three different asphalt
mixtures’ internal crack damage characteristics under low
temperatures. Hakimzadeh et al. (2017) found that the AE of
asphalt mixtures corresponding to three other asphalt binders
could be used as a good indicator of low-temperature cracking
performance. The research discussed earlier shows that the
experience of AE technology in the application of AC
materials has been relatively mature and has achieved specific
results.

In addition, reflective cracks have long been a severe problem
in the process of AC pavement renovation. Reflective cracks will
also cause cracks in the AC pavement overlay, affecting the
service life of AC pavement (Hu et al, 2010). Qisen and
Zheng (1990) applied fracture mechanics to study the
reflective cracking of semirigid foundation course in AC
pavement and concluded that the shear stress perpendicular to
the pavement direction is the main reason for forming reflective
cracks. Xie (2018) studied the distribution of cracks on AC
pavement overlay pavement surface deflection. When the
inclination angle is 45° and the crack spacing increases from
200 to 600 mm, two different forms of cracks will be formed in the
cement concrete slab, as shown in Figure 1. It is also found that
when the intersection point of cracks is located in a concrete slab,
the unevenness of bending and settling of the whole structure
becomes more evident with the increase of crack spacing. This
phenomenon also reflects that the crack spacing d value affects
the overall structural stability (d value is also the S value of this
paper) (Xie, 2018).

Brown et al. (2001), through experiments and the
establishment of a theoretical model, grid steel in the
appropriate application can improve the crack resistance and

rutting resistance of the AC layer. Khodaii et al. (2009) using
geosynthetic materials laid on a third of the cover can effectively
reduce the probability of reflection cracks, providing a more
excellent service life. Kim et al. (1999) carried out experiments on
the overlay and found that some modified asphalt mixtures and
reinforced asphalt mixtures can effectively prevent crack
propagation. Tsai et al. (2010) calibrated the model based on
mechanical principles. Through this model, hot mix asphalt can
virtually reproduce the growth and severity of reflection cracks in
field observation. Bai et al. (2000) used the finite element method
to study that the spacing of cracks in layered materials is usually
proportional to the thickness of the crack layer. Morris et al.
(1982) used the finite element program to analyze the stress value
near the crack of the pavement structure after cracking and found
that the main reason for reflection crack is the displacement
difference of foundation course after cracking. Dave and Buttlar
(2010) used finite element software to study the reflective cracks
of AC pavement under temperature load.

Zhang and Guan (2001) calculated the temperature field of AC
pavement surface under a wide range of cooling and analyzed the
influence of different crack widths and cooling rates on
temperature stress. Liu et al. (2011) used a three-dimensional
finite element model to study the distribution of the stress
intensity factor value of foundation course cracks in AC
pavement structures in a large temperature difference area.
Wang and Zhong (2019) used the extended finite element
method to study AC pavement’s reflection crack propagation
mechanism under combined temperature and mobile traffic
loads. Based on ABAQUS finite element software and
extended finite element method, Hou et al. (2021) analyzed
the propagation process of reflection cracks and proved that
properly reducing the elastic modulus of the stress absorbing
layer could improve antireflection performance cracks. Wang
(2012) believes that eliminating reflective cracks is neither feasible
nor economical. It should be considered whether it can delay the
expansion of reflective cracks.

In this paper, Realistic Failure Process Analysis (RFPA) will be
used for numerical simulation. As for the authenticity of RFPA,
Chinese researcher Changxu used RFPA to verify Bai’s proposal
that elastic modulus of the material in uniform medium and
prefabricated crack depth would have an essential impact on
crack propagation. In addition, Professor Tang Chunan used
RFPA to study the change of stress distribution of equal-spacing
cracks with crack spacing/layer thickness (S/T) under axial tensile
action on a typical three-layer material model and found that the
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results are in good agreement with Bai results. At the same time,
Tang Shibin used an RFPA temperature plate to verify the
correctness of concrete temperature conduction characteristics
and concrete temperature crack formation, simulated the
pavement cracking problem, and achieved good simulation
results. So, it is feasible to use an RFPA temperature plate to
study the reflection crack propagation process of AC pavement
structure under the action of low temperature.

Nowadays, research on applying AE technology in the overall
structure of AC pavements is scarce. This paper uses the
numerical simulation method to explore the AE of AC
pavement structures. This paper attempts to examine the
application of AE detection technology in pavement structure
detection, which is realized by the RFPA analysis system. AE
characteristics of pavement structure and internal crack
propagation law are studied. On this basis, we need to further
explore AC pavement reflection cracks. At present, research on
reflection cracks mainly focuses on the mechanism of
temperature shrinkage cracks. However, there is little research
on the influence of crack spacing based on the propagation of
reflective cracks. Therefore, this paper studies the effect of
different S/T values on the propagation of reflective cracks (S/
T represents the ratio of crack spacing to surface thickness). The
model with different foundation course crack spacing is
calculated using RFPA finite element software to determine
whether different foundation course crack spacing influences
the overall pavement structure. At the same time, according to
the results, some preventive measures are provided to provide
corresponding guidance for the prevention and control of AC
pavement in the future.

Numerical Test Process of
Low-Temperature Asphalt Concrete

Pavement Acoustic Emission

This section uses an RFPA analysis system to study the AE
characteristics of pavement structure and the law of crack
propagation inside the structure. This basis paves the way for
further exploration of AC pavement reflection cracks below. The
low-temperature performance of AC pavement mainly depends
on the low-temperature performance of the asphalt binder. The
low-temperature performance of asphalt binder plays a 90% role
in the low-temperature crack resistance of the whole asphalt
pavement materials. Road AC pavement needs to be tested all
year round of the four seasons, and the properties of asphalt are
soft in summer and brittle in winter, which is opposite to the
people’s expectations. Typically, when the temperature changes
from 70 to —40°C, the asphalt material changes from Newtonian
liquid to nearly Hookean elastomer. Under the action of low
temperature, the behavior of asphalt is close to elastic brittleness.
Therefore, the crack of asphalt at low temperature should be
mainly studied under the action of a low-temperature
environment.

Numerical Model and Boundary Conditions
The AC pavement structure is a continuous layered
structure. To simulate the AC pavement structure under the

S/T on Reflection Crack Propagation

Numerical model

FIGURE 2 | Cracks of AC pavement in winter and its numerical model.
(A) AC pavement cracks experienced a winter and (B) Numerical model.

actual low-temperature state, the AC pavement structure is
simplified as a double-layer model, as seen in Figure 2A.
Therefore, this chapter selected the red line section in
Figure 2A as the research object, simplifying the AC
pavement into a double-layer model, shown in Figure 2B. The
model’s width is 5,000 mm, and the thickness is 1,200 mm.
Furthermore, the thickness of the top layer is 200 mm, and the
cell is 40 x 1,000; the bottom layer is 1,000 mm, and the cell
number is 200 x 1,000. The model is fixed at the left and right
sides and lower and free upper boundary. According to the
meteorological data, the low-temperature region is in China
(Shen et al,, 2011). The cooling in the cold areas is divided
into three periods. The cooling rates are reduced by
approximately 1, 2, and 4°C per hour, respectively, and the
lowest temperature is also below —30°C. Therefore, this paper
uses these parameters. We set the top layer temperature from 0 to
—40°C, and we lowered the temperature to —40°C in the following
three ways: the first cooling condition is temperature reduced by
1°C per step, the second by 2°C per step, and the third by 4°C per
step. The initial temperature of the lower layer of the model is
20°C. The mechanical parameters of model materials are shown
in Table 1. The variable coefficient represents the unevenness of
AC. In the surface layer, the variable coefficient is smaller than
that of the foundation course.

Figure 3 shows the relationship between the cooling
step—tensile stress change curve and the cooling step-AE
number change curve within the structure with the decrease of
temperature during the damage and failure of AC pavement
structure under three cooling rates. The cooling step—o—emission
number is carried out below. It can be observed that the data can
be divided into several distinct stages with specific characteristics
under three cooling rates.

As shown in Figure 3, cooling condition 1 means 1°C per step,
cooling condition 2 means 2°C per step, and cooling condition 3
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TABLE 1 | Material mechanical properties.

Inhomogeneity coefficient Modulus of
m elasticity E/MPa
Surface 3 1,200 150
Subbase 10 100 20

AE characteristic of AC pavement damage under low temperature.

means 4°C per step. The results of numerical experiments show
that the micro-crack process of AC pavement can be divided into
three stages:

1) Linear deformation stage. In the initial cooling stage, AE
occurs in the structure of AC pavement with a decrease in
temperature. However, the energy released is less in the early
stages of the three load steps. The relationship between the
three load steps and o is linear in the initial stage.

2) The macroscopic failure stage of crack formation,
propagation, and penetration. The number of AE events in
the AC pavement structure increases sharply when the cooling
condition is 1/2/3. When the loading step reaches 20/13/7, the
load step-o curve reaches the maximum value, and the
number of AE comes at the peak time. This shows that
with the increase of cooling rate, the peak value of AE
number and pavement structure damage occur earlier.
At the late stage of macroscopic rupture. The AE frequency of
the three cooling conditions is different from that of the initial
stage. Also, the energy released is much less than that of the
initial loading stage. In addition, the number of AE in the AC
pavement structure is relatively stable and trimmed after the
corresponding load step.

3

~

The process of crack and damage of AC pavement structure is
a process of brittleness and toughness transformation in the
whole process of AE. There is a critical transition temperature
for toughness and brittleness. In general, the AC pavement
structure has viscoelastic properties at room temperature. Due
to the decreasing temperature, the upper layer continues to
shrink, the tensile stress increases, and the lower layer stress
cannot be recovered, which leads to the relative embrittlement of
the AC pavement structure. Without the original characteristics,
the AC pavement structure was destroyed before the ultimate
strength was reached when the temperature reached the rupture
point, which led to the appearance of various cracks. In addition,
the AE curve in Figure 3 shows a basic pattern of foreshock-main
shock-aftershock similar to the law of seismic activity, and the
initial temperature drop shows a linear way. Also, the
stress drop after the mainshock is apparent, showing strong
brittleness.

Final Failure Mode of Asphalt Concrete
Pavement Structure Under Three Cooling

Conditions
Figure 4 shows the final instability and failure mode diagram
of the AC pavement structure under three different cooling rates.

Intensity oc/MPa

S/T on Reflection Crack Propagation

Thermal expansion Thermal conductivity Poisson ratio

coefficient/°’C W/(m°C)
2 x107° 10 0.25
1x107° 1 0.25

Figure 4 shows the final instability and failure mode with the
AE result of AC pavement structure under these three cooling
conditions. It can be seen from Figure 4 in the case of the cooling
conditions 1, 2, and 3, respectively. The number of AE cracks in
the AC pavement structure is 4, 4, and 6, as the boundary
constraint effect may mainly cause the cracks that appear at
both ends of the model. So, the number of damages caused by
cooling may be 3, 4, and 5. Some of these rupture zones extend to
the foundation course. With the increase of cooling rate, the
number of AE fracture bands increases, and the crack
propagation deepens. With the growth of the cooling rate, the
number of AE fracture zones increases, and the crack propagation
deepens. This phenomenon is because, with the growth of cooling
rate, AE rupture points of AC pavement surface accumulate,
connect, and expand earlier, resulting in shrinkage deformation.
At this point, combined with the interlayer binding force of the
lower layer, the stress generated between layers increases, and
thus the interlayer peeling increases, so the crack increases. At the
same time, it can be found through observation that the speed of
temperature reduction is a crucial factor affecting the number and
depth of cracks.

In addition, by collecting the cumulative AE hits of the
final damage under three cooling conditions (as shown in
Figure 5, it can be seen that the cumulative AE inside the AC
concrete pavement structure increases with the loading step,
wherein, when AC pavement temperature of cooling
condition 3, cumulative AE hits of the road surface are the
largest, that is, the damage degree is the most serious. On the
other hand, we found that the cumulative AE hits of the AC
pavement structure under different cooling conditions are
within a broad range. When getting to the content, the AE
hits of the AC pavement structure will erupt and result in
ultimate instability. Therefore, the AE source can be judged
by the received AE signal, and then, the damage magnitude
and state of the structure can be evaluated. In the future, if
conditions permit, a large number of indoor and outdoor
experiments could be carried out to obtain a more accurate
range before the AE burst, and a more profound study should
be done into the relationship between the AE information
and the degree of damage and damage inside the AC
pavement structure.

Crack Formation and Saturation Process

Because there are many evolution diagrams of AE spatial
distribution under different cooling conditions, process change
diagrams that can highlight the acoustical emission
characteristics of each stage in cooling condition 2 (Figure 6)
and cooling condition 3 (Figure 7) are selected as the

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 9 | Article 810964


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Bao et al. S/T on Reflection Crack Propagation

A 100 4 E] o 600
o AE hits
4 500
804
< 400 %
SEE £
: Jo B
_— A Cooling condition 1
N 4 200
20 ‘ | P
i mTIHHI ] i T[Hr ]H]‘]T””mnmn!nnmn 0
0 10 20 a0 40 50 60
Load step
Cooling condition 1 3 s s
B 8 B Cooling condition 2
100 - 800
=l ° q 700
80 AE hits
] 1z
s 60 4 so0 E
% 1 400 F
40 1 w0 C Cooling condition 3
204 ] A FIGURE 4 | Final failure patterns of three cooling conditions. (A) Cooling
l 4 100 condition 1, (B) Cooling condition 2, and (C) Cooling condition 3.
0 TI[ I TT Il?'717'!V:VYV!'!'YT!!'!!VY?’V!!V!'"'V 0
0 10 20 30 40 50 60
Load step B 45009
=
Cooling condition 2 g
& 35001
2
c ‘g 3000 -
o
120 1 1600 f.»;) 2500
[ =
100 (=] AEhit 1™ g 2]
T 11S
o
1 e 2 1500
80 > "—‘; —=— Coolings condition 1
g 4 1000 g g 1000 e Coolings condition 2
2 & 5 4 Coolings condition 3
5 e 1 e k) 5004
o)
40 1 800 g 0+ T T T T T 1
0 10 20 30 40 50 60
4 400 z
20 .
”H [ 1 Loading step
o411l .T""""?"""‘ U t t 0 FIGURE 5 | Comparison of cumulative AE hits of three cooling
0 10 20 30 40 50 60
processes.
Load step
Cooling condition 3
FIGURE 3 | Load step—o-AE curves under three cooling conditions. (A) four stages, and finally got saturation, no longer apparent crack
Cooling condition 1, (B) Cooling condition 2, and (C) Cooling condition 3. propagation.

representatives of the AC pavement damage development 1) Figure 6 temperature loading conditions: the initial
process. The saturation process refers to the crack propagation temperature is 0°C, each step cools 2°C. Different sizes of
gradually reaching its maximum, and crack propagation with the red circles and black circles in the model represent AE, red
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FIGURE 6 | AE evolution with cooling down 2°C per step. (A) AE quiet
period, (B) AE accumulation period, (C) AE explosion period, and (D) AE
decline period.
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FIGURE 7 | Sample AE evolution with cooling down 4°C per step. (A) AE
quiet period, (B) AE accumulation period, (C) AE explosion period, and (D) AE
decline period.
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circles represent tensile failure, and black circles represent
final failure. The circle’s position represents the rupture point
of the AC pavement structure model. Also, the circle’s size
means the energy’s size (the same to discussions later). The
specific evolution process is shown in the following figure:

First, (A) Quiet period: In the early cooling stage, a minimal
number of red circles appear on the AC pavement. These circles
first appear at the top of the pavement surface and then appear
inside the cover. These small circles represent a small number of
AE, indicating that the AC pavement structure has begun to
appear as a phenomenon of AE.

Secondly, (B) the development period is also called the
uniform random development stage. With the decrease in
temperature, the model’s black circle and red circle of AE
increased significantly. These AE circles gradually evolved
into minor points filled with the upper surface of the AC
pavement structure. This phenomenon is because some
elements on the upper surface generate tensile stress due to
temperature stress under the action of tensile stress.
The dislocation and displacement of lattices occur in the
model, resulting in AE on the surface of the AC pavement
structure. At this stage, AE is independent and has no mutual
influence.

Again, (C) the outbreak period is also called the micro-crack
nonuniform development stage. It is the most important of the
four stages. At this stage, the number of AE increased
significantly. Most of the previous circles developed into
rupture points, accounting for most of the total. Some rupture
points continued to create locally, forming large black and red
spots. At the same time, some of the scattered AE crack points in
the specimen are connected and superimposed with each other.
Finally, the auricular emission crack points gather together first,
appear as a red crack zone, and then become a black crack zone,
which is presented in the form of cracks 1, 2, and 3 in the left and
right of the pavement surface. These cracks will block the
shrinkage of adjacent areas, reduce the strength of the AC
pavement structure, and continuously reduce the service
function.

Finally, (D) the fallback period is called the micro-crack
bureau breaking development stage. At this stage, the mutual
penetration of AE crack points is increasing. From the original
AE crack zones 1, 2, and 3, new AE crack zones are continuously
inserted and extended to the grassroots. Finally, there are four AE
rupture zones on the AC pavement, which appear in the
specimen’s surface and the foundation course of the model.

2) Figure 7 shows the evolution process of the spatial
distribution of AE inside AC pavement structure when the
temperature is reduced by 4°C in each step. Similar to
Figure 6, the characteristics of each stage are not repeated.

As shown in Figure 7, six AE rupture bands appeared in the
sample model with 4°C cooling per step. Compared with the
spatial distribution evolution process of AE in Figure 5, it can be
found that with the increase of cooling rate, the number of AE
generated in the model increases, and the interlayer stripping
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phenomenon is more prominent, that is, the damage to the
pavement is more serious.

From the above research, it can be seen that under cooling
conditions 2 and 3, the cracks extend to the foundation course.
Only the surface layer will be excavated and repaved when the
pavement is renovated. The gaps in the foundation course will
cause reflection cracks on the repaved surface layer, resulting in
damage to the surface layer, as shown in Figure 8. This is
inevitable. Therefore, how to reduce the probability of
reflective cracking and reduce the damage to AC pavement
structures are very important.

At present, most of the research on reflective cracks focuses on
the cracking mechanism of temperature shrinkage cracks. The
previous study of Xie (2018) showed that crack spacing affects the
stability of the overall structure to a certain extent (this crack
spacing is S in this paper). In addition, Chang et al. (2005) pointed
out that the stress distribution in the layered model will change
due to the prefabricated cracks with different S/T values. Because
the asphalt pavement is also a layered model, is this phenomenon
possible in the asphalt model? Therefore, the influences of
different S/T values on reflection crack propagation (S/T
represents the ratio of crack spacing to surface thickness) are
studied later to find ways to reduce the probability of reflection
crack formation and reduce the damage degree of the asphalt
pavement structure. Because the surface thickness T of AC
pavement is also an important influencing factor, the influence
of different S/T values on the propagation of reflective cracks is
studied later.

NUMERICAL EXPERIMENT PROCESS OF
REFLECTION CRACK PROPAGATION
MECHANISM UNDER DIFFERENT CRACK
SPACING/LAYER THICKNESS

Numerical Model and Boundary Conditions
Three cracks with equal spacing and the same depth are present
on the upper surface of the AC pavement structure foundation
course. Also, the middle crack is located in the center of the
model. The preset crack spacing is 250, 500, 750, and 1,000 mm,
so the corresponding S/T values are 1.25, 2.5, 3.75, and 5,
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FIGURE 12 | Distribution of AE during formation of reflection cracks
when S/T = 1.25.

FIGURE 14 | Distribution of AE during formation of reflection cracks
when S/T = 3.75.

FIGURE 13 | Distribution of AE during formation of reflection cracks
when S/T = 2.5.

is 1,000 mm, and cells are 200 x 1,000. The model’s left and right
boundary and lower boundary are fixed, and the upper surface is
accessible. The corresponding model is shown in Figure 9. The
mechanical parameters of the materials are shown in Table 1.

Stress and Acoustic Emission Analysis

As shown in Figure 10, the curves of horizontal stress and AE
with the change of loading step under four S/T conditions are
shown. The entire simulation process can be divided into three
stages:

1) The linear stage, which occurs before the explosive growth of
AE. The stress level of the whole structure and the number of
AE show a linear growth trend.

2) Reflective crack formation, development, and penetration stage.
At this stage, the AE and stress levels peaked. The comparison

FIGURE 15 | Distribution of AE during formation of reflection cracks
when S/T = 5.

of images shows that the external loading temperature during
the formation and development of reflective cracks under
different S/T ratios was significantly different. Under four
conditions, the temperatures of reflection cracks in the
model are —23, =22, —21, and —20°C. At this time, the stress
peaks of each model are 72.8, 62.8, 69.5, and 66.3 MPa, and the
AE peak also has a noticeable difference.

In the later crack stage, many stress and AE levels drop after
the model’s failure under four conditions. Also, the trend is
almost the same; the final stress falls back to approximately
20 MPa.

3

~

Cumulative Acoustic Emission Analysis

Figure 11 shows the cumulative AE curve of the whole model
under four S/T values. It can be seen under the four conditions
when the loading step is 20 steps. The cumulative AE of the
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FIGURE 16 | Stress levels between cracks. (A) S/T = 1.25 distribution of
minimum principal stress between cracks, (B) S/T = 2.5 distribution of
minimum principal stress between cracks, (C) S/T = 3.75 distribution of
minimum principal stress between cracks, and (D) S/T = 5 distribution of
minimum principal stress between cracks.

overall structure has explosive growth, and then, the increase is
slow. Finally, with the stop of temperature loading, the overall
cumulative number of AE has reached a fixed level. It can be seen
from the figure that with the increase of crack spacing, the
cumulative amount of AE of the whole pavement structure
will decrease. The cumulative number of AE of the system
when S/T = 1.25 is much larger than that of the form when
S/T = 5, which shows that the damage degree of the whole
pavement structure will decrease with the increase of crack
spacing.

Combined with the conclusions discussed earlier, the
pavement is more easily damaged with increased crack
spacing. We can draw a particular initial determination that
the overall AC pavement structure is more prone to damage
with increased crack spacing in the foundation course under the
uniform cooling effect. However, the degree of injury is lower
than when the crack space is small. Also, the life of the overall
pavement structure will also be extended accordingly.

[ Minimum principal stress

0.6

Minimum principal stress( MPa)
s
T

39500 39510 39520 39530 39540 39550
Element number

)

30 | — —
I Minimum principal stress

-1.5

-1.0

Minimum principal stress( MPa)

0.0
39500 39510 39520 39530 39540 39550
Element number

FIGURE 16 | (Continued).

Acoustic Emission Analysis Under Different
S/T Conditions

To intuitively observe the formation process of reflection cracks
under four S/T conditions, this section follows the formation and
expansion process of reflection cracks in AC pavement structure
under each state by AE module in finite element software to
determine the occurrence time and expansion mode of reflection
cracks.

They are prefabricated with S/T values of 1.25, 2.5, 3.75, and 5
crack models for numerical simulation, obtained in different S/T
values of the AE distribution model. The diagram mentioned later
shows the distribution of AE selected in the process of AC
pavement structure failure (Figures 12-15).

It can be seen that when S/T = 1.25, reflected cracks appeared
at the prefabricated crack position in the central part of the model
foundation course. At first, AE seemed at the crack’s tip and
gradually expanded to the AC pavement surface layer. Finally, the
reflected shots penetrated the surface structure, destroying the
pavement structure.
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FIGURE 17 | Multielement displacement state.

At S/T = 2.5, the reflection cracks appear in the right area of
the central position. Also, the failure area is more significant
than that at S/T = 1.25. When S/T = 3.75, many AE
phenomena appeared on both sides of the central part of
the structural model at first. Also, two reflection cracks
appeared in the final failure state of the AC pavement
structure. It is evident that after the reflection cracks
appeared, the trials expanded to the foundation course.
Finally, it formed two shots in the ground, and the depth
was almost the same. When S/T =5, a reflection crack appears
in the AC pavement structure after uniform cooling and is
located in the right area of the model. At the same time, this
crack also continues to expand toward the foundation course
with the decrease in temperature. The expansion depth is
more profound than S/T = 3.75, and the damage to the floor is
more serious. Finally, the number of micro-cracks in the AC
pavement surface under four conditions shows that the AC
pavement surface will decrease with increased space.

In summary, we can analyze the AE distribution map under
four different spacing of preset cracks. With the increase of preset
crack spacing, the damage degree of the AC pavement surface
layer in the AC pavement structure will decrease. Still, the
increase in preset crack spacing will lead to the expansion of
cracks in the foundation course, and the depth will increase with
the increase in space. In this case, the damage degree of the road
structure foundation course will grow.

Cumulative Acoustic Emission Analysis
To better analyze the reasons for the difference in the overall
damage of AC pavement caused by preset crack spacing, this
section analyses the stress level between four crack spacing and
the changing state of the displacement at the crack—Figure 16
analysis of minimum principal stress state between cracks under
four S/T conditions.

Figure 16 shows the minimum principal stress level between
cracks under different S/T spaces. It can be seen from the figure

S/T on Reflection Crack Propagation

that the curve is more compact with the increase in S/T value
because the number of units selected is also increased with the rise
of crack space. Overall, the minimum principal stress between
cracks under the four S/T values is a state of less than zero.
Therefore, the main force between cracks is the tensile force, the
point where the minimum principal stress is zero in the image.
This is due to the unit’s failure due to the tensile stress, which has
lost its born capacity. Specifically, when the S/T value is 1.25, the
peak value of horizontal tensile stress between cracks is 1.6 MPa,
and the overall level between shots is concentrated near 0.8 MPa.
When the S/T value is 2.5, the peak stress between cracks is
1.8 MPa, and the stress level of the whole unit between cracks is
approximately 1.2 MPa. When the S/T value is 3.75, the
horizontal stress peak between cracks reaches approxiamtely
2MPa, and the overall stress level between shots is
approximately 1.5 MPa. Finally, when the S/T value comes 5,
the stress peak between the cracks has reached 3 MPa. Also, the
overall stress level between the crack shots is approximately
2 MPa; the stress state is precarious, and the fluctuation range
is extensive.

The analysis shows that with the increase of crack spacing, the
horizontal tensile stress level between cracks will also appear to be
an inevitable increase. The peak stress between attempts at S/T =
5 is twice that of attempts at S/T = 1.25. Therefore, by analyzing
the stress level between shots, it can be concluded that the
horizontal tensile stress between cracks will increase with the
increase of crack spacing in the foundation course. This also
explains why the degree of AC pavement structure increases with
the preset crack space. Due to the high level of horizontal stress
between cracks, it is more likely to have a micro-crack at the
intersection of the surface and the foundation course. In addition,
the high level of tensile stress between cracks will put the overall
structure in a high-stress state for a long time. Micro-crack will
gradually develop and evolve and progressively expand to the
surface layer to form reflective cracks. In addition, the high-stress
state will also make cracks develop downward along with the
pavement foundation course structure. Therefore, the foundation
course structure will also suffer a certain degree of damage.

Internal Multielement Displacement State
Analysis

To better observe the propagation state of reflection cracks under
different S/T values, the horizontal displacement state at the
formation of reflection cracks under four S/T values was analyzed.
Figure 17 is a multielement horizontal displacement analysis of
the reflection cracks in the surface layer under four S/T
conditions, where the positive and negative displacements
represent the direction.

It can be seen from Figure 17 that when S/T = 1.25, the
horizontal displacement at the formation of the reflection crack is
approximately 5.5 mm. When S/T = 2.5, the overall curve and the
curve trend of S/T = 1.25 are consistent and above S/T = 1.25.
When S/T = 3.5, the horizontal displacement is approximately
3 mm. Finally, when S/T = 5, the horizontal displacement is
approximately 2 mm. In summary, with the increase of S/T value,
the horizontal displacement formed in the surface layer shows a
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decreasing state. With the rise of the S/T value, the width of the
reflective cracks in the surface structure decreases. Also, the
damage degree of the surface layer in the overall pavement
structure is also low.

CONCLUSION

Based on the temperature version of RFPA software, this paper
mainly studies the AE damage process of AC pavement structure
under a low-temperature environment, analyzes the auditory
emission characteristic information in detail, and studies the
propagation mechanism of reflection cracks under cooling
mode for four models with different S/T values. The main
conclusions are as follows:

1) The numerical test process reproduces the AE damage
process of the AC pavement structure. This clearly shows
that the instability of the AC pavement structure is not
completed instantly. The internal fracturing points of the
system are superimposed, gathered, and penetrated to
form cracks. The instability of the AC pavement
structure starts as the micro-cracks expand and
penetrate. This process demonstrates that AE
technology can detect the location of the crack and
predict the location of crack propagation.

2) It is found that the development process of AE of AC
pavement structure is summarized into four development
stages: quiet period, development period, outbreak period,
and fallback period. Moreover, different locations have
different characteristics. In a low-temperature environment,
the greater the temperature reduction rate, the earlier AE burst
time and failure in AC pavement structure will occur. This
shows that the speed of temperature reduction is a crucial
factor affecting the structural damage of AC pavement.

3) By observing the change curve of the load-stress—AE number
of the AC pavement structure. It can be observed that the AE
amplitude change shows a primary mode of the
foreshock-main shock-aftershock type similar to the
seismic activity law. The temperature at the beginning of
temperature reduction showed linearity. The stress drop after
the mainshock was significant, offering a solid brittleness.

4) The crack generated by the AC pavement structure under
temperature is divided into two cases. One is that the surface is
expanded with the change of temperature. The other is
gradually developed from the middle layer of the surface
layer. It shows that under the influence of a low-
temperature environment, the cracks appearing in
pavement structure are manifested on the road surface and
hidden inside, which becomes a hidden danger of engineering.
Therefore, AE monitoring is critical.

5) Through the study of the cumulative AE, it is found that the
AE of the entire structure shows a downward trend with the
increase of S/T value, indicating that although the rise of
preset crack spacing will make pavement structure more
vulnerable to damage, the damage degree of overall surface

S/T on Reflection Crack Propagation

structure is low. The AE distribution analysis of the model
found that with the increase of S/T value, the number of
reflective cracks in the surface layer will increase. Also, the
gaps will gradually expand to the foundation course,
causing significant damage to the overall AC pavement
structure.

6) The stress level between cracks and the multielement
displacement state at the reflection crack is analyzed. It is
concluded that with the increase of preset crack spacing, the
overall stress level between shots will increase, and the width
of reflection crack in the surface decreases. I am finally
combined with the AE distribution of the whole structure.
The reasons for the failure difference of the entire system
under different S/T conditions are analyzed. With the increase
of crack spacing, the stress level between cracks will increase,
but it is mainly used to expand trials in the foundation course,
and only a tiny part of the stress is used to develop to the
surface layer structure to form reflective cracks.

Based on the conclusions discussed earlier, this paper proposes
corresponding prevention measures to guide engineering
practice:

1) According to the conclusion of this paper, in the actual
construction process, some small spacing cracks can be
present in the large spacing cracks in a foundation course.
The reduction of spacing can slow down the frequency of
reflection cracks in some ways and avoid cracks extending to
the foundation course structure.

2) Before overlaying the AC pavement surface, if there is a
relatively concentrated crack area on the base surface,
asphalt material can be overlayed, such as using an asphalt
mixture with extensive low-temperature penetration to better
protect the surface structure.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for
publication.

FUNDING

The work presented in this paper was supported by the Open
Research Fund of Collaborative Innovation Center for Prevention
and Control of Mountain Geological Hazards of Zhejiang
Province (PCMGH-2016-Z-04).

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 9 | Article 810964


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Bao et al.

REFERENCES

Bai, T., Pollard, D. D., and Gao, H. (2000). Explanation for Fracture
Spacing in Layered Materials. Nature 403 (6771), 753-756. doi:10.
1038/35001550

Behnia, A., Chai, H. K., and Shiotani, T. (2014). Advanced Structural Health
Monitoring of concrete Structures with the Aid of Acoustic Emission.
Construction Building Mater. 65, 282-302. doi:10.1016/j.conbuildmat.2014.
04.103

Behnia, B., Buttlar, W., and Reis, H. (2018). Evaluation of Low-Temperature
Cracking Performance of Asphalt Pavements Using Acoustic Emission: A
Review. Appl. Sci. 8 (2), 306. doi:10.3390/app8020306

Brown, S. F., Thom, N. H., and Sanders, P. J. (2001). A Study of Grid Reinforced
Asphalt to Combat Reflection Cracking (With Discussion). Clearwater Beach,
Florida. Asphalt Paving Technology 2001. Conference presentation] https://
trid.trb.org/view/720140.

Cai, X,, Shi, C, Chen, X, and Yang, J. (2021). Identification of Damage
Mechanisms during Splitting Test on SFP at Different Temperatures Based
on Acoustic Emission. Construction Building Mater. 270, 121391. doi:10.1016/j.
conbuildmat.2020.121391

Chang, X,, Zhong, H., Tang, C., Zhang, Y., and Zhang, J. (2005). Numerical
Research on Fracture Saturation for Layered Rock Stratum. Chin. J. rock Mech.
Eng. 024 (A01), 5151-5156. Available at: https://kns.cnki.net/kcms/detail/
detail.aspx?FileName=ZGY]J200508002024&DbName=CPFD2006

Dave, E. V., and Buttlar, W. G. (2010). Thermal Reflective Cracking of Asphalt
concrete Overlays. Int. J. Pavement Eng. 11 (6), 477-488. doi:10.1080/
10298430903578911

Duan, R, Huang, G., Li, Y., Zheng, R., Wang, G., Xin, B,, et al. (2021). Ensemble
Temperature and Precipitation Projection for Multi-Factorial Interactive
Effects of GCMs and SSPs: Application to China. Front. Environ. Sci. 9,
382. doi:10.3389/fenvs.2021.742326

Hakimzadeh, S., Behnia, B., Buttlar, W. G., and Reis, H. (2017).
Implementation of Nondestructive Testing and Mechanical
Performance Approaches to Assess Low Temperature Fracture
Properties of Asphalt Binders. Int. J. Pavement Res. Techn. 10 (3),
219-227. d0i:10.1016/j.ijprt.2017.01.005

Hill, B., Behnia, B., Buttlar, W. G., and Reis, H. (2013). Evaluation of Warm Mix
Asphalt Mixtures Containing Reclaimed Asphalt Pavement through
Mechanical Performance Tests and an Acoustic Emission Approach.
J. Mater. Civ. Eng 25 (12), 1887-1897. doi:10.1061/(Asce)Mt.1943-5533.
0000757

Hou, F., Li, T., Li, X, Li, Y., and Guo, M. (2021). Research on the Anti-reflective
Cracking Performance of a Full-Depth Asphalt Pavement. Sustainability 13
(17), 9499. doi:10.3390/su13179499

Hu, S., Zhou, F., and Scullion, T. (2010). Reflection Cracking-Based Asphalt
Overlay Thickness Design and Analysis Tool. Transportation Res. Rec. 2155
(1), 12-23. doi:10.3141/2155-02

Jiao, Y., Fu, L., Shan, W, and Liu, S. (2019a). Damage Fracture Characterization of
Pervious Asphalt Considering Temperature Effect Based on Acoustic Emission
Parameters. Eng. Fracture Mech. 210, 147-159. doi:10.1016/j.engfracmech.
2018.10.007

Jiao, Y., Zhang, L., Guo, Q., Guo, M., and Zhang, Y. (2020). Acoustic Emission-
Based Reinforcement Evaluation of Basalt and Steel Fibers on Low-
Temperature Fracture Resistance of Asphalt Concrete. J. Mater. Civ. Eng. 32
(5), 04020104. doi:10.1061/(Asce)Mt.1943-5533.0003118

Jiao, Y., Zhang, Y., Zhang, M., Fu, L., and Zhang, L. (2019b). Investigation
of Fracture Modes in Asphalt Splitting
and Compression Based on Acoustic Emission Monitoring.
Eng. Fracture Mech. 211, 209-220. doi:10.1016/j.engfracmech.2019.
02.025

Khodaii, A., Fallah, S., and Moghadas Nejad, F. (2009). Effects of
Geosynthetics on Reduction of Reflection Cracking in Asphalt
Overlays. Geotextiles and Geomembranes 27 (1), 1-8. doi:10.1016/j.
geotexmem.2008.05.007

Kim, K. W., Doh, Y. S., and Lim, S. (1999). Mode I Reflection Cracking Resistance
of Strengthened Asphalt Concretes. Construction Building Mater. 13 (5),
243-251. doi:10.1016/50950-0618(99)00032-x

Pervious under

S/T on Reflection Crack Propagation

Li, X,, and Marasteanu, M. O. (2011). Investigation of Low Temperature Cracking
in Asphalt Mixtures by Acoustic Emission. Road Mater. pavement Des. 7 (4),
491-512. doi:10.1080/14680629.2006.9690048

Li, X., Marasteanu, M. O, Iverson, N., and Labuz, J. F. (2006). Observation of
Crack Propagation in Asphalt Mixtures with Acoustic Emission.
Transportation ~ Res. Rec. 1970 (1), 171-177. doi:10.1177/
0361198106197000118

Liang, M., Xu, J., Chan, J. C. L., Wu, L., and Xu, X. (2020). Changing
Relationship between Tibetan Plateau Temperature and South China Sea
Summer Monsoon Precipitation. Front. Environ. Sci. 8. do0i:10.3389/
fenvs.2020.583466

Liu, J. Q., Chen, C. C., Wang, B. S., and Hao, N. (2011). The Fatigue Fracture
Analysis of Semi-rigid Base-Course Asphalt Pavement under the
Temperature Effect. J. Xi’an Univ. Techn.. do0i:10.19322/j.cnki.ISSN.
1006-4710.2011.03.024

Morris, G. R., Chen, N. J., and Di Vito, J. A. (1982). “Application of
Asphalt-Rubber on New Highway Pavement Construction,” in
Paper presented at the 61st annual meeting of the Transportation
Board.

Nair, A, and Cai, C. S. (2010). Acoustic Emission Monitoring of Bridges: Review
and Case Studies. Eng. structures 32 (6), 1704-1714. doi:10.1016/j.engstruct.
2010.02.020

Qisen, J. Z.J., and Zheng, J. L. (1990). Finite Elements Analysis of Reflection
Crack and Stress Intensity Factors in Half Rigid Pavements [J]. Chin.
J. Geotechnical Eng. 12 (3), 22-30.

Qiu, X, Xu, J., Xu, W,, Xiao, S., Wang, F., and Yuan, J. (2020). Characterization of
Fatigue Damage Mechanism of Asphalt Mixtures with Acoustic Emission.
Construction Building Mater. 240, 117961. doi:10.1016/j.conbuildmat.2019.
117961

Seo, Y., and Kim, Y. R. (2008). Using Acoustic Emission to Monitor Fatigue
Damage and Healing in Asphalt Concrete. KSCE J. Civ Eng. 12 (4), 237-243.
doi:10.1007/s12205-008-0237-3

Shen, Z. W, Shao, X. S., and Wang, N. X. (2011). Prediction Model of Measured
Temperature Field of Asphalt Pavement in Cold Region. . China Foreign
Highw. 31 (6), 129-133. doi:10.14048/j.issn.1671-2579.2011.06.043

Sun, Z., Behnia, B., Buttlar, W. G., and Reis, H. (2017). Assessment of Low-
Temperature Cracking in Asphalt Materials Using an Acoustic Emission
Approach. J. Test. Eval. 45 (6), 20160579-20161958. doi:10.1520/
Jte20160579

Tsai, F.-L., Lytton, R. L., and Lee, S. (2010). Prediction of Reflection Cracking in
Hot-Mix Asphalt Overlays. Transportation Res. Rec. 2155 (1), 43-54. doi:10.
3141/2155-05

Wang, J. (2012). “Analysis the Control Techniques of Reflection Crack on Asphalt
Overlay of Old Cement concrete Pavement,” in Paper presented at the Applied
Mechanics and Materials, Beijing, September 26, 2012.

Wang, X,, and Zhong, Y. (2019). Reflective Crack in Semi-rigid Base Asphalt
Pavement under Temperature-Traffic Coupled Dynamics Using XFEM.
Construction Building Mater. 214, 280-289. doi:10.1016/j.conbuildmat.2019.
04.125

Wei, H., Hu, B., Wang, F., Zheng, J., Jin, J., and Liu, C. (2020). Temporal-
spatial Evolution Characteristics of Acoustic Emission in Asphalt
concrete Cracking Process under Low Temperature.
Construction Building Mater. 248, 118632. doi:10.1016/j.conbuildmat.
2020.118632

Wei, H,, Li, ], Wang, F., Zheng, J., Tao, Y., and Zhang, Y. (2021). Numerical
Investigation on Fracture Evolution of Asphalt Mixture Compared with
Acoustic Emission. Int. J. Pavement Eng., 1-11. doi:10.1080/10298436.2021.
1902524

Wei, J., Zhu, W., Guan, K., Zhou, J., and Song, J.-J. (2019). An Acoustic
Emission Data-Driven Model to Simulate Rock Failure Process.
Rock Mech. Rock Eng. 53 (4), 1605-1621. doi:10.1007/s00603-019-
01994-3

Xie, W. K. (2018). Research on the Influence of Slice-Cracks Technology on
Mechanical Behavior of Asphalt Overlay on Existing Cement Concrete

[dissertation/doctoral ~ thesis]. Xian: Xi’an University of
architecture and technology.

Xu, J., Fu, Z., Han, Q., Lacidogna, G., and Carpinteri, A. (2018). Micro-cracking
Monitoring and Fracture Evaluation for Crumb Rubber concrete Based on

Pavement.

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 9 | Article 810964


https://doi.org/10.1038/35001550
https://doi.org/10.1038/35001550
https://doi.org/10.1016/j.conbuildmat.2014.04.103
https://doi.org/10.1016/j.conbuildmat.2014.04.103
https://doi.org/10.3390/app8020306
https://trid.trb.org/view/720140
https://trid.trb.org/view/720140
https://doi.org/10.1016/j.conbuildmat.2020.121391
https://doi.org/10.1016/j.conbuildmat.2020.121391
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=ZGYJ200508002024&DbName=CPFD2006
https://kns.cnki.net/kcms/detail/detail.aspx?FileName=ZGYJ200508002024&DbName=CPFD2006
https://doi.org/10.1080/10298430903578911
https://doi.org/10.1080/10298430903578911
https://doi.org/10.3389/fenvs.2021.742326
https://doi.org/10.1016/j.ijprt.2017.01.005
https://doi.org/10.1061/(Asce)Mt.1943-5533.0000757
https://doi.org/10.1061/(Asce)Mt.1943-5533.0000757
https://doi.org/10.3390/su13179499
https://doi.org/10.3141/2155-02
https://doi.org/10.1016/j.engfracmech.2018.10.007
https://doi.org/10.1016/j.engfracmech.2018.10.007
https://doi.org/10.1061/(Asce)Mt.1943-5533.0003118
https://doi.org/10.1016/j.engfracmech.2019.02.025
https://doi.org/10.1016/j.engfracmech.2019.02.025
https://doi.org/10.1016/j.geotexmem.2008.05.007
https://doi.org/10.1016/j.geotexmem.2008.05.007
https://doi.org/10.1016/s0950-0618(99)00032-x
https://doi.org/10.1080/14680629.2006.9690048
https://doi.org/10.1177/0361198106197000118
https://doi.org/10.1177/0361198106197000118
https://doi.org/10.3389/fenvs.2020.583466
https://doi.org/10.3389/fenvs.2020.583466
https://doi.org/10.19322/j.cnki.ISSN.1006-4710.2011.03.024
https://doi.org/10.19322/j.cnki.ISSN.1006-4710.2011.03.024
https://doi.org/10.1016/j.engstruct.2010.02.020
https://doi.org/10.1016/j.engstruct.2010.02.020
https://doi.org/10.1016/j.conbuildmat.2019.117961
https://doi.org/10.1016/j.conbuildmat.2019.117961
https://doi.org/10.1007/s12205-008-0237-3
https://doi.org/10.14048/j.issn.1671-2579.2011.06.043
https://doi.org/10.1520/Jte20160579
https://doi.org/10.1520/Jte20160579
https://doi.org/10.3141/2155-05
https://doi.org/10.3141/2155-05
https://doi.org/10.1016/j.conbuildmat.2019.04.125
https://doi.org/10.1016/j.conbuildmat.2019.04.125
https://doi.org/10.1016/j.conbuildmat.2020.118632
https://doi.org/10.1016/j.conbuildmat.2020.118632
https://doi.org/10.1080/10298436.2021.1902524
https://doi.org/10.1080/10298436.2021.1902524
https://doi.org/10.1007/s00603-019-01994-3
https://doi.org/10.1007/s00603-019-01994-3
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Bao et al.

Acoustic Emission Techniques. Struct. Health Monit. 17 (4), 946-958. doi:10.
1177/1475921717730538

Yang, K., He, Z., Li, D., Xu, H., and Kong, L. (2021a). Experimental Study on Basalt
Fiber Crack Resistance of Asphalt Concrete Based on Acoustic Emission.
Materials 14 (15), 4096. doi:10.3390/ma14154096

Yang, K., Li, D., He, Z., Zhou, H., and Li, J. (2021b). Study on Acoustic

Emission Characteristics of Low-Temperature Asphalt
Concrete Cracking Damage. Materials 14 (4), 881. doi:10.3390/
mal4040881

Zhang, J. L., and Guan, H. X. (2001). A Finite Element Analysis Based on thermal
Viscoelasticity Theory of Reflective Crack Resulting from Low Temperature
Shrinkage. China J. Highw. Transport 14 (3), 1-5. doi:10.19721/j.cnki.1001-
7372.2001.03.001

Conflict of Interest: Authors CB, ZC, and YQ were employed by the Huahui
Engineering Design Group Corporation Ltd. Author YC was employed by the
China Huaneng Zhalainuoer Coal Industry Co. Ltd.

S/T on Reflection Crack Propagation

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bao, Liu, Xia, Cui, Cao, Qian, Liu, Mu and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Earth Science | www.frontiersin.org

163

February 2022 | Volume 9 | Article 810964


https://doi.org/10.1177/1475921717730538
https://doi.org/10.1177/1475921717730538
https://doi.org/10.3390/ma14154096
https://doi.org/10.3390/ma14040881
https://doi.org/10.3390/ma14040881
https://doi.org/10.19721/j.cnki.1001-7372.2001.03.001
https://doi.org/10.19721/j.cnki.1001-7372.2001.03.001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 16 February 2022
doi: 10.3389/feart.2021.792038

OPEN ACCESS

Edited by:
Jie Chen,
Chongqing University, China

Reviewed by:

Chun Zhu,

Hohai University, China

Chunyang Zhang,

Wuhan University of Technology,
China

Yingchun Li,

Dalian University of Technology, China

*Correspondence:
Shun Yang
yangshun0820@163.com

Specialty section:

This article was submitted to
Geohazards and Georisks,

a section of the journal
Frontiers in Earth Science

Received: 09 October 2021
Accepted: 23 December 2021
Published: 16 February 2022

Citation:

Wang M, Li X, Yang S, Teng L, Chen Q
and Jiang S (2022) Research on
Deformation and Fracture
Characteristics of the Fractured Rock
Mass Under Coupling of Heavy Rainfall
Infiltration and Mining Unloading.
Front. Earth Sci. 9:792038.

doi: 10.3389/feart.2021.792038

®

Check for
updates

Research on Deformation and
Fracture Characteristics of the
Fractured Rock Mass Under Coupling
of Heavy Rainfall Infiltration and
Mining Unloading

Menglai Wang ™2, Xiaoshuang Li®>*°, Shun Yang?°%*, Lin Teng®, Qiusong Chen” and
Song Jiang®

"Yunnan Phosphating Group Co. LTD, Kunming, China, 2School of Resources and Safety Engineering, Chongqing University,
Chonggqing, China, SState Key Laboratory of Safety and Health for Metal Mines, Sinosteel Maanshan General Institute of Mining
Research Co. LTD, Maanshan, China, *Key Laboratory of Rock Mechanics and Geohazards of Zhejiang Province, Shaoxing,
China, ®College of Civil Engineering, Qilu Institute of Technology, Jinan, China, ®School of Resources and Environmental
Engineering, Jiangxi University of Science and Technology, Ganzhou, China, "School of Resources and Safety Engineering,
Central South University, Changsha, China, School of Resources Engineering, Xi'an University of Architecture and Technology,
Xi'an, China

The present study used PFC numerical software to examine the mechanical properties and
fracture propagation characteristics of the fractured rock mass under coupling of heavy rainfall
infiltration and mining unloading. Based on the engineering background of the Dexing mine, the
pore water pressure is setto 0, 0.5, 1.0, 1.5, and 2.0 mpa, the true triaxial lateral unloading rate
is 0.3 mpa/level and 0.6 mpa/level, and the water content state of rock is dry, natural, and
saturated. Then, the true triaxial compression numerical simulation test is carried out, and the
results showed that with the increase of the water content, the rock compaction stage
increases, the elastic stage shortens, and the yield stage becomes more obvious. The faster the
unloading rate is, the greater the influence on the rock strain is. After unloading, the stress jump
point appears and the strain increase rate becomes larger, the volume of the rock increases
and occurs as large s in the unloading direction, and finally it leads to severe brittle failure of the
rock. With the increase of rock pore water pressure, the compressive strength and the peak
strain of the rock decrease, and the pore water pressure accelerates the process of rock failure.

Keywords: rainfall infiltration, mining unloading, fractured rock mass, fracture propagation characteristics,
numerical simulation

1 INTRODUCTION

Since the 21st century, with the rapid development of modern mine technology, the scale and depth of
mine rock mass projects have been continuing to grow rapidly. Large-scale high-steep rock slopes with
a vertical depth of more than 400 m and a slope angle of more than 40° continue to emerge (Chen and
Jing, 2016; Li X. S etal., 2021; Li et al,, 2021). The long-term stability of high and steep rock slopes under
complex geological and external disturbance environments has become a major problem for large-scale
mines to convert from open-pit to underground mining. In China, the geological structure of Jiangxi
Province is complex, and the long-term strong tectonic movement has fully developed the primary
faults, joints, and fractures in the rock mass (Pu et al., 2019; Ji et al., 2020; Shuai, 2021; Liu et al., 2020a;
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Song et al., 2020; Du et al,, 2021; Li et al,, 2021a, Li et al., 2021b).
Affected by open blasting, mechanical excavation, and weathering,
alarge number of secondary fissures have been generated inside the
high-steep rock slope, which further aggravates the fracture and
instability of the rock mass. In this area, the geological disasters
induced by heavy rainfall are becoming more and more serious
(Bai and Elsworth, 2020; Rutqvist and Stephansson, 2003; Lee and
Cho, 2002; Li et al., 2020; Li L. K et al., 2021; Li et al., 2019; Li et al.,
2021a; Lietal., 2021b; Li et al., 2021¢; Song et al., 2021; Wang et al.,
2021; Zhong et al., 2021). The mine slope rock mass has undergone
the two-stage compound mining unloading effect after open-pit
and underground mining. This nonsynchronous correspondence
between time and space makes the failure mechanism of the slope
under compound mining unloading more complicated. Therefore,
in-depth research on the deformation and fracture characteristics
of fractured rock masses under the coupling of heavy rainfall
infiltration and mining unloading can ensure the safety and
stability of mine slopes (Vandamme and Roegiers, 1990; Shao
and Rudnicki, 2000; Tang et al., 2016; Liu et al., 2020b; Yao et al.,
2020; Zhang et al., 2020; Deng et al., 2021; Liu et al., 2021; Zuo et al.,
2021).

In the research of the fracture mechanism of the fractured rock
mass, Giffith (1921) proposed the fracture criterion-energy
criterion and the relationship between fracture toughness and
crack size for brittle material crack size, in which the theory of
fracture mechanics has been quickly applied and developed.
However, this criterion cannot explain the singular solution of
the stress at the crack tip of brittle materials. Griffith, (1924);
Irwin (1957) revised Giffith’s theory to promote the further
development of brittle rock linear elastic fracture mechanics.
Erdogan and Sih (1963) proposed the theory of maximum
stress resistance based on compound cracks in actual
engineering, and they put forward the theory of strain energy
density of mixed cracks in 1973. In addition, some scholars have
proposed the failure criterion based on the tensile strain of brittle
hard work. For example, Stacy (1981) believed that the
prerequisite for rock fracture when the brittle hard rock
cracked under compressive load was that the tensile strain of
the brittle rock was greater than the maximum tensile strain
threshold of the rock and derived the tensile strain judgment
criterion. In the field of research on the fracture mechanism of the
fractured rock mass under the coupling of hydraulic and
mechanical effects, Kou et al. (2019) conducted a hydraulic
coupling test on prefabricated 45° single-crack specimens,
which showed that the peak strength of the specimen
decreased with the increase of water pressure, and the deviator
stress after the peak decreased. As the confining pressure
increases, the peak strength increases, and the degree of post-
peak strain-softening gradually increases. Valko and Economides
(1994) and Souley et al. (2001) used the DMM model and CDM
model to simulate the hydraulic fracturing process of rocks. Shao
et al. (2005) and Yuan and Harrison (2006) used DMM/CDM
and CDM/SM hybrid models to study the crack failure laws and
permeability characteristics of the samples.

Nowadays, most scholars focus on the study of the crack
criterion based on the maximum circumferential stress criterion
(MTS) (Lin et al, 2018), the theory of the maximum energy

Failure Characteristics of Fractured Rock

release rate, and the theory of the strain energy density factor (S)
(Liu et al,, 2019; Jia-jun et al., 2020; Li et al., 2021d). Among them,
the large-circumferential stress criterion is simple in form and
can better predict the crack characteristics. But, this criterion
ignores T-stress. For rock brittle materials, not only tensile failure
but also shear failure affects the growth of cracks. The crack tip
will also have N stress perpendicular to the crack surface (Zhao
et al,, 2012; Cheng and Zhou, 2015; Wei et al., 2017; Zhao et al,,
2018; Guo et al., 2019; Liu et al., 2019; Li H. F et al., 2021; Wang
and Zhao, 2021). Therefore, it is necessary to focus on studying
the law of crack propagation after crack initiation. This research
takes the open-pit to underground mining in the Dexing copper
mine as the engineering background. Through geological
investigations, on-site sampling, and indoor physical
experiments, PFC numerical simulations were carried out for
rocks under different water-bearing conditions, buried depths,
fracture distribution, loading and unloading methods, and pore
water pressure. In-depth analysis of the mechanical properties
and crack propagation characteristics of the fractured rock mass
of high and steep rock slopes was carried out under the coupling
of heavy rainfall infiltration and mining unloading. It can provide
necessary theoretical support for open-pit slope mining and
underground surrounding rock support.

2 ENGINEERING BACKGROUND

As shown in Figure 1A, the copper mine is located in Dexing
City, Jiangxi Province, China. The copper factory mining area has
the characteristics of mountainous microclimates such as warm
climate, abundant rainfall, sufficient sunlight, large temperature
difference between day and night, and long frost-free period. The
working area is full of precipitation, and the annual average
rainfall is 2250 mm. The rainy season is from March to July each
year, and the precipitation accounts for about 70% of the annual
precipitation. The average water period is from August to
November, and the dry season is from December to February
of the following year. In addition, the study area is a low
mountain and hilly landform, with large undulations, high in
the east and low in the west. The microtopography is mostly
mountain valleys, forests, and farmland. Due to the artificial
excavation of the mountain, an artificial slope with a height of
about 548 m and a length of about 400 m is formed. The slope
occurrence is 144°-152° in trend, 234°-242° inclination, 41°-42°
inclination, and the copper mining area is about 4.8 square
kilometers (red curve) (Figure 1(al)). The artificial platform
on the surface of the slope is covered by a 0.5-2.5m thick
artificial filling. The lower part of the slope is the mining area
and transportation road. The strike and inclination of the fault
have the characteristics of relaxation and wavy. The fault
structure in the study area (H-H' section) is well developed
and has multiple phases. According to the occurrence and
nature of the faults, the faults in the Huangniugian slope area
can be divided into EW faults, NNW faults, NWW faults, and
NNE faults (Figure 1(a2)).

1) EW faults
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FIGURE 1 | (A) Geographical location and topographic map of Dexing copper mine; (B) fault of FH-7 and FH-17; (C) fault of FH-3, FH-8, FH-12, and FH-13; (D) FH-
14 fault (the lower part is an 80-m platform, and the upper part is a 110-m platform); (E) FH-O regional fault broken zone.

As shown in Figure 1B, the EW fault is the main fault = There are 0.3-0.5m thick compressive fault breccias and
distributed on the Huangniugian slope. It has different scales, =~ cements locally. It is the original rock cuttings and rock
longer extension, and characteristics of group appearance.  dust, and some cements have been schistosified. In
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FIGURE 2| (A) On-site sampling; (B) on-site rock samples; (C) standard cylindrical specimen; (D) standard Brazil split specimen; (E) GDS-VIS uniaxial and triaxial
compression machine.
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TABLE 1 | Rock mechanical parameters at the sampling point.

Sampling position Compressive strength Tensile strength

¢ (Mpa) T (Mpa)
ZK11 43.95 4.494
ZK12 48.26 5212
ZK13 63.97 6.239

addition, the larger faults in this group are FH-1 (regional
fault), FH-2, and FH-7.

2) NNW faults

The NNW faults include FH-10, FH-11, FH-12, and FH-13.
This group of faults obliquely intersects with the slope and is
easily deformed and damaged by the wedge-shaped body with the
EW-direction fault. For example, the 170 m platform slope is
damaged by the wedge-shaped body cut by the FH-12 and FH-3
faults (Figure 1C).

3) NWW faults

As shown in Figure 1D, the strike of the NWW-trending fault
is basically the same as that of the Huangniugian pit slope, and it
is one of the main factors affecting the stability of the
Huangniuqian slope. The fault planes of this group are usually
large and smooth, with an extension length of more than 100 m,
and there are 20-30 m wide (densely developed joints) fracture
zones on both sides.

4) NNE faults

The NNE faults mainly include FH-0, which is a regional fault
(Figure 1E). Based on the results of joint statistics, it can be seen
that the dominant joints developed in the Huangniugian slope
rock mass are basically consistent with the production and
installation of the main faults. Therefore, this joint has a
certain genetic relationship with the fault, and its developed
dominant joint makes the rock mass of the slope mainly show
a fragmented mosaic structure.

3 PHYSICAL MECHANICS TEST

The test sample adopts the original mine slope (Figure 2A).
Through on-site exploration and geological data analysis, several
circular sampling regions (diameter about 2.00 m) with uniform
texture and relatively complete rock mass were delineated at the
Huangniugian slope. In the process of drilling the surrounding
rock of the rock mass stope, we took at least five relatively
complete undisturbed samples from each sampling region
(Figure 2B). As shown in Figures 2C,D, the obtained rock
samples are processed in the laboratory into cylindrical
standard specimens with a diameter and height of 50 mm x
100 mm or 50 mm x 25mm, then the uniaxial and triaxial
compression experiment of rock are carried out by GDS-VIS

Failure Characteristics of Fractured Rock

Elastic modulus Cohesion C Friction angle Poisson’s ratio
E (Gpa) (Mpa) () u
11.16 12.9822 28.02 0.236
14.23 14.5733 28.82 0.205
15.21 19.3386 28.32 0.163
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FIGURE 3 | Model diagram. (A) Model geometry; (B) force diagram; (C)
layout of sampling points in the fractured rock slope.

as shown in Figure 2E, and finally, the rock mechanical
parameters at sampling point were obtained as shown in
Table 1 below.

4 NUMERICAL SIMULATION

At present, the study of joint crack propagation and penetration is
mainly carried out under loading conditions, but in the study of
the transition from open-pit to underground mining, it will cause
a lot of unloading of the rock mass; moreover, the tensile stress
may appear in the local area, and the damage to the rock mass is
large. In this chapter, different loading and unloading schemes
are used to carry out numerical simulation tests on the fractured
rock mass to study its mechanical and failure characteristics.
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4.1 Excavation Unloading Stress Path
4.1.1 Fractured Rock Mass Model

The size of the true triaxial simulation specimen is 70 mm x
70 mm X 70 mm cube, and the parallel bond model is usually used
when PFC simulates the high bond strength and the bending
moment load of rock, while the plane joint model is used in the
meso-structural plane (Shi et al., 2018). The fracture through the
whole model in the strike direction and the model geometry are
shown in Figure 3A.

4.1.2 The Loading and Unloading Stress Path

The excavation of the open-pit and underground chamber can be
simplified as the plane strain problem. In general, the
redistribution of stress increases in the vertical direction and
decreases in the excavation direction (Huang et al., 2007; Liu and
Li, 2020; Yang et al., 2021). In this research, it can be simplified as
follows: stress is applied on the top face and the side face of the
rock, and the other face is fixed. As shown in Figure 3B, o, is the
stress on the top surface, and o3 is the stress on the lateral
excavation surface. The values of o; and o; are changed to
simulate the stress change during excavation unloading. The
loading and unloading schemes are divided into two groups as
follows:

Plan A: Loading and unloading are carried out simultaneously;
the first step is to pressurize at the same time to o3 in the axial and
horizontal directions, and the second step is to continue
pressurizing in the axial direction until o; reaches the stable
state; the first two steps are to simulate the stress state of rock in
the rock stratum. The third step is to load and unload o; at
0.10 Mpa/level and o5 at 0.05 Mpa/level which is to simulate the
stress change process of the underground rock mass after the deep
open pit mining is transferred to underground mining. In the
fourth step, if the specimen is damaged before the unloading of
the excavation face is completed, the lateral pressure is released
immediately and the specimen is unloaded to 0 Mpa; if the
unloading is completed and the specimen is not destroyed, the
axial stress will continue to be applied until the specimen is
completely destroyed.

Plan B: This plan is the contrast to plan A, where the axial
stress is invariable and the lateral surface unload takes place. The
simulation process is also divided into four steps. Compared with
the unloading plan A, only the third step is different. The third
step of plan B is that the axial stress will remain unchanged after
reaching the initial in situ stress (preset value), the excavation
surface will be unloaded at 0.15 Mpa/level, and proceed to the
next level of unloading after equilibrium.

4.2 Simulation Program

As shown in Figure 3C, the model parameters are determined by
PEC calibration tests on the samples taken from three boreholes
according to the depth of the high and steep rock slope in Dexing
mine and the fractured rock mass in underground mining.

In order to compare the mechanical properties and failure
characteristics of the rock mass with fractures under different
unloading rates, two groups of different unloading conditions are
set. Also, three sets of initial stress levels (0, and o3 take three sets
of values, that is, three drill-hole sampling points) are selected

Failure Characteristics of Fractured Rock

according to a representative set of pore water pressure measured
in site and the distribution characteristics of typical fractured rock
mass, under the condition that the specimen is saturated with
water, the pore water pressure and the initial fracture distribution
of the specimen are certain, and the unloading stress is adopted by
plan A and plan B. Six groups of tests were carried out to
systematically analyze the stress—strain curve trend, macro-
mechanical parameters, and fracture evolution characteristics
of the samples. The schedule of the loading and unloading
comparison test is listed in Table 2.

4.3 Physical and Mechanical Parameters of
the Rock

The key of particle flow code (PFC) to simulate the mechanical
behavior of materials is to generate the initial model (Zhang et al.,
2021; Xu and Xu, 2021; Wang et al., 2021). First, the PFC servo
system is used to adjust the packing density, size, and contact
precision of the model particles to the ideal state and make them
in the state of force equilibrium (Tian et al., 2021; Sarfarazi et al.,
2021). After the initial model is generated, in order to make the
macroscopic and microscopic mechanical properties of the
specimen correspond to each other, the calibration test is
carried out according to the stress—strain curves of the
specimen measured under uniaxial compression, and the
microscopic parameters are adjusted repeatedly by PFC. The
calibration curves of experiment and simulation are shown in
Figure 4.

Through calibration, the final determination of the dry,
natural, and saturated specimen PFC microscopic parameters
is listed in Table 3.

5 ANALYSIS OF NUMERICAL SIMULATION
RESULTS

5.1 Deformation Characteristics Under
Vertical Loading and Lateral Unloading

Conditions

5.1.1 Vertical Loading and Lateral Unloading Plan A
As shown in Figure 5 below, Figures 5A-C show the
deformation characteristics of the rock mass under excavation
at different depths under the condition of single fracture. The
axial stress 0; and horizontal stress o3 take three sets of values,
respectively, for loading and unloading. Phase I is the loading and
unloading at the same time, axial loading and unloading in the
horizontal direction, which is the third and most important step
of plan A, and Phase II is the lateral unloading complete and
continuing loading in the axial direction, which is step four in
plan A. Figure 5D is a comparison of three sets of values obtained
under different conditions.

The typical stress—strain curve from Figure 5 shows that the
larger the initial in situ stress (that is, the larger the value of 0, and
03), the smaller the peak axial strain from 3.48 to 3.21%o and the
lower the ductility of rock mass and the more brittle failure, as
shown in Figure 5C. The specimen has been destroyed before
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TABLE 2 | Schedule of the loading and unloading comparison test.

Group Scheme Initial vertical Initial horizontal Axial loading Horizontal unloading
stress o4 stress o3
(Mpa) (Mpa)
1 Al 4 2.4 0.5 Mpa/level 0.3 Mpa/level
2 A2 5 3.0 0.5 Mpa/level 0.3 Mpa/level
3 A3 6 4.2 0.5 Mpa/level 0.3 Mpa/level
4 B1 4 2.4 Constant (o1) 0.6 Mpa/level
5 B2 5 3.0 Constant (o1) 0.6 Mpa/level
6 B3 6 4.2 Constant (o1) 0.6 Mpa/level
A B
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FIGURE 4 | Calibration curve of the specimen. (A) PFC calibration model; (B) calibration curves of dry specimens; (C) calibration curves of natural specimens; and
(D) calibration curve of the saturated specimen.

TABLE 3 | Microscopic parameter table of PFC for the specimen.

Hydrous state Parallel bond Tangential bond Normal bond Angle of Contact stiffness Particle density
modulus (Gpa) strength (Mpa) strength (Mpa) friction () ratio (kg/cm?)
Dry 7.60 19.34 14.97 28.32 2.1 2,750
Natural 3.95 10.67 9.09 28.32 2.1 2,750
Saturated 3.04 9.09 9.05 28.32 21 2,750
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FIGURE 5 | Deformation characteristics of the rock mass under different depth and plan A. (A) Loading scheme A1; (B) loading scheme A2; (C) loading scheme A3;
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Stage I is completed, which indicates that the surrounding rock may
be destroyed before the unloading of the excavation face is
completed during the deep excavation of underground mining.
According to the post-peak curve, the process of axial stress
decreases from the peak strength to the residual strength, the
axial strain o; is small, and the larger the in situ stress is, the
smaller the axial strain is during the drop process. It shows that the
brittleness is more obvious with the increase of mining depth. The
failure of the fractured rock mass is accelerated by the excavation of
open face. In the loading and unloading test, the failure of the
specimen in the axial loading test is mainly due to compression
deformation, and the failure of the specimen in the unloading test is
mainly due to the strong dilatancy along the unloading direction.

5.1.2 Vertical Loading and Lateral Unloading Plan B
Figure 6 shows the deformation characteristics of the rock mass
under excavation at different depths under the condition of plan B.
The typical stress—strain curve from Figure 6 shows that
the deeper the fractured rock mass is, on the basis of the same
mining technology, the longer the unloading time of rock
mass is. But once unloading is completed, the increase of

stress is larger, and the rock mass will reach the peak strength
more quickly.

It can be obtained from the comparative analysis of plan A and
plan B that the faster the unloading rate is, the greater the
influence is on the axial and transverse strain of the rock
mass. When the unloading is completed, there will be a stress
jump point and the increasing rate will be faster. The results show
that the specimen deforms strongly in the unloading direction,
and the dilatancy and the brittle failure are obvious.

5.2 Fracture Propagation Characteristics
Under Vertical Loading and Lateral

Unloading Conditions

5.2 1 Vertical Loading and Lateral Unloading Plan A
The simulation results of fracture propagation of the specimen under
plan A and the sketch drawings are shown in Figures 7A,B. As can be
seen from the drawings, the length of the preformed fracture is
20 mm, and the secondary airfoil-type tension cracks appear at the
tip of the precast cracks. Because of the long precast cracks, a crack also
appears in the middle of the precast cracks and extends toward the
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unloading surface; however, the airfoil cracks at both ends extend to
the upper left and the lower right corner of the specimen, and tensile
(red fracture in the simulation result) failure and shear failure (green
fracture in the simulation result) occur during the crack propagation.
Moreover, bond-tensile failure occurs earlier than shear failure, and
the total amount of tensile failure is greater than that of shear failure.
The crack near the excavation unloading surface expands more, and
the crack in the middle of the precast fracture continues to expand to
the right and has a tendency to run through, and the damage of the
adjacent excavation unloading surface is more obvious. The final
specimen was cut through by 20 mm cracks and airfoil tensile cracks.
The specimen was completely destroyed, reached the peak stress, and
lost the load-bearing capacity.

5.2 2 Vertical Loading and Lateral Unloading Plan B
The simulation results of fracture propagation under plan B and
the sketch drawings are shown in Figures 8A,B.

The fracture characteristics of specimens under plan A and plan B
are compared. The fracture trend of specimens is similar; the

secondary airfoil-type tension cracks appear at the tip of the
preformed cracks, and the small cracks appear in the middle of
the preformed cracks. The cracks on both ends extend to the upper left
corner and lower right corner of the specimen. But under the
condition of plan B, the initial bonding fracture appears earlier,
and the crack near the excavation unloading surface expands
more. The crack is more concentrated, and the upper right part of
the specimen has a bifurcated crack along the precast crack and has a
tendency of penetrating with the upper right corner of the specimen.
The failure of the unloading surface near excavation is more severe.

5.3 Deformation and Fracture Propagation
Characteristics Under Different Water
Content

5.3.1 Deformation Characteristics Under Different
Water Content

Figures 9A-C show the stress—strain curve of cracked specimens
in dry, natural, and saturated conditions under loading and
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FIGURE 7 | Sample simulation and sketch under loading plan A. (A) Simulation diagram of loading plan A; (B) sketch of the fracture.

——

FIGURE 8 | Sample simulation and sketch under loading plan B. (A) Simulation diagram of loading plan B; (B) sketch of the fracture.

e

unloading plan A2, with stage I showing simultaneous loading
and unloading and stage Il is the unloading complete and the axial
continuous loading stage. Figure 9D shows the stress—strain
curves of three groups of specimens.

In Figure 9, the stress-strain curve shows that when the
moisture content of the specimen increases, the compressive
strength and the elastic modulus decrease and the transverse
peak strain increases. For example, when the water content
increased from 1.12 to 4.85%, the compressive strength
decreased from 17.65 to 11.59 Mpa, the elastic modulus
decreased from 3.39 to 2.46 Gpa, and the transverse peak

strain increased from 0.00188 to 0.00235. The decrease of
compressive strength is about 56.33%, the decrease of elastic
modulus is about 63.45%, and the increase of transverse peak
strain is about 40.85%.

The mechanical properties and deformation characteristics of
the specimen with different moisture content have the same
tendency, and when the water content increases, the
compressive strength and the elastic modulus of the specimen
decrease. In this test, the dry specimen shows linear elastic change
before reaching the peak strength, and the stress drop rate is faster
after reaching the peak strength, and the brittleness of the
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specimen is obvious. According to the stress—strain curve, the
higher the water content is, the longer the compaction stage, the
shorter the elastic stage, and the more obvious the yield of the
specimen are.

5.3.2 Fracture Propagation Characteristics Under
Different Water Content

As shown in Figure 10 below, the results of the simulation and
the sketch of the fracture propagation of the cracked specimen
under plan A2 under dry, natural, and saturated conditions show
that the generation and propagation of the cracks in the three
specimens are similar. The secondary airfoil-shaped cracks
appear at both ends of the precast cracks, and the small cracks
appear in the middle of the precast cracks and extend toward the
unloading surface. The airfoil cracks at both ends extend to the
upper left and the lower right corner of the specimen. In the
process of fracture propagation, both tensile failure and shear
failure occur, and bond tensile failure occurs earlier than shear
failure, and the total amount of tensile failure is greater than that
of shear failure. The main failure mode of rock is tensile failure,
while shear failure is subsidiary.

The brittle failure characteristics of dry specimen are more
obvious than those of natural and saturated specimens, and the
number of bond tensile failure is the most. In the natural state, the
right part of the specimen is damaged more severely near the
unloading surface, resulting in larger and deeper cracks, and
generates more cracks and more complicated damage in the
saturated state.

5.4 Deformation and Fracture Propagation
Characteristics Under Different Pore Water

Pressure
5.4.1 Deformation Characteristics Under Different
Pore Water Pressure
Figure 11A shows the specimen stress—strain curve under pore
water pressure of 0.5Mpa, and Figure 11B shows the
stress—strain curve of cracked specimens at 0.5, 1.0, 1.5, and
2.0 Mpa under loading and unloading scheme A2.

From Figure 11, the stress-strain curve shows that the
compressive strength and peak strain of the specimen decrease
when the pore water pressure increases. For example, when the
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FIGURE 10 | Simulation results and sketch of specimens under different water content after loading. (A) Dry; (B) natural; (C) saturation.
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FIGURE 11 | Stress-strain curve under different pore water pressure conditions. (A) Pore water pressure of 0.5 Mpa; (B) comparative curves.
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pore water pressure increased from 1.0 to 1.5Mpa, the
compressive strength decreased from 10.75 to 10.04 Mpa, and
the peak strain decreased from 0.00289 to 0.00271. For the overall
test of pore water pressure from 0.5 to 2.0 Mpa, the compressive
strength and peak strain decreased by about 19.38 and 22.85%,
respectively. When the pore water pressure is 0.5 Mpa, the elastic
modulus of the sample is 2.82 Gpa, and when the pore water
pressure is increased to 2.0 Mpa, the elastic modulus of the
sample decreases to 2.40 Gpa, and the elastic modulus of the
whole sample decreases to 14.89%.

Under different pore water pressure conditions, the
mechanical properties and deformation characteristics of
the stress-strain curve are similar—when the pore water
pressure increases, the compressive strength decreases and

the peak strain decreases, but the elastic modulus does not
change much.

5.4.2 Fracture Propagation Characteristics Under
Different Pore Water Pressure

Figure 12 shows the simulation results and the sketch of the
fracture propagation of the fractured specimen under pore water
pressures of 0.5, 1.0, 1.5, and 2.0 mpa. It can be seen from the
drawing, under the conditions of four kinds of pore pressure, the
crack initiation and propagation of the specimen are similar. The
secondary airfoil-type tensile cracks appear at both ends of the
preformed crack, and the small cracks appear in the middle of the
preformed crack and extend to the unloading surface. The airfoil
cracks at both ends extend to the upper left and the lower right
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(C) 1.5 Mpa water pressure; and (D) 2.0 Mpa water pressure.

FIGURE 12| Simulation results and sketch of specimens under different pore water pressures. (A) 0.5 Mpa pore water pressure; (B) 1.0 Mpa pore water pressure;

corner of the specimen. In the process of fracture propagation,
both tensile failure and shear failure occur, and bond tensile
failure occurs earlier than shear failure, and the total amount of
tensile failure is greater than that of shear failure. The main failure
mode of rock is tensile failure, while shear failure is subsidiary.

With the increase of pore water pressure, the failure of the
specimen becomes more severe, such as the crack in the middle of
the preformed crack, which spreads to the right side and passes
through the main crack in the right side of the preformed crack.
There are more and more cracks in the right part near the
unloading surface, and the distribution of the cracks is more
complex. The pore water pressure softens the rock material and
causes stress concentration. The increase of pore water pressure
accelerates the failure of rock.

The influence of pore water pressure on the fractured rock mass
is analyzed as follows: the stress concentration phenomenon is
easily formed between the micro-cracks and the particles by water
pressure, and there is the phenomenon of hydraulic fracturing,
which promotes the development of the crack of the specimen, and
finally makes the micro-cracks gradually run through to form
macro-failure. Because of this effect of the pore water pressure on
the rock, the macroscopic mechanical properties of rock in the
coupling state weaken obviously.

6 CONCLUSION

In the present study, several kinds of specimens with different water
content, different loading plan, and different pore water pressure were
tested by true triaxial numerical simulation tests. The mechanical
properties and fracture propagation characteristics of the fractured
rock mass under coupling of heavy rainfall infiltration and mining
unloading are analyzed. The specific conclusions are as follows:

1) The faster the unloading rate is, the greater the influence on
the rock strain is. After unloading, the stress jump point
appears and the strain increase rate becomes larger, the
volume of the rock increased and occurs as large deform in
the unloading direction, and finally it leads to severe brittle
failure of the rock.

2) The larger the initial in situ stress is, the smaller the peak
strain, the lower the ductility, the faster the drop rate after the
peak, and the more obvious the brittleness are, and the
surrounding rock is easier to be damaged.

3) With the increase of the water content, the rock compaction
stage increases, the elastic stage shortens, and the yield stage
becomes more obvious. The failure mode begins with shear
failure, followed by a combination of tensile and shear failure.

4) When the pore water pressure increases, the compressive
strength and the peak strain of the specimen decrease, the
pore water pressure accelerates the failure of the rock, and stress
concentration and hydraulic fracturing are easily formed
between micro-cracks and particles, which promotes the
development of the crack.
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This article presents a theoretical analysis and numerical simulation studies to determine
the suitable position for the lower slice roadway in a residual pillar area after top slicing a
thick coal seam. We considered the load concentration on the coal pillar, the goaf floor,
and the stress distribution characteristics of the coal pillar area before and after the top
slice. With a mechanical model built of the residual pillar load propagation in the floor and
the failure model of the floor surrounding rock, the analytical formula we deduced for the
coal pillar floor stress and the expression of the floor failure depth of the roadway provides a
basis for the reasonable determination of the position of the lower slicing roadway. Studies
proved that after mining the top slice working face, the floor stress field of the residual pillar
area presented characteristics of the non-uniform distribution. The stress concentration
occurred below the coal pillar. The stress variation area appeared at the edge of the coal
pillar, with a stable stress area appearing far away from the coal pillar area. Therefore, the
roadway layout should avoid the areas below the coal pillar and the coal pillar edge with
high stress levels and a large stress variation gradient. High stress concentration formed on
the coal pillar transferred to the lower layered coal and floor strata, and decreased the
stress concentrations layer by layer. However, mining of the top-layered working face
affected the coal, and rock mass damaged the coal pillar floor area and weakened the
mechanical properties, which was not conducive to the control of the roadway surrounding
rock. The research results applied to No. 30117 working face of the lower slice of the
Shancheng Coal Industry, and the proper position of the return airway of the working face
was determined to be 8 m outside the east side of the residual pillar in the top slice,
achieving a good surrounding rock control effect.

Keywords: slice mining, residual pillar, stress distribution, floor failure depth, numerical simulation

INTRODUCTION

In Chinese coal reserves, thick coal seams account for more than 40% of the total resources and
account for more than 50% of the coal production (Wang, 2009; Dai et al., 2013). Thick coal seam
mining technology has experienced three gradual optimization stages: layered mining, top coal
caving mining, and large mining height mining (Zhang, 2001; Wang and Zhong, 2008). However,
due to the problems of different sizes of coal enterprises, unbalanced development of mining
technology, and complex coal seam occurrences (Xu, 2003; Bai et al., 2014, 2017), many thick coal
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FIGURE 1 | Position of the working face and surrounding mining situation. (A) plan view, (B) I-I section view.

seam mines in Datong, Huainan, Chifeng, and other mining areas
in China are still adopting layered mining technology, while in
Jincheng and other mining areas, there is a situation of top-
layered mining and bottom-layered re-mining. For the downward
mining working face of a thick coal seam, the lower layered coal
becomes affected by the top-layered mining, leaving a coal pillar;
the stress environment is complex, seriously damaging the
surrounding rock. Therefore, it was vital to clarify the stress
distribution characteristics and damage law of the surrounding
rock under the residual coal pillar to determine the lower layered
roadway’s reasonable spatial layout.

Many scholars have studied the stress field characteristics and
coal rock damage law of the left coal pillar area. Mu et al. (2021)
constructed a mechanical model of the left coal pillar in close coal
seam mining and found that the left coal pillar was the main
reason for the stress concentration of the lower coal seam
roadway. Tian et al. (2019) studied the stress evolution law of
the lower coal seam under the influence of coal pillar disturbance
after upper coal seam mining using the combination of physical
and numerical simulations. Liu et al. (2016) studied the stress
distribution characteristics of the residual coal pillar floor. They
proposed that the stress in the coal pillar area is proportional to
the abutment pressure on the coal pillar, inversely proportional to
the vertical distance and diffusion angle, and extends elliptically
along the direction of gravity. Yue et al. (2021) constructed the
structural mechanics model of “elliptical stress arch” in the
overlying coal seam and calculated the additional mining
stress of the floor roadway under the left coal pillar. Zhao
et al. (2020, 2021a, 2021b) studied the damage and failure
characteristics and the stress distribution characteristics of
floor strata under isolated island coal pillars and analyzed the
asymmetric deformation mechanism of the lower layered
roadway. Huang et al. (2019, 2020, 2021) studied the three-
field evolution characteristics of close coal seam mining using
the numerical simulation, established a coupling control model of
the stress field, displacement field, and fracture field and proposed
a reasonable calculation method of the lower roadway position.
Shen et al. (2018) put forward the “three index method” of the
roadway layout under the left coal pillar. They pointed out that
the lower layered roadway was preferentially arranged in the area
of 0 < stress concentration coefficient (ratio of local stress to
original material rock stress) < 1, 0.8 < coefficient of horizontal
pressure (ratio of horizontal stress to vertical stress) < 1.4,and 0 <
stress gradient <1. Many scholars have studied the stress

30104 gob area 30105 gob arca 30106 gob area
\ o dem d65m, \
- — ko2 o)
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air roadway 30117working face  roadway
Thickness/m = Rock Characteristics
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FIGURE 2 | Comprehensive geological histogram of coal seam.

distribution and the failure zone of the floor under the load
effect of the coal pillar, but there is little research on the stress field
characteristics of the floor rock and the damage law of the
surrounding rock under the condition of the top slicing
mining and the lower slicing mining, which did not lead to
solve the problem of the roadway layout under this condition.

Based on the existing research, this study takes the 30117 lower
layers working face of the Shancheng Coal Industry as the
engineering background, and established the calculation model
of the load concentration of the top-layered left coal pillar and the
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Residual Pillar Stress Distribution

TABLE 1 | Test results of physical and mechanical properties parameters of the No. 3 coal seam and roof-floor strata.

Rock Bulk Uniaxial Uniaxial tensile Elastic Poisson Cohesion/ Internal friction
specimen density/kg-m~ compressive stress/MPa modulus/GPa ratio MPa angle/’
strength/MPa

No. 3 coal 1,435 18.72 1.58 0.85 0.32 2.09 40

seam

Mudstone 2,583 38.61 1.67 2.02 0.27 2.41 30

Siltstone 2,480 32.13 3.14 1.85 0.27 7.31 17

TABLE 2 | Test results of hydraulic fracturing stress.

Measuring station Buried depth/m Vertical stress/MPa Maximum horizontal Minimum horizontal Direction of

stress/MPa stress/MPa maximum horizontal

stress

1 460 12.42 6.24 3.53 N5.41°E

2 460 21.42 5.4 3.9 N10.83°E

goaf, used theoretical analysis and numerical simulation to derive
the analytical formula of the stress of the coal pillar floor, and
analyzed the distribution characteristics of the stress field. Finally,
based on slip line theory, the coal and rock damage law under the
coal pillar’s influence was studied, providing a theoretical basis
for the proper location selection of the lower layer roadway.

ENGINEERING BACKGROUND

Position of Working Face and Surrounding
Mining Situation

The Shancheng Coal Industry is located in Beiliu town,
Yangcheng County, Shanxi Province, with a production
capacity of 0.6 Mt/a, belonging to medium-sized mines, mainly
mining the No. 3 coal seam. The No. 3 coal seam thickness is 5.43
~ 6.60 m, the average thickness is 6.24 m, and the dip angleis 1 ~
4°. Historically, the No. 3 coal seam mining was only the top layer,
and the mining height was 2.3 m. However, it has the lower layer
working face mining of 30117 located in 301 mining areas.
Therefore, the goaf of 30105 top layer working face is above
the working face, the goaf of 30,106 top layer working face is on
the right, and the goaf of 30104 top layer working face is on the
left. Figure 1 shows the underground relative position
relationship of the 30117 working face.

Characteristics of Coal Seam and

Roof-Floor Strata

Figure 2 gives the comprehensive geological column of the No. 3
coal seam. The direct roof of the No. 3 coal seam is mudstone,
siltstone, coal grained, and fine-grained sandstone strip with an
average thickness of 2.79 m; the direct floor is mudstone with an
average thickness of 2.48 m. According to the data provided by
the mine production geological report, the physical and
mechanical parameters of the No. 3 coal seam and roof and
floor strata are in Table 1.

b /

FIGURE 3 | Schematic diagram of coal pillar load calculation under
incomplete collapse.

Test Results of Ground Stress
The ground stress test results of the No. 3 coal seam are in

Table 2. The vertical stress in the area near the 30117 working
face is much higher than the horizontal stress, which varied from
12.42 to 21.42 MPa.

LOAD CONCENTRATION CALCULATION
OF RESIDUAL PILLAR AND LOWER LAYER

With mining the top layer working face, the roof strata were
broken, moved, and deformed, and finally, the masonry beam
structures were formed to bear the upper rock. Figure 3 shows the
load on the coal pillar from the weight of the overlying strata and
the exposed strata on one or both sides of the coal pillar
transferred to the coal pillar.

As seen in Figure 3, with mining of one side of the coal pillar,
its weight bears mainly on the rock layer in the C area, and then
load concentration g; on the coal pillar is as follows:

h? cot
g1 =|(b+hcota)H - o

Y
A (1)
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The mining of the two side sections of the coal pillar mainly
undertakes the weight of the rock layer in the area A. The load set
q> on the coal pillar is as follows:

g = [(b+2hcota)H - K cota] 2

b (2)

Yy

FIGURE 4 | Mechanical model of coal pillar load propagating in floor
strata.

Residual Pillar Stress Distribution

The load concentration g5 of the goaf floor is as follows:
qs = )’h, (3)

where b is the section width of the coal pillar, m; h is the rock
roof caving height, m; and « is the caving angle of strata
overlying goaf.

DISTRIBUTION CHARACTERISTICS OF
THE STRESS FIELD IN THE RESIDUAL
PILLAR AREA

Analysis Based on Elastoplastic Theory

Mining of the top slice working face caused the redistribution of
the surrounding rock stress. Additionally, causing the stress
concentration of the coal and rock mass around the mining
space will also transfer the stress to the deep floor through the
remaining coal pillars. Therefore, simplifying the coal rock
assembly to a homogeneous elastic body makes the stress
distribution of the coal seam floor to the case of uniform load
q acting on the semi-infinite plane, and the mechanical model of
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FIGURE 5 | Stress distribution curve of the coal pillar floor. (A) distribution of horizontal stress, (B) distribution of vertical stress, (C) distribution of shear stress.
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FIGURE 6 | Numerical calculation model diagram.

TABLE 3 | Physical and mechanical parameters of the coal seam in the model.

Rock name Bulk modulus/GPa Shear modulus/GPa Tensile strength/MPa Cohesion/MPa Internal friction Density/kg-m™3
angle/’
Roof mud sandstone 414 2.28 2.98 418 28.4 2,500
Roof mud sandstone 6.67 4.00 3.60 7.60 24.2 2,580
Roof mud sandstone 6.55 4.51 3.40 5.63 27.6 2,450
Roof mudstone 3.14 1.98 2.98 3.98 28.7 1850
No. 3 coal seam 1.86 1.17 2.62 3.72 274 1,650
Floor sandstone 7.79 4.91 3.41 4.61 27.6 2,650

the residual coal pillar load propagating in the floor strata after
stratified mining becomes as shown in Figure 4.

Using the elastic theory (Xu, 1979), the stress calculation
at any point M in the bottom rock under uniform load on
the free boundary was done by using the superposition
principle:

_ x + X - -
arctan —arctan
oy = % N y(x + bQ) y(x - ba) , (4)
i 2 2
i y2+(x+ba> y2+<x—b2>_
- X+ X — -
arctan — arctan
y
oy = 4 y(x + bQ) y(x - bQ) , (5)
T 7t 2
y2+<x+bfz> y2+<x—b’2>_
2 2
Ty =1 ) Y , ®)

7 y2+(x+b2)2_y2+(x—b2)2

where o, is the positive stress along the horizontal direction, MPa; o,
is the normal stress along the vertical path, MPa; 7, is the shearing
stress, MPa; g is the uniform load on the coal pillar, kKN/m; x is the
horizontal distance from point M to the coal pillar center, m; and y
is the vertical distance from point M to the coal pillar center, m.

The earlier equations show that the stress at any point in the
floor strata mainly depends on the load of the upper coal pillar,
the width of the coal pillar, the vertical distance between the point
and the coal pillar, and the horizontal distance between the point
and the central line of the coal pillar.

Taking the condition of the 30117 working face as an example,
the width of the remaining coal pillar is 16 m. After mining, the
30105 working face of the top layer, the overburden of the stope is
prone to non-full collapse. Therefore, the load concentration of
the coal pillar became as in Eq. 2:

q=[(+2hcota)H — I’ cotat] % = 16.33MPa.

On substituting the coal pillar width and load concentration into
Eqs 4-6, the horizontal stress distribution, vertical stress, and
shear stress at different depths are as shown in Figure 5,
respectively. The central point O in the figure is the central
position of the coal pillar.

Figure 5A shows:

® The horizontal stress that transmits downward from the
coal pillar toward left by the top layer is mainly the
compressive stress under the coal pillar (x = 0 ~ 8 m),
showing an apparent stress concentration.

@ Near the edge of the coal pillar (x = 8 ~ 12 m), the horizontal
stress decreases rapidly, and its change rate decreases with the
increase in depth, which belongs to the transition zone affected
by the coal pillar.

® In the range of x = 12 ~ 24 m, the horizontal stress tends to
be stable and is less affected by the coal pillar.

Similarly, Figure 5B shows:

@ The distribution of vertical stress transmitted from the
remaining coal pillars to the floor is relatively
concentrated, and the constrained high-stress area
under the coal pillar (x = 0 ~ 8 m) decreases with the
increase in depth.

@ Near the edge of the coal pillar (x = 8 ~ 14 m), the vertical
stress in floor strata fell rapidly, which belonged to the
transition zone of the coal pillar influence; ® In the range of
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x = 14 ~ 24 m, the relatively minor vertical stress in the floor
strata tends to be stable and less affected by the coal pillar.
Figure 5C shows:
(® When the horizontal distance from the center of the coal
pillar increases, the shear stress below the coal pillar
increases. The shear stress is zero at the center of the coal
pillar and reaches the maximum at the edge of the coal pillar.
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i
T

FIGURE 7 | 30105 working face after mining vertical stress distribution
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@ Near the edge of the coal pillar and in the range of x = 8 ~
16 m, the shear stress decreased with the increase in
horizontal distance from the center of the coal pillar was
the transition zone affected by the coal pillar.

® In the range of x = 16 ~ 24 m, the shear stress was relatively

small and tended to be stable.

The previous analysis shows that the lower part of the residual coal
pillar (x = 0 ~ 8 m) was the coal pillar’s concentration area; the
horizontal and vertical stresses were higher, and the shear stress
gradient was large. The coal pillar edge (x = 8 ~ 16 m) was the
transition zone affected by the coal pillar, and the various gradients of
horizontal stress, vertical stress, and shear stress were significant;
arranging roadways in these two areas is not conducive to the stability
control of the roadway surrounding rock; in the range of x = 16 ~
24 m, the horizontal stress, vertical stress, and shear stress were low,
the stress gradient was slight and beneficial to the roadway control
surrounding rock, and was a reasonable roadway layout range .

Analysis Based on Numerical Simulation
Model Set-Up

Based on mining geological conditions around the 30,117 working
face of the Shancheng Coal Industry, FLAC3D (version 6.0) (Itasca,
2019) numerical further understands the stress field characteristics
of the residual coal pillar area. The model is shown in Figure 6.
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FIGURE 8| Vertical stress distribution of the surrounding rock at different positions before and after mining in 30105 working face. (A) the vertical stress distribution
of coal pillar, (B) the vertical stress distribution of lower layered coal, (C) the vertical stress distribution of pavement stratum.
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FIGURE 9 | Vertical stress distribution of the surrounding rock after
mining of 30104 working face.

The size of the model was 376 x 100 x 38 m (length x width x
height). Horizontal constraints were applied around the model.
Horizontal displacement and vertical displacement were
constrained at the bottom of the model. We used the vertical
load at the model’s top according to the in situ stress of 550 m

Residual Pillar Stress Distribution

depth. The failure criterion adopted was the elastoplastic
constitutive model, and the failure criterion was the
Mohr-Coulomb.

Based on the rock mechanics experiment, we determined a
particular reduction coefficient according to different weights to
obtain the rock mechanics parameters that were more consistent
with the actual field. Table 3 gives each rock stratum’s physical
and mechanical parameters in the model. The null element
excavates the model, and the excavation sequence is the initial
ground stress balance — excavation of the 30105 working face —
excavation of the 30104 working face.

Simulation Result Analysis
1) The stress distribution characteristics of 30105 working face
after mining

Figure 7 illustrates the vertical stress distribution of the
surrounding rock after the end of mining in the 30105 working
face. The diagram showed that after mining the 30105 working face,
the failure movement of roof strata and the stress redistribution of
the surrounding rock occur. As the activity of the mined-out rock
tends to be stable, the falling gangue in the mined-out area is
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FIGURE 10 | Vertical stress distribution of the surrounding rock at different positions before and after mining in 30104 working face. (A) the vertical stress
distribution of coal pillar, (B) the vertical stress distribution of lower layered coal, (C) the vertical stress distribution of pavement stratum.
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I—active limit zone;

II—transition region;

[II—passive limit zone

FIGURE 11 | Diagram of yield failure of the bottom plate formed by
supporting pressure.

gradually compacted and restored the surrounding rock stress in
the middle of the working face to the original rock stress. The roof
strata near the coal pillar have rotary deformation and tensile
failure, and the stress of the surrounding rock transfers to the coal
pillar. The stress concentration formed at the coal pillar’s edge near
the goaf was transferred to the coal and rock below.

Figure 8 shows the vertical stress distribution curves of the
surrounding rock before and after stopping the 30105 working
face. The diagram indicates that after mining 30105 working face,
the stress of roof overburden transfers to the section coal pillar
and passes down to the lower layered coal and the floor strata
through the section coal pillar. Among them, stress concentration
on the coal pillar was the highest, and a high-stress concentration
area resulted in the range of 2 ~ 4 m deep into the coal pillar. The
stress value exceeds 25 MPa, the maximum is 30.55 MPa, and the
stress concentration coefficient is 3.73. The high-stress
concentration degree of the lower layered coal was the second,
and the high-stress concentration area formed in the range of 3 ~
8 m from the edge of the goaf. The stress value exceeds 20 MPa,
the maximum is 23.93 MPa, and the stress concentration
coefficient is 2.89. The high-stress concentration degree of the
floor strata was the lowest, close to 20 MPa in the range of 7 ~
11 m from the edge of goaf, the maximum was 19.57 MPa, and
the stress concentration factor is 2.36. Finally, we noted that in the
stress transfer of the weathered rock, the stress concentration
degree shows the characteristics of the upper section coal pillar >
lower layer coal > floor rock.

Figures 8B,C show that after the end of the mining of the
30105 working face, the coal and rock under the goaf have a
tensile failure, surrounding rock pressure relief, and stress
reduction. From the distribution of the stress value, the

Residual Pillar Stress Distribution

pressure relief degree of lower layered coal is greater than that
of the floor rock. Consequently, the mining influence of lower
layered coal is more significant than that of the floor rock.

2) The stress distribution characteristics of the 30104 working
face after mining

Figure 9 shows the surrounding rock’s vertical stress
distribution after mining in the 30104 working face. The figure
shows that the vertical stress distribution of the surrounding rock
changes significantly with the mining of the upper layer 30104
working face. With the activity of the upper strata in the middle of
the 30104 working face stabilized, the gangue in the goaf was
compacted, and the stress of some surrounding rock returned to
the original rock stress before mining, and some exceeded the
initial rock stress to form stress concentration. The roof strata
near the coal pillar edge caused tensile failure due to rotary
deformation and reduced the unloading stress of the surrounding
rock. However, the coal pillar section bore more rock stress due to
the support and thus formed high-stress concentration.

Figure 10 illustrates the vertical stress distribution curve of
the surrounding rock after mining in the 30104 working face. It
is seen from Figure 10A that with the mining of the 30104
working face, the vertical stress on the section coal pillar
changed significantly: the stress increase in the coal pillar
near the edge of the 30104 goaf is the largest, from 13.89 to
43.11 MPa, the stress increase was as high as 29.22 MPa, and
the stress concentration coefficient was 3.22. The vertical stress
of the edge side of the 30105 goaf near the coal pillar also
increased, but it was significantly smaller than that with the
increase of the 30104 goaf side. The main reason was that the
horizontal distance from the 30104 working face was far, and
the influence of mining disturbance was small. We noted that
due to the mining influence of the top layer 30104 working
face, the stress increase amplitude of the coal pillar on the edge
of the 30104 goaf was the largest. The stress increase amplitude
of the coal pillar on the edge of the 30105 goaf was the smallest.
With the increase in the distance from the mining face, the
mining influence degree decreases, and the corresponding
stress increase, amplitude decreases.

Figures 10B,C show that the vertical stress in the
surrounding rock was significantly reduced due to the
mining effect of top slicing the 30104 working face. At the
same time, due to the increase in vertical stress on the section
coal pillar caused by the mining of the 30104 working face, the
vertical stress transmitted to the floor coal and rock mass was

TABLE 4 | Relevant calculation parameters of 30117 working face.

Parameter Value
Mining high of top slice/m 2.3
Buried depth/m 320
Caving angle/” 65
Bulk density/kN-m=2 25
Stress concentration factor 3.2
Friction coefficient 0.12

Parameter Value
Width of working face/m 148.5
Internal friction angle/® 40
Coal seam cohesion/MPa 2.09
Uniaxial compressive strength/MPa 13.72
Joint influence coefficient 2.0
Mining high/m 3.9
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also increased, and the stress growth change on the coal pillar
section was also reflected in the floor coal and rock mass, that is,
the stress increase in the floor coal and rock mass near the edge
of the 30104 goaf is the largest, and it is attached to the edge of
the 30105 goaf.

The complete simulation results show that after mining 30104
and 30105 working faces in the top layer, high-stress
concentration is formed on the coal pillar and transferred to
the lower layer of coal and floor strata. The stress decreases
gradually with the distance from the center of the coal pillar,
which is consistent with the law obtained by theoretical
calculation. However, due to the mining pressure relief, the
surrounding rock stress of the lower layer of coal and floor
strata in the goaf decreases.

ANALYSIS OF COAL ROCK DAMAGE AND
FAILURE LAW IN RESIDUAL PILLAR AREA

According to the slip line field theory (Li, 2004), the failure depth
in the floor caused by abutment pressure is evident in Figure 11.
I—active limit zone; II—transition region; and III—passive
limit zone.
The yield failure depth of floor under slip line field theory is
expressed by Eq. 7:

d=ry-e*™9r. cos(oc + g - g) (7)

Xo

- PR
2cos(4+ 5

(®)

o

where d is the floor yield failure depth, m; ¢¢is the internal friction
angle of floor rock, % ry is the area II starting point ¢ to pole
distance; and « is the angle between any point axis and starting
point axis.

By derivation, the maximum yield failure depth of the floor
rock is as follows:

X0 COS P

2 cos(% + (%f) ¢

ng% tang s

dmax = > (9)

where x, is the width of the plastic zone of the coal wall, calculated
by limit equilibrium theory:

M _ kyH +Ccot¢

xozﬁ nf(P,-+Ccot(p) (10)
B 1+sing, (an
B 1-sing,’

So the maximum failure depth of stope floor calculated by slip
line field theory is follows:

KyH+C cot ¢
E(Pi+Ccot<p)

a&f cos((%f + f)

Similarly, the maximum horizontal range of floor yield failure
under slip line field theory expressing Eq. 13:

M cos ¢, In

<¢Tf+§) tang,
dmax =

(12)
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KyH+C cotg
13 (P,-+C cot (p)

28f cos(ﬁ + %’)

where C is the coal cohesion, f is the friction coefficient of the
contact surface between the coal seam and the roof and floor, £ is
the triaxial stress coefficient, P; is the resistance of support to coal
rib, and M is the coal seam thickness.

n_ 9r
Mcos(l -5 )In fang,
ey, (13)

max —

ENGINEERING PRACTICE

To ensure the regular mining replacement of the working face,
the Shancheng Coal Industry needs to optimize the location of the
return airway of the 30117 working face. The relevant calculation
parameters of 30117 working face are in Table 4.

According to the theoretical analysis in Analysis Based on
Elastoplastic Theory before, the stress concentration area is below
the coal pillar of 16 m, and the stress level is high. The stress variation
area is within the range of 0-8 m at the edge of the coal pillar, and the
stress variation gradient is large. Therefore, the stable stress area is
outside 8 m at the edge of the coal pillar. Outside the edge of the coal
pillar, 8 m is the stable stress area, the stress level is low, and the stress
gradient is slight. Therefore, the return airway of the 30117 working
face should be outside 8 m on both sides of the left coal pillar.

From Eqs 12, 13, the plastic failure range of floor based on slip
line field theory is:

KyH + Ccot¢
E(P + Ccotgo)e

§0f 7'[)
4 gy -
¢f cos( 5+
=4.45m

M cos (prn q%fﬂ) gy
4
dmax =

M cos(g - goz—f)In

KyH + Ccot ¢
¢(P; +Ccotg)

28f cos(g + %)

e%tan(pf.

lmax =

=7.95m

According to the theoretical calculation results, the coal to be
mined in the lower layer 30117 working face is affected by mining
the top layer. Therefore, in the range of [ x d = 7.95 x 4.45 m on
both sides of the coal pillar floor, it will be damaged to varying
degrees, and the mechanical properties of the surrounding rock
will be weakened, which is not conducive to the control of the
surrounding rock of the roadway. Therefore, the roadway layout
was outside the above range.

In addition, Figure 1 showed that when the roadway was on the
east side of the left coal pillar, the left coal pillar was outside the end
area of the working face, which is conducive to the rapid
advancement of the working face and the high safety factor. In
contrast, when the roadway was on the west side of the left coal pillar,
because of the existence of the left coal pillar, the pressure at the end
area of the working face was significant, and there was a security risk.

Based on the earlier analysis results, the layout position of the
return airway in the 30117 working face is determined to be 8 m
away from the east side of the left coal pillar. In addition, field
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practice shows that the roadway surrounding rock control effect
is favorable.

CONCLUSION

1) Based on the collapse of the mined-out area, we constructed
the coal pillar and mined-out area’s load calculation model
and the load set calculation method was obtained.

2) The mechanical model of residual pillar load propagation in the
floor is established, and the analytical formula of floor stress is
derived. We concluded that the stress field in the residual coal
pillar area presents the characteristics of the non-uniform
distribution. The stress concentration area appears below the
coal pillar, the stress variation area appears at the edge of the coal
pillar, and the stress stability area appears in the distance. The
stress level below the coal pillar is high, and the stress gradient at
the edge of the coal pillar is large, which is not conducive to the
layout of the roadway. On the other hand, the stress level away
from the coal pillar area is low, and the stress change gradient is
slight, which is a proper roadway layout position.

3) FLAC3D was used to simulate the stress distribution of the
coal pillar area before and after mining the top-stratified
working face. After mining the top-stratified working face,
the results showed that a high-stress concentration was
formed on the coal pillar and transmitted to the lower
stratified abutment area and the floor rock layer. In
contrast, the lower stratified abutment area and the floor
rock layer in the goaf is due to mining pressure relief, the
stress of the surrounding rock was reduced, and the degree of
stress concentration was characterized by the section coal
pillar > lower stratified abutment area > floor rock layer.

4) Based on the slip line field theory, the yield failure model of the
floor is established. The expressions of yield failure depth of
floor were obtained and the damage range of coal and rock
mass, on both sides of coal pillar floor affected by the mining
of top slice working face was defined.
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Arbitrary mining activities done by previous small-scale mines left many irregular damage
zones in the ultra-thick coal seam, consequently leading to serious roof caving disasters
and recovery ratio decline during repeated mining. Pre-filing the damage zones is an
effective method to prevent mining-induced geological disasters. In this study, a novel
method regarding damage zone filling—based repeated mining (FBRM) was proposed by
combining the lower cutting layer (LCL) with the upper key bearing layer (UKBL) based on
analyzing the disaster state when the workface passes through damage zones. To
determine filling thickness, a method for calculating UKBL thickness was developed to
preliminarily identify the filling thickness parameters of UKBL. On this basis, a numerical
model incorporating damage zones and coal extractions was established to investigate the
impact of UKBL thickness on fracture propagation and the maximum principal stress
profiles around the damage zones. The proposed FBRM method was verified using the
ground pressure data collected from Panel B909 of Pingshuo No.2 Colliery. The results
show that 7) filling material with low strength and good cuttability is suitable for LCL, while
material with high strength and robust bearing capacity is suitable for UKBL; 2) with
increasing the UKBL filling thickness, the height of fracturing decreases, obeying a negative
exponential function, suggesting a good effectiveness of the damage zone pre-filling
technique; 3) as the UKBL filling thickness rises to 5m, the maximum principal stress
relocates from the area above both damage zones to the area closely in front of the
workface, indicating a filling thickness threshold of 5 m that can ensure roof stability; 4) the
maximum working resistance and bed separation were 11,800kN and 26 mm,
respectively, when the workface passed through damage zones B and E, favoring a
goaod reliability of the FBRM method. The research can provide best-practice references
for preventing roof caving disasters while exploiting the ultra-thick coal deposits affected
by previous mining activities.

Keywords: ultra-thick coal seam, damage zones, filling-based repeated mining, lower cutting layer, key bearing
layer
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INTRODUCTION

Due to lacking advanced production facility and good
management, in the 1980s, small-scale coal mines prevailed
in several major coal mining areas of China, such as Shanxi
and Inner Mongolia provinces. The methods employed for
exploiting underground coal resources were backward and
had many issues concerning arbitrary exploitation, disordered
management, and low recovery ratios (Wu and Xu, 2012;
Yujiang Zhanget al., 2016). In the last two decades, large-scale
coal production enterprises started to incorporate small mines
(Shi, 2013) to manage underground mining strategically. For
example, more than 3,300 small-scale coal mines in Shanxi
Province, China, were closed or merged in the 4 years from
2005 to 2009 (Wang and Weng, 2012). By deploying more
advanced production equipment, the new mines operate fully
mechanized longwall mining with working efficiency and
recovery ratio higher than before. However, due to
previous arbitrary mining activities and lacking engineering
drawings for indicating the pre-existing mined-out areas,
newly designed longwall panels sometimes enter irregular
mining areas left by the former mines. The irregular
mining areas, called damage zones, are generally some
cavities with a certain aspect ratio, and there are some
residual coals accumulated at the bottom of the damage
zones. As the longwall face approaches damage zones, the
localized ground stress changes dramatically due to coal body
removal, leading to significant stress concentration in the
panel roof and abutment. A series of issues such as roof
caving and rib spalling arise and deteriorate mine
production and safety conditions. The problem becomes
more pronounced if there are extensive damage zones
existing in ultra-thick coal deposits. Furthermore, when the
damage zone is higher than the maximum working height of
hydraulic chocks, the overlying fragmented rocks tend to
collapse into the face, potentially threatening the safety of
workers and facilities. In this circumstance, the hydraulic
chock cannot closely touch the roof and provide sufficient
supporting resistance, meaning that the chock itself and the
armored face conveyor (AFC) pushed by chocks have to
progress slowly. However, it is unreasonable to abandon
the damage zones considering the high volume of residual
coals thereof. On the other hand, discarding the damage zones
means that the panel is shortened, and various equipment has
to be moved to the next panel in a short duration, which is an
unpractical operation potentially decreasing coal recovery
ratios. In Pingshuo No. 2 Colliery, the damage zones
existing in the Second District can cause more than 4.5
million tons of coals to be wasted if there is no appropriate
treatment. Therefore, it is vital to develop a scientific and
practical mining method for retrieving the coals. Existing
mining experience shows that backfilling is an effective
technique to improve the stress condition of damage zones,
alleviate stress concentration in frontal and side abutments,
and address the problem regarding hydraulic chocks not
touching roof rocks. Therefore, investigating the
mechanism and method of repeated mining with
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preexisting damage zones filled is essential for ultra-thick
coal seam extraction from safety and economy perspectives.

The backfilling technique has attracted extensive attention
in the mining industry considering its advantages in
controlling surface subsidence, decreasing rockburst risks,
reducing gangue discharge, and protecting the localized
hydrogeological environment (Chang et al., 2014; Edraki
et al, 2014; Howladar and Karim, 2015; Jixiong Zhang
et al,, 2016; Hefni et al., 2021). The preliminary research
mainly focused on developing backfilling materials and
methods (Tapsiev et al., 2011; Seryakov, 2014; Deng et al,,
2021). Mitchell et al. assessed the strength of filling materials
regarding cemented classified tailings and sand using physical
simulation (Mitchell et al., 2011). By numerical simulation and
lab tests, respectively, Helinski and Zhang et al. studied the
mechanical property of cemented tailing-based filling
materials with variation in the cement-to-sand ratio, curing
age, and consolidation (Helinski et al., 2010; Sasa et al., 2019).
Benzaazoua and Nujaim et al. revealed that acid water and
sulphate can degrade the cementing property of composite
materials and decrease the strength and durability of the
backfilling body (Benzaazoua et al., 2002; Nujaim et al.,
2020). It was recognized that the size of gangue particles,
mineral compositions, and cementing agents can affect the
porosity, concreteness, and compressive strength of cemented
paste backfills (Benzaazoua et al., 2004; Sivakugan et al., 2015;
Walske et al., 2016; Xu et al., 2018; Li et al., 2020).

For the backfilling mining method, Ma et al. established a
mechanical model incorporating the coal pillar in mined-out
areas coupled with the roof backfilling. Based on this, the
principles for calculating roof deflection and pillar
compressibility were obtained to provide theoretical
guidance for backfilling-based room-and-pillar mining (Ma
et al., 2011). Kostecki and Spearing proposed the high-density
backfilling method for room-and-pillar mining and analyzed
how the shear strength, tensile strength, and stiffness of the
filling body affect pillar strength and the bearing capacity of
the lithologically soft floor (Kostecki and Spearing, 2015). By
combining the advantages of backfilling-based longwall
mining and room-and-pillar mining methods, Yu et al. put
forward the concept of continuous mining and backfilling with
a wall system (Yu et al., 2019). Zhou et al. analyzed the impact
of solid backfill ratio on the movement and deformation
behavior of overlying strata and the frontal abutment
pressure through physical simulation (Zhou et al., 2017).
Zhang et al. established a shortwall block mining method to
collect coal residuals such as pillars and boundaries (Zhang
et al., 2018). The previous research has performed extensive
theoretical analysis and engineering practice in terms of the
physical and mechanical properties of filling materials and
backfilling mining technology, to some extent providing
references for this study. One characteristic of these
previous cases is that the backfilling operation was
conducted following longwall face advancement. However,
in the case of this study, the filling operation should be
performed before longwall mining for addressing the
damage zones left by the previous mining activities. In
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FIGURE 1 | Comprehensive geological histogram of the panel B909.
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addition, the uncertain position and unregular profile of
damage zones enhance the difficulty and complexity of
repeated mining whether or not to fill the damaged zones.
With Panel B909 of Pingshuo No.2 Colliery as the case, this
study first analyzed the geological condition of damage zones
existing in ultra-thick coal seams due to the previous arbitrary
mining activities. Then a new damage zone filling-based
repeated mining (FBRM) method was first proposed by
combining the lower cutting layer (LCL) with the upper
key bearing layer (UKBL) based on the disaster analysis of
the working face approaching damage zones. Furthermore, a
new calculation method of UKBL thickness was given and
used to preliminarily determine the filling thickness
parameters of UKBL. Moreover, the numerical calculation
model of the over-irregular damage zone was established to
investigate the influence of UKBL filling thickness on crack
propagation and maximum principal stress distribution
around irregular damage zones. Finally, the FBRM method
was performed in Panel B909 of Pingshuo No. 2 Colliery, and
ground pressure data were also monitored. The research
studies can provide a new idea for preventing roof caving
and retrieving the coals left by the previous mining activities.

GEOLOGICAL AND ENGINEERING
CONDITIONS

As shown in Figure 1, Pingshuo No. 2 Colliery is located in the
north of Shanxi province in China. The depth and dip angle of
Panel B909 are 190.0 m on average and 2.5°, respectively. The coal
seam thickness is about 13.0 m. The Panel operates the top coal
caving mining method, with a width and length of 282.0 and
1,590.0 m, respectively. The height of cutting is 3.5 m, with the
above 9.5-m-thick coals technically caved. The ratio of coal

recovery is about 85%. The longwall workface is shielded by
hydraulic chocks (ZFY12000/23/40D) that are 1.8 m in width and
12,000 kN in the maximum working resistance. No. 4 Coalbed is
above Panel B909, whose average thickness is 11.5m. The
comprehensive geological histogram of panel B909 is exhibited
in Figure 1.

Pingshuo No. 2 Colliery incorporates several preexisting small
mines, making it possible for the current longwall workface to be
affected by the previous mining activities. These small-scale
mines used tunneling to cave coals, leaving many damage
zones in Panel B909 area. Also, due to lacking engineering
drawings for explicitly indicating the location and geology of
damage zones, it is challenging to conduct ultra-thick coal seam
mining smoothly. Transient electromagnetic methods and
advanced detection were employed to capture the spatial
position and dimension of these damage zones. Field
observation identified seven damage zones within the
designated area of Panel B909, labeled A to G in Figures
2A,B. The seven damage zones cover 173.0m along the
longitudinal direction (longwall retreating direction) and
175.0 m along the transverse direction. The distance between
these damage zones and the set-up position of Panel B909 is about
410.0 m.

Field detection details show that all the damage zones are of
semi-ellipsoidal profiles but different in the maximum height,
dimension, and volume of residual coals. According to the
geological conditions, the seven damage zones can be divided
into three categories, including @ the case without residual coals
in damage zones, @ the case where residual coals are thinner than
the cutting height, and ® the case where residual coals are thicker
than the cutting height.

Taking damage zones B and E as examples, via the peak of
both damage zones, a longitudinal section is made and labeled I-I
in Figure 2A. It can be seen from Figure 2 that both damage
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FIGURE 2 | Position of seven damage zones with respect to Panel B909: (A) planform; (B) three-dimensional stereogram.
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zones are of a semi-ellipsoidal profile, and the maximum height of
both reaches 18.0 m. There are 4.5-m-thick coals left in damage
zone B but none in damage zone E. The characteristic parameters
of the seven damage zones are shown in Figure 2B.

MECHANISM AND METHOD
FBRM Mechanism

The damage zones left by the previous small-scale mining
activities can delay the routine work of newly scheduled
longwall panels. If there are no pre-mining treatments, the
damage zones are likely to connect the longwall face and lead
to a series of mine hazards, which mainly include the following
two aspects.

1) Hydraulic chocks are directly exposed to a high volume of
fragmented rocks and are thus less capable of ensuring the
safety of workers passing through the face. Within the area
that is 20-60 m ahead of the face, hydraulic chocks provide
substandard resistance against roof loads, slowing the

advancement of the chock itself and the AFC pushed by
chocks.

2) As they are filled with fragmented rocks, the damage zones are
structurally unstable and prone to collapse due to the mining
effect. The caved rocks shock mining equipment and impact
their routine operation. Backfilling treatment is an effective
tool in optimizing stress distribution and consolidating
cracked rock masses in damage zones. Therefore, the
damage zones can be filled in advance so that the intact
coal body and the coals left by the previous mining
activities can be extracted safely.

The coal mining in Panel B909 is expected to achieve the
following targets. First, the filling thickness should be greater than
the cutting height, and a particular part of the filling body should
maintain above hydraulic chocks during cutting. The remaining
layer allows hydraulic chocks to receive sufficient reactive force to
push AFC forward and protect underlying facilities from caved
materials. Second, the lower part of the filling body can be peeled
off easily by the shearer so that the cutter teeth can be saved from
wear and tear to a great extent.
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FIGURE 3 | Schematic of layered filling for damage zone treatment.

According to the above analysis, this study proposes the FBRM
method, whose essence is that the filling into preexisting damage
zones should be performed before longwall panel extraction. The
filling materials should not only satisfy the above targets but also
consider filling expenditures. For acquiring a robust bearing
capacity for the upper layer and satisfactory cuttability for the
lower layer, different kinds of functional materials are expected to
strengthen the two parts. Material with low strength and good
cuttability applies to the lower part, namely, cutting layer filling.
In contrast, high strength and strong bearing capacity material is
used for the upper part to form a key bearing layer. The layered
filling scenario is schematically exhibited in Figure 3.

Critical Procedures for FBRM Method
According to the FBRM mechanism, the procedure for the

layered filling of damage zones is designed as follows:

1) Conduct precise detection towards the damage zone. The
transient  electromagnetic = method, three-dimensional
earthquake, and channel waves can capture key geological
parameters, including spatial position, dimension, height, and
thickness of residual coals.

2) Apply different filling materials to different layers. The
material selection should be according to the designed
function of the LCL and UKBL, as analyzed in Section 3.1.

3) Determine the filling thickness of the LCL. Specific filling
parameters must be determined according to the relationship
between maximum height of damage area (Hy) and cutting

A New Repeated Mining Method

height of shearer (H;). The determination method of filling

thickness of the LCL is shown in Table 1.

Determine the filling thickness of the UKBL. It should

consider the filling material property and rock caving

impact and ensure that the UKBL remains intact during
mining. The theoretical determination method of the

thickness of the UKBL is shown in Table 1.

5) Perform in situ industrial tests, through which the material
and filling thickness of the LCL and UKBL can be evaluated by
monitoring roadway deformation and hydraulic chock
reaction.

4

~

The critical procedures of the FBRM method are shown in
Figure 4.

THEORETICAL ANALYSIS OF THE UKBL
FILLING THICKNESS

As described in section 3.2, the filling thickness determination of
the UKBL was the most important step in the FBRM method. The
theoretical solution of the filling thickness of the UKBL can be
obtained via the mechanical balance principle. The theoretical
solution can provide a preliminary reference for the final
determination of the filling thickness of the UKBL. Based on
this theoretical solution, a numerical model representing the
FBRM mechanism is established to acquire the optimal
solution of the filling thickness.

The above analysis indicates two circumstances regarding the
pre-mining filling of the UKBL when the LCL thickness is fixed.
The first circumstance refers to a situation where the distance
from the maximum damage height to the filling thickness of the
LCL is no greater than the theoretical filling thickness of the
UKBL. The area to be cut or the damaged area above residual
coals are filled to consolidate fragmented rocks and keep mining
safe, as shown in Figure 5A. Figure 5B describes another
circumstance where the aforementioned distance is greater
than the theoretical filling thickness of the UKBL. In this case,
there is an unfilled void existing above, and mining-induced coal/
rock caving impacts the underlying rock units and deteriorates
the stability of the UKBL. The scenario in Figure 5B is taken as an
example to calculate the filling thickness of the UKBL.

TABLE 1 | Determination method of thickness of the cutting layer and key bearing layer.

Cutting layer Determinant condition

Filling thickness of
the cutting layer (m)

Key bearing layer Determinant condition

Filling thickness of the key bearing layer (m)

Hd < Hg Hd > Hy
M; < Hg M > Hg
0 Hs-M¢ 0
M < Hs Ms > Hg
Hg-Hs £ Mg Ha-Hs > My Hg-Hr < Myt Hqg-Hs > My
Ha-Hs Mi Hs-Hr Mg

Hq, Maximum height of damage area; Hs, Cutting height of shearer; M; Thickness of floating coal; My, Theoretical thickness of key bearing layer.
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FIGURE 4 | Critical procedures for the FBRM method.
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: Hy: Maximum height of damage area I

FIGURE 5 | Two patterns of damage zone filing: (A) My+M, < Hg; (B) Mi+Mg > Hg.

According to the designed longwall operation, two to three
hydraulic chocks move together following the shearer, as shown

The total width of the hydraulic chocks that are delayed in
moving is 4, and the distance from the delayed chocks to the

in the close-up view of Figure 6. This operation inevitably causes
a particular area of the roof to be suspended, that is, a rectangular
support lagging area. As a result, the rocks caving from the top of
the support lagging area can directly stress the UKBL and lead to
cracking and failure.

It is assumed that the theoretical filling thickness of the UKBL
is My, the maximum height of a failure zone is Hg, and the filling
thickness of the LCL is M.. The maximum caving height H of
failure zones can be expressed as follows:

H=H;—- (Mg +M,) (1)

frontal rib is I. The maximum shock load of overlying rocks
caving onto the UKBL is as follows:

F=K;(axlxH)pg (2)

where Ky refers to the dynamic factor and equals 1 + \1+2H/A
in free fall condition, A is vertical deformation of the UKBL and
ranges from 0.8 to 1.0, p is density of caving rocks, and g is
gravitational acceleration.

Assuming that the UKBL within the support lagging area fails
in shear effect, the shear stress of the UKBL is as follows:
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FIGURE 6 | Hydraulic chocks moving forward, with a delay relative to the
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In line with Tresca failure criterion (Inoue, 1996; Cai and
Wang, 2018), we have the following:

27 = 0, (4)

where o refers to the tensile strength of the filling material of
the UKBL.

By incorporating Eqs 1-4, the filling thickness of the UKBL is
as follows:

1++1+2H/A)(ax1x H)pg
os(a+l) (5)
H=H;—- (Mg +M,)

Mkt:(

For the UKBL, the filling body is anticipated to bear plastic
deformation to alleviate the impact of rock caving on hydraulic
chocks. The Remy filling materials from Minova International can
meet the requirements mentioned above and generate microbubbles.
Hence, two various Remy materials were used to fill the LCL (Label
No. 2) and UKBL (Label No. 1). The two materials No. 1 and No. 2
are 1,250 kg/m® and 600 kg/m” in density, 1.6 and 1.9 GPa in elastic
modulus, and 4.0 and 1.5 MPa in UCS, respectively.

By combining Panel B909 parameters and filling material
properties to Eq. 5, the theoretical solution of the filling
thickness of the UKBL is determined. Relevant numerical
parameters are listed in Table 2, among which the
maximum damage height is chosen from all damage zones.

A New Repeated Mining Method

TABLE 2 | Parameters for calculating the filling thickness of the key bearing layer.

Parameter Value Parameter Value Parameter Value
Hq 18.0m L 12m g 9.8 N/kg
M 3.5m A 0.4-0.6 O 0.38 MPa
a 54m p 2,500 kg/m® - -

Applying the parameters in Table 2 to Eq. 5, it is found that
the filling thickness of the UKBL (My,) equals 4.40-4.88 m.

NUMERICAL SIMULATION OF THE UKBL
FILLING THICKNESS

A numerical model of the over-irregular damage zone was
established to determine the optimal filling thickness of the
UKBL by comparing mining-induced fracture propagation
and maximum principal stress level. The software adopted is
Universal Distinct Element Code (UDEC).

Model Construction and Calibration
Numerical modeling has been extensively applied to address
geotechnical issues regarding underground mining, tunneling, and
slope movement, requiring an indispensable procedure that
parameters for mechanical computation should be calibrated using
actual data (Zhang et al,, 2021a; 2021b). Existing studies show that
uniaxial compression and Brazilian splitting tests are two frequently
used methods to verify the property of the rock matrix and joints (Bai
et al, 2016; Zhu et al, 2020). The modeled samples subjected to
uniaxial compression and Brazilian splitting are exhibited in
Figure 7A. The uniaxial compression test uses samples 100 mm in
length and 50 mm in diameter, while the Brazilian splitting test uses
samples 50 mm in diameter. In constitutive settings, both loading
ends are rigid, and the rock matrix and joints are assigned as the elastic
and residual strength models, respectively. The loading process is
controlled via the rate. More detailed procedures are described in the
studies by Singh and Rao (2005) and Kazerani and Zhao (2010). Take
the 7.5-m-thick medium sandstone unit (shown in Figure 1) as an
example; the simulated compression and tension on samples cored
from this layer are exhibited in Figures 7B,C, accompanied by
laboratory test results for comparison. The sample failure pattern
and stress-strain curve indicate that the calibrated model has a good
agreement with laboratory tests, possessing an error of 1.82% in
uniaxial compressive strength and 0.32% in tensile strength with
respect to the actual experimental data. The results indicate that
various physical and mechanical parameters for the 7.5-m-thick
medium sandstone stratum have been reliably calibrated. Similarly,
numerical models for other rock units are also verified, and the
parameters after calibration are summarized in Table 3.

A large-scale model is then constructed with the geology of
Panel B909 as the background, in which the calibrated physical and
mechanical parameters are assigned to the corresponding rock
units. Field measurement shows that the damage zone reaches its
maximum height (18.0 m) in zones B and E. Damage zones B and
E are close to each other and located almost along the longitudinal
direction (longwall retreating direction), as shown in Figure 2. It
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FIGURE 7 | Construction and calibration of numerical modeling: (A) model construction; (B) comparison of uniaxial compression; (C) comparison of Brazilian
splitting.

can be extrapolated that, as the longwall face progresses, the strata ~ the longwall face successively passes through zones E and B.
above zones B and E experience more drastic impacts than other ~ Figure 8 shows the model incorporating a longwall panel, the
zones. Therefore, the large-scale model considers the case where  overlying strata, and damage zones E and B.
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TABLE 3 | Numerical simulation calculation parameters.

Lithology Unit weight Elastic modulus
(kg/m?) (MPa)
Coarse sandstone 2,350 3,000
Medium sandstone 2,400 3,100
Clay minerals 2,355 2,015
No. 4 coal 1,440 1,300
Sandy mudstone 2,360 2,050
Fine sandstone 2,400 2,500
Medium sandstone 2,380 2,300
Fine sandstone 2,400 2,500
Coarse sandstone 2,350 3,000
Medium sandstone 2,600 2,800
Lime mudstone 2,300 2,000
Sandy mudstone 2,360 2,050
No. 9 coal 1,330 1,200
Mudstone 2,300 2,000
Key bearing layer 1,250 1,600
Cutting layer 600 1,900
Residual coals 980 860

Poisson’s ratio

0.34
0.33
0.23
0.38
0.24
0.33
0.32
0.33
0.34
0.32
0.25
0.24
0.36
0.25
0.33
0.29
0.44

A New Repeated Mining Method

Cohesion (MPa) Friction angle Tensile strength

0 (MPa)
2.8 38 1.14
2.9 39 1.59
0.5 40 0.65
1.6 36 0.30
0.5 39 1.10
3.2 40 1.72
3.1 40 1.61
3.2 40 1.73
2.8 38 1.28
5.0 38 1.65
0.4 38 0.48
0.5 39 1.10
1.6 39 0.30
0.4 38 0.84
2.4 40 1.21
2.2 38 0.94
0.1 36 0.02

FIGURE 8 | Numerical model for analyzing rock mass behavior in response to FBRM.

The geo-mechanical model is 300 m in length and 98 m in
height, with the 50-m-long coal body kept unmined for
boundaries on both sides. The model is fixed along both
sides and the bottom edge via zero velocity, and the top
surface is treated as a stress boundary bearing vertical stress
of 2.4 MPa. The ratio of horizontal stress to vertical stress is
1.2 throughout the whole profile. Phased excavation is used
for simulating actual longwall work, for which the excavation
command is executed per 5 m. According to the theoretical
filling thickness calculated in Section 4, four scenarios are
designed where the filling thickness of the key bearing ranges
from 3 to 6 m. Besides, Voronoi meshing is adopted to
densify the joints around the two damage zones for
detailing rock mass deformation and caving behavior, as
shown in Figure 8.

Result Analysis
Figure 9 shows four fracture propagation scenarios where the
longwall workface is 5 m away from the damage zone E, with

filling thickness ranging from 3 to 6 m, as exhibited in Figures
9A-D, respectively. Figure 10 suggests that peak positions of
the maximum principal stress are varied under different filling
thicknesses of the UKBL.

The comparison between Figures 9A-D indicates that
fracture density gradually decreases with increasing filling
thickness of the UKBL. When a 3-m-thick area is filled, as
shown in Figure 9A, the fractures are extremely dense
around the damage zone, and the UKBL in both damage
zones lose bearing capacity due to extensive fracturing.
Simultaneously, pronounced rock caving occurs along the
roof of both damage zones, shocking the underlying key
bearing stratum. As the thickness of filling enlarges to 4 m,
fractures about damage zones become slightly sparse,
especially within the UKBL of damage zone B. The roof of
damage zone E cracks but keeps its position, and roof rock
cracking and caving are also relieved to some extent, as
shown in Figure 9B. With filling thickness further
increased to 5 m, fractures become lesser in the UKBL of
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FIGURE 9 | Fracture propagation profile: (A) 3 m; (B) 4 m; (C) 5 m; (D) 6 m.

damage zone E and fade away in damage zone B, and roof
rocks remain uncaved in both damage zones, as shown in
Figure 9C. Figure 9D shows that when a 6-m-thick area is
filled, there is an increase in fracture population, especially
within the UKBL of damage zone E, characterizing an
increasing trend contrary to previous scenarios.
Quantitatively, the distance between the top of continuous
fracturing and the coal seam floor exponentially decreases
with filling thickness enlarged; the height of fracturing above
damage zone B declines from 32.4 to 28.1 m with filling
thickness increased from 3 to 5m. However, the decrease
becomes slight if the filling thickness is further enlarged. The
relationship between the height of fracturing and filling
thickness is depicted in Figure 11.

From Figure 10, when the filling thickness is no greater
than 4 m, the maximum principal stress reaches its peak
value in the area above the pillar between damage zones E
and B and forms significant stress concentration, as shown in
Figures 10A,B. It can be understood by combing Figures
9A,B that in both filling thicknesses, around damage zones E
and B, the fractures drastically propagate, degrading the
bearing capacity of surrounding rock masses and causing
the peak stress to be transferred to a deep position. When a 5-
m-thick area is filled, the maximum principal stress peaks in
the frontal abutment, suggesting an adequate bearing
capacity of the UKBL, as shown in Figure 10C. In the
case of 6-m filling thickness, Figure 10D shows that stress

concentration occurs in front of the workface and along the
roof of damage zone E. The maximum principal stress shows
a decrease-increase trend with filling thickness enlarged, as
depicted in Figure 11.

The above analysis indicates that when the filling thickness
is 5 m, the UKBL slightly cracks, and rock masses surrounding
damage zones E and B remain stable. The maximum principal
stress reaches the lowest level by adopting this filling thickness,
and the UKBL shows good bearing capacity. Therefore, the
optimal filling thickness of the UKBL is 5 m.

IN SITU TESTING

To verify the proposed FBRM method and appropriateness
of technical parameters, in situ industrial tests were
performed in Panel B909. Before longwall mining, each
damage zone was treated with layered filling via grouting
holes from belt and track roadways. Four monitoring points
were placed along both roadways and corresponding to the
top caving position of damage zones B and E for recording
bedding plane separation, as shown in Figure 12A. The deep
and shallow ends of the monitoring instrument were fixed to
the middle of the overlying medium sandstone unit (basic
roof) and sandy mudstone unit (immediate roof). In
addition, the working resistance of the No. 54 hydraulic
chock was continuously recorded to reflect roof pressure

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 10 | Article 835867


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Chen et al.

A New Repeated Mining Method

AO 1 2 3 4 5 6 7 B

B i

..
..........

FIGURE 10 | Maximum principal stress contour: (A) 3 m; (B) 4 m; (C) 5 m; (D) 6 m.

0 1 2 3 4 5 6 7

BRI i

40 B Fracture propagation height {12
—_ Il Maximum principal stress =
g3 324
1 29.5 {108
301 : 28.1 27.5 Py
] 18 2
= 251 6 2
2 =
. B 482 s 103
a . i
S 15+ =
(=% 14 E
2 10
£ g
8 st 12 &
= =
0
Thickness of key bearing layer (m)
FIGURE 11 | Curves of the height of fracturing and the maximum
principal stress versus filling thicknesses.

response to the filling-based longwall mining. Figures 12B,C
show the records of bedding plane separation and resistance
of hydraulic chocks.

Figure 12B shows that with the workface approaching,
bedding plane separation experienced a  general
increase-decrease trend. The separation phenomenon
started to occur as the workface was 40 m away from
monitoring points. No. 4 point recorded the maximum
separation level reaching 26 mm, reflecting the stability and
slight deformation of the roadway. Figure 12C shows that
when the working face passed through damage zones E and B,
the maximum working resistance was 11,800 kN, still lower
than the rated level (12,000kN). The working resistance
started to increase as the face was 25 m away from damage
zone E, dramatically decreased to 9,100 kN as the coalface
entered damage zone E, and then increased again beneath the
pillar between damage zones E and B. Similar fluctuation of
working resistance repeated when the workface walked
through damage zone B. The average working resistance of
No. 52 hydraulic chock was 10,400 kN, reflecting a steady state
throughout the repeated mining process. Also, roof caving and
hydraulic chock failure did not occur. It means that the FBRM
method developed in this study and the corresponding filling
parameters are reasonable and reliable.
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CONCLUSION

Pre-filling the irregular damage zone is an effective method for
preventing roof caving disasters and improving the recovery ratio
of ultra-thick coal deposits. Taking Panel B909 of Pingshuo No. 2
Colliery as the case, this study proposed a damage zone filling-based
repeated mining method and detailed its procedures. A novel
calculation method was developed to preliminarily determine the
filling thickness of UKBL. By establishing a numerical model
incorporating over-irregular damage zones and longwall mining,
fracture propagation and the maximum principal stress profiles in
the vicinity of damage zones were evaluated. In situ tests were
performed to verify the reliability of the FBRM method.
Conclusions are drawn as follows:

1) Pre-mining filling is an effective tool to strengthen the damage
zone left by previous mining activities. The filling-based mining
should guarantee that I) the upper filling body has robust bearing
capacity to provide sufficient reactive force for hydraulic chocks
and to proof mining equipment from being impacted by caving
rocks and 2) the lower filling body is of satisfactory cuttability so
that cutter teeth can be saved to a great extent.

2) With enlarging the UKBL filling thickness, the fracture propagation
height decreases, obeying a negative exponential function. The
maximum principal stress shifts from the area above damage zones
downward to the frontal abutment as the filling thickness is beyond

5 m, indicating a filling thickness threshold of 5 m where the roof
can be stabilized in repeated mining.

3) The optimal filling thickness of the UKBL was determined to be
5m by comprising the results of numerical simulation and
theoretical calculation. In situ tests show that when the workface
passed through damage zones B and E, the maximum working
resistance of hydraulic chocks was 11,800 kN (12,000 kN in rated
resistance), and the roof separation was 26 mm. The results suggest
that the FBRM method is reliable and effective in addressing the
pre-existing damage zones, thus providing best-practice references
for retrieving the coals left by previous mining activities with roof
caving hazards minimized.
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The early warning models for coal and gas outburst have become increasingly more
important and have gained more attention in the mining industry in an effort to further
improve mine safety. In the warning process, however, the theoretical models do not
always work in a timely manner largely due to the delayed capture of the real time
parameters. Based on the evolving mechanism of gas outburst, the gas emission is
considered a dominant factor in this work because its data is attainable in real time and
clearly characterizes the entire outburst process. In order to characterize and distinguish
the variation of the gas emission during an outburst and normal mining activity, a total of
four statistical methods were employed to quantify the variation of gas emission: the
moving average, the deviation ratio, the dispersion ratio, and the fluctuation ratio. Also, the
Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) are also
included to demonstrate the accuracy of the deep learning model for predicting the
variation of gas emission. Developed from these six indicators, the multi-factor fuzzy
comprehensive evaluation model forms the outburst early warning system by calculating
the combined index of the difference among the indicators. The accuracy of the early
warning system is examined in the case study of the “3.25” gas outburst hazard in Shigang
Coal Mine. The results show advantages of the comprehensive evaluation model
established from the six characteristic indicators when predicting an outburst.

Keywords: gas emission quantity, coal and gas outburst, deep learning, Bi-LSTM, coal

INTRODUCTION

In 2020, China’s coal consumption accounted for 56.8% of the domestic primary energy consumption
(National Bureau of Statistics China, 2021). Before the carbon peak expected in 2030, coal energy will
remain an important part of China’s energy consumption. There are many disaster factors in the
process of coal mining. Among those, gas disasters are the “first killer” (Wang, 2018). After decades of
research and hazard control in this field, for the first time, no major coalmine gas accident occurred in
2020 (a major gas accident refers more than 10 dead in an accident) (Wu et al,, 2021). However, recent
gas outburst accidents have been on the rise and have occurred more frequently in China. They include
the gas outburst at Shanxi Shigang Coal Industry Company on March 25, 2021, the gas outburst in
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Dongfeng Coal Mine, Guizhou, April 9, 2021, the gas outburst at
Sanbao Coal Mine, Guizhou, April 26, 2021, the gas outburst in the
Sixth Mine of Henan Hebi Coal and Electricity Co., Ltd. on June 4,
2021, and the gas outburst in the shaft at Didaoshenghe Coal Mine,
Heilongjiang, June 5, 2021.

Due to the continuous occurrence of these gas outburst
accidents, scholars have paid more attention to the
characteristics of gas accidents to find a method to predict
them. The spatial-temporal distribution of the outburst
accidents in China was further analyzed by using the statistical
method (Wang E. Y. et al,, 2020; Zhang et al., 2021). Some experts
and scholars introduced the various disaster factors of gas
outbursts into algorithms and models including the extreme
learning machines (Han et al., 2019), the random forests
(Long et al,, 2021), the machine learning (Pu et al., 2019), the
Neural Network (Xu and Cheng, 2021), the Grey Correlation
Analysis (Yang and Zhou, 2021), etc. The correlation between the
various factors to the gas disasters were analyzed to realize the
disaster prediction. Some scholars used the engineering
technology and geophysical methods to predict the dynamic
disaster hazard, including the drill cuttings index method (Qi
etal., 2021), the initial velocity of gas emission from drilling holes,
the R index method (Wu, 2021), the acoustic emission method
(Wang et al., 2018), the micro-seismic method (Song et al., 2021;
Chen et al,, 2022), the electromagnetic radiation method (Wang
H. et al., 2020), etc. Based on the gas monitoring data, some other
scholars utilized the data driven prediction algorithms, such as
data mining (Long et al., 2020), the Gaussian process model (Li
et al,, 2021), the deep learning (Wang E. Y. et al., 2020) and the
multi-parameter fusion (Du et al., 2021) for predicting the coal
mine gas concentration. However, some influencing factors,
including the real time seam gas content and gas pressure,
cannot be obtained. The use of the drill cuttings method and
the electromagnetic radiation method are easily affected by
human activities and the underground geological environment.
Therefore, the prediction results may show a certain degree of
delay and also relatively larger errors.

In order to improve the accuracy of the gas outburst early
warning model and to facilitate the real time on-site decision-
making, the influencing factors in the model must be obtained in
real time in the first place. Based on the evolving mechanism of gas
outburst, the gas emission can be obtained in real time and also
clearly characterizes the entire outburst process, which should be
considered as a main factor. This paper employed four statistical
methods including the moving average, the deviation ratio, the
dispersion ratio, and the fluctuation ratio to quantify the variation
of the gas emission. The Root Mean Square Error (RMSE) and the
Mean Absolute Percentage Error (MAPE) were included in the
model to demonstrate the accuracy of the deep learning model for
predicting the variation of the gas emission. The outburst early
warning system was then formed by calculating the combined
index of the difference among the indicators. Based on the data of
the real outburst accidents, the early warning results of this model
were compared with the results of previous models. The research
results showed important practical significance in improving the
outburst early warning accuracy and ensuring the safety of
production during the tunneling process.

Early-Warning Method for CGO

CHARACTERISTIC ANALYSIS OF MAIN
FACTORS IN THE PROCESS OF COAL AND
GAS OUTBURST

Main Controlling Factors

Coal and gas outburst is an extremely complex coal-rock dynamic
disaster that often occurs during the mining process in coalmines.
It is a strong and complex dynamic process of gas-containing coal
and rock fluids that instantly evolve in time and space. The
outburst generates dynamic effects, which include releasing
powerful energy, damaging mining equipment, and causing
casualties. Secondary disasters such as gas explosions are not
unusual, which seriously threatens the safety in the mine
production (Wang W. et al, 2020). At present, experts and
scholars generally believe that the coal and gas outburst is the
result of the combined effects of stress, gas, and the physical and
mechanical properties of the coal seam (Zhu et al., 2018). Coal
and gas outburst is the dynamic evolving process of the coal seam
including the energy accumulation, development, destruction
and release. It can be divided into four phases including the
evolution, formation, development and the termination (Luo
et al., 2018). The evolution model of the coal and gas outburst
is shown in Figure 1.

Evolution Phase

In-situ stress is the dominant cause of an outburst. After the start
of the mining operations, the load in the mining field is
transferred to the coal wall, and the in-situ stress gradient of
the coal wall increases and concentrates, raising the gas pressure.
In addition, changes in the ground stress affect the internal
structure of the coal seam, alter the preservation and
movement of gas (Qin et al., 2021), and provide energy to the
occurrence of the coal and rock dynamic disasters. At this stage,
various outburst signs including the muffled thunder, the
fluctuation of the gas concentration and the abnormal gas
emission would appear in coal and rock masses.,

Formation Phase

The combined action of the in-situ stress and gas leads to the
fracture and instability of the coal mass, promoting the
development of an outburst. The pressure of the gas increases
by several to over ten times. The coal mass expands and deforms
when adsorbing the gas. A large amount of the adsorbed gas enters
the desorption process and participates in the outburst. Gas
expansion energy is the main energy source for a gas outburst
(Lichtenberger, 2006). The elastic potential energy, the gas internal
energy, and the gravitational potential energy of the unstable coal
and rock masses break the unstable coal mass and throw it out in
the space, forming small outburst holes (Hu et al., 2008).

Development Phase

When the external pressure drops suddenly, the higher pressure
in the coal mass causes rapid gas release and resultant facture of
coal mass. The gas storm with high gas pressure gradient moves
the fractured coal mass (Wang, 2020). The development of the
outburst depends on the physical and mechanical properties of
the coal. A smooth outburst hole promotes the development of
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the outburst, while resistance in the hole prevents the outburst
from developing.

Termination Phase

The pressure gradient of the ground stress and gas would sharply
drop when the outburst energy gradually decays to a degree that
hardly damages the coal mass or the outburst holes are blocked.
Furthermore, the gas outburst would stop when the conditions
for continuous damage and instability are not met.

In the evolution process of coal and gas outbursts,
underground mining activities can destroy the original
equilibrium of stress in the coal seam. In-situ stress affects the
gas movement in the deep coal mass by controlling the porosity
and permeability in the coal mass. The seam gas content
surrounding the excavation face affects the distribution and
gradient of the gas pressure. It also determines the gas
emission quantity. The dynamic changing characteristics of the
gas emission are affected and controlled by various factors such as
the coal and rock mass stress, the gas pressure, the coal and rock
permeability. All these factors contribute to the deformation and
fracture of the coal mass. The pattern change is basically
consistent with the hazard of the gas outburst.

In summary, the gas emission participates in the entire process
of the coal and gas outburst. The parameter values can be
calculated by the gas concentration, the wind speed, and the
cross-sectional area of the tunnel. More importantly, the values
can be obtained in a real time manner, as described in Eq. 1.
Therefore, this parameter was selected as the main factor for in-
depth analysis.

Q, = 60Cv,S (1)

Where Q; is the value of gas emission quantity in the tunnel, in
m’/min; C denotes the gas concentration, in percentage; v;
denotes the wind speed, in m/s; S is the cross-sectional area at
the testing location in the tailgate, in m?.

According to Eq. 1, the gas emission is a function of the gas
concentration, the wind speed, and the roadway cross-sectional
area. By selecting the gas sensor data, the wind speed and the
cross-sectional area of the tailgate, the analysis of the precursory
characteristic law of gas outburst was carried out.

Choosing the Indicators for Coal and Gas

Outburst Based on Statistics

In order to accurately analyze the variation characteristics of gas
emission, this paper employed the moving average, the deviation
ratio, the dispersion ratio, and the fluctuation ratio as the
characteristic indicators for the dynamic change of the gas
emission quantity.

Moving Average

The moving average is a series of averages on the gas emission
quantity of different subsets in the full observing time period. It
reflects the change trend of the gas emission quantity over time,
indicating the dynamic engineering disturbance in the mining
activity process, and the change of the gas emission quantity in a

Early-Warning Method for CGO

certain period of time (increasing, horizontal and declining). The
trend is stable, which means it will continue for a period of time
once established and will remain stable until external factors force
it to change.

= 1 n-1

Ci= o] Lint Gi 2)
Where C,, is the nth average of gas emission quantity, # is the
number of subset in the full period, C; denotes the ith gas
emission quantity recorded.

Deviation Ratio
Deviation ratio is the value by which the real-time gas emission
quantity deviates from the moving average in a period of time. It
reflects the change pattern of gas emission quantity affected by
the seam gas content, the gas pressure, the coal seam permeability
coefficient, and other factors during that time.
Ct - Cn
An)=—5— (3)
(n) e

Where C; denotes gas emission quantity at time ¢, C,, denotes nth
average of gas emission quantity.

Dispersion Ratio

The dispersion rate reflects the dispersion degree of the gas
emission data series, that is, the degree to which each value
deviates from the mean value. Dispersion of the gas emission
quantity in a certain subset of time period indicates the extent of
the change of the gas emission.

1 om
u= m thlct

N (4)
D(m) = mztzl (Ci—n)’

Where C; denotes gas emission quantity at time ¢, m is the
number of the subset of time period.

Fluctuation Ratio

The fluctuation ratio can describe the vibration amplitude of the
sequence expressed by the amplitude variation ratio Rosc. This
ratio means the relative rate of change between the gas emission
quantity at the initial moment and the gas emission quantity at
the end moment of a certain time interval Meanwhile, it reveals
change times in the sequence as reflected by the frequency of
change Rorc, meaning change times in the gas emission quantity
within a certain time interval. The combination of these two
aspects describes the actual situation of the gas emission quantity
changes.

ROSC (n) = [ (CTmax - CTmin)/CTmux] (5)

Where Rosc (n) denotes the ratio of the max concentration
changes in time period #, Crmaxs Crmin denote the maximum
and minimum values of gas emission quantity during that time
period individually.
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Rorc = f(C-nyt) (6)

Where C;_n)-+ denotes gas emission quantity from time ¢-n to
time f, () denotes the change times.

In a variety of coal mining and tunneling technology
conditions, the gas emission from the normal coal mining face
and tunneling face periodically fluctuates within a certain range.
The moving average of the gas emission is a horizontal line that
changes steadily. The curves of deviation ratio, the dispersion
ratio, and the fluctuation ratio of gas emission quantity are
relatively stable. When the gas emission quantity sharply
increases or decreases, the moving average, deviation ratio,
dispersion ratio, and fluctuation ratio of gas emission quantity
exhibit abnormal changes.

Choosing the Indicators for Coal and Gas

Outburst Based on Deep Learning

The Principle of Bidirectional LSTM Neural Network
Recurrent Neural Network (RNN) is a simple loop that repeats in
the form of a chain. The schematic diagram of the structure is
shown in Figure 2.

The RNN returns the output of the hidden layer to the input
forming a cycle. When training RNN, as the input sequence
samples increase, the partial derivative weight matrix of the loss
function tends to zero or infinity, resulting in varnishing gradient
problem or exploding gradient problem, which makes the RNN
uncapable of dealing with the long-term dependence problem

Backward
layer W

o

Forward | W, |he W, \ W,

layer —

FIGURE 3 | Principle of bidirectional LSTM algorithm model.

effectively. Long short-term memory (LSTM) is an optimized and
improved recurrent neural network model that controls the
proportion of information that needs to be retained or
forgotten in the cell state C, in the neural unit by adding three
different “gate” structures (i.e., the input gate, the forget gate, and
the output gate). The gate structure enables the LSTM with the
long-term learning capabilities and solves the varnishing gradient
problem and exploding gradient problem that RNN cannot solve.

Compared with RNN, LSTM shows certain advantages in
dealing with the long-term dependence problems. However, it
can only predict the state of the next moment based on the
temporal information of the previous moment. In some
problems, the output of the current moment is not only
related to the state at the previous moment. It may also relate
to the state in the future and as a result, there are still deficiencies
in the actual application of the LSTM.

The bidirectional LSTM neural network (Bi-LSTM) can use
past and future data information for learning. In other words, it
can use the information from the upper memory as well as the
lower memory to predict reservoir physical parameters, which
remedies the LSTM’s shortcomings. Figure 3 is the schematic
diagram showing the input layer, the forward layer, the backward
layer, and the output layer from bottom to top. Of the two LSTM
network layers with opposite information transfer directions, the
forward LSTM layer can obtain the timing information of the
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FIGURE 4 | Construction of coal and gas outburst early warning model.

previous moment, and the backward LSTM layer can obtain the
timing information of the future moment. Consequently, the
model can fully obtain the information of upper and lower
memory from both the front and back directions to predict
the current state and the model’s performance is therefore
improved.

The Bi-LSTM model has 8 weights used in cycles at each
moment: the weights of the input layer to the forward and
backward hidden layers (w;, w,); the weights of the forward
hidden layers (w,, w3); the weights of the backward hidden layers
(ws, wy); the weight of the forward and backward hidden layers to
the output layer (ws, wg). The formulas for the forward hidden
layer h,, the backward hidden layer &, and the output layer o, are
listed as follows:

ht = f(wlx, + wZCLl + w3h;71) (7)
he = f (wax, + wsCyy + wrhy_y) (8)
o, = g(wsh, + wsh,) )

During the training of the network model, problems such as
the insufficient training data sets, the sample uniformity, the
excessive noise interference in the training data, or the model over

Early-Warning Method for CGO

complexity may arise, resulting in over-fitting. Aiming at the
over-fitting problem of the bidirectional LSTM model in
predicting with waveform data, the dropout mechanism is
introduced to restrict the sparsity in the random region of
the model (Cai et al, 2021). The dropout mechanism
randomly discards a certain fraction of neural units from the
network temporarily. The entire model training process is
equivalent to training many different networks. The update
of weights will not rely heavily on some features, and the
network can be forced to learn more robust features. It not
only prevents over-fitting, but also makes the model more
generalized, thus improving the efficiency and accuracy of
model training.

Choosing the Outburst Indicators Based on Deep
Learning
RMSE and MAPE are used as indicators to measure the
prediction accuracy of the model. RMSE and MAPE reflect the
deviation between the predicted gas emission quantity and the
actual quantity. A smaller value indicates better prediction
accuracy, and vice versa. MAPE is more robust to outliers of
the two, reflecting the overall prediction effectiveness of the
model. Conversely, RMSE, emphasizes the influence of outliers
on the prediction effectiveness of the model. Employing both can
better evaluate the accuracy of the model’s prediction.

The calculation formulas are:

(10)

(11)

¢

Where C; denotes actual gas emission quantity, C; denotes
predicted gas emission quantity, and n denotes the size of the
sample.

DEVELOPMENT OF EARLY WARNING
SYSTEM FOR COAL AND GAS OUTBURST

The coal and gas outburst early warning index system is
established from the dynamic characteristics of the gas
emission quantity and the gas emission quantity prediction
model based on the RNN. The criteria priority and member
function are created with the fuzzy comprehensive early warning
model and then the method for early warning of the coal and gas
outbursts, based on the characteristics of the online monitoring
gas emission quantity, is realized.

Determining the Severity of the Gas
Emission Quantity Model Abnormality

This paper combines the analytic hierarchy process (AHP) with
fuzzy theory to evaluate the probability of the coal and gas
outburst.
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FIGURE 5 | Layout of coal and gas outburst accident site.
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Determining the Indicator Weights With AHP
I. The 1-9 scale method is used to construct the judgment matrix
A, the principle eigenvalue A, and the criteria priority vector w
are then calculated.

II. Check the consistency of the judgment matrix. In order to
test if the judgement criteria priorities are reasonable, the formula
of the consistency ratio for the judgment matrix is used.

/\max —n

TR (n-1) (12)

G
Where C, is the consistency ratio, n is the number of criteria, R; is
the random consistency indicator. When C; <0.1, the
constructed judgement matrix is acceptable.

Establishing the Fuzzy Comprehensive Early Warning
Model

Fuzzy comprehensive evaluation contains three elements: the
factor set, the evaluation set, and the single-factor evaluation.
On the basis of single-factor evaluation, a multi-factor fuzzy
comprehensive evaluation is carried out.

Building the Factor Set

The factor set U is a set of all the factors that affect the evaluation
object, which can be expressed as U=(uy,U,,. . .,u,). Among them,
the element u; (i = 1,2,. . .,n) represent influencing factors. In this
paper, the evaluation factor index set consists of two evaluation
factors, i.e., the gas emission quantity variation characteristics

and the gas prediction model output, which can be expressed as
U= (ul, Uz)-

Creating the Evaluation Set

The evaluation set is a set of possible evaluation results to the
evaluation objects, which can be expressed as V=(v1,v,,. . .,V1),
where the element v; (j = 1,2,...,m) indicates the result of the
evaluation. The evaluation result set in this paper includes two
kinds of results: outburst and no outburst, namely V = (outburst,
no outburst).

Creating the Weight Set

The weight of each element in the factor set U is different to the
evaluation, so each element u; should have a different weight w;
according to its importance. W is a fuzzy set of the factor set U,
which can be expressed as W = (w1, wy,. . .,w,). In this paper, since
it has 2 factors in the factor set, the weight set is W = (w;,w,), and
wy + wy = 1.

Single Factor Fuzzy Evaluation

The evaluation begins from one factor alone to determine the
degree of membership of the evaluated object to the elements of
the evaluation set. Suppose the object evaluated according to the
ith factor u; in the factor set, and the degree of membership of the
jth element v; in the evaluation set is 7;;, then the evaluation result
can be expressed as R; = (7i1,"i- - -» im ), Where R; representing the
single factor judgment set.

Frontiers in Earth Science | www.frontiersin.org

March 2022 | Volume 10 | Article 811978


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

Early-Warning Method for CGO

50

40

30

20

Gas emission quantity / m”3/min

Gas emission quantity / m”3/min

0

MMW : O e o

Monitoring data of 2 months before accident in Shigang Coal Mine

2021/1/28 17:25

ey

T
2021/2/6 19:32 2021/2/17 5:19 2021/2/24 22:53 2021/3/5 21:50 2021/3/15 16:36

Date time/min

Monitoring data of 7 days before accident in Shigang Coal Mine

LA .

2021/3/17 15:46

FIGURE 6 | Pre-accident monitoring data in Shigang Coal Mine.

2021/3/18 20:35 2021/3/20 3:26 2021/3/21 6:57 2021/3/22 23:58 2021/3/24 10:34

Date time/min

Gas emission quantity / m”3/min

Gas emission quantity / m”*3/min

[N}

e

wal | Jscamdinl 4 ol

25 2021/2/6 19:32 2021/2/17 i; ::c ﬁme/f:iz:/zm 22:53 2021/3/5 21:50 2021/3/15 16:36
[ Processed monitoring data for 7 days before accident in Shigang Coal Mine
= |"\
My b 1‘

- b e Wf% '\r I w f "| ‘
lr,ﬂ*mwm ﬂp Wr V ! }MMN H'| N " ‘W W lw W ; - 1} »

BT O AT BT e i

1 " vy bl A 1 R I

2021/3/17 15:46

FIGURE 7 | Processed monitoring data in Shigang Coal Mine.

2021/3/18 20:35 2021/3/20 3:26 2021/3/21 6:57 2021/3/22 23:58 2021/3/24 10:34

Frontiers in Earth Science | www.frontiersin.org

210 March 2022 | Volume 10 | Article 811978


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

Early-Warning Method for CGO

Gas emission quantity
Trend

= © I~}
I T

Gas emission quantity / m”3/min

w
I

L 1 | 1

0 1 1 |
2021/3/24 1:53  2021/3/24 5:48

FIGURE 8 | Gas emission quantity moving average curve.

2021/3/24 9:24  2021/3/24 13:33  2021/3/24 19:58  2021/3/24 23:35

Date time/min

2021/3/25 3:19

Fuzzy Comprehensive Evaluation

The multi-factor comprehensive evaluation (R evaluation matrix)
is constructed from the single-factor evaluation sets, namely R =
(R1,R, ). Using the weighted average model, according to the
multiplication operation of the fuzzy matrix, we can obtain the
fuzzy comprehensive evaluation set B given as

B=WR={b,b,,,b,} (13)

Where b; (i = 1,2, ...,m) is the fuzzy comprehensive evaluation
indicator, denoting the membership degree of the evaluated
object relative to the ith element in the evaluation set V, while
taking into account all the factors.

The value of the fuzzy comprehensive evaluation set B is used
to represent the comprehensive indicator of the differential
individual indicator, based on the evaluation indicators RMSE
and MAPE of the prediction model. The gas emission quantity
dynamic change characteristic indicators are used for the

evaluation and early warning for the coal and gas outburst.
The data of gas emission during the normal production period
of a coal mine are analyzed by using the difference comprehensive
index. The maximum value of the calculation result is multiplied
by the safety factor (1.2-1.5) to determine the early warning
threshold. When the comprehensive indicator reaches the
maximum value within the normal range, an orange alarm is
given; when the comprehensive indicator approaches 1, it means
that the probability of a coal and gas outburst is high and the red
alarm is sent out.

Construction of Early Warning Model for
Coal and Gas Outburst

This system continuously collects the gas concentration and the
wind speed data from the sensors in the tailgate of the driving
face. After removing the interference data, the value of gas
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FIGURE 9 | Gas emission quantity deviation ratio curve.
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emission quantity is calculated, then the moving average, the
deviation ratio, the dispersion ratio, and the fluctuation ratio of
the gas emission quantity change values are extracted as
characteristic indicators. At the same time, the data collected
during the normal excavation process in the past period of time
is input into the Bi-LSTM neural network model for training and
tuning, so that the model training error meets the predetermined
requirements and the data model under normal production
conditions is established. The newly collected data is then input
into the model as the test data set to calculate the predicted value of
the gas emission quantity and the loss value. The predicted gas
emission quantity is combined with the characteristic indicators of
gas emission quantity variation to form the early warning indicators
for the coal and gas outburst. Next, the early warning indicators are
used for the fuzzy comprehensive early warning model. By

calculating the differential individual index, the threshold is

determined and the evaluation and early warning of the risk level
of coal and gas outburst is implemented. The construction of coal
and gas outburst early warning model is shown in Figure 4.

APPLICATION RESULT ANALYSIS

Data Collection and Analysis

The national mine safety production risk monitoring and early
warning system platform has collected the safety monitoring
system data of all production and construction coal mines.
The data includes information such as the sensor type, the
sensor location, the real-time monitoring data value of the
sensor and the collection time. The data is transmitted once a
minute in a message queue. The platform data provides data
support for the time series data analysis of this study.
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TABLE 1 | Weights of all criteria and sub criteria.

Early warning criteria Weights (%)

Statistical indicators 66.67

Prediction model indicators 33.33

Early-Warning Method for CGO

Early Weights (%)
warning sub criteria

Moving average 54.07
Dispersion ratio 9.65
Diversion ratio 30.07
Fluctuation ratio 6.21
RSME 66.67
MAPE 33.33

0.8 -

Difference comprehensive index

FIGURE 14 | Analysis of outburst warning results on March 19th.
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In the first half of 2021, coal and gas outburst accidents
occurred frequently. They provide copious data source for
analysis in this work. There were three coal and gas outburst
accidents occurred in this period, cost 20 lives.

I. At 3:51 a.m. 25 March 2021, outburst accident happened at
the 15210 headentry in Huayang New Material Technology
Group Co., Ltd., Shanxi Shigang Coal Industry Co., Ltd.,
causing four people died.

II. At 11:33 a.m. April 9, 2021, outburst accident happened at
the open-off cut of 10901 headentry in Dongfeng Coal Mine,
Guizhou, causing eight people died.

III. At 17:50 4 June 2021, outburst accident happened at the
tailentry of the 3,002 excavation face in the No. 6 mine of Henan
Hebi Coal and Electricity Co., Ltd. The accident caused eight
deaths.

Based on gas emission quantity statistical indicators and the
deep learning indicators, the early warning model in this work is
used to analyze the data of Shigang coal mine for the research on
early warning of coal and gas outburst. The accident occurred at
the excavation face of 15210 headentry. The gate is a rectangular
section with 3 m height and 5m wide. The mining layout is
shown in Figure 5. This work selects the gas concentration data
and the wind speed data of 15210 headentry from the 2 months
before the outburst for analysis. A total of 86,400 pieces of
monitoring data were collected. On the whole, the gas
emission quantity fluctuates with the progress of mining

activities. About 4 days before the accident, the frequency of
gas emission quantity fluctuations increased significantly, and the
variation of gas emission quantity was abnormal This is a sign of
coal and gas outbursts. Through the early warning model, the
prediction of coal and gas outburst is realized.

The commonly used training strategies are adopted in deep
learning to select the hyperparameters for the Bi-LSTM model. The
initial value of the learning rate is set as le™*; the dropout set as 0.2
to suppress overfitting; the lag set at 16; the batch size set at 32; the
frequency set at 8 the epoch set at 20; the number of nodes in the
hidden layer set at 64; the optimization method selected is Adam.

On the 15210 headentry excavation face, the original
monitoring data curve is shown in Figure 6. The involved
manual calibrations were found in monitoring data collected
by the gas sensors. The calibration would cause interruption to
the continuity of the data, and the data manifests the abnormal
increase. Therefore, this part of the data needs to be removed,
which interpolated with the cubic spline curve. The overall gas
emission quantity sequence is reduced noise with five-point cubic
smoothing. The processed curve is shown in Figure 7:

This work selects the gas emission quantity data from 19
February to 20 March 2021 for the model training. Totally 43,200
pieces of data are divided into the training set and the test set at a
ratio of 0.8. After the model was trained, the gas emission
quantity data from 21 March to the moment before the
accident was input into the model as a test set. The obtained
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loss values RSME and MAPE, combined with the moving average,
the deviation, the dispersion and the volatility of gas emission
time series can comprehensively reflect the abnormal changes of
gas emission before the outburst accident.

Determination of Indicators Weights and
Membership Functions

Based on the indicators change before the coal and gas outburst,
the judgment matrix is constructed by the AHP to calculate
indicators weights. Since the calculated C; = 0.0123 < 0.1, the
judgment matrix confirms that the result is acceptable. The
weights of the indicators are shown in Table 1:

According to the principle of determining the membership
function, a large amount of the experimental data is used to
determine the membership function of various indicators.

|. Moving average: it is defined as the ratio of the real-time gas
emission moving average to the previous period (1h) gas
emission average Coave.

. Deviation ratio, dispersion ratio: the value interval is divided
by the ratio of the real-time deviation, dispersion and the average
value of their respective calculation periods.

lI. Fluctuation ratio: the value interval for volatility is divided
by the real-time volatility with its average in the calculation
period. Then the larger value of the amplitude change rate
and the frequency change rate was taken as the final value.

IV. RSME, MAPE: the value interval is divided by the ratio of
the loss value of the predicted gas emission quantity before the
real-time accident to the average value of the predicted loss of the
gas emission quantity in the normal production.
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Analysis of Changes in Indicators Before the Outburst
Accident

For the “3.25” coal and gas outburst accident in Shigang
Coal Mine, the gas emission monitoring data from 4 am. on
24 March to 4 am. on 25 March is collected to calculate the
moving average, the deviation, the dispersion, the amplitude
change and the variation frequency. The change law of the gas
emission quantity change on the eve of the outburst accident is
analyzed.

1. Moving average

The moving average is calculated using Eq. 2 during the 5-min
periods. The gas emission quantity moving average curve is
shown in Figure 8. According to the calculation results, it can
be found that the gas emission variation is relatively stable from
24 to 12h before the outburst accident. At 12h before the
outburst, the gas emission drastically changes with a patten of
“suddenly large and suddenly small”. The moving average reaches
the highest value of 4.95 m*/min at 4 h before the outburst, and
then drops sharply. The gas emission begins to increase at 2h
before the outburst and reaches the peak value of 4.56 m>/min.
Just before the outburst, the gas emission reaches the maximum
value of 13.4 m*/min. Overall, the gas emission quantity presents
a dynamic trend of “stable-rising-falling-rising”, which is similar
to a “W” shape, with multiple peaks.

Deviation Ratio

The deviation of the gas emission quantity sequence is
calculated from Eq. 3 and the result of the moving average.
The gas emission quantity deviation ratio curve is shown in
Figure 9. According to the calculation results, it can be found
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that the deviation from 24 to 14h before the outburst
changes within the range of +0.2. There is an abnormal
value of 0.567 at 12h before the outburst. The peak value of
the gas emission quantity deviation is 0.866 just before
the outburst. The “suddenly large and suddenly small”
patten of changes in gas emission quantity leads to an overall
increase of 2-3 times higher than the deviation rate at 24-14 h
before the outburst.

Dispersion ratio

The dispersion of the gas emission quantity sequence is calculated
with Eq. 4. The time period is 10 min. The gas emission quantity
dispersion ratio curve is shown in Figure 10. According to the
calculation results, it can be found that the dispersion is at around
0.0007 from 24 to 14 h before the outburst. From 12 h before the
outburst to the outburst time, the average value of the dispersion
rate is 0.0023, an increase of 3 times. The peak value of the gas
emission quantity dispersion is 0.132 just before the outburst.
Abnormal changes in gas emission quantity leads to the increased
dispersion.

Amplitude variation ratio

The amplitude variation ratio of the gas emission quantity
sequence is calculated with Eq. 5. The time period is 10 min.
The gas emission quantity amplitude variation ratio curve is
shown in Figure 11. According to the calculation results, it can be
found that the fluctuation range of the amplitude variation ratio
from 24 to 14 h before the outburst accident is large, with an
average value of 0.362. The peak value of the gas emission
quantity amplitude variation ratio is 0.87at 12h before the
outburst. It tends to be stable from 12 h before the outburst to
the outburst time, with an average value of 0.474. From the data,
the overall amplitude variation ratio before the outburst tends to
be relatively frequent.

Frequency of Change

The frequency of change of the gas emission quantity is calculated
with Eq. 6. The time period is 10 min. The gas emission quantity
frequency of change curve is shown in Figure 12. According to
the calculation results, it can be found that the frequency of
change from 24 h to 14 h before the outburst fluctuates around 7
times. The average of the frequency of change is about 8 times
from 12 h before the outburst to the outburst time. Over time, the
closer it is to the outburst time, the more frequent the changes.
The frequency of change approaches 10 times.

The Bi-LSTM prediction model is used to simulate the normal
production gas emission quantity sequence and the gas emission
quantity sequence including the eve of the accident. The average
RSME of normal production gas emission quantity sequence is
0.006, and the average MAPE is 2.274%. The prediction results
are in good agreement with the actual value, indicating that the
Bi-LSTM prediction mode