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In order to reveal the instability law of open pit mine slope in high-cold and high-altitude area. Firstly, the slope structural plane is
scanned by three-dimensional (3D) laser scanning technology, and the point cloud data is obtained to realize the intelligent
identification of rock mass structural plane. The geometric parameters of rock mass are counted, and the physical structure
model is established. Then, we carry out freeze-thaw cyclic tests on granite to obtain the corresponding mechanical parameters.
Finally, according to the obtained mechanical parameters, we use RS2 finite element software to calculate the shear strength of
structural plane and joint by generalized Hoek-Brown criterion and Barton-Bandis criterion, respectively, establish the
geomechanical model, and use the finite element strength reduction method to calculate the safety factor of slope and judge
the instability of slope. The results show that the physical and mechanical properties of granite deteriorate with the increase of
the freeze-thaw cycle. Under the action of the freeze-thaw cycle, the pore water in the rock mass freezes and forms frost
heaving force. The expansion of volume leads to the further development of joint fissures. The strength of rock slope decreases
gradually with the increase of freeze-thaw cycle times, and the safety factor of slope decreases continuously. It shows that
repeated freeze and thaw alternation makes the stability of mine slope worse and worse. The research results are helpful to
prevent the occurrence of slope disasters in advance and are of great significance to effectively and safely manage the stability
of slope, the treatment of open pit, and environmental treatment.

1. Introduction

With the development of science and technology, 3D laser
scanning technology and finite element software are widely
used in the analysis of rock slope stability [1-3]. At the same
time, in order to satisfy the growing production demand,
China’s mineral resources development has gradually shifted
to the northwest region, which is rich in mineral resources
but as poor natural environment, with weak infrastructure,
poor ecological environment, and extremely cold winter.
The temperature variation and seasonal variation caused
by the alternation of day and night will have a great impact
on the mechanical properties of rock mass. Repeated freeze-
thaw cycle will expand and increase the rock fissures, deteri-
orate the physical and mechanical properties of the rock, and
reduce the strength of the slope rock mass, resulting in the

sliding of the slope rock mass [4-6]. These issues have
become increasingly prominent. Therefore, this paper puts
forward the research on the safety and stability evaluation
of open pit slope based on 3D laser scanning and numerical
simulation.

3D laser scanning is the latest development of geological
mapping [7], which has been proved to be an effective non-
contact tool. It is used to collect rock mass information. Its
application fields include surface geological data collection
[8, 9], slope stability and displacement monitoring [10, 11],
and 3D rock mass model creation [12, 13]. It has the advan-
tages of high density, maneuverability, high precision, and
noncontact. At present, many experts and scholars have car-
ried out a series of scanning analysis on rock slope engineer-
ing with the help of this technology. Chen et al. [14]
compared the difference between 3D laser scanning
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technology and traditional window mapping technology.
The results show that the average dip/dip direction discrep-
ancy between the two methods is 1.57/16°, which is due to
the large amount of data collected by 3D laser scanning tech-
nology. It is proved that the 3D laser scanning technology
has the advantages of higher efficiency and accuracy in
underground mines. Wang et al. [15] used 3D laser scanning
technology to scan the fragmentation of blast muck piles and
provided high-precision point cloud data for calculating
BEMP. They proposed an improved VCCS algorithm based
on discrete characteristics. The results show that when the
size of crushing block is 0.1 m ~0.5 m, the accuracy of calcu-
lation results are about 80%, and when the size of broken
block exceeds 0.5m, almost all bfmp can be calculated cor-
rectly. Kromer et al. [16] used a ground-based 3D laser scan-
ning technology to test the Séchiienne landslide in France
for six weeks to detect the flow, displacement, and prefailure
deformation of discrete collapse events. Then, they proposed
an automatic ground laser scanning system with near real-
time automatic change detection and processing function.
Ma et al. [17] introduced 3D laser scanning technology into
the overall deformation monitoring of slope surface in land-
slide physical model test and comprehensively analyzed the
deformation characteristics of landslide in different evolu-
tion stages through the example of landslide physical model
test. The results show that on the premise of ensuring high-
precision feature point monitoring, the overall deformation
and displacement of the model slope can be obtained with
the help of 3D laser scanning technology.

Similarly, RS2 software can carry out fluid structure cou-
pling analysis and dynamic analysis and can automatically
generate finite element meshes such as triangles, and mate-
rial models have the advantages of diversified types. It is also
widely used in numerical simulation under cyclic loading
[18]. In order to analyze the yield failure of the open pit
mine in Minas Gerais, Brazil, Pereira and Lana [19] estab-
lished many representative slope hypothesis models by using
RS2 finite element software, carried out elastic and plastic
simulation, and evaluated the yield failure mechanism. Liu
et al. [20] used numerical simulation software to study the
main causes of coal mine roof accidents. The results show
that as the coal seam continues to advance, the maximum
settlement displacement remains basically unchanged, and
the settlement displacement curve presents an asymmetric
flat bottom distribution and the stress concentration in front
of the coal wall is the source of the abutment pressure. Silva
and Lana [21] used RS2 software to study the failure mech-
anism of flexural buckling that occurred in Pau Branco
Mine, of Vallourec and Mannesman Group, in 2002.
Through the back analysis of the failure mechanism, they
obtained the representative values of in situ stress state, nor-
mal stiffness modulus, and shear stiffness modulus of folia-
tion structure. The results are of great significance to
further analyze the stability of phyllite slopes of Pau Branco
Mine. Arslan et al. [22] used RS2 finite element software to
analyze the stability of marble stope under static and
dynamic conditions, built shear strength reduction (SSR)
technology into the software to determine the failure mech-
anism, and put forward suggestions and carried out neces-
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sary control to ensure the stability of slope. Adach-Pawelus
[23] used RS2 finite element software to conduct numerical
simulation in the plane deformation state, combined with
seismic activity analysis and numerical simulation methods
to illustrate the impact of mine residues on the possibility
of seismic events. The results show that undisturbed rock
cuttings may have a negative impact on earthquake and rock
burst disasters in the mining area.

Even though 3D laser scanning technology and RS2
finite element software have made great progress and appli-
cation, there are few studies on high-cold and high-altitude
areas with the help of and combination of these two technol-
ogies. In view of this, this paper uses Optech Polaris LR 3D
laser scanner to scan the open pit slope in cold area, obtains
the point cloud data, realizes the intelligent identification
and information extraction of rock mass structural plane,
obtains the rock mechanical parameters through the
freeze-thaw cycle tests, and establishes the slope mechanical
model combined with RS2 finite element software to calcu-
late the safety factor of the slope under different times of
freeze-thaw cycle. This has important guiding significance
for in-depth understanding of the law of slope instability of
open pit mines in high-cold and high-altitude areas and pre-
venting slope disasters and accidents in advance [24].

2. Identification and Extraction of Rock
Structure Plane

2.1. Study Area. The research object of this paper is located
in Beizhan iron mine in Hejing County, Korla, Xinjiang, in
Northwest China. Permanent Piedmont glaciers are located
in the south and west of the mining area, and the altitude
of the ore body is 3450-3723 m. The mining area is located
in the alpine area with perennial snow, and the climate is
extremely cold. The monthly average temperature from Jan-
uary to April and from September to December is lower than
zero, and the minimum temperature can reach -40°C. The
temperature rises from May to August, generally 5-15°C,
and the maximum rise can be 20°C. The temperature at
night is usually as low as about -3°C, so the temperature dif-
ference between day and night in the mining area is large.
The mining area has frequent rain and snow throughout
the year. It is the local rainy season from July to August,
and it begins to snow in early October. Therefore, it is only
suitable to carry out appropriate field operations from May
to September every year. The deposit is located in the river
valley, and the terrain of the mining area is conducive to nat-
ural drainage. The overall strike of the ore body is 97°, and
the dip angle is 47°-74". According to the prediction of land-
form, meteorology and hydrology, geological structure,
human activities, and other conditions in the mining area,
the risk of geological disasters such as landslide and debris
flow is small, but the risk of collapse geological disasters
caused by local high and steep mountains is high. The study
area is shown in Figure 1.

2.2. 3D Laser Scanning Technique. Optech Polaris LR 3D
laser scanner is used to conduct overall scanning and fine
scanning of the research area, respectively. The instrument
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FIGURE 1: Study area.

FiGURE 2: Placement of 3D laser scanner.

TABLE 1: Parameters of 3D laser scanner.

Parameters Index
Maximum measuring distance (m) 2000
Minimum measuring distance (m) 1.5
Scanning vision angle () 360 x 120
Principle of distance measuring Pulse

Laser head rotation mechanism

Working temperature (°C)

Swinging mirrors
-20~50

meets the long-distance fine test requirements of the project,
as shown in Figure 2. The parameters are shown in Table 1.

2.3. Rock Structural Plane Geometric Characteristics. In
order to have a preliminary understanding of the whole
mining area, 11 3D laser scans were carried out, covering
the whole mining pit, as shown in Figure 3(a). 3D laser scan-
ning was carried out on each point to obtain the point cloud
data of each point. After splicing and packaging, a complete
3D geometric model is obtained, as shown in Figure 3(b). At
the same time, fine scanning is carried out for the mining
area. The scanning point S8 is located on the east side of
the pit, including 399020 points. The scanning range is
2044.0957 m?, and the maximum size of the scanning area
is 51.2365 x 61.8522 x 29.0181 m. Combining the 3D laser
scanning technology with the digital camera, the pixel points
of the picture are matched with the point cloud, and the gray
information or color information of the point cloud data can
be obtained. The color information is helpful to display the
scanning results, and the results are shown in Figure 3(c).

2.3.1. Processing of Point Cloud Data. The amount of point
cloud data obtained by 3D laser scanning structural plane
is large and dense will seriously affect the operation speed.
Therefore, in order to realize the programming of the algo-
rithm, it is necessary to divide the point cloud data into
space and grid the point cloud data. In this study, for the
point cloud data with high scanning accuracy, the 3D differ-
ence method is adopted. This method has little impact on
the accuracy, and the impact can be ignored. The results
are shown in Figure 4.

In order to obtain the optimal threshold, it is necessary
to select the discrimination index of structural plane intelli-
gent recognition. In this paper, the point normal vector is
used as the discrimination index. The next step is to deter-
mine the flatness detection threshold of point cloud.
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(a) Front view
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(c) Triangulation model

FIGURE 3: S8 station scanning slope point cloud data.

FIGURE 4: Result of grid processing.

According to the rules, when the value of &, is smaller, the
more points are included in the BORDER matrix, which
means that more points are regarded as boundary points
and do not participate in the next image segmentation algo-
rithm. Conversely, when the value of &, is too large, the
number of points in the BORDER matrix decreases, which
means that the edge recognition effect is weakened, indicat-
ing that some boundary points will not be recognized effec-
tively. So, according to the actual situation of the mining
area, the flatness detection threshold &, is set to 20°.

2.3.2. Selection of Optimal Threshold. Make the regional
growth threshold &, between 5° and approximately 40°, and
the value interval is 5°. The area threshold remains
unchanged at 0.5m” When the value of regional growth
threshold is too small, the growth criteria is relatively severe,
and many point cloud data are not identified as structural
plane, which makes the regional division too fragmented
and the number of structural plane identified is few. When
the value of regional growth threshold is too large, the
growth criteria is too loose, which leads to a part of the point

cloud data located in uneven areas will also be divided into
structural plane, and the number of structural plane identi-
fied is too large, so it is impossible to distinguish adjacent
structural plane. According to visual judgment, when the
regional growth threshold is between 20° and 307, the recog-
nition effect is more realistic. The results of structural plane
recognitions are shown in Figures 5(a)-5(c).

Similarly, make the area threshold W, between 0.1 m*
and approximately 10m? and the value interval is 0.1 m>.
The regional growth threshold remains unchanged at 20°.
When the area threshold W, is greater than 0.1 m? the rec-
ognition effect is more practical. When the area threshold is
too large, more structural plane are eliminated, which leads
to too few remaining structural plane and is not conducive
to the later structural plane information extraction. The
result of structural plane recognition is shown in
Figure 5(d). In summary, the growth threshold is 20°, and
the area threshold is 0.1 m”.

2.4. Extraction of Structural Plane Information of Rock Mass

2.4.1. Acquisition of Structure Plane Occurrence Information.
The least square method is used to fit all nodes of each rock
mass structural plane obtained before. In this way, the plane
equation of quasi plane shape can be obtained. The plane
equation is shown in

ax+by+c=z. (1)

It is assumed that the spatial coordinates of n points on
the structural plane are (x,y,2), (%3,¥5,2;)
yeees(Xp> ¥, 2,,)> Tespectively, and the matrix equation can be
expressed as
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FIGURE 5: Intelligent identification results of rock structural plane under different growth and area thresholds.
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So, we need to find vector D and make ¢(D) = | DX - Z||
get the minimum value. Finally, the normal vector and plane
equation of structural plane are obtained to complete the fit-
ting of the structural plane.

This study mainly calculates the dip and dip angle in the
occurrence information of structural plane. If the normal
vector coordinate of structural plane is (x,, y,, zy). Accord-
ing to the working principle of laser emission in 3D laser
scanning technology, it can only scan the structural plane
with good exposure on the side slope, so z;,>0. With the
geodetic coordinate system, the due east and due north are
defined as the positive directions of the X axis and Y axis,
respectively, and the Z axis points to the elevation direction.
Therefore, the occurrence information dip 6 and dip angle &
of the rock mass structural plane can be expressed by the fol-
lowing equation:

§ = arccos (z,)

X
if x,2=0,y,=0, 0 =arcsin (—0)
0= %o sin &

. . . X,
if x,<0,y,>0,0=360"—arcsin (— sin06) ) (6)

X,
if x, <0,y >0, 0=180" — arcsi <—°)
1 xo yO arcsin Sin 6

X,
if x>0,y <0, 0=180" +arcsi (— 0 )
1 XO yO arcsin Sin 6

The occurrence information of point cloud data of rock
mass structural plane is shown in Figure 6.

2.4.2. Grouping of Rock Mass Structure Planes Based on
Occurrence Information. Then, the K-means cluster analysis
method is used to group these occurrence information and is
combined with the field investigation of geological



X (m)

(a) Distribution characteristics of structural plane

Y (m)

Geofluids

S
(b) The result of stereographic projection
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F1GURE 7: Occurrence distribution characteristics of the rock mass structural plane after clustering and the result of stereographic projection.

information. It is obtained that the structural plane of the
slope in the mining area can be divided into three groups,
including a group of gently inclined plane and two groups
of steeply inclined joints. Intelligent identification mainly
finds two groups of steep joints. Finally, the cluster center
and average occurrence are calculated. The average occur-
rence of the two groups of rock mass structural planes is
261°<75° and 307° <77°, respectively. The results are
shown in Figure 7.

In this study, the structural plane occurrence modeling
method based on empirical probability distribution is
adopted to truly reflect the actual structural plane occur-
rence distribution and then obtain the relative frequency of
two groups of rock mass structural plane occurrence. The
results are shown in Figure 8.

2.4.3. Calculation of Spacing between Rock Structural Planes.
In order to obtain the spacing between adjacent structural
planes, it is calculated according to the method shown in
Figure 9. The dotted line in the figure is the initial state of
the same group of structural planes, the solid line is the ideal
state of the structural planes converted according to the
above method, and the structural planes are parallel to each
other in the same group. The vertical distance calculation
equation is used to calculate the distance between adjacent
structural planes.

I, : Ax+By+Cz+D, =0, (7)
l,: Ax+By+Cz+D, =0, (8)
|D, ~ D, |

W T E e ¥

Where [, is plane 1 equation, /, is plane 2 equation, and
dy, is the vertical distance between two adjacent structural

planes.

According to the equation, the distribution characteris-
tics of the spacing information of the two groups of rock
mass structural planes are calculated, as shown in Figure 10.

2.4.4. Calculation of Equivalent Trace Length of Rock Mass
Structural Planes. Because the data obtained by the image
segmentation method is point cloud data, the method of
projection is used to calculate the area of the structural
plane, as shown in

S
§= 2, (10)
cos y

where y is the angle between the xoy plane and the struc-
tural plane, S is the area of the desired structural plane, and



Geofluids

Frequency

Frequency

FiGure 8: 3D histogram of the occurrence relative frequency of the structural plane of the two groups of rocks.

S,y is the projected area of the node on the structural plane
projected onto the xoy plane.

Thus, the exposed area of rock mass structural plane is
calculated. For convenience, the structural plane can be
replaced by an equivalent circle with equal area. The radius

is expressed in
S=nr’. (11)

The equivalent trace length of the two groups of rock
mass structural planes in this paper can be characterized
by the equivalent radius obtained by equation (11). The
results are shown in Figure 11.

2.4.5. Statistics of Structural Plane Information of Rock Mass.
Based on the theory of mathematical statistics, according to
the point cloud data of S8 rock slope, the probability distri-
bution types and statistical parameters of geometric param-
eters such as the occurrence of rock mass structural plane
calculated above are counted, as shown in Table 2.

3. Numerical Simulation Analysis

In this paper, RS2 elastic-plastic finite element software is
used for numerical simulation analysis. An important func-
tion of RS2 is to calculate the safety factor of slope stability
based on the finite element strength reduction method. By
using the Hoek-Brown strength criterion, the system can
automatically reduce the strength and obtain the safety fac-
tor of the slope. In this software, the constitutive model of
rock mass includes the generalized Hoek-Brown model,
Mohr-Coulomb model, and Cam-Clay model. At the same
time, based on the statistical model, users can input relevant
joint parameters according to the actual situation when
building the slope model, and the system will automatically
generate the joint fracture network.

3.1. Establishment of Model and Selection of Parameters. In
order to obtain the relevant mechanical parameters of rock
slope and establish a complete geomechanical model, sam-
ples were taken from the site and divided into 6 groups with
2 samples in each group. The samples of each group were
subjected to 0, 20, 40, 60, 80, and 100 times of freeze-thaw
cycle, respectively, and physical and mechanical tests were

ly L
I

FIGURE 9: Plots of the 7same group of structural surface space
distance by calculating.

carried out. Finally, the parameters shown in Table 3 are
counted.

We intercepted a section line on the west slope of the
mining area to automatically generate the section map of
the west slope, import it into RS2 software, and generate
the model boundary. The structural plane of rock mass is
based on the generalized Hoek-Brown criterion, and the
joint is a constitutive model based on Barton-Bandis crite-
rion. According to the previous research, the slope is mainly
affected by two sets of joint surfaces. The above physical and
mechanical parameters were input into RS2 software, and
the three node triangular element was used to generate the
finite element grid. The model contained 17207 nodes and
29427 elements. We considered the actual boundary condi-
tions on site and get the final result, as shown in Figure 12.
Finally, five monitoring points were arranged for subsequent
research.

3.2. Numerical Simulation Results

3.2.1. Analysis of Maximum Principal Stress and Maximum
Shear Strain of Slope Model. According to the definition of
principal stress, under the same external force, the principal
stress increases with the increase of buried depth. In order to
study the variation of the maximum principal stress under
different times of freeze-thaw cycle, the cloud chart of the
maximum principal stress is obtained as shown in
Figure 13. It can be found from the figure that the maximum
principal stress at the bottom of the slope model is greater
than that in other areas, while the top is the smallest. At
the same time, the value range of the maximum principal
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TaBLE 2: Mathematical statistical information of rock mass structural planes.
Parameters Distribution Type Statistical parameters Structure plane Value
Plane 1 261.000
Mean Plane 2 309.000
ane .
Tendency (°) Empirical probability
o Plane 1 61.942
Standard deviation
Plane 2 103.558
Plane 1 75.000
Mean
DI e () Empirical probabilit Plane 2 77.000
ip angle mpirical probabili
b ang prricatp ¥ o Plane 1 9.266
Standard deviation
Plane 2 10.173
Plane 1 0.355
Mean
. . 1 el Plane 2 0.205
Space distances (m) Negative exponential distribution
o Plane 1 0.653
Standard deviation
Plane 2 0.256
Plane 1 1.081
Mean
. . o Plane 2 0.763
Equivalent trace length (m) Negative exponential distribution
o Plane 1 0.869
Standard deviation
Plane 2 0.576

stress does not change with the increase of the times of the
freeze-thaw cycle and generally shows a slight upward trend,
but it is between -0.75 MPa and 14.25 MPa. This shows that
the increase of times of freeze-thaw cycle has little effect on
the maximum principal stress of the slope.

In order to reflect the influence of different times of the
freeze-thaw cycle on slope failure and instability, the cloud
chart of corresponding maximum shear strain is obtained
by numerical simulation, as shown in Figure 14. It can be
seen from the figure that the safety factor decreases with
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TaBLE 3: Basic mechanical and physical parameters of freeze-thaw-treated granite samples.

Sample Length x width Mass  Density (g/  Peak strength  Elasticity modulus ~ P-wave velocity ~ S-wave velocity
number (mm x mm) (kg) cm’) (MPa) (MPa) (m/s) (m/s)
y0-1 100.07 x 49.46 541.4 2.863 172.38 58.65 4302 3577
y0-2 100.01 x 49.62 540.5 2.796 182.45 60.08 4412 3456
y20-1 99.58 x 49.30 543.1 2.859 168.73 56.31 4131 3391
y20-2 100.01 x 50.21 540.2 2.729 167.24 55.46 4265 3325
y40-1 99.85 x 50.05 542.6 2.763 163.98 52.78 4012 3101
y40-2 100.12 x 49.63 544.9 2.815 158.35 53.44 4000 3210
y60-1 100.22 x 49.85 547.5 2.800 158.78 50.89 3906 2984
y60-2 100.06 x 49.19 544.6 2.865 155.66 49.65 3894 3015
y80-1 99.90 x 49.88 548.9 2.813 152.39 47.36 3826 2883
y80-2 100.11 x 49.76 543.5 2.793 149.23 45.23 3856 2913
y100-1 100.12 x 49.29 547.2 2.866 146.65 42.94 3690 2664
y100-2 100.08 x 49.34 546.6 2.858 142.33 43.89 3546 2703

FiGurg 12: Contour map of Beizhan iron mine and slope calculation model.

the increasing times of the freeze-thaw cycle. At the same
time, the maximum shear strain reflects the relative defor-
mation of slope failure. The figure also shows that the rela-
tive deformation of failure gradually increases with the
increase of the times of the freeze-thaw cycle. Because this
paper studies the rock slope, it will not form a complete slid-
ing zone like the soil slope. However, local rock mass spal-
ling and instability failure will occur within the freeze-thaw
shear area of the slope. The results show that the times of
the freeze-thaw cycle has a great impact on the strength
and stability of slope rock mass. The more times of the
freeze-thaw cycle, the more serious the deterioration of
internal performance of rock mass and the lower the stability
of slope.

3.2.2. Analysis of Total Displacement of Slope Model.
Figure 15 shows the change of total displacement nepho-
gram of slope rock mass under different times of the

freeze-thaw cycle. It can also be found from the figure that
the safety factor decreases gradually with the increase of
the times of the freeze-thaw cycle. At the same time, due
to the self-weight of the overlying rock mass and mechanical
excavation, the total displacement reaches the maximum in
the first two steps.

According to the numerical simulation results, the
strength reduction factor decreases with the increasing times
of the freeze-thaw cycle. In order to further reflect the rela-
tionship between the strength reduction factor and the total
displacement of the slope, the curve shown in Figure 16 is
drawn. It can be clearly seen from the figure that under the
same times of the freeze-thaw cycle, the initial increase of
the maximum total displacement of the slope is not obvious,
and then with the continuous increase of the strength reduc-
tion factor, the maximum total displacement changes
abruptly and increases significantly. This shows that the
slope is obviously damaged when the strength reduction
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Critical SRF: 1.86

(a) Cloud chart of maximum principal stress for 0 times of the freeze-thaw cycle

Critical SRF: 1.79

(b) Cloud chart of minimum principal stress for 20 times of the freeze-thaw cycle

Ficure 13: Continued.
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(d) Cloud chart of maximum principal stress for 60 times of the freeze-thaw cycle

Ficure 13: Continued.
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(e) Cloud chart of maximum principal stress for 80 times of the freeze-thaw cycle

Critical SRF: 1.18

Sigma 1
0.75

2.25

3.75

|5.25

6.75

8.25

9.75

14.25

(f) Cloud chart of maximum principal stress for 100 times of the freeze-thaw cycle

FIGUurke 13: Cloud chart of maximum and minimum principal stress for different times of the freeze-thaw cycle.

factor reaches this value. When the times of the freeze-thaw
cycle increases, the strength reduction factor decreases grad-
ually, and the decreasing range is larger and larger. It shows
that the freeze-thaw cycle has a great weakening effect on the
mechanical properties of slope rock mass.

3.2.3. Analysis of Yield Elements and Yield Joints of Slope
Model. The number of yield elements, yield joints, and their
distribution can well show the specific failure degree and failure
area of rock. According to the previous test results, the physical
and mechanical properties of slope rock mass deteriorate due
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(a) Cloud chart of maximum shear strain for 0 times of the freeze-thaw cycle
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(b) Cloud chart of maximum shear strain for 20 times of the freeze-thaw cycle

Figure 14: Continued.
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(c) Cloud chart of maximum shear strain for 40 times of the freeze-thaw cycle
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FiGgure 14: Continued.
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Critical SRF: 1.42
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(e) Cloud chart of maximum shear strain for 80 times of the freeze-thaw cycle
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(f) Cloud chart of maximum shear strain for 100 times of the freeze-thaw cycle

FIGURE 14: Cloud chart of maximum shear strain for different times of the freeze-thaw cycle.

to freeze-thaw damage, and the strength of rock mass
decreases. From the numerical simulation results, it can be
found that with the increase of the times of the freeze-
thaw cycle, the yield elements of the slope are increasing,

and their distribution is spreading from the weathered steps
above to the steps below. The distribution of yield joints is
becoming more and more dense, and they are mainly dis-
tributed on the slope surface like the yield elements. In
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(b) Cloud chart of total displacement for 20 times of the freeze-thaw cycle

Figure 15: Continued.
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(f) Cloud chart of total displacement for 100 times of the freeze-thaw cycle

FiGure 15: Cloud chart of total displacement for different times of the freeze-thaw cycle.

order to clearly reflect the changes of the number of yield  freeze-thaw cycle, and the increasing rate increases first
elements and yield joints, the curves of the number of yield  and then decreases.

elements and yield joints of the slope with the times of the

freeze-thaw cycle are drawn, as shown in Figure 17. They = 3.2.4. Analysis of Horizontal Displacement and Strength
all increase gradually with the increase of the times of the  Reduction Times of Nodes. Figure 12 shows the positions of
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FIGURE 16: Relationship between strength reduction factor and maximum total displacement of slope under different times of the freeze-
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FIGURE 17: Number of yield elements and yield joints of slope surface.

the five selected nodes in the slope model. By analyzing the
relationship between the horizontal displacement and the
reduction times of each node under different times of the
freeze-thaw cycle, we can further understand the instability
and failure of the slope. It can be seen from Figure 18 that
the horizontal displacement of the node changes slightly at
the beginning, and then, the displacement changes abruptly,
indicating that the slope has undergone obvious instability

and failure. From node 5 to node 1, the height of the node
decreases, and the horizontal displacement of the node also
decreases gradually. In addition, the total displacement
change of each node and the number of stages correspond-
ing to the mutation decrease gradually with the increase of
the times of the freeze-thaw cycle. This result shows that
the failure occurs gradually in advance and the slope stability
becomes worse.
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F1GURE 18: Horizontal displacement curve of each point under different times of the freeze-thaw cycle ((a-f) The times of the freeze-thaw
cycle are 0, 20, 40, 60, 80, and 100, respectively).
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FIGURE 19: Relationship between safety factor and times of the
freeze-thaw cycle.

3.2.5. Analysis of Safety Factor of Slope Model. According to
the above analysis, when the times of the freeze-thaw cycle
are 0, 20, 40, 60, 80, and 100, the safety factors of the slope
are 1.86, 1.79, 1.7, 1.57, 1.42, and 1.18, respectively, and the
safety factors are getting smaller and smaller. At the same
time, it is found that the reduction ranges of the safety factor
are 3.76%, 5.03%, 7.65%, 9.55%, and 16.9%, respectively. The
gradually increasing reduction range further shows that the
more freeze-thaw cycle, the worse the slope stability. This
law can also be found from the trend of the curve in
Figure 19. This is because the pore water in the rock mass
freezes to form frost heaving force, and the volume expansion
leads to the further development of joint fissures. With the
increase of the freeze-thaw cycle, the strength of rock slope
decreases gradually. Freeze-thaw fatigue damage reduces the
physical and mechanical properties of rock, and rock and
joints are more prone to yield instability. Therefore, we can
understand the freeze-thaw mechanism of rock slope as the
cumulative process of rock freeze-thaw damage.

4. Conclusions

In this paper, the influence of the freeze-thaw cycle on the
slope stability of an open pit mine is studied with the help
of 3D laser scanning technology and RS2 finite element soft-
ware. The following three conclusions are obtained:

(1) For the point cloud data obtained by 3D laser scan-
ning, firstly, the 3D difference method is used for
grid processing. After selecting the discrimination
index, all nodes are scanned for flatness detection.
After the data is simplified, the improved image seg-
mentation algorithm is used to complete the regional
division of the structural plane, and the reasonable
flatness detection threshold, regional growth thresh-
old, and area threshold are selected to complete the
intelligent recognition of rock mass structural plane

(2) The geometric parameters and other information
of rock mass discontinuity are extracted, the plane
equation of rock mass discontinuity is fitted by the
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least square method, and the dip angle of rock
mass discontinuity is calculated. The structural
plane is divided by K-means cluster analysis
method based on occurrence information, and the
spacing and equivalent trace length of structural
plane are calculated. The calculation results are
basically consistent with the actual investigation
of the mining area

(3) According to the mechanical parameters obtained
from the freeze-thaw cyclic test and the distribution
of joint surfaces measured by 3D laser scanning
technology, the slope mechanical model is estab-
lished. The finite element strength reduction method
is used to numerically simulate and analyze the slope
structural plane, and the safety factor of the slope
under different times of the freeze-thaw cycle is cal-
culated. The results show that with the increase of
the freeze-thaw cycle, the principal stress, volume
strain, and displacement gradually increase. The
number of yield elements and yield joints increases
gradually, the safety factor decreases continuously,
and the stability of the slope becomes worse, which
shows that the rocks in high-altitude mining areas
are in a freeze-thaw cycle all year round. The
freeze-thaw fatigue damage degrades the physical
and mechanical properties of rocks, and the rocks
and joints are more prone to yield instability
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This paper takes the surrounding rock of deep tunnel as the research object and considers the action mechanism under the
influence of seepage. Based on the Mohr-Coulomb criterion, the stress mechanism of surrounding rock of deep buried tunnel
is analyzed by a convergence constraint method. Based on the elastic-plastic solution, the nonlinear elastic-plastic solution of
the interaction between surrounding rock and lining structure considering the effect of seepage force is proposed, and the
radius of surrounding rock plastic zone is obtained. The relationship between surrounding rock stress and displacement, radial
deformation of lining, and support reaction force was observed. At the same time, considering the effects of seepage, strain
softening, and intermediate principal stress, the surrounding rock is divided into a plastic residual zone, plastic softening zone,
and elastic zone, and the stress distribution expressions of the plastic zone and each zone of surrounding rock of circular
tunnel are derived. The results show that with the change of nonuniform permeability coefficient, the seepage shows
anisotropy in different directions, and the closer to the horizontal or vertical direction, the more obvious the influence of
nonuniform permeability coeflicient on pore water pressure distribution. Seepage and material softening have different effects
on the distribution of surrounding rock stress field and the size of plastic zone. Material softening is more unfavorable to the
stability of surrounding rock than seepage. The intermediate principal stress coeflicient has a significant impact on the
tangential stress and plastic zone of surrounding rock. When the intermediate principal stress effect is not considered, the
calculation results are relatively conservative and cannot give full play to the strength of surrounding rock effectively. The
research conclusion can provide a theoretical reference for studying the stability of surrounding rock in tunnel excavation
under water-bearing rock.

been widely used [1-4]. However, the change of stress and
displacement of tunnel surrounding rock caused by the cou-

With the rapid development of economy, domestic infra-
structure construction is in full swing, and all kinds of trans-
portation are gradually expanding to remote mountain
areas. As one of the key points of traffic construction, tunnel
can give full play to the characteristics of high rock compres-
sive strength when crossing mountainous areas, so it has

pling of seepage field and stress field after tunnel excavation
and the interaction between surrounding rock and lining are
unavoidable problems in current tunnel construction. Dur-
ing tunnel excavation under water-rich conditions [5-7],
the tunnel is mainly affected by water in two aspects. One
is that the existence of water reduces the mechanical
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parameters of rock mass and changes the strength of rock
mass. On the other hand, the tunnel excavation leads to
the redistribution of surrounding rock seepage field and
changes the pore water pressure. The coupling between the
two fields of the stress field and seepage field is the key
reason for aggravating formation deformation. Therefore,
considering the influence of seepage, the research on the
stress and stress distribution of surrounding rock of deep
tunnel has become a hot spot in academic and engineering
circles.

On the stress and displacement of tunnel surrounding
rock, some scholars mainly use elastic-plastic constitutive
to analyze such problems. The main research methods
include theoretical analysis method [6-15] and numerical
simulation method [16-20]. In terms of theoretical analyti-
cal method, Liu et al. [6] substituted the Hoek-Brown crite-
rion into the equilibrium differential equation considering
the influence of seepage volume force to solve it. By solving
the transcendental equation, the numerical solution of stress
around the tunnel in the plastic zone and the numerical
solution of rock mass stress in the elastic zone are obtained;
Liu et al. [7] applied the seepage force to the stress field in
the form of volume force without considering the lining
and obtained the analytical expressions of elastic displace-
ment and stress and then applied the Mohr-Coulomb yield
criterion to obtain the analytical expressions of plastic stress
and plastic radius; Lee and Pietyuszczak [8] used a simplified
numerical method to calculate the stress and displacement
distribution of circular caverns in Mohr-Coulomb and
Hoek-Brown surrounding rock media considering strain
softening. In terms of numerical simulation, Dou et al. [16]
set the surrounding rock and lining as elastic-plastic mate-
rials and gave the calculation method of safety factor of
tunnel surrounding rock, primary support, and secondary
lining by using the method of limit analysis; Wu et al. [17]
used the analysis program based on the rock elastic-plastic
stress seepage damage coupling model, used the coupling
model to inverse the damage parameters according to the
field monitoring displacement, and then analyzed the distri-
bution law of the tunnel surrounding rock stress field, seep-
age field, damage field, and stress characteristics of lining
structure. On the other hand, there are many achievements
in the research on the interaction between displacement
and lining [21]. Based on Drucker-Prager yield criterion,
Wang et al. [21] deduced the elastic-plastic analytical
solution of the interaction between surrounding rock
and lining structure under the influence of seepage effect
and expounded the application of the above analytical
results in determining the load of lining structure; Wu
et al. [22] used the Mohr-Coulomb yield criterion and
bilinear constitutive model to put forward the analytical
expression of elastic-plastic solution of interaction system
between surrounding rock and lining in deep buried circular
roadway under generalized load; Zhu et al. [23] analyzed and
studied the bearing water pressure of railway tunnel compos-
ite lining by the finite element method with the help of a load
structure model.

In recent years, many scholars have studied on the basis
of the classical elastic-plastic solution of the tunnel and
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deduced the tunnel elastic-plastic solution considering the
influence of the seepage field. In Reference [7], by simplify-
ing the deep buried circular tunnel and solving it by using
the Mohr-Coulomb strength criterion, the analytical solu-
tion of surrounding rock stress considering seepage field is
obtained, and the influence of seepage field on surrounding
rock stress is discussed. In Reference [24], based on the study
of reference [7], the stress adjustment coefficient is intro-
duced to obtain the elastic-plastic analytical solution of deep
buried circular permeable tunnel considering the influence
of in situ stress redistribution. In Reference [24], the theo-
retical solution of the stability of roadway surrounding
rock is derived by using the theory of elastic-plastic dam-
age mechanics. By summarizing four rock strength criteria
including the Mohr-Coulomb criterion and Hoek-Brown
criterion, literature [25] obtains the unified form of the
surrounding rock yield equation under plane strain. On
this basis, the unified solutions of surrounding rock stress
field and displacement field under seepage are derived.
Reference [6] improved the elastoplastic stress solution of
surrounding rock derived based on Hoek-Brown criterion
so that it does not contain integral term. It can be seen
that most scholars choose the Mohr-Coulomb criterion
[24] and Hoek-Brown criterion [26] without considering
the intermediate principal stress in the elastic-plastic cal-
culation and analysis of surrounding rock, resulting in
conservative calculation results. In the past, isotropic cal-
culation was mostly used in the calculation of the seepage
field; that is, the permeability coefficients in all directions
were equal. This is different from the engineering practice.
Only by mastering the distribution law of surrounding
rock seepage field after tunnel excavation can we analyze
the influence of seepage on surrounding rock stress and
plastic zone.

On the basis of previous studies, based on the unified
strength theory criterion and considering the effects of strain
softening, seepage, and intermediate principal stress, this
paper divides the tunnel surrounding rock considering the
influence of seepage into plastic residual zone, plastic
softening zone, and elastic zone, deduces the analytical
expressions of stress and half diameter of each zone of
surrounding rock, and considers the differences of perme-
ability coeflicients in horizontal and vertical directions. By
defining the nonuniform permeability coeflicient, its influ-
ence on the distribution law of pore water pressure in all
directions of surrounding rock is analyzed. Finally, an exam-
ple is given to analyze the effects of surrounding rock soften-
ing, seepage, and intermediate principal stress coefficient on
the tangential stress and plastic zone radius of the tunnel.
The research results can provide reference for further study
on the stability of surrounding rock in tunnel excavation
under water-bearing rock.

2. Analysis of Surrounding Rock Pressure and
Displacement considering Seepage

2.1. Basic Assumptions and Mechanical Models. After the
tunnel is excavated in water-rich mountain area, the sur-
rounding rock and lining structure near the tunnel will be
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affected by seepage force. According to the basic theory of
seepage mechanics, the seepage water pressure after tunnel
excavation and seepage stability is calculated as the bound-
ary condition for the analysis of the interaction between sur-
rounding rock and lining structure under the influence of
equivalent seepage effect. In order to facilitate the subse-
quent calculation, the following assumptions and simplifica-
tions are made of the characteristics of seepage in high head
mountain tunnel and the theory of plastic mechanics:

(1) The tunnel is deeply buried and the excavation
surface is circular

(2) The surrounding rock is isotropic, homogeneous,
and continuous ideal elastic-plastic medium

(3) Lateral pressure coefficient of rock around tunnel
is 1, and the tunnel bears equal pressure in all
directions

(4) Groundwater is incompressible, and obey the seep-
age law under a steady state

(5) Because of the axial length of the tunnel, the value of
the transverse dimension is very large, ignoring the
influence of both ends of the tunnel; the tunnel is
simplified as a plane strain problem

Based on the above assumptions, the analysis model
of tunnel surrounding rock and lining seepage field is
determined as shown in Figure 1 (the circular area from
inside to outside in the figure is lining and surrounding
rock, respectively; the circle with a distance of R from
the center of the tunnel is the far-field seepage boundary,
and its stable seepage head is H (corresponding water
pressure is p ). The inner diameter of tunnel lining is
19> and the outer diameter is r,. In addition, the perme-
ability coefficients of surrounding rock and lining are k,
and k;, respectively.

2.2. Analysis of Steady Seepage Field. The seepage flow Q at
each position of surrounding rock and lining has the follow-
ing relationship with seepage water pressure:

_ 2knrdp,, (1)
Copdr
where k is the permeability coefficient of surrounding rock
or lining at the calculated section; r is the radius of any
surrounding rock or lining circular section with the tunnel
center as the center; y,, is the gravity of water; and p,, is
the seepage water pressure.

The boundary conditions of equation (1) include the
following: on the inner and outer diameter of tunnel lining,
when r = r,, the seepage water pressure p, =0; when r=r,
seepage water pressure p._ = p, ;. At the far-field seepage sta-
bility radius (r = R), the seepage water pressure p,, =p. ..
The continuity condition is as follows: assuming that the
seepage flow at a radius section of surrounding rock is Q,
and the seepage flow at a radius section of lining is Q,,
considering that the tunnel lining and surrounding rock

FIGURE 1: Tunnel seepage model.

are in a stable seepage field, the seepage flow at the junction
of surrounding rock and lining is continuous; that is, when
r=r,Q =Q.

By solving equation (1) with boundary conditions and
continuity conditions, the expression of seepage water pres-
sure p, at any radius of lining and surrounding rock can be
obtained:

P kr In (r/ry)

YO klln (R/ry) + kr In (r,/10)’
_ kr In (ry/ry) + k11n (r/r))

YO klln (R/ry) + kr In (r,/10)’

o STSTy
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Equation (2) is the seepage water pressure state after the
tunnel seepage is in a stable state.

2.3. Theoretical Analysis of Stress and Displacement. The
initial equilibrium of surrounding rock is disturbed by
tunnel excavation. Due to the change of seepage state and
in situ stress, the stress state around the tunnel will also
change. Some surrounding rock will undergo nonlinear
plastic deformation, not just elastic deformation. Displace-
ment and stress of rock around tunnel such deep buried
tunnel are suitable to be analyzed by elastic-plastic consti-
tutive law.

2.3.1. Elastoplastic Mechanical Analysis Model. Based on the
assumption, the elastic-plastic analysis model of tunnel
surrounding rock is made, as shown in Figure 2. The inner
diameter and outer diameter of tunnel lining are r, and |,
respectively. The seepage water pressure at the far-field sta-
ble seepage is p,,, the support reaction force of lining on
surrounding rock after lining is applied is p,, and the sur-
rounding rock pressure uniformly distributed around the
tunnel is g. Under the combined action of surrounding rock
pressure, seepage water pressure, and support reaction force,
the surrounding rock adjacent to the tunnel produces plastic
deformation. The outer radius of the plastic zone is R, and
the surrounding rock outside the plastic zone is still elastic.
Take the rock mass element at any point a on the
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FiGURre 2: Elastoplastic analysis model.

surrounding rock in Figure 2 for stress analysis. The stress
balance equation of point A is

do, L =% —ﬁ%

=0, 3
dr r dr (3)

where r is the distance from point A to the center of the tun-
nel; p,, is the seepage water pressure; and f3 refers to the
reduction coefficient of seepage water pressure caused by
fluid stress coupling during construction, and its value is
related to the porosity of the material. For concrete, the
value is generally 2/31, and for rock close to failure, the value
is close to 1. If there is no special description in this paper,
the value is 5/6 according to the actual project; o, is the cir-
cumferential effective stress, and o, takes the tensile stress as
positive and the compressive stress as negative. The stresses
not specified below refer to the effective stress.

2.3.2. Stress Analysis of Surrounding Rock

(1) Analysis of the plastic zone of surrounding rock

Under the joint action of surrounding rock pressure,
seepage water pressure, and support reaction force, part of
the surrounding rock enters the plastic state, which is in the
annular area between the lining and the radius R;,. After

yielding, the rock mass in this area meets the Mohr-
Coulomb criterion, that is:

1+ sin 2c cos
oh= L L

(4)

r

1-sing 1-sing’

where 05 and of are the radial effective stress and circumfer-
ential effective stress of the plastic zone element, respectively;
¢ is the cohesion of rock mass; and ¢ is the friction angle in
the rock body.
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Substituting equations (2) and (4) into the equilibrium
equation (3), the first-order nonlinear differential equation
is obtained and solved with reference to [8].

1 +sin @ r 2 sin @/(1-sin ¢)
b= e -p)(F)

1-sing r (5)
_ B(1+sing) N 2 cos ¢
1-sin¢g l-sing’

(2) Elastic zone analysis of surrounding rock

It is assumed that the radius at the junction of the plastic
zone and elastic zone of surrounding rock is R, and the
radial stress of rock mass at this location is ogp. The elastic
zone of surrounding rock of deep buried tunnel is regarded
as a thick walled cylinder, and the earth pressure g and
internal stress in the elastic zone can be expressed by Kirsch
formula stress state of the elastic zone under ogp:

R? — R?
E_"p q P

4R2 3R
+(1—A)<1—r—2p+7p> cosZ@},
R? - R?
ag:——PaRP+7q l(l+)&)<1+r—§>

4
+(1—/\)<1+%> cosZ@].

In formulas (13)-(14), of and o are the total radial
stress and total circumferential stress of surrounding rock
in the elastic zone, respectively; q is the surrounding rock
pressure; A is the lateral pressure coefficient; and 0 is the
angle between the calculated point and the tunnel center line
and the vertical direction.

In this paper, the stresses under various equal pressure
conditions are considered, so the lateral pressure coeffi-
cient A takes 1. At the same time, considering the influ-
ence of seepage water pressure, it can be simplified as
follows:

(6)

(7)

R? R2

af:—q(l— r_§> + r_faRP+Bpw’ (8)
R? R?

‘75:_‘1<1+ r_§> - 7§0Rp+ﬁpw~ 9)

(3) Analysis of the plastic radius of surrounding rock

According to the stress continuity condition of sur-
rounding rock at the elastic-plastic boundary (r=R;),
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on the elastic-plastic boundary of surrounding rock, there
are

of + o =0t +af. (10)

According to the calculation and simplification in Ref-
erence [14], the following can be obtained:

; 2 sin @/(1-sin ¢)
p, =B+ <R—1> (1 -sin ¢)

P

( € Cos ¢ B )
: q+ p + . >
l-sing 1-sing

51

(11)

R = - — .
P [(p, —B)/(q(1 —sin @) +c cos ¢ + B)](gl’sm 9)/2 sin ¢

(12)

The relationship between support reaction force and
surrounding rock plastic radius under different rock mass
parameters and seepage conditions can be obtained from
equations (11) and (12).

(4) Displacement analysis of surrounding rock

After the tunnb5el is excavated and lined, the initial in
situ stress and seepage field of surrounding rock will change,
resulting in displacement and deformation of rock mass. The
displacement of surrounding rock is divided into elastic zone
displacement and plastic zone displacement.

In the elastic zone of surrounding rock, according to the
theory of elasticity, the displacement of rock mass is

1-— 2
ue: E‘M r(AO'e— 71# AO’,), r1<r<RP)
s —u

1-u’R2
u:7[’l P AO’O——‘M AUr N
P Er l-p

S

RPSrsR.

(13)

3. Analysis of Surrounding Rock Pressure and
Displacement considering Softening

3.1. Mechanical Model. In order to qualitatively study the
stress distribution of surrounding rock of circular tunnel
under seepage, the following assumptions are made for the
practical problems: (1) the calculation process is considered
as the plane strain problem under axisymmetry, (2) the
water-bearing surrounding rock is regarded as a two-phase
medium satisfying Darcy’s law, and (3) for the convenience
of coupling calculation, the compressive stress is positive
and the tensile stress is negative.

Figure 3 shows the mechanical model of tunnel sur-
rounding rock. According to the stress-strain state of sur-
rounding rock, the tunnel surrounding rock is divided into
three areas, namely elastic area, plastic softening area, and
plastic residual area. The surrounding rock in the elastic area
is in a complete state. When the surrounding rock stress

FIGURE 3: Mechanical model of tunnel surrounding rock.

exceeds the strength limit of rock mass, the surrounding
rock is in a plastic softening state. With the gradual increase
in deformation, the strength of rock mass decreases gradu-
ally. Finally, the residual strength is reached. At this time,
the surrounding rock enters the plastic residual area. See
formulas (1) and (2) for the values of corresponding
mechanical parameters. The excavation radius of the tunnel
is R, (m), the distance from the center of the tunnel to the
outer boundary of the plastic residual zone is R, (m), and
the distance from the center of the tunnel to the outer
boundary of the plastic softening zone is R, (m). The water

pressure of the stable seepage field outside the radius R (m)
is the same as the water pressure P; (Pa) outside the original
seepage field, and R can be obtained from borehole test [27].
The tunnel support force is P, (Pa), the initial in situ stress is
0, (Pa), and the side pressure coefficient A is 1; that is, the
horizontal in situ stress is equal to the vertical in situ stress.

3.2. Strain Softening Model. The strain softening of sur-
rounding rock shows the opening and penetration of micro-
cracks and the weakening of surrounding rock properties
under stress. Macroscopically, it can be considered that the
cohesion and internal friction angle of surrounding rock
have changed, and the mechanical parameters of surround-
ing rock, cohesion ¢ (Pa) and internal friction angle, have
changed ¢ (%), respectively, # piecewise function:

*(n=0),
c(n) = CP‘(CP‘C')%*(O“?W*), (14)
d(n=n ),
PP(n=0),
(1) = ¢P—@f—¢®§%w<n<n*y (15)

¢ (n=nx*).

where ¢ and ¢P are the peak mechanical parameters of
surrounding rock; ¢ and ¢" are the residual mechanical
parameter of surrounding rock; # # is the plastic softening
parameter, whose value is equal to the plastic shear strain.
According to Reference [28], when # =0, the surrounding



rock is in the prepeak elastic stage. At this time, the ¢
value of surrounding rock and the peak value ¢ is taken
as the parameter. When 0 <# <# #, the surrounding rock
is in the plastic softening stage. With the # increase in
the value, the ¢ value and the ¢ value decrease gradually.
When # > # *, the surrounding rock is in the plastic resid-
ual stage. At this time, the ¢ value of surrounding rock
and the ¢ value takes the residual parameter. The calcula-
tion formula obtained in Reference [29] is as follows:

ne = (o0 — o)) (% + %) (1+K,),  (6)

_l+siny
Cl-siny’

(17)

where v is rock expansion angle (°); E is the elastic mod-
ulus of surrounding rock (Pa); and M is the slope of soft-
ening curve (Pa). Since there is little difference between
the unloading slope and loading slope of the rock stress-
strain curve, it is assumed that they are the same here.

3.3. Unified Strength Theory. The unified strength theory has
many expressions. For rock materials, the internal friction
angle of rock is used ¢ and rock cohesion c is expressed as
follows:

When 0, < ((0y +05)/2) — (0, — 03/2) sin ¢:

F=0,(1-sin @) —o5(1 +sin @) = 2C cos ¢, (18)
, bo,+0,
ALY (19)

When o, 2 ((07 + 05)/2) — ((0, — 03)/2) sin ¢:
F'=0,(1 - sin @) — 05(1 +sin ¢) = 2C cos ¢ (20)

) 0y +bo, )1
T @)

where 04, 0,, and o, are the maximum principal stress,
intermediate principal stress, and minimum principal stress,
respectively; b is the influence degree of intermediate princi-
pal shear stress and normal stress on its action surface on
material failure, and its value range is [0, 1].

3.4. Seepage Field Calculation. In the axisymmetric plane sta-
ble seepage field, considering that the rock mass has different
permeability coeflicients in the horizontal and vertical direc-
tions, Darcy’s law in the two directions is expressed as

v g 2
ox
(22)
oh
V}’ = _k)’ a—y 5

where V is the seepage flow velocity (m/d); h is seepage
potential (m); and k, and k, are permeability coefficient in

horizontal and vertical directions (m/d).
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The continuity equation of incompressible water flow in
rock mass is

v,
ox = dy

ov
L =0. (23)

Pore water pressure is P, =h-y,, and y, is the gravity
of water (N/m?). It is defined that the ratio of permeability
coefficient in horizontal and vertical directions is uneven
permeability coefficient v, namely k,=vk, When v=1,
the rock mass is isotropic.

The axisymmetric plane stable seepage differential equa-
tion is obtained by combining formulas (9) and (10) and
expressed in the cylindrical coordinate system:

Py (1)

2

(v cos®B +sin® ) + ;dpgr(@ (v sin® B+ cos’B) =0,

dr
(24)

where f3 is the included angle between r and the horizontal
coordinate axis &= (v cos®f + sin?B)/(v sin?3 + cos*f3), so
that the above formula becomes

PP(r) | 1dP()

dr’ or dr =0 (25)

When v =1, the above formula becomes an axisymmet-
ric plane stable seepage field of isotropic rock mass. Accord-
ing to the boundary conditions P,,_g ) =0, P,(,_g) = P;> the
distribution law of pore water pressure along the radius of
tunnel surrounding rock is obtained as follows:

_ In(r/R))
© ™ 1n (R/Ry)

(8-1)18 _ gO-1)10
Py :Pi<r—° (v#1;R,<r<R).

(v=1;Ry<r<R),

R(S—l)/(S _ RO (6-1)/8

(26)

4. Analysis of Surrounding Rock Pressure and
Displacement considering Seepage
and Softening

Because the surrounding rock of seepage tunnel is affected
by internal water pressure, external water pressure, and in
situ stress, under different working conditions, the first prin-
cipal stress of surrounding rock may be either radial stress or
tangential stress. When the tunnel is in construction or
operation and the initial in situ stress is greater than the
water pressure in the tunnel, if the initial in situ stress is
greater than the water pressure in the tunnel or the tunnel
is in construction, it is o, > P,; there are o, > 0, established.
Because the research object of this paper is the deep buried
diversion tunnel during the construction period, without
considering the influence of internal water pressure, the first
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principal stress is tangential stress. For the plane strain prob-
lem, the intermediate principal stress is

m
=5 (51+5)s (27)
where m is the intermediate principal stress parameter, and

for rock materials, m = 1.

4.1. Plastic Residual Zone. The equilibrium equation consid-
ering seepage is

do, o,-0y

dr r r 0. (28)

where « is the action area coefficient of seepage water pres-
sure. For the sake of safety, it is generally taken when study-
ing the failure and stability of rock mass a =1 [21].

Since the maximum principal stress at the junction of
plastic residual zone and plastic softening zone (r=R,) is
0,1, since the maximum principal stress under this working
condition is tangential stress, that is, the stress boundary
condition on the outer boundary of plastic residual area
(r=R,) is o =07; the expression of radius Rr of the plastic
residual area under this working condition is obtained:

(29)

r

r A-
R =R, [o’l ~A,B- Az} V(A1)

Al(PO_B)

4.2. Plastic Softening Zone. The plastic softening zone also
meets the strength criterion of the previous formula and
the equilibrium equation of equation (28). The solution pro-
cess of the stress equation is similar to that of the plastic
residual zone. The stress expression of the plastic softening
zone can be obtained through the stress boundary condition
o} =0l on the inner boundary of the plastic softening zone
(r=R,):

of —A,-AB)\ "
R =R (L1 2"/} (30)
P *(a;—AZ—AIB>

4.3. Elastic Zone. Tt is assumed that the radial stress o is
caused by in situ stress on the contact surface between the
plastic softening zone of surrounding rock and the elastic
zone, and the elastic zone of surrounding rock can be
regarded as the initial in situ stress at infinity o,. With radial
compressive stress on the elastic-plastic contact surface for
thick-walled cylinder under the combined action of o,
and seepage water pressure, the expression of stress in the
elastic zone is

R? R?
a§,=00<1+ r_§> —afpr—g +aP,,
(31)

2 2
o‘=0 1—& +a-‘7pﬁ+o¢P
r— -0 7'2 r 7’2 w*

From the sum of tangential stress and radial stress,
which is continuous at the elastic-plastic interface of sur-
rounding rock (r=R,), it can be obtained that the peak
stress completely caused by in situ stress without seepage is

ap _ 200A, + A,

oy =0 A’ (32)
1
20,-A
_ gp_ %004y
off = g_TAI (33)

The stress expression of surrounding rock considering
seepage and softening effect expressed by softening parame-
ters and related rock parameters can be obtained.

5. Example Analysis

A tunnel in Yunnan is a separated tunnel. The starting and
ending piles of the right line are K22+ 455-k22 + 711, with
a length of 2256m, and the starting and ending piles of
the left line are zk22+ 437-zk24 + 680, with a length of
2243 m. It is a long highway tunnel. The maximum design
speed of the whole tunnel is 100 km/h, the net width of
the tunnel is limited to 14.5m, and the net height is 5m.
The tunnel type is downhill tunnel, with the right longitudi-
nal slope gradient of -2.5% and the right longitudinal slope
gradient of -2.5%. The center line distance is 22 m-30 m, with
a total length of 4499 m. The inlet section adopts biased end
wall and end wall portal, the outlet section adopts open hole
portal, and the lighting mode adopts photoelectric lighting.
The ventilation mode is mechanical ventilation, and the
mechanical parameters of tunnel surrounding rock are
shown in Table 1. The construction site of tunnel entrance
is shown in Figure 4.

5.1. Effect of Nonuniform Permeability Coefficient on Pore
Water Pressure Distribution. It can be seen from the previ-
ous discussion that there are many factors affecting the
distribution of pore water pressure in surrounding rock.
The nonuniform permeability coefficient is analyzed below
v having influence on pore water pressure distribution in
different directions of surrounding rock. Figure 5 shows
different v. The horizontal axis is the ratio of the distance r
from the point to the center of the tunnel and the influence
radius R of the external water pressure of the original seep-
age field. It can be seen from Figure 5 that the uneven
permeability coefficient has an impact on the pore water
pressure distribution in different directions. Figure 5(a)
shows that when the external water pressure is constant,
with the increase in uneven permeability coefficient, the
growth rate of pore water pressure along the 0° direction
(horizontal direction) gradually slows down and finally
tends to the external water pressure. The variation trend of
pore water pressure along the 30° direction is similar to that
in the 0° direction (Figure 5(b)), but different v. The differ-
ence of growth rate under value is not as obvious as the lat-
ter; Figures 5(c) and 5(d) show that the change trend of pore
water pressure in the 60° direction is the same as that in the
90° direction (vertical direction), and the growth rate of pore
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TaBLE 1: Mechanical parameters of surrounding rock of the example project.

Mechanical parameters Value Mechanical parameters Value
Elastic modulus E (Gpa) 7.8 Crustal stress o, 22
Strength attenuation modulus M (GPa) 7.8 External water pressure P; 6
Peak internal friction angle ¢ (°) 35 Density p (g-cm™) 2.6
Residual internal friction angle ¢ (°) 30 Poisson’s ratio 0.25
Peak cohesion C? (MPa) 1.5 Dilatancy angle v () 10
Residual cohesion C" (MPa) 0.9 Critical plastic softening coefficient #* 0.007

FIGURE 4: Construction site drawing of tunnel entrance.

water pressure gradually accelerates with the increase in
uneven permeability coefficient, which is different in the
90" direction v. The difference of growth rate under the value
is more obvious than that in the 60° direction. This shows
that with v the change of value, the seepage shows anisot-
ropy in different directions, and the closer to the horizontal
or vertical direction, the more vulnerable the pore water
pressure distribution is to the influence of uneven perme-
ability coefficient. Specifically, when v < 1, the closer to the
horizontal direction, the faster the change speed of pore
water pressure. When v > 1, the closer to the vertical direc-
tion, the faster the pore water pressure changes. This shows
that when v < 1, that is, when the permeability coefficient in
the horizontal direction is less than that in the vertical direc-
tion, the reduction range of pore water pressure in the hor-
izontal direction is much less than that in the vertical
direction in the surrounding rock deep away from the tunnel
free face. Because the boundary condition of hydraulic force
at the tunnel free face is a certain value, therefore, the calcu-
lation results show that the hydraulic gradient increases
sharply in the horizontal direction near the free face.

5.2. Influence of Seepage on Different Zoning Ranges and
Stress Distribution of Surrounding Rock. In order to reveal
the effects of strain softening and seepage on the stress and
plastic zone radius of surrounding rock, it is compared with
the elastic-plastic solutions of the following three cases: no
strain softening, no seepage, and neither softening nor seep-
age. In order to simplify the calculation, the attenuation of
rock material parameters in the softening zone is regarded
as a linear change.

When the intermediate principal stress coefficient b =0,
the unified strength criterion degenerates to the Mohr-
Coulomb strength criterion. The relationship curve between

P, and plastic zone radius R, in 4 cases is calculated, as
shown in Figure 6. It can be seen from Figure 6 that P,
has a significant impact on the radius R, of the surrounding
rock plastic zone. When B is constant, with the increase in
Py, the radius R, of the plastic zone gradually decreases until
there is no plastic zone (because the excavation radius
Py=2m, R,<2m indicates that the plastic zone does

not exist). When P, =4 MPa, the R, corresponding to the
four cases is 27.2%, 15.5%, 19.7%, and 12.8% lower than that
corresponding to P, =2MPa. When P;=10MPa, the R,
corresponding to the four cases is only 10.5%, 6.3%, 8.9%,
and 5.2% lower than that when P, = 8 MPa, indicating that
the support force can reduce the plastic zone of surrounding
rock within a certain range, and the smaller the support force,
the more significant the impact. When considering seepage
and softening, the obtained R}, is greater than that when only

a single factor is considered or neither is considered. There-
fore, during tunnel construction, the rock mass should be
reinforced by grouting treatment to reduce the softening
degree and permeability coefficient of surrounding rock,
reduce the range of plastic zone of surrounding rock and
improve the stability of surrounding rock. The calculated
R, only considering softening is greater than that only con-
sidering seepage, and R, in both cases is greater than that
calculated without considering both, indicating that both
seepage and material softening will affect the stability of sur-
rounding rock, which should not be ignored in calculation,
and material softening is more unfavorable to the stability
of surrounding rock than seepage.

Figure 7 shows the distribution of tangential stress of
surrounding rock under 4 conditions when P, =2 MPa and
b =0, and the first principal stress generally controls the sur-
rounding rock. Under this working condition, the tangential
stress is the first principal stress, so only the influence of var-
ious parameters on tangential stress is analyzed. It can be
seen from Figure 7 that near the free face of the tunnel, the
tangential stress value considering material softening is less
than that without considering material softening. This is
because the mechanical parameters of surrounding rock in
the plastic zone deteriorate, resulting in the decline of the
bearing capacity of surrounding rock and the transmission
of stress to the depth of surrounding rock, resulting in the
continuous expansion of the plastic zone. At the same time,
the tangential stress distribution of surrounding rock con-
sidering the influence of seepage field and not considering
the influence of seepage field is basically the same near the
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F1GUrE 5: Different v pore water pressure distribution of surrounding rock in different directions under the condition of value.
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free face, but near the depth, the tangential stress of sur-
rounding rock considering the influence of seepage field is
gradually greater than that without considering the effect
of seepage field. This is because when the seepage field is
not considered, the support reaction acting on the tunnel
wall is considered surface force, and its action range is lim-
ited. The seepage pressure is actually a volume force acting
on any point of the stress field.

Figure 8 shows the tangential stress distribution of sur-
rounding rock corresponding to different P, when b =0 con-
sidering seepage and softening conditions, and the radius of
plastic zone is shown in Figure 6. It can be seen from
Figure 8 that with the increase in P, the tangential stress
of surrounding rock near the free face gradually increases.
P, increases from 2 MPa to 10 MPa, the tangential stress at
the inner wall of the tunnel increases from 8.6 MPa to
30.4 MPa, an increase in 2.5 times, while the peak tangential
stress decreases from 35MPa to 30.6 MPa, a decrease in
14.4%.

5.3. Influence of Intermediate Principal Stress Coefficient
on Different Zoning Ranges and Stress Distribution of
Surrounding Rock. Based on the unified strength theory
criterion, the elastic-plastic analytical solution of tunnel sur-
rounding rock is obtained by comprehensively considering
the influence of seepage field and surrounding rock strain
softening. It is known that this series of solutions can be
transformed into known solutions by changing the interme-
diate principal stress coefficient b. For example, when b is
equal to 0, 0.25, 0.50, 0.75, and 1.00, respectively, this solu-
tion can be transformed into a special solution satisfying
Mohr-Coulomb, double shear strength criterion, and other
strength criteria. By changing the intermediate principal
stress coefficient b, the influence of the intermediate principal
stress on the tangential stress of surrounding rock under
seepage and softening effect is analyzed. Figure 9 shows the
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tangential stress distribution of surrounding rock corre-
sponding to different b values when Pj,=2MPa, and
Figure 10 shows the radius of the plastic zone corresponding
to different b values. It can be seen from Figures 9 and 10 that
b value has a significant impact on the tangential stress of
surrounding rock and the range of plastic zone. With the
increase in b value, the radius of plastic zone gradually
decreases, while the tangential stress of surrounding rock
near the free face gradually increases. When considering the
intermediate principal stress effect (b =0.25, 0.50, 0.75, and
1.00), the peak tangential stress of surrounding rock
increases by 0.2%, 0.8%, 0.9%, and 1.8%, respectively, com-
pared with that without considering the intermediate princi-
pal stress effect (b=0), and the radius of the plastic zone
decreases by 10.8%, 17.2%, 21.3%, and 24.2%, respectively,
which shows that compared with considering the intermedi-
ate principal stress effect, without considering the effect of
intermediate principal stress, the calculation results are
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relatively conservative and cannot give full play to the the stability of surrounding rock than that of
strength of surrounding rock effectively. seepage

(5) The intermediate principal stress coeflicient b has a

(1) In order to study the interaction between surround-
ing rock and lining of deep buried tunnel considering
the influence of seepage, based on Mohr Coulomb
criterion, the interaction between surrounding rock
and lining of deep buried tunnel is analyzed by con-
vergence constraint method. Based on the elastic-
plastic solution, the nonlinear elastic-plastic solution
of the interaction between surrounding rock and lin-
ing structure considering the effect of seepage force is
proposed, and the radius of surrounding rock plastic
zone is obtained The relationship between surround-
ing rock stress and displacement, radial deformation
of lining and support reaction force. At the same
time, the seepage, strain softening and intermediate
principal stress of surrounding rock are analyzed as
parameters, and the calculation results are combined
with the properties of surrounding rock. The sur-
rounding rock is divided into plastic residual area,
plastic softening area, and elastic area. The stress dis-
tribution expression of plastic area and surrounding
rock in each area of circular tunnel is deduced

(2) The radial displacement around the tunnel is mainly
related to the nonlinear deformation of surrounding
rock lining. After the tunnel is excavated and lined,
under the action of surrounding rock earth pressure
and seepage water pressure, the surrounding rock
and lining deform, and the support reaction pro-
vided by the lining gradually increases. The two
coordinate deformation, making the tunnel tend to
be stable. The final radial displacement around the
tunnel depends on the convergence curve of sur-
rounding rock and the support characteristic curve

(3) Define the coefficient of nonuniform permeability v
to quantitatively analyze the influence of two-way
unequal permeability coefficient on pore water pres-
sure distribution in all directions of surrounding
rock: with v with the change of value, the seepage
shows anisotropy in different directions. When v < 1,
the closer to the horizontal direction, the faster the
change speed of pore water pressure. When v > 1,
the closer to the vertical direction, the faster the pore
water pressure changes

(4) Through the comparison of numerical examples,
seepage and material softening have varying degrees
of influence on the distribution of surrounding
rock stress field and the size of plastic zone: due
to the deterioration of surrounding rock mechani-
cal parameters, the tangential stress when consider-
ing softening is smaller than when not considering
softening, and the radius of plastic zone is larger.
At the same time, The softening characteristic of
the studied material has a greater influence on

6. Conclusions significant impact on the tangential stress of sur-

rounding rock and the range of plastic zone. With
the increase in b value, the radius of the plastic zone
decreases gradually, while the tangential stress of
surrounding rock near the free face increases gradu-
ally. In the calculation example in this paper, when
b =1, the peak tangential stress of surrounding rock
increases by 1.8% compared with B=0, and the
radius of plastic zone decreases by 25%, which shows
that compared with considering the intermediate
principal stress effect, the calculation results are rela-
tively conservative without considering the interme-
diate principal stress effect and cannot give full play
to the strength of surrounding rock effectively
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Gully erosion is the major soil erosion type in the black soil region of Northeast China. However, studies on multifactor synthesis
at a large scale and on the driving mechanism of spatial differentiation are still relatively lacking for gully erosion in this region. In
this study, the simulation of gully erosion and its quantitative attribution analysis have been conducted in the Sancha River
catchment in Northeast China, based on high-resolution satellite imagery mapping and the geodetector method. A total of 18
indicators in 6 categories, including topography, climate and weather, soil properties, lithology, land use, have been taken into
consideration. The influence of each influencing factor and its interactive influence on gully erosion were quantitatively
evaluated. The results showed that at the large catchment scale, the submeter images had a strong capacity for the recognition
of a permanent gully and obtained satisfactory results. According to the results of the geodetector, lithology and soil type are
the main factors that affect the spatial differentiation of gully erosion in the Sancha River basin, because their interpretation
power for gully density and gully intensity was close to 10%. The lithology belonged to gray-white matter rhyolite, spherulite
rhyolite, and crystal clastic tuff, with the highest gully density and intensity. The interpretation power of the secondary factors,
including rainfall erosivity, watershed area, elevation, soil erodibility, land use pattern, slope, and distance from the river,
amounted to more than 1%. The interactions among most driving factors showed nonlinear enhancement. The influence of the
interaction between lithology and soil type appeared to be the largest. In particular, the lithology of different soil types
accounted for 28.7% and 32.5% of the gully density and gully intensity. The interaction of factors had a stronger influence on
the spatial differentiation of gully erosion than any single factor.

1. Introduction

Gully erosion is the formation and subsequent expansion of
erosional channels in the soil as a result of concentrated
water flow [1]. Runoff water through the catchment area
removes soil from the channels and accumulates in the nar-
row channels. After several iterations, a gully of considerable
depth will appear. Hence, gully erosion is one of the most
effective drivers of sediment removal and runoff from high-
land areas to valley floors [2]. Gully erosion was, is, and will
continue to be one of the world’s most important environ-

mental problems, especially in semiarid and arid areas,
where soils are suffering from severe gully erosion [3]. For
instance, Iran, located in Western Asia, is suffering from
serious soil erosion, with approximately 2-2.5 billion tons
of soil being lost every year, accounting for approximately
50% of the country’s land area. Gully initiation and develop-
ment is a natural process that greatly impacts agricultural
activities and environmental quality as it promotes land deg-
radation, desertification, and ecosystem disruption [2].

In the last 100 years, with the expansion of the agricul-
tural land area, the black soil in Northeast China has
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suffered serious soil erosion, becoming one of the largest soil
erosion regions in China [4]. Several studies have proposed
that gully erosion is the major soil erosion type in this region
[5, 6]. According to the findings of the first national water
conservancy survey, there are nearly 300,000 gullies in the
black soil region of Northeast China, causing a loss of
cultivated land of approximately 4.83 x 105hm’ and
3.62 x 10? kg of grain is lost annually due to the development
of eroded gullies [7]. Due to the unique geographical envi-
ronment, such as the long, gentle slopesm and large catch-
ment area, the gully erosion process of the black soil region
in Northeast China is obviously different from that of other
areas. Gully erosion has mostly occurred on sloping farmland
[8]. Ephemeral gullies and gullies are usually formed, which
are characterized by a short length and small area. Mapping
gullies in a wide range of temporal and spatial scales and
identifying the formation mechanism and influencing factors
are the key issues for soil conservation and land management
in Northeast China.

The conventional ground-based measurement methods,
such as methods that utilize tape [9], microtopographic pro-
filers [10], total stations [11], pins [12], and differential GPS
[13], are time-consuming and labor-intensive when seeking
high accuracy in field surveys. The ground-based monitor-
ing methods are typically applicable at a small scale and
for short-term monitoring [13, 14]. Unmanned aerial vehi-
cles (UAV) with the photogrammetric technique of struc-
ture from motion (SFM) allow a higher level of detail and
insights into the process of gully erosion [15, 16]. However,
the flexible and promising method provides the user with
limited continuous space coverage. At larger temporal and
spatial scales, visual analysis or object-oriented analysis of
high-resolution satellite remote sensing images have been
used to quantify the temporal changes in various gully pla-
nar morphological parameters [17-19]. Of particular impor-
tance is the continuous mapping of gullies over large areas
covering large regions. In recent years, many studies have
used high-resolution satellite images to identify and extract
the distribution of large-scale gullies and then to study the
spatial distribution and dynamic changes in gullies. From
2010 to 2012, the National Administration of Surveying,
Mapping and Geographic Information (NASG) conducted
the first special census of gully erosion in the black soil
region of Northeast China [20]. The survey was mainly
based on the method of visual interpretation and field verifi-
cation, making full use of high-resolution satellite images,
airborne sensors, and ground data to obtain information
on gullies. According to the field survey, the width of many
gullies in the black soil region of Northeast China is less than
5 m. However, when the spatial resolution of satellite images is
higher than 5m, these gullies will be ignored, resulting in an
increase in mapping errors. At this time, high spatial-
temporal-resolution remote sensing images provide new pos-
sibilities for studying large-scale gully erosion [19, 21, 22].

At present, researchers in China and elsewhere are carry-
ing out relevant research on the influencing factors of gully
erosion [23-26]. According to previous studies, the distribu-
tion of gullies is related to topography, soil, climate, precipita-
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tion, vegetation, land use, and human activities, etc. [1, 27].
With the rapid development of computer science, most studies
use correlation, regression analysis, or machine learning
models to identify the importance of gully erosion factors in
order to assess gully erosion sensitivity [2, 3, 28-30]. However,
these statistical methods cannot directly quantify the influence
of the driving factors [31]. In addition, there is still a lack of
studies that comprehensively compare factors and combina-
tions of variables. Do these influencing factors operate inde-
pendently or by interacting? The emergence of geodetectors
provides new ideas and means to solve the above problems.
A geodetector is a new tool for geographic research that can
effectively analyze spatial differentiation in geographic phe-
nomena and the factors that influence them [32]. It can not
only quantitatively determine the dominant factors but can
quantify the influence of two interacting explanatory variables
on a specific target variable. Thus far, geodetectors have been
used to analyze the driving forces and mechanisms of soil ero-
sion [33, 34].

It is still a major challenge to monitor and map the spa-
tial differentiation of gully erosion at a large scale and quan-
titatively evaluate its driving mechanism in the black soil
region of Northeast China. Thus, the purpose of this work
is to (1) use the submeter satellite remote sensing image to
perform the large-scale spatial mapping of gully erosion in
the Sancha River basin located in the south of the typical
black soil region of Northeast China by visual interpretation
and field validation and (2) perform a quantitative attribu-
tion analysis of the spatial differentiation mechanism of
gully erosion based on geodetection.

2. Materials and Methods

2.1. Study Area. Soil degradation caused by gully erosion has
become an important problem of ecological restoration in
the black soil region of Northeast China. The Sancha River
basin, located in the south of Northeast China (Figure 1(a))
and covering 163.83km?, is a typical black soil region and suf-
fers serious soil and water loss. This study area (Figures 1(b)
and 1(c)), situated in the hilly area between the Changbai
Mountains and Songliao Plain, has a mid-temperate continen-
tal monsoon climate with an annual temperature of 5.3°C; the
highest average monthly temperature is 23.3°C and the lowest
average monthly temperature is 16.3°C, and the soil types
include black soil, meadow soil, albic soil, and dark brown soil.
The annual precipitation ranges from 550 to 600 mm. The
Sancha River basin has a mosaic of land cover comprising
66.2% farmland, 26.4% forest, 2.0% grassland, 2.9% water area,
and 2.5% road and housing construction area. The land use
type of this area is mainly slope farmland; the slope length of
the slope farmland is mostly in the range of 300~500 m, where
the main crops are soybean and corn. Due to the comprehen-
sive influence of topographic factors, climatic factors, soil
properties, land use types, and lithology, gully erosion is
widely distributed in this area and has most occurred on the
sloping farmland. Due to the substantial terrain undulation
and long-term human activities, this region has little vegeta-
tion coverage and suffers from severe soil erosion by water.
In particular, high-intensity reclamation and unreasonable
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FIGURE 1: (a) The study area located in Northeast China. (b) DEM of the study area. (c) Pleiades-1B satellite image including the Sancha

River catchment (27 April 2018).

land use have become important factors accelerating soil ero-
sion in this region in the past 50 years.

2.2. Data Sources and Processing. To map gully erosion,
Pleiades-1B images with a resolution of 0.5 m, collected from
Google Earth, were drawn into a polygon according to the
gully erosion area. The Pleiadia-1B image taken on 27 April
2018 shows a panchromatic band and four multi-spectral
bands (blue, green, red, and near-infrared) (Figure 1(c)).
The data provider has made geometric, radiometric, and
atmospheric corrections to the data.

Gully erosion is a threshold-dependent process under
the influence of a number of effective factors [35]. On the
basis of referring to the relevant literature and considering
the availability of data and the actual situation of the Sancha
River basin, we finally selected 18 influencing factors. Eleva-
tion affects the types of vegetation in a region. Therefore,
many researchers believe that altitude plays a crucial role
in the study of gully erosion [36]. Slope shape and slope
position can also cause the spatial differentiation of gully
erosion. Slope aspect affects humidity, temperature condi-
tions, and vegetation growth by affecting solar radiation.



Slope degree is an important basic parameter to describe sur-
face morphology and an important analysis factor in soil and
water conservation. Slope length can control surface runoff
velocity. The runoff and sediment yield increase with the
increase in slope length. Plane curvature is an indicator of the
turning of the ground, and sectional curvature can reflect the
degree of terrain complexity. Runoft will be affected by slope
shape [28], and plane curvature and sectional curvature become
important indexes affecting gully erosion. The surface runoff
and the resulting soil loss can be determined by the unit catch-
ment area. It is the main factor causing the spatial differentia-
tion of gully erosion. The topographic wetness index (TWI) is
commonly employed as a proxy for the potential for surface
and subsurface water accumulation due to runoff and lateral
transmissivity [37]. TWI is considered to be an important factor
affecting the development of gullies. Rainfall erosivity is posi-
tively correlated with soil and water loss, which can reflect the
effect of rainfall on the triggering factors of gully erosion. The
rate and pattern of gully development are largely controlled
by soil type. Soil erodibility is influenced by the soil’s physical
properties [38], which have an important impact on soil erosion
and sediment yield. Lithological features are related to geomor-
phologic features and land surface characteristics [39]. The
lithology of the geologic parent material influences the develop-
ment of gullies [40]. In addition, unreasonable land use has
become an important factor accelerating gully erosion in this
region in the past 50 years. The distance from the river is
directly related to runoff in the catchment area, so the distance
from the river will affect gully erosion. Distance from the resi-
dential area and distance from the road represent the influence
of human factors on gully erosion. Excessive utilization of land
resources will promote land degradation and have a profound
impact on gully erosion [41].

The above factors were identified and divided into 6
categories: (1) topography factors, (2) climate and weather fac-
tors, (3) soil properties, (4) lithology, (5) land use, and (6)
other factors (Figure 2). Table 1 provides a more detailed over-
view of each variable. Topography factors, including elevation,
slope shape, slope aspect, slope position, slope degree, slope
length, plane curvature, sectional curvature, catchment area,
and topographic wetness index, were mainly obtained by cal-
culation or analysis in ArcGIS on the basis of a DEM of 5m
pixel size with a scale of 1: 10,000. Climate and weather factors
were represented by rainfall erosivity. Soil properties and
lithology were represented by soil type, soil erodibility, and
lithology. The soil type distribution map was provided by the
Chinese Academy of Sciences. The lithology was obtained
through 1:50,000 geological maps, provided by the Jilin Pro-
vincial Geological Database. Detailed algorithms and data on
rainfall erosivity and soil erodibility are available from a previ-
ous study [42]. The land use data were derived from submeter-
level images and ground data, as an important result of
geographical condition monitoring. The other factors, includ-
ing the distances from residential areas, rivers, and roads, were
generated by using the buffer tool in ArcGIS. The other high-
resolution satellite/aerial images, including Landsat8 (2013),
Planet Labs (2014), Alos (2009), ZY3 (2013), Pleiades-1A
(2013), Digital Mapping Camera (DMC, 2010), and
Unmanned Air Vehicle (UAV, 2015), were provided by the
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Jilin Province Geomatics Center and the Chinese Academy
of Sciences. The digital elevation model (DEM), land use, road,
water, and residential sites were also provided by the Jilin
Province Geomatics Center.

2.3. Methods

2.3.1. Gully Erosion Mapping Based on High-Resolution
Satellite Imagery. The distribution information on gully ero-
sion in the study area was mainly obtained through visual
interpretation (Table 2), combined with field investigation
and verification, to judge the gully from the image and then
obtain its data, including linear data and area data. The
distribution of gully erosion was analyzed in terms of gully
density and gully intensity. As the main indicator for asses-
sing gully erosion, gully density within the study area was
defined as the total gully length per area of the whole study
area. The distribution of gully density was estimated by
using the line density tool in ArcGIS. The density was calcu-
lated as the ratio of the total length of the gully within the
circular kernel (50 m search radius) and the total area of
the circular kernel. Gully intensity refers to the total length
of gully erosion per unit area, reflecting the degree of frag-
mentation of the surface and the degree of soil erosion.

According to the field validation result, the gully data
were modified. The omitted and committed gullies were
included and excluded, respectively. Then, the final gully
distribution data were obtained. The gully density distribu-
tion was estimated by using the Focal Statistics tool in
ArcGIS. The specific steps were as follows: a fishnet polygon
containing cells of 50 m x 50 m was created, and then, the total
length per area of each cell was calculated and a value was
assigned to the corresponding cell; (2) the polygon was con-
verted into a grid with a 5 m pixel size; and (3) focal Statistics
was applied to calculate the average value of each input cell
within a rectangular neighborhood of 100 m x 100 m; thus,
the distribution map of gully density was obtained. Similarly,
gully intensity was calculated by using the measurement of
total gully area per area.

2.3.2. Geodetector Method. The geodetector method was
established by Wang et al. and has been used extensively,
mainly in factor detection, risk detection, interactive detec-
tion, and ecological detection. For more details about the
geographical detector model, please see [43]. Briefly, the pro-
cess is as follows:

(1) The factor detector uses the g value to assess the
impact of risk factors on the spatial pattern of gully
erosion. A higher g value means that the risk factor
has a stronger contribution to the spatial differentia-
tion of gully erosion. It uses F-tests to compare
whether the accumulated variance of each subregion
is significantly different from the variance of the
entire study region
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FiGure 2: Influencing factors on gully erosion ((a) rainfall erosivity, (b) elevation, (c) slope shape, (d) slope aspect, (e) slope position, (f)
slope degree, (g) slope length, (h) distance from residential area, (i) distance from the river, (j) distance from the road, (k) plane
curvature, (1) sectional curvature, (m) catchment area, (n) topographic wetness index, (0) soil type, (p) soil erodibility, (q) lithology, and

(r) land use).

where h=1, .-+, L is the layer of independent variable X, N,
and N are the number of sample units in layer h and the
total region, respectively, and ¢, and o? are the variance
in the h layer and the variance in the region. The g value lies
in [0, 1]. If factor X completely controls the soil erosion, the
q value equals 1; if the factor X is completely unrelated to Y,
the g value equals 0

(2) The interaction detector compares the comprehen-
sive contributions of two separate risk factors to
the spatial differentiation of gully erosion, as well as
their independent contributions. By doing so, it
assesses whether the two risk factors weaken or rein-
force each other, or whether they independently
affect the spatial differentiation of gullies (Table 3)

(3) Risk area detection can evaluate the differences in
different driving factors in different areas of the

study area and can be used to identify the distribu-
tion of gully erosion in different areas, which can
be tested by t statistics

(4) The ecological detector evaluates whether the two
risk factors are significantly different in the distribu-
tion and development of gully erosion. It also uses
F-tests to compare the variance calculated in a subre-
gion attributed to one risk factor with the variance
attributed to another risk factor

Discretization is aimed at transforming continuous data
into discrete data. Compared with continuous data, discrete
data are easier to understand, use, and explain and are closer
to a knowledge-level representation [44]. Data discretization
is the process whereby continuous data are divided into sev-
eral intervals with selected cut points, where each interval is
mapped to a qualitative symbol. A cut point is a value from
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TaBLE 1: Information on factors affecting gully erosion.
Factors Date type Scale/resolution
Climate and weather factors Rainfall erosivity (X;) Raster 500 m
Elevation (X,)
Slope shape (X3)
Slope aspect (X,)
Slope position (X5)
Topography factors Slope degree (X) Raster 5m
Slope length (X)
Plane curvature (X,,)
Sectional curvature (X,,)
Catchment area (X;)
Topographic wetness index (X,,)
. . Soil type (X;5) Feature 1:1,000,000
Soil properties . e
Soil erodibility (X,416) Raster 500 m
Lithology Lithology (X,,) Feature 1:50000
Land use Land use (X,g) Feature 1:10000
Distance from residential area (Xg)
Other factors Distance from the river (Xg) Raster 10 m

Distance from the road (X,,)

TaBLE 2: Interpretation signs on Pleiades images.

Location Pleiades images

Ground photos

126.137°E
44.213°N

126.261°E
44.301°N

the adjacent continuous data that divides them into two
intervals. In actual applications, researchers always discretize
continuous data with user-defined discretization and select
the cut points according to their experience [45]. In this
study, soil erodibility and distance from the residential area
are divided into 4 grades. Soil type and slope shape are
divided into 5 grades. Slope position, slope length, elevation,

plane curvature, section curvature, distance from the road,
and terrain wetness index are divided into 6 grades. Rainfall
erosivity is divided into 8 grades. Regarding slope aspect, the
catchment area is divided into 9 grades. Land use and dis-
tance from rivers are divided into 10 grades. Lithology is
divided into 18 grades. In the process of division, while the
soil type, slope shape, slope aspect, and land use are divided
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TaBLE 3: Types of interaction between two covariates.

Criterion Interaction

q(X, NnX,) <Min(q(X,), 9(X,)) Weakened, nonlinear
Min(g(X,;), 9(X;)) <q(X, N X;) < Weakened, single factor
Max(q(X, ), q(X5)) nonlinear

4(X, N Xs) > Max(q(X,), 4(X2)) Fhanced, double
q(X; NX;) =q(X,) +9(X3) Independent

q(X1 NX,5) >q(X,) +9(X,) Enhanced, nonlinear

by a fixed cut point, the other factors are divided by the nat-
ural breaks (NB) method. The Fishnet tool in ArcGIS was
used to extract the raster data to points. The sampling inter-
val was set to 74m. A total of 29876 points were extracted
and used as the operating data for the geodetector.

3. Results

3.1. Analysis of the Spatial Variation in Gully Erosion.
Remote sensing data need to be verified by a field investiga-
tion to ensure the accuracy of gully erosion mapping and
correct errors. In the field validation work, 20 gullies were
observed and recorded at the Jilin Continuous Operation
Reference Station (JLORS), installed with Trimble equip-
ment. The indoor study showed that 18 gullies were
captured correctly, while a roadside gully was omitted and
another field path was mistaken for an ephemeral gully
(Table 4). Nevertheless, the overall accuracy of gully
interpretation reached 90%, and the very-high-resolution
(submeter) satellite image showed a strong capacity for the
detection of various gully types.

Based on the high-resolution images, gullies were
extracted by visual interpretation and field investigation
(Figure 3). There were 611 gullies in 2018, with a total area
of 128.31km and 0.86km” According to the distribution
map of gully density and intensity in 2018, it could be seen
that the area with higher gully density was concentrated in
the northeast. The overall distribution was more uniform,
and the highest density reached 10.55 km/km?. The distribu-
tion area of gully intensity was concentrated in the northeast
and south, with less in the north, and the highest reached
158457 m*/km®. The areas with high gully density and inten-
sity in the study area were all in the northeast, which may
have been due to the high soil erodibility in the northeast,
where soil is more prone to erosion. The gully density of
the whole area was 50598 m/km” and the average gully
intensity was 3412.29 m*/km’.

3.2. Geodetector-Based Quantitative Attribution Analysis of
Gully Erosion

3.2.1. Significance Analysis of Factors Affecting Gully Erosion.
The spatial differentiation of gully density and intensity in
2018 was attributed to the geodetector mode, and the
detection results are shown in Table 5. The ability of
different factors to explain the spatial distribution of gully
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density and intensity was as follows: gully density: lithology
(Xy7)>soil type (X;5)>rainfall erosivity (X,)> elevation
(X,) >soil erodibility (X,¢)>land use (X,g)>slope degree
(X4) > distance from the river (Xy)>topographic wetness
index (X,,) > catchment area (X,;) > distance from residen-
tial area (Xg) > distance from the road (X,,)>slope shape
(X5) > slope aspect (X,) > slope length (X;) > slope position
(X5) > plane curvature (X,;) > section curvature (X;,). Gully
intensity: lithology (X,,) > soil type (X,5) > rainfall erosivity
(X,) > elevation (X,) > soil erodibility (X,) > catchment area
(X,3) >slope degree (X¢)>land use (X,g)>distance from
river (X,) > topographic wetness index (X,,) > slope direction
(X,) > slope shape (X;) > distance from road (X,,) > slope posi-
tion (X5) > distance from residential area (Xg) > slope length
(X,) > plane curvature (X;) > sectional curvature (X,,). It can
be seen that different factors have different explanatory power
with regard to gully density and intensity, indicating that
lithology and soil type are the main factors affecting gully
erosion distribution. Among them, the explanatory power of
lithology and soil type is the highest, the explanatory power
of erosion density is 12.9% and 9.9%, respectively, and the
explanatory power of erosion intensity is 12.7% and 11.1%,
respectively, which is the main influencing factor. The explan-
atory power of rainfall erosivity, catchment area, elevation, soil
erodibility, land use, slope, and distance from the road for
gully density and intensity is more than 1%; thus, they are sec-
ondary influencing factors. The explanatory power of the
terrain wetness index, settlement distance, distance from the
road, slope aspect, slope length, slope position, slope shape,
plane curvature, and profile curvature is less than 1%, and
their influence is low.

3.2.2. Analysis of Interactions between Factors Affecting Gully
Erosion. When most of the factors interact, their explanatory
power of each one is enhanced. The main conclusion is that
the explanatory power of the interaction between two factors
is higher than that of a single factor. Among them, the dom-
inant factors represented by lithology are more obvious. The
following table considers the interactions among dominant
factors in the spatial distribution of gully density and inten-
sity (Tables 6 and 7).

The following describes the interaction relationship
between the dominant factors in the spatial distribution of
gully density: X, NX,5(0.287) > X, N X,4(0.229) > X, N
X15(0.224) > X, N X,(0.217) > X}, N X,(0.214) > X, N X4
(0.211) > X, N X,,(0.188) > X,, N Xy(0.1722) > X,, N X
(0.1715) > X, N X,(0.1542) > X,, N X,(0.1538) > X,, N X,
(0.150) > X, N X5(0.145) > X, NX,(0.1364) > X,, N X,
(0.1356) > X, N X,,(0.134) > X, N X;(0.131). The follow-
ing describes the interactive relationship between the domi-
nant factors in the spatial distribution of gully intensity:
X1, N X,5(0.325) > X,, N X,6(0.249) > X,, N X,;(0.241) >
X, NX,(0.203) > X,,NX,(0.185) > X,, NX,4(0.178) >
X, N X,0(0.161) > X, N Xo(0.156) > X,, N X(0.152) > X,
NX,(0.151) > X,, N X;(0.146) > X,, N X4(0.139) > X,, N
X,4(0.138)X,, N X,(0.131) > X, NX,;(0.1303)>X,, N
X,(0.1297) > X,, N X;(0.128).

The results show that the role of the dominant factors in
the spatial distribution of gully density and intensity is roughly
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TaBLE 4: Examples of validation results.

Location Pleiades images Ground photos Validation results
126.155°E J
44.264'N

126.149°E v/
44.357°N

126.134°E y
44217°N

the same. There is a nonlinear, enhanced relationship between
lithology as the dominant factor and most other factors.
Regarding the spatial distribution of gully intensity, only two
pairs of factors are independent: the interaction between slope
and lithology, slope length, and lithology.

3.2.3. Ecological Detection and Analysis of Factors. Ecological
exploration can reflect whether there is a significant
difference in the influence of various driving factors on the
development of gully erosion. If there is a significant differ-
ence between the two factors, we mark it as “Y.” If there is
no significant difference, it is marked “N.” Among the
rainfall factors, there is no significant relationship between
rainfall and topography and land use; there is only an
interaction with soil and lithology. Among the topographic
factors, most of them are significantly related to soil, lithol-
ogy, and land use, but not to rainfall erosion. Among soil
and lithologic factors, all factors are significantly related to
other factors, among which lithology is particularly promi-
nent. There is a significant relationship between land use
and most topographic factors, but not with rainfall, soil,
and lithology factors.

3.2.4. Identification of High-Risk Areas of Gully Erosion.
According to the risk detection in the geodetector mode,
we can obtain the distribution characteristics of gullies and
the high-risk areas of gullies. Moreover, we can further judge
whether there are significant differences in the amount of
erosion between different levels of influencing factors
(Table 8). Among them, rainfall erosivity, elevation, slope
shape, slope aspect, slope position, slope length, slope, resi-
dential distance, distance from river, distance from road,
catchment area, terrain wetness index, soil type, soil erod-
ibility, lithology, and land use display significant differences
among different levels. Among the rainfall factors, the aver-
age value of gully density and intensity is the highest when
the rainfall erosivity is between 210 and 211. Among the
topographic factors, when the elevation is 220-260m and
the slope is 4-8°, the average value of gully density and inten-
sity is the highest, indicating that the risk of gully erosion is
higher on flat land. The lithology belongs to gray-white mat-
ter rhyolite, spherulite rhyolite, and crystal clastic tuff, with
the highest gully density and intensity.

According to risk detection, on the whole, the soil and
lithology are the main factors affecting the distribution of
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TaBLE 6: The dominant interactions between two covariates in gully density.

15

Interaction Two-factor g value The sum of the g values of two factors Result Explanation

X, NX, 0.217 >0.207 = X1, N X, C>A+B Nonlinear enhanced
X, NX, 0.214 >0.197 =X, N X, C>A+B Nonlinear enhanced
X7, NX; 0.131 >0.129=X,, N X, C>A+B Nonlinear enhanced
X, NX, 0.154 >0.136 = X, N X, C>A+B Nonlinear enhanced
X7 N X 0.145 >0.132 =X, N X5 C>A+B Nonlinear enhanced
X, N X 0.172 >0.167 = X, N X, C>A+B Nonlinear enhanced
X, NX, 0.136 >0.134=X,, N X, C>A+B Nonlinear enhanced
X, N Xy 0.154 >0.139=X,; N X§ C>A+B Nonlinear enhanced
X, N X, 0.172 >0.153 =X, N Xy C>A+B Nonlinear enhanced
X, NXy, 0.188 >0.138 =X, N Xy, C>A+B Nonlinear enhanced
X, NXy 0.134 >0.130 =X, N X, C>A+B Nonlinear enhanced
X, NnXy, 0.136 >0.129 =X, N Xy, C>A+B Nonlinear enhanced
X, N X3 0.224 >0.203 =X, N X,; C>A+B Nonlinear enhanced
X, NXy 0.150 >0.146 = X, N X, C>A+B Nonlinear enhanced
X1, NXys 0.287 >0.228 =X, N X5 C>A+B Nonlinear enhanced
X1, N X 0.229 >0.177 =X, N X4 C>A+B Nonlinear enhanced
X1, NX g 0.211 >0.173 =X, N X C>A+B Nonlinear enhanced

TasLE 7: The dominant interactions between two covariates in gully intensity.

Interaction Two-factor g value The sum of the g values of two factors Result Explanation

X, NX, 0.203 >0.198 =X, N X, C>A+B Nonlinear enhanced
X, NX, 0.185 >0.167 =X, N X, C>A+B Nonlinear enhanced
X1, NX; 0.128 >0.127 =X, N X, C>A+B Nonlinear enhanced
X, NX, 0.151 >0.133=X,;, N X, C>A+B Nonlinear enhanced
X, NXs 0.146 >0.131=X,, N X; C>A+B Nonlinear enhanced
X7, N X 0.152 =0.152=X;, N X, C=A+B Independent of each other
X;;NX; 0.130 =0.130=X,, N X; C=A+B Independent of each other
X, NXg 0.139 >0.131 =X, N X§ C>A+B Nonlinear enhanced
X, N X, 0.156 >0.139 =X, N Xy C>A+B Nonlinear enhanced
X7 N X 0.161 >0.131 =X, N Xy, C>A+B Nonlinear enhanced
X, NXyy 0.130 >0.128 = X, N X, C>A+B Nonlinear enhanced
X, NXy, 0.131 >0.128 =X, N X, C>A+B Nonlinear enhanced
X1, NXy5 0.241 >0.202 =X, N X3 C>A+B Nonlinear enhanced
X7 NXy 0.138 >0.137 =X, N X, C>A+B Nonlinear enhanced
X7, N X5 0.325 >0.238 =X, N X5 C>A+B Nonlinear enhanced
X7 N X6 0.249 >0.162 =X, N X4 C>A+B Nonlinear enhanced
X, NXyg 0.178 >0.144 =X, N X4 C>A+B Nonlinear enhanced

gullies. Regarding land use types, the main influence on the
distribution of gully erosion is cultivated land. This may be
due to the shortage of woodland caused by residential farm-
ing, which further leads to soil erosion. Thus, it can be seen
that returning farmland to forests may slow down the devel-
opment trend of gullies and improve the erosion conditions.

4. Discussion

4.1. Assessment of Gully Erosion Mapping Based on High-
Resolution Satellite Imagery. With improvements in image
resolution, the ground area represented by a single pixel
becomes smaller and smaller, and the same gully is more
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TaBLE 8: High-risk areas of gully erosion and its mean value.
Factors High-risk area of gully densit Average gully High-risk area of gully intensit Average gully
& guty Y density (m/km?) & guy Y intensity (m?*/km?)
Rainfall 210-211 1281.461 210-211 11752.866
erosivity
Elevation 220-260 m 1197.326 220-260 m 7991.692
Slope shape Convex slope 856.4095653 Convex slope 5781.986
Slope direction West slope 948.096 West slope 6605.746
Slope position Midslope 932913 Midslope 6706.873
Slope degree 4-8 1218.920 4-8 8326.412
Slope length 0-150 m 834.017 0-150 m 5588.848
Residential <05 879.799 <05 5806.133
distance
Distance from 250 m-500 m 955.356 250 m-500 m 6701.476
the river
Distance from 100 m-200 m 906.231 200 m-300 m 6452.205
the road
Plane curvature 0-5 857.684 0-5 5802.145
Sectional 25--5 880.640 5-15 5990.171
curvature
Catchment area 2-3km? 1223.724 2-3km? 10554.147
Topographic 5-7.5 939.908 5-7.5 6449.666
wetness index
Soil type Humus dark brown soil 1923.932 Humus dark brown soil 17149.954
Soil erodibility 0.27-0.29 1250.745 0.27-0.29 9139.993
. Gray-white matter rhyolite, globular Gray-white matter rhyolite, globular
Lithology rhyolite, crystal clastic tuff 3542.989 rhyolite, crystal clastic tuff 22833733
Land use Cultivated land 1027.192 Cultivated land 6656.717

likely to appear as pure pixels in the image, while the con-
tour characteristics and internal details of the gullies become
clearer. In the opposite case, it will appear in the form of
mixed pixels, and the contour features of gully erosion will
become more blurred. As shown in Figure 4, the number
of pixels constituting the same area of gully erosion increases
in the order of “15 m-Landsat8, 3 m-Planet Labs, 2.5 m-Alos,
2m-ZY3, 0.7 m-Pleiades, 0.5m-DMC, and 0.04 m-UAV.”
The number of mixed pixels decreases gradually, and the
outline of the gully erosion becomes clearer. Especially for
the ramified gully system, when the image resolution
increases from 2.5m, the contour of the gully becomes
increasingly recognizable, and the land plots between the
gullies can also be distinguished. The ridge planting direc-
tion of the land plots between the gully can even be seen in
the Pleiades image.

To alleviate the influence of the imaging time and the
spectral resolution of different remote sensing images on
the analysis results, the resampled Pleiades image was ana-
lyzed. As shown in Figure 5, the permanent gully and
ephemeral gully on the sloping farmland are visible in the
0.7 m Pleiades image. According to the actual measurement,
the average width of the permanent gully marked by the red
circle on the drawing is 2.3 m, and the average width of the
ephemeral gully is 0.32 m. The contour of the gully is clear,
and the ephemeral gully is very easy to identify. However,

with the decrease in resolution, the ephemeral gully and per-
manent gully begin to become blurred. When the resolution
is less than 1.5m, the ephemeral gully becomes difficult to
identify. When the resolution is 3 m, the ephemeral gully is
“submerged” in the mixed pixels and cannot be identified
in the image. Although there is still a gully on the 3 m reso-
lution image, its contour and shape cannot be recognized,
and the recognizable length of the trench becomes smaller.

An improvement in the remote sensing image resolution
will not only make the image contour characteristics of the
gully more obvious but also make its internal structure char-
acteristics clearer. On the scale of 1:1000, the internal fea-
tures of submeter images have little visual difference.
However, the opinion that the higher the spatial resolution
of remote sensing image, the better remains to be discussed.
This is because the improvement in resolution will also bring
more noise, which greatly increases the likelihood of obtain-
ing different objects with the same spectral characteristics or
the same object with different spectra. The spectral charac-
teristics of the gully mainly depend on the vegetation or soil
on its surface, while the spectral values of vegetation or
bare soil in the gully are usually consistent with other veg-
etation or bare soil in the surroundings. The field path is
usually easy to misjudge as an ephemeral gully because
the spectral and geometric features between them are rela-
tively similar. The improvement in resolution not only
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(g)

FIGURE 4: Image characteristics of branch gully on different images ((a) 15 m-Landsat8, (b) 3 m-Planet Labs, (c) 2.5 m-Alos, (d) 2m-ZY3,
(e) 0.7m-Pleiades, (f) 0.5m-DMC, and (g) 0.04 m-UAV).
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FIGURE 5: Image characteristics of the permanent gully and ephemeral gully on Pleiades images with different resolutions ((a) 0.7 m, (b) 1 m,
(c) 1.5m, (d) 2m, (e) 2.5m, (f) 3M, and (g, h) photos of the gullies at ground).

improves the ability to identify the ephemeral gully but also
improves the ability to find the field path, which is more likely
to increase the possibility of misjudging the field path as an
ephemeral gully, interfering with the interpretation of the
gully. Therefore, the improvement in image resolution will
increase the interference noise in remote sensing identification
and impede the information extraction of the gully.

4.2. Analysis of Controlling Factors of Gully Erosion. In this
study, the geodetector-based quantitative attribution results
showed that lithology, soil type, rainfall erosivity, catchment
area, elevation, soil erodibility, land use, slope degree, and
distance from the river have a strong influence on the
development of gully erosion. Other factors, such as TWI, slope
shape, slope aspect, slope position, slope length, distance from
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the residential area, distance from the road, plane curvature,
and section curvature, cannot sufficiently explain the changes
and development of gully erosion. However, the interaction
of these factors with lithology, soil type, and land use shows a
stronger influence on the development of gully erosion.

The formation and expansion of gullies is commonly
influenced by particular soil characteristics and behavior.
The most relevant properties are likely soil texture character-
istics (e.g., percentage of sand, silt, and clay) and soil organic
carbon content [46]. Moreover, the underlying lithology can
play an important role in determining the occurrence and
dimensions of gullies [47]. In this study, soil and lithology
played a more important role. The explanatory power of
lithology with regard to the spatial distribution of gullies
was more than 10%. When the lithology belonged to gray-
white matter rhyolite, globular rhyolite, and crystal clastic
tuff, the gully erosion risk reached the highest level. The
explanatory power of soil type regarding gully density was
close to 10%, and the explanatory power for gully intensity
was more than 10%, indicating that this is the dominant fac-
tor. When the soil type was humus dark brown soil, the risk
of gully erosion was the greatest.

Topographic variables play a key role in the prediction of
both gully initiation and expansion. The present results
showed that elevation, slope, and catchment area have a sig-
nificant influence on the occurrence of gully erosion. These
findings are similar to those of previous studies in the black
soil region [5, 48]. Climate and weather conditions, and
especially rainfall, are key drivers of gully erosion. According
to the results of the geodetector model, it can be seen that
the impact of rainfall erosivity on the distribution of gully
erosion is obvious, showing a trend of first increasing, then
decreasing, and then increasing. However, due to the lack
of meteorological stations in the basin, rainfall erosivity is
obtained by interpolating the surrounding meteorological
stations’ data, which would increase the uncertainty of the
results. Land cover/use can influence gully initiation through
its effect on runoff production [49]. In this study, the type of
land use had a significant effect on the distribution of gully
erosion, and its explanatory power with regard to gully den-
sity and intensity was 4.47% and 1.65%, respectively. Among
them, cultivated land has the greatest impact, which may be
due to the frequent human activities on cultivated land. This
result is consistent with some previous studies [50, 51]. For
example, the results of Ali Azareh et al’s study in 2019
showed that slope aspect, lithology, and land use were iden-
tified as the most important factors affecting gully sensitivity
in Iran by using a maximum entropy model [3]. However,
this contradicts our findings. We believe that the reason
for the difference may be that the geographical environment
and hydrological conditions of the study area were not fully
considered in the selection of impact factors. The slope degree
of sloping farmland in the black soil region in Northeast China
is mostly 3°-10°. As a result, slope has no significant influence
on gully erosion in Northeast China. Lithology and land use
are the main factors affecting the distribution of gully erosion,
which is consistent with our results.

According to the results of the geodetector, the interac-
tion of most factors showed nonlinear enhancement, which
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indicated that a gully is more likely to occur under the com-
bined action of various factors. The most influential interac-
tion groups were lithology with other factors, especially
lithology in different soil types. In particular, the lithology
of different soil types accounted for 28.7% and 32.5% of gully
density and gully intensity, which also reflects the dominant
role of lithology and soil. The interaction of lithology and
land use also had a significant effect on gully erosion, which
demonstrates the importance of returning cropland to forest
in the process of gully erosion control in Northeast China.
The results show that the interaction between lithology and
soil, topography, rainfall, and land use factors can signifi-
cantly improve the explanatory power in terms of gully ero-
sion development, and the interactive g values are more than
10%. Only two pairs of factors are independent: (1) slope
and lithology and (2) slope length and lithology.

The geodetector revealed the single and paired driving
factors affecting the spatial differentiation of gully erosion
in Northeast China and enriched the research content on
gully erosion in this area. The results show that the interac-
tion effect of soil type, land use type, and lithology is stron-
ger than that of a single factor. This shows that the
prevention and control of gullies should not only start from
the main risk factors but also from the perspective of the
whole. However, there are still some shortcomings. Interac-
tion analysis based on a geodetector can only evaluate the
interaction of two factors—it cannot analyze the interaction
of more than two factors.

5. Conclusion

The present work represents a contribution to the multifac-
tor synthesis for gully erosion at a large watershed scale. The
Sancha River basin, a typical area in the black soil region of
Northeast China, was taken as the study area. A high-
resolution satellite image was used to obtain the spatial dis-
tribution of the gullies by visual image interpretation with
field verification. We analyzed the dominant factors affecting
the spatial distribution of gully erosion and the degree of
interaction between any two of these factors using the geode-
tector method, and we identified areas at high risk of gully
erosion between strata of each factor. The following conclu-
sions were obtained:

(1) At the large catchment scale, the submeter images
show a strong capacity for the recognition of perma-
nent gullies and obtained satisfactory results

(2) According to the results of the geodetector, lithology
and soil type are the main factors that affect the spa-
tial differentiation of gully erosion in the Sancha
River basin. The interpretation power of gully den-
sity and gully intensity is close to 10%, and the
explanatory power of gully erosion occurrence is
greater. As rainfall erosivity, watershed area, eleva-
tion, soil erodibility, land use pattern, slope, and dis-
tance from the river accounted for more than 1% of
gully density and gully intensity, they were identified
as secondary factors
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(3) The interaction detection results of the geodetector
show that there is a nonlinear enhancement relation-
ship between lithology and most factors. In particu-
lar, the lithology of different soil types accounted
for 28.7% and 32.5% of gully density and gully inten-
sity. The results show that the interaction between
lithology and soil, topography, rainfall, and land
use factors can significantly improve the explanatory
power of gully erosion development, and the interac-
tive g values reached more than 10%. The results
show that the interaction of several factors has a
stronger influence on the spatial differentiation of
gully erosion than a single factor. The prevention
and control of gullies should not only start from
the main risk factors but also from the perspective
of the whole

(4) The lithology belongs to gray-white matter rhyolite,
spherulite rhyolite, and crystal clastic tuff, with the
highest gully density and intensity
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Loess landslides are a major geological disaster in the southeastern Qinghai Province, causing huge economic losses and casualties.
The particularity of loess determines the disaster initiation mechanism, disaster mode, genetic mechanism, and complexity of the
evolution process. This paper studies the deformation and stability analysis of the Quwajiasa large-scale multislip loess landslide in
the Yellow River Basin from the perspective of field investigation, Interferometric Synthetic Aperture Radar (InSAR) monitoring,
and numerical simulation. This study determines the deformation characteristics and genetic mechanism of the landslide through
on-site field investigation, then quantitatively evaluates the overall deformation of the landslide using InSAR monitoring, locates
the strong deformation area, and finally determines the control relationship between the two sliding surfaces on the landslide
deformation using FLAC3D numerical simulation, obtaining the stability coefficient of the two sliding surfaces. The landslide is
divided into seven engineering geological zones. The deformation history of the landslide is studied using InSAR technology.
Results show that the landslide can be divided into significant deformation areas and no significant deformation areas. Two
strong deformation areas are found. The FLAC3D numerical simulation results show that the deformation and stability of the
right side of landslide are controlled by sliding surface 1, and the deformation and stability of the left side are controlled by
sliding surface 2. The landslide is in an unstable state overall. The research done in this paper proposes a basis for the

treatment of the Quwajiasa landslide.

1. Introduction

During the Quaternary, ossification created large amounts of
aeolian sediments, which form yellowish, carbonate-bearing,
quartz-rich, silt-dominated strata called loess [1]. Loess is
widely distributed in Asia, Europe, North America, and
South America [2]. In China, loess is concentrated in the
Loess Plateau. The loess area is 630,000 square kilometers
and accounts for 6.63% of the land area. Due to its high
porosity, strong water sensitivity, and joint and fracture
development, loess collapse, landslides, and ground fissures
are common in loess areas [3]. The stability of slopes and
natural slopes has always attracted the attention of scholars
[4]. According to statistics, 1/3 of all landslides occur in

the loess area. Loess landslides are commonly accompanied
by a series of major disasters in the affected areas, including
traffic interruption, river blockage, destruction of farmland,
factories and mines, and even burial of livestock, people,
and villages [5]. Rainfall commonly induces landslide insta-
bility, and loess landslides are no exception [6], but the spe-
cific properties of loess determine the disaster mechanism,
disaster formation mode, genetic mechanisms, and evolution
process of loess disasters, which are significantly different
from those in other regions and other rock and soil mass.
Technologies and methods used on other soil and rock
masses do not apply to loess deposits.

Landslide surface deformation is the most intuitive indi-
cator of landslide stability and has been a hot research topic
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[7-11].Geological hazards have always been the focuses of
scholars, which have been studied with different methods
[12, 13]. Interferometric Synthetic Aperture Radar (InSAR)
can provide a large-range of microdeformation information
as well as long-term sequence of slow surface deformation
and is widely used in landslide research [9, 14, 15]. In recent
years, numerous scholars have carried out a series of studies
on loess landslides using InSAR technology. Liu et al. studied
the deformation history and failure mechanisms of small-
scale loess landslides in the Heifangtai loess terrace in Gansu
Province using multisource synthetic aperture radar (SAR)
data [16], which provides a good precursor for the detection
of small-scale loess landslides. Cao et al. used field investiga-
tion, optical remote sensing interpretation, and Interfero-
metric Synthetic Aperture Radar (InSAR) to estimate the
source material quality in xulonggou (xlg) debris flow in
China [17], demonstrating the superiority of the multisource
method formed by the combination of InSAR and other
methods to solve practical problems. Bayer et al. used InSAR
to record the deformation history of four dormant deep
landslides reactivated by the excavation of a double track
tunnel in the northern Apennine mountains of Italy [18].
Takada et al. studied the spatiotemporal behavior of a
large-scale landslide in Onnebetsu-dake mountain, Japan,
using InSAR technology [19].

With the development of information technology,
numerical analysis has become an important means of ana-
lyzing slopes. Since Bowson and Rothf et al. used the
strength reduction method to compile FLAC to calculate
the safety factor of a slope, a large number of documents
and results from numerical simulation analysis of slopes
have emerged, which have been widely applied to loess land-
slides. Wang et al. used the finite element software platform
FLAC3D for secondary development and proposed a
strength reduction method considering rheological proper-
ties [20]. Mu et al. used FLAC3D software to simulate the
formation mechanism of a surface landslide under different
slope angles within the Shendong mining area and provided
a scientific basis for the effective prevention and control of
geological disasters through the stability analysis of a goaf
collapse slope in a loess gully region [21]. Wang et al. used
FLAC3D to analyze the influence of groundwater on FoS
of a dump slope and found the engineering solution [22].
He et al. used FLAC three-dimensional numerical simula-
tion to evaluate the treatment effect of compaction pile com-
posite foundation and further demonstrated the feasibility of
compaction pile composite foundation in a collapsible loess
area [23]. Wang et al. used FLAC3D to build an anchoring
model for a loess vertical slope and found that the modified
pile unit was suitable for simulating the loess slope rein-
forced by anchor [24]. The application of FLAC3D numeri-
cal simulation is well developed, and the stability analysis of
loess landslide has always been an important step in the pro-
cess of landslide. Therefore, the stability analysis of loess
landslide using FLAC3D is a very good method for analyzing
loess landslides.

Therefore, in this study, we studied the deformation and
stability of loess landslides with multiple sliding surfaces in
the Yellow River Basin using field investigation, InSAR mon-
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itoring, and numerical simulation. Firstly, a qualitative eval-
uation of the Quwajiasa landslide is carried out by field
investigation, and engineering geological zoning is carried
out. Then, the deformation history of the landslide is studied
using the small baseline subset (SBAS) time series method.
The strong deformation area and the weak deformation area
are identified, and the abnormal deformation area is found.
The results are compared with field survey results for verifi-
cation. Finally, the stability coefficient of the landslide is
obtained using FLAC3D numerical simulation, which pro-
vides the basis for the treatment of the Quwajiasa landslide.
This paper is aimed at solving the problem of deformation
analysis and stability evaluation of multisliding loess land-
slides in the Yellow River Basin using InSAR, numerical sim-
ulation, and traditional field investigation. The method and
results presented in this study provide a good case for the
study of complex large loess landslides.

2. Geological Setting

As shown in Figure 1, the study area is located in Lajia
Town, Maqin County, Qinghai Province (the coordinates
are 100°37'55"-100°38'59"E, 34°40'07"-34°40"52"N). The
study area is located on the South Bank of the Yellow River,
and the landform is valley plain composed of class II and VII
terraces of the Yellow River. Quwajiasa landslide is located
in an erosion area where the Yellow River is strongly incised.
The valley in the study area forms a canyon with high and
steep slopes composed of Neogene mudstone on both sides.
The top is covered with pebbles and loess like the soil accu-
mulated in the high terrace of the Quaternary Yellow River.
Quaternary alluvial proluvial silt, pebbles, broken stone soil,
and silty clay are also distributed in the area. The study area
is located in the southeastern Lajia basin. Due to the extru-
sion of adjacent tectonic units and the influence of later tec-
tonic movement, the NW-SE Magqin-Maqu fault is visible.
The iron fault (F1) developed on the north side of the Quwa-
jiasa landslide is a branch fault of the Magqin fault, which is a
compressive torsional reverse fault with an attitude of 297°
£67°-10°276°, and the width of the fault fracture zone is
10-30 m. The study area has a typical plateau continental cli-
mate. Due to the invasion of humid airflow in the southwest
and southeast, the climate is semihumid to alpine. Precipita-
tion is small and uneven, evaporation is large, and the mul-
tiyear average temperature in the area is -0.1°C. The average
annual precipitation is 420-560 mm, the maximum daily
rainfall is 40.6 mm, and the maximum hourly rainfall is
21.0 mm. The seismic peak acceleration in the study area is
0.15g, and the basic seismic intensity is VII.

Weak layered mudstone is exposed in the study area,
with a thickness of 0.05-0.1 m, inclined to the northeast at
an inclination of 5°~12°. The groundwater in the study area
is divided into two types: clastic rock pore fissure water
and loose rock pore water. As shown in Figure 2, based on
the landform characteristics and the relationship between
deformation and failure, the landslide is divided into 7 engi-
neering geological zones. The Quwajiasa landslide trends
NE-SW, with the main sliding direction of 298°-307°. The
landslide is 700-900 m long and 2500m wide, the height
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FIGURE 1: Location and topography of the study area.

difference between the front and rear edges ranges from 185
to 300 m, the slope is 25°-36°, and the total volume can reach
1.67 x 108 m*, making this a giant ancient landslide. The
main failure mode of the Quwajiasa landslide is traction ten-
sion failure. The front slope is seriously deformed, forming
large-scale shallow surface sliding failure with a continuous
armchair shaped steep wall. The surface soil is seriously
damaged and disintegrated. The central platform forms a
multilevel parallel downward dislocation with well-
developed tension fractures with a fracture width of 20-
30 cm and downward dislocation of 0.3-2 m. A series of ver-
tical cracks are developed along the rear part of the slope.
The antislide pile beside the highway is deformed and dam-
aged, the joint between the antislide pile and the sheet wall is
sheared, deformed, and cracked, and the front of the pile is
cracked and deformed and tilts out of the slope.

3. Data and Methods

3.1. Small Baseline Subset Interferometric Synthetic Aperture
Radar (SBAS-InSAR). In this study, the Small Baseline Sub-
sets Interferometric Synthetic Aperture Radar (SBAS-
InSAR) method is adopted. Its basic principle is to first reg-
ister images within a scene to the main image and then filter

and unwrap the obtained interferogram by setting the tem-
poral and spatial baseline threshold. Coherence information
is used to select highly coherent pixels in the unwrapping
results. Then, after removing the elevation error phase and
atmospheric delay phase in the difference map, the average
deformation rate is obtained using singular value decompo-
sition. Finally, the law of slow deformation of the surface
with time is obtained. This method is suitable for mountain-
ous areas with fewer buildings and fewer permanent scatter-
ing points.

This study uses Sentinel-1A satellite image data for
SBAS-InSAR analysis. The Sentinel-1A satellite is a radar
satellite launched by the European Space Agency in April
2014 with a cycle of 12 days. Satellite image data since Octo-
ber 2014 can be obtained on the official ESA website. The
data coverage and monitoring scope are shown in Figure 3.
The satellite has four imaging modes, EW, SM, IW, and
wave. The SM mode and IW mode adopt the latest top
imaging technology, which can address the scaling effect
during wide range imaging and enhance imaging radiance.
Sentinel-1 is equipped with a new generation C-band syn-
thetic aperture radar system, which has a shorter wavelength
than L-band. The main parameters of data image are shown
in Table 1.
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TaBLE 1: Main parameters of data image.
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FIGURE 5: Spatial baseline (a) and temporal baseline (b).

This study uses the SBAS module in ENVI SARscape
software to process the SAR data. As shown in Figure 4,
SBAS technology primarily includes the generation of con-

nection diagrams (the parameter settings of spatial baseline
and temporal baseline are shown in Figure 5), the generation
of interferograms, flattening interferograms, adaptive



FIGURE 6: 3D calculation model diagram.

filtering, phase unwrapping, orbit refining and reflattening,
phase to deformation, and geocoding.

3.2. Numerical Simulation

3.2.1. Establishment of the Calculation Model. Midas is a
finite element analysis software for structural design, which
is divided into four categories: architecture, bridge, geotech-
nical, and simulation. This study primarily uses the Midas
geotechnical module. In this modeling, the Midas software
is used to establish the landslide model. As shown in
Figure 6, the calculation range is 361 m high in the Z direc-
tion, the X axis runs along the front edge of the slope, the
model length is 3930 m, the vertical slope outward is the Y
axis, the model width is 2037 m, the model bottom elevation
is 0m, and the elevation of the highest point at the rear edge
of the model is 361 m. As shown in Figure 7, according to
the engineering geological profile in the area, there are two
potential sliding surfaces, deep sliding surface 1 and deep
sliding surface 2. The gravelly soil, silty clay, and clay on
the upper part of the sliding surface are combined and clas-
sified as overburden. The parameters are determined by a
combination of test results, empirical data, and inverse anal-
ysis [4, 25].

3.2.2. Selection of Calculation Parameters. The parameters of
interest are bulk modulus K and shear modulus G [26]. As
shown in Formula (1), the bulk modulus K and shear mod-
ulus G are converted by Poisson’s ratio and elastic modulus.
The selection of other rock and soil parameters is shown in
Tables 2 and 3.

_ EO G_ EO
C3(1-2u) 0 2(1+w)

3.2.3. Computing Method. The Mohr Coulomb (M-C) con-
stitutive model is adopted in this calculation, and the
strength reduction method is used to determine the stability
coefficient of the specified sliding surface of the slope. The
safety factor of slope stability in the strength reduction
method is defined as the degree of shear strength reduction
of the rock and soil mass when the slope reaches the critical
failure state. The safety factor is defined as the ratio of the
actual shear strength of the rock and soil mass to the reduced
shear strength at critical failure. The key point of the
strength reduction method is the formula:

(1)

Cp=CIF,

¢y =tan”' ((tan @)/F). @

Geofluids

To adjust the strength index C and ¢, then the slope sta-
bility numerical analysis is carried out. By continuously
increasing the reduction coefficient and repeatedly calculat-
ing until it reaches critical failure, the reduction coefficient
obtained at this time is the safety factor F.

3.3. Combination Methodology. The first part of this study is
the field investigation, which primarily determines the engi-
neering geological conditions of the Quwajiasa landslide.
Based on the landform and relationship between deforma-
tion and failure, the landslide is divided into zones, and the
failure mode of landslide is analyzed. In addition, a detailed
investigation was conducted inside the landslide to deter-
mine the local deformation and location of the landslide,
such as shallow surface sliding, scarp, soil disintegration,
tension cracks, and small landslide. Then, the whole defor-
mation rate of the Quwajiasa landslide mass is obtained via
InSAR interpretation, and the areas with significant defor-
mation and no significant deformation were identified. For
the strong deformation region, the time series deformation
cumulative curve of feature points is extracted, and its defor-
mation characteristics are analyzed. Finally, using FLAC3D
numerical simulation, the stability coefficient of the land-
slide is determined using the strength reduction method,
the stability coefficients of the two sliding surfaces are calcu-
lated, and the deformation law of the landslide is analyzed.
The joint use of the three methods allows for comparison
and confirmation of the field investigation and InSAR mon-
itoring results, and InSAR monitoring results and FLAC3D
simulation results ensure the accuracy of the calculation.
Compare the local deformation of the landslide and small
landslide in the field investigation with the position of strong
deformation area monitored by InSAR as well as recheck the
InSAR monitoring results with the field investigation. Then,
the deformation monitored using InSAR is compared with
the FLAC3D simulation results to determine the control
relationship between the two deep sliding surfaces and the
landslide deformation.

4. Results

4.1. InSAR Monitoring Results and Deformation Analysis

4.1.1. Overall Deformation Monitoring Results of Landslide.
As shown in Figure 8, InSAR interpretation results show
that the maximum surface deformation rate of the Quwa-
jiasa landslide mass (black solid line range) can reach
-70 mm/y, and the overall deformation rate is -70—-7 mm/y.
There are clear deformation signs from area I to area V over-
all, and there are no significant deformation signs in areas VI
and VII. The slope deformation within the red dotted line is
the strongest (areas A and B). The deformation rate is -70
—-35mm/y. The significant deformation area in area A is
0.1km?, and the significant deformation area in area B is
0.33km?. As shown in Figure 8, the black arrow is the possi-
ble sliding direction of the deformation area. In the case of a
landslide disaster, local village roads are under direct threat
(according to the radar side imaging characteristics, the pos-
itive value of the rate represents that the azimuth of surface
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FIGURE 7: FLAC calculation model diagram.

TABLE 2: Model parameter value table.

. Bulk density (natural) y  Cohesion (natural) Internal friction angle (natural) Bulk modulus Shear modulus
Rock and soil type (KN/m®) (c/KPa) (p!") (K/pa) (G/pa)
Overburden 19.9 19.9 17.9 4.6 x 10 2.3%10°
Mudstone 21 690 352 8.1x10° 6% 10°

TaBLE 3: Parameter value of sliding surface.

Slip surface type

Cohesion (natural)

Internal friction (natural) angle

Normal stiffness Tangential stiffness

(c/KPa) (@) (KS/pa) (KN/pa)
Deep sliding surface 1 23.5 19.8 4.6 x 108 2.3x108
Deep sliding surface 2 325 25.1 6.6 x 108 4.3 %108
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FIGURE 8: The annual average rate of deformation of the Quwajiasa landslide.

movement is close to the satellite shooting azimuth, and the
negative value represents that the azimuth of surface move-
ment is far away from the satellite shooting azimuth; there
are no clear deformation signs in other areas outside the blue
dotted line, and the slope surface is relatively stable in this
time period).

4.1.2. Deformation Analysis of the Strong Deformation Zone.
The overall deformation rate of zone I is -70—-7 mm/y.
Using InSAR technology, the surface deformation informa-
tion of I area in different years is extracted. The deformation
rate of 1-1' section in I area is shown in Figure 9. During the
monitoring period from March 2017 to June 2020, the fluc-
tuation of the deformation rate curve of section I in 2018
was the strongest, indicating that significant deformation
occurred on the slope surface during this period. During
the monitoring period from January to June in 2020, the
change in the section deformation rate curve in zone I was
relatively stable compared to previous years, and the defor-
mation rate magnitude was small, indicating that the defor-
mation of the slope body in zone I was weak in this period.
The deformation rate curves of 2017 and 2019 are consis-
tent, and the deformation magnitude is less than that of
2018 as well as greater than that from January to June 2020.

The slope in zone III is in a state of strong deformation,
and the maximum deformation rate can reach -70 mm/y,

which is the area with the widest distribution of strong
deformation and largest deformation rate. Using InSAR
technology, the section deformation rate in different years
was extracted for zone III. The 2-2" deformation rate profile
of zone III is shown in Figure 9. The interruption of the pro-
file deformation rate curve indicates that there is a decoher-
ence in the slope body during InSAR monitoring, and no
deformation information is available. During the monitoring
period of 2017, the deformation rate of the middle of the
landslide was the largest, followed by the deformation of
the leading edge, and the deformation rate reached a maxi-
mum value of -60 mm/y near the ZK22 borehole location.
During the monitoring period in 2018 and 2019, the defor-
mation rate in the middle was the largest, and the deforma-
tion rate near the ZK23 drilling position reached a
maximum value of -58 mm/y and -62mm/y, respectively.
During the monitoring period from January to June 2020,
the maximum deformation rate reached -42 mm/y.

There is a strong deformation zone A in the middle and
front of zone I, and the deformation rate of zone A is -70
—-35mm/y, indicating moderate to strong deformation in
zone 1. The slope in zone A (within the range enclosed by
the red circle) has a maximum line-of-sight deformation rate
of -70 mm/y. The area is 0.1km? and the average slope is
41°. According to the radar side imaging characteristics,
the slope in area A is roughly interpreted to be moving to
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FIGURE 9: (a) 1-1’ InSAR deformation profile. (b) 2-2" InSAR deformation profile.

the northwest, as shown by the black arrow in Figure 10. As
shown in Figure 10, in order to analyze the time-series
change characteristics of the strong deformation area in area
A, three feature points of the trailing edge P1, middle P2,
and leading edge P3 were extracted, and their deformation
accumulation curves were drawn. The timing diagram shows
that during the monitoring time from 20170325 to
20191216, the cumulative deformation value of point P3 is
the largest (190 mm), the cumulative deformation value of
point P2 is the second largest (180 mm), and the cumulative

deformation value of point P1 is the smallest. In terms of
deformation trend, the deformation of the leading edge of
the slope in area A > the deformation of the middle part > the
deformation of the trailing edge and the deformation char-
acteristics are similar to the local traction sliding
deformation.

The strong deformation zone B spans zone II, zone III,
and zone IV. The maximum line-of-sight deformation rate
of zone B can reach -70 mm/y. The area of this deformation
zone is 0.43 km?, the altitude distribution ranges from 3085
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FIGURE 10: (a) The average annual deformation rate distribution of strong deformation zone A (2017.3-2020.6). (b) The average annual
deformation rate distribution of strong deformation zone B (2017.3-2020.6). (c) Time series deformation diagram of characteristic point
A in strong deformation zone. (d) Time series deformation diagram of characteristic point B in strong deformation zone.
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to 3325m, and the height difference is 240 m. The slope
inclination is 18°-25°, the leading edge is steeper, the middle
is gentler, and the trailing edge is steeper. Artificially exca-
vated roads along the leading edge and middle as well as
human engineering activities are clearly visible. According
to the radar side imaging characteristics, the slope in area
A is roughly interpreted to be moving to the northwest, as
shown by the black arrow in Figure 10. As shown in
Figure 10, in order to analyze the time-series change charac-
teristics of the slope in area B, three characteristic points on
the trailing edge P4, middle P5, and leading edge P6 were
extracted, and the cumulative deformation curve was drawn,
as shown in Figure 10. The time series diagram shows that
during the monitoring time from 20170325 to 20200625,
the cumulative deformation variables of each feature point
are different but have a similar trend. The cumulative defor-
mation of point P6 is the largest (185 mm); the cumulative
deformation of point P5 is the second largest (178 mm);
the cumulative deformation of point P4 is the smallest
(154 mm). Clearly visible deformation features are visible
across the overall slope. The cumulative deformation of the
three feature points continued to increase from March
2017 to June 2020, among which the deformation of P6 fea-
ture point increased the fastest. The increase rate of P4 fea-
ture point deformation was slower than that of P5.
Comprehensive analysis shows that the overall deformation
characteristics of the slope in area B are similar to the local
traction sliding deformation.

4.2. Numerical Simulation Results. A seismic acceleration of
0.15g in the horizontal direction is added to the model. On
this basis, the strength reduction method is used to deter-
mine the slope stability coefficient. Results show that the sta-
bility coefficient of the deep sliding surface 1 of the slope
(areas I-IV) is 0.74, and the stability coefficient of deep slid-
ing surface 2 is 1.10 for the overall deformation. Under seis-
mic conditions, the deep sliding surface 1 of the slope is in
an unstable state, and the deep sliding surface 2 is stable.

As shown in Figure 11, results of sliding surface 1 show
that the maximum displacement of the landslide appears on
the right side of the landslide. In general, the high value area
of displacement is also primarily concentrated on the right
side of the landslide. The displacement distribution in the
main sliding direction (X direction) is generally consistent
with the overall displacement distribution, and the displace-
ment in the Y direction and Z direction is small. Displace-
ment of the leading edge on the right side of the landslide
is large, indicating that the leading edge on the right side
of the landslide has undergone significant deformation.

As shown in Figure 12, results of sliding surface 2 show
that the maximum displacement of the landslide appears on
the left side of the landslide. In general, the high value area of
displacement is also primarily concentrated on the left side
of the landslide. The displacement distribution in the main
sliding direction (X direction) is generally consistent with
the overall displacement distribution, and the displacement
in the Y and Z directions is small. The displacement of the
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FiGure 13: (a) Comparison and verification diagram of InSAR interpretation and field survey. (b) Front shear outlet. (c) Front steep wall. (d)
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left trailing edge of the landslide is large, indicating that the
left trailing edge of the landslide has undergone significant
deformation and gradually decreases to the leading edge of
the landslide.

5. Discussion

From the InSAR results, the deformation characteristics of
zone I in different years from March 2017 to June 2020 are
as follows: central deformation > leading edge deformation
> trailing edge deformation. For the total deformation, the
fluctuation of deformation rate in the middle is the largest,

rtial slump.

and the maximum value of deformation variable can reach
-55mm/y. The leading edge shape variable is the second
largest, and the trailing edge shape variable is the smallest.
The slope in zone I shows traction sliding deformation over-
all. According to the field investigation results, the highway
excavation slope and local residents’ slope cutting and build-
ing houses in area I form free surfaces of varying heights,
which provides space for shear deformation of the landslide.
Local sliding failure occurred on the inner side of the high-
way in area I. A free surface I formed again at the rear edge
of the small landslide, and the tension deformation of the
top platform at the rear edge begins to occur under traction
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deformation due to the weight of the landslide. The overall
performance is also traction sliding deformation [27], which
is consistent with the InNSAR monitoring results.

From the change trend of the InSAR curve in zone III,
the deformation rate characteristics of the general section
are as follows: the deformation rate of the middle part is
the largest, the deformation rate of the leading edge is the
second largest and gradually weakens as the slide slows
down, and the deformation rate of the trailing edge is the
smallest. Comprehensive analysis shows that the slope in
zone III is traction sliding deformation overall. According
to the field investigation results, the erosion of the Yellow
River on the bank slope forms a good front shear outlet
[28], and human engineering excavation provides the spatial
conditions for deformation of the landslide. After a free sur-
face is formed again at the rear edge of the small landslide,
tension deformation of the platform at the top of the rear
edge begins to occur under traction deformation due to the
weight of the landslide. The shallow surface of the front edge
of this area is significantly slippery, and the slope surface dis-
integrates. Zone III belongs to the traction failure mode,
which is consistent with InSAR monitoring results.

Using InSAR technology to monitor the Quwajiasa land-
slide, the surface of the slope body in areas I ~ V shows clear
deformation signs, and the deformation rate is between -70
and -7mm/y [29]. There are 2 strong deformation areas
(A ~ B areas) and a total of 23 small landslides, and the over-
all distribution of landslides is shown in Figure 13. The 20
surveyed landslides are all within the significant deformation
area monitored by InSAR, and the deformation rate of the
remaining 3 landslides (VI-H,, VII-H,, VII-H,) is -7
—7mm/y. Compared with the overall landslide mass, there
is no clear deformation signal, and the slope mass is rela-
tively stable. Strong deformation zone A is located in the
middle and front of zone I, and the middle and trailing edges
of landslides I-H, to I-H; are all located in zone A, indicat-
ing that the deformation of the trailing edge of the landslides
atI-H, to I-H; is greater than the deformation of the leading
edge. The deformation range of area A continues to expand
upward to 4018 m above sea level along the trailing edge of 3
landslides I-H, ~I-H;. The strong deformation area B has a
wider distribution range, and the deformation area extends
from 4016 m above sea level to 4025 m above sea level. Seven
landslides H,-1II-H, ad III-H-III-Hg are located in the
strong deformation area of B area; the other 10 landslides
(I-H,-1I-H,, 1I-H,, 1I-H,, IV-H,-1V-H;, V-H,-V-H,)
are not within the strong deformation zones A or B;
although, they still show clearly deformation signals. The
deformation rates of these 10 landslides are less than those
of A and B zones.

Comparing the monitoring results of InSAR with the
results of numerical simulation, the numerical simulation
results for sliding surface 1 show that the high value area
of landslide displacement is concentrated on the right side
of the landslide, which is the same as the location of strong
deformation area A from the InSAR monitoring results,
and the range of high value area of displacement is roughly
the same as that of strong deformation area A. The numer-
ical simulation results for slip surface 2 show that the high
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value area of landslide displacement is concentrated on the
left side of the landslide, which is the same as the location
of strong deformation area B from the InSAR monitoring
results, and the range of high value area of displacement is
roughly the same as that of strong deformation area B. How-
ever, there is no strong deformation area on the left side of
the landslide in the numerical simulation results for sliding
surface 1, and there is no strong deformation area on the
right side of the landslide in the numerical simulation results
for sliding surface 2. To summarize, the deformation and
stability of the right side of the Quwajiasa landslide are con-
trolled by sliding surface 1, and the deformation and stability
of the left side are controlled by sliding surface 2 [30].
Numerical simulation results show that the high displace-
ment area of the landslide is concentrated on the left and
right sides of the landslide, which is the same as the strong
deformation areas A and B from the InSAR data. The main
controlling factors of strong deformation area A are the con-
struction of provincial road excavation slopes and local slope
cutting and house construction by residents, forming free
surfaces with different heights. The main controlling factor
of strong deformation area B is undercutting of the Yellow
River, which makes the front edge of the area free, providing
better conditions for landslide cutting [21].

6. Conclusions

The main purpose of this paper is to study the deformation
and stability analysis of a multislip surface large-scale loess
landslide in the Yellow River Basin from the perspective of
field investigation, InSAR monitoring, and numerical simu-
lation. First, a field investigation was conducted to determine
the lithology and structure of the study area as well as carry
out engineering geological zoning according to the deforma-
tion and failure characteristics of the landslide. Through
InSAR monitoring and analysis of the deformation history
of the landslide, the strong, weak, and abnormal deforma-
tion areas were identified and compared with the field inves-
tigation results. Finally, the overall stability of the landslide
was evaluated through numerical simulation. The primary
conclusions of this study are as follows:

(1) The landslide is divided into seven engineering geo-
logical zones, of which zones I to V have clear defor-
mation signs overall, and zones VI and VII show no
significant deformation

(2) InSAR monitoring results show that strong deforma-
tion area A is located in area I, and area B spans
areas II, III, and IV, which shows local traction slid-
ing deformation

(3) Numerical simulation results show that the deep
sliding surface 1 of the landslide is in an unstable
state, and the deep sliding surface 2 is in a stable
state. By comparing the deformation characteristics
of numerical simulation with field investigation and
InSAR results, it is found that the deformation and
stability of zone I are primarily controlled by deep
sliding surface 1, and the deformation and stability
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of zones II, III, and IV are primarily controlled by
the deep sliding surface 2

(4) In this study, a deformation analysis and stability
evaluation of a large-scale loess landslide with multi-
ple slip surfaces in the Yellow River Basin were con-
ducted using InSAR, numerical simulation, and
traditional field investigation. The treatment process
should focus on the strong deformation areas A and
B. The results are useful for disaster prevention and
reduction of loess disasters in the Yellow River Basin
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The instability of water-sediment flow in fractures can easily induce water-sediment disasters. Therefore, it is of great significance for
the prevention and control of water-sediment inrush to study the water-sediment two-phase flow in fractures. Based on the water-
sediment two-phase flow theory, a model of the water-sediment two-phase flow system was established. The Ansys Fluent software
was used to study the characteristics of the water-sediment two-phase flow in smooth and rough fractures. The spatial-temporal
evolution laws of the water-sediment two-phase flow were studied; the results indicated that they did not change with time in the
smooth fractured flow fields, while changing continuously with time in the rough fractured flow fields and in a dynamic steady
state. The research results can provide references for the water-sediment two-phase flow in fractures and rock mass.

1. Introduction

Water and sand inrush is one of the main disasters in the
mining of shallow coal seams in Western China [1]. Frac-
tures or small faults often connect the water-rich layer with
unbalanced sand bodies due to weathering [2, 3]. Then,
under the action of gravity, the water-sediment mixture will
submerge the equipment underground and even cause casu-
alties. Water-sediment two-phase flow is one of the impor-
tant incentives of water-sediment inrush disasters [4].
Therefore, it is of great significance to study the water-
sediment two-phase flow in fractures to ensure the safe
and efficient production of mines [5, 6].

Scholars have carried out numerous researches on water-
sediment two-phase mixture seepage characteristics and
their influencing factors [7, 8]. Liu et al. analyzed the varia-
tion laws of permeability parameters of rock-fractured rock
mass fracture roughness, sand particle size, and sediment

concentration [9]. Yang et al. revealed the influence of
sediment-water interactions on movement characteristics
and rheological characteristics of water-sediment mixture
[10]. Qi and Bo studied the failure mechanism and evolution
characteristics of water-sediment inrush disasters caused by
the instability of the filling medium of karst caves [11]. Yang
et al. conducted a nonlinear flow experiment on the fracture
network and revealed the mechanism of water inrush in
fractures [12]. Zhang et al. analyzed the influence of the aeo-
lian sand’s particle size distribution, void ratio, and initial
mass on the flow characteristics [13]. Xu et al. simulated
the process of water-sediment inrush in the goaf and pro-
posed the prevention and control techniques [14]. However,
due to the limitation of test conditions, there were still some
shortcomings in the study of the flow characteristics of the
water-sand mixture by experimental means. For example,
it was difficult to find the test equipment that met the
requirements of high performance when the water-sand
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mixture needed to be transported at a stable flow rate. In
addition, it was difficult to describe the vortex structure effi-
ciently and accurately using the existing experimental
means, which made it difficult to conduct a more in-depth
study on the flow field of water-sediment two-phase flow.

Considering the complex geological conditions of under-
grounding mining [15, 16], some scholars have used the
finite element analysis and discrete element method to reveal
the whole process of water-sediment two-phase flow and
have achieved remarkable results [17]. Du et al. used the
FORTRAN programming language for numerical calcula-
tion and determined the main factors affecting the charac-
teristic parameters of water-sediment two-phase mixture
seepage in fractured rock mass [18]. Pu analyzed the laws
of water-sediment two-phase flow in fractures using the lat-
tice Boltzmann method. They also simulated the water-sand
inrush by numerical simulation and analyzed the impacts of
particle size and fracture width on the water-sand inrush
velocity [19]. Guo et al. simulated the whole process of
water-sand inrush process during the mining of the working
face by using the self-developed simulation test system [20].
Lei et al. used the PFC3D to simulate the development pro-
cess of overburden fissures and the water hydraulic of Paleo-
gene aquifers [21]. In summary, scholars have conducted
studies on the characteristics of water-sediment two-phase
seepage in fractures using experimental methods, but there
are still some deficiencies. The research only focuses on the
seepage of a single fluid and rarely involves the liquid-solid
two-phase movement in fractures. There are few studies on
seepage of the particle phase and continuous phase simulta-
neously in fractures. Meanwhile, there is currently no uni-
versally accepted standard for the description of fracture
surface morphology [2, 22].

In this paper, Ansys Fluent 17.0 will be used to simulate
water-sediment two-phase flow in fractures with smooth
and rough surfaces. Firstly, the mechanical model and
numerical model of the water-sediment two-phase flow will
be established. Then, different turbulence simulation
methods will be used to calculate the flow field of the contin-
uous phase. The calculated results will be compared with the
experimental results, and a preferable method will be
selected for fractures with rough and complex surfaces.
Finally, the dispersed phase particles will be injected into
the flow field of the continuous phase in dynamic equilib-
rium, and the coupling calculation will be performed. The
calculated results will be compared with the experimental
results to further study the influence factors of the water-
sediment seepage field. The research results are aimed at
providing a theoretical foundation for the mechanism of
water-sediment inrush during coal mining.

2. The Mechanical Model of Water-Sediment
Two-Phase Flow in Fractures

2.1. The Model Hypothesis and Selection of Water-Sediment
Flow in Fractures. The following assumptions were made
during the numerical simulation of water-sediment flow in
fractures [23, 24]. (I) Water is incompressible. That is, the
density of water was a constant. (II) Sand particles were
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spheres with the same particle sizes. (III) The rigid entities
were spherical sand particle units and would not obtain
obvious damage. (IV) The water-sediment mixture flowed
into fractures from the flow guide transition plate with a
larger aperture. The transition was smooth at the inlet of
the fracture, and the flow velocity was uniform on the
cross-section of the inlet of the fracture. (V) The disperse
phase sand particle velocity was the same with that of the
continuous-phase fluid at the inlet of the fracture. (VI)
When sand particles escaped from the exit of the fracture,
the tracking would be stopped. (VII) The physical quantity
did not change along the X; direction, and the flow was
taken as a two-dimensional flow.

The model of water-sediment flow in fractures was com-
posed of the continuous-phase model and the discrete-phase
model. The Reynolds averaging method and the large eddy
simulation method were used to simulate the turbulent flow
for the continuous phase [25]. According to different
methods of stress treatment, the Reynolds averaging model
could be divided into the eddy viscosity model and Reynolds
stress model [26]. The former is to introduce the turbulent
viscosity to treat the Reynolds stress instead of treating the
stress directly. The Reynolds stress is expressed by a function
of the turbulent viscosity. The commonly used eddy viscos-
ity models in engineering include the Spalart-Allmaras
model, k-€ model, and k-w model. In this paper, the selected
turbulence models include the RNG k-¢ model in the k-¢
model, Realizable k-¢ model, and SST k-w model in the k-
w model. In the Reynolds stress model (RSM), the equations
of the Reynolds stress are established directly. The isotropic
viscosity hypotheses can be avoided. Meanwhile, the influ-
ences of fluid rotation, streamline bending, and sharp
change in the strain rate will be considered. Compared with
the eddy viscosity models, RSM is more suitable for accurate
prediction of complex flows. The Stress-Omega RSM was
adopted in this paper. The Stress-Omega model of the
wall-modeled large eddy simulation (WMLES) was used
for the mathematical model of subgrid-scale stress [27].

It is necessary to simulate the rotation and translation of
sand particles in the study of water-sediment flow in fractures.
In this paper, the random orbit model was used to simulate the
particle diffusion caused by the turbulent motion of the con-
tinuous phase. Meanwhile, based on the distinct element
method and the program BALL proposed by Cundall and
Strack [28], the Hertzian-Dashpot model and the Rolling Fric-
tion model were used to simulate the normal contact and the
tangential contact force among particles, respectively.

2.2. Computational Domain of the Water-Sediment Flow in
Fractures. The computational domain 2 was a set of particles
surrounded by two fracture surfaces, the inlet section and the
outlet section. The set of particles was time varying. That is,
water and sand entered continuously from the inlet section
and flowed out from the outlet section, and the control volume
was constant. The computational domains of the smooth frac-
tures and the rough fractures were descried as follows.

2.2.1. The Computational Domain of the Smooth Fractures.
As shown in Figure 1, water and sand flowed into the area
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FIGURE 1: The computational domain of the smooth fracture.

formed by two parallel smooth fracture surfaces. The dis-
tance between the two fracture surfaces is /i, and the length
of the fracture is L. The projection of the upper and lower
fracture surfaces on the OX;X, section is a straight line.
The boundary of the computational domain is the inlet sec-
tion OD,, the upper fracture section D, D,, the outlet section
D,D,, and the lower fracture surface D;O.

2.2.2. The Computational Domain of the Rough Fractures. As
shown in Figure 2, water and sand flowed in the area formed
by two anastomotic fracture surfaces. The curve of the upper
and lower fracture surfaces on the cross-section OX,X, is a
broken line which divides the surface into 50 equal broken
line segments marked by FL* and FLY, i=1,2,3,---50. The
computational domain Q is formed by the inlet section

__ 50
OC,, the upper fracture surface v FL!, the outlet section
iz

_ 50
C,C;, and the lower fracture section Y FLY.
=

2.3. Boundary Conditions and the Initial Conditions. The
boundary and initial conditions needed to be specified to
solve the equations for the water-sediment two-phase flow
fields. The boundary and initial conditions of the continuous
phase and the discrete phase were given, respectively.

2.3.1. Boundary Conditions of the Continuous Phase. The
inlet boundary was set as the velocity inlet. The four-level
seepage velocity was used in the experiment. The hydraulic
diameter was twice the aperture of the fracture inlet. The
turbulence intensity could be obtained by the following
equation:

I=0.16(R,p )", (1)

where R,p, is the Reynolds number with the hydraulic
diameter of Dy;. The outlet boundary was set as the pressure
outlet. The outlet connected with the air, so the outlet pres-
sure was the standard atmospheric pressure of 1. The wall
boundary was set as a no-slip wall boundary. The gravity
direction was along the negative direction of X,.

2.3.2. Boundary Conditions of the Dispersed Phase. The
discrete-phase sand particle velocity was the same as the
continuous-phase fluid velocity at the inlet of the fracture.
The volume concentration of sand particles was set to 4.06%.
The outlet of the fracture was set as the escape boundary of

the discrete phase, where the tracing would stop. The sand
particles and the wall boundary were set as the rebound
boundary. The values of the initial boundary conditions were
fixed and did not change with time.

2.4. Numerical Calculation Methods and Parameter Settings.
The grid division is a key step in the numerical calculation
by using the finite volume method. Its quality directly affects
the accuracy of the numerical calculation results. In this
paper, the structured grids were used, because the boundary
of the smooth fracture model was relatively regular. The grid
nodes were evenly distributed at the inlet to make the sand
particles evenly distributed along the X, direction. The
Stress-Omega RSM was used in this paper. y* was the
dimensionless distance between the first layer of grid nodes
and the wall, which was approximately 1. Therefore, the fine
grids were arranged in the near-wall region. After calcula-
tion, it was necessary to check whether y* could meet the
requirements.

In order to ensure the accuracy of the calculation results,
the grid independence test was carried out. The size of the
initial grid in the boundary layer was 0.005mm, and the
global grid size was 0.08 mm. After the grid independence
test, the size of the grid in the boundary layer was
0.003mm, and the global grid size was 0.02 mm. Through
calculation, it was found that both grids could satisfy that
y* was less than 1. The inlet pressure difference of two grids
was less than 1%. The velocity difference was less than 0.3%
on the cross-section of X, =20 mm, indicating that the ini-
tial grids could meet the requirements of the calculation
accuracy. In view of the calculation accuracy and efliciency,
the initial grids were selected for calculation. Figure 3 shows
the grid division.

The hybrid grid was used, due to sharp bending of the
wall of the rough fracture model. Multilayer structured grids
were set in the boundary layer, and the remaining computa-
tional domain was unstructured quadrilateral grids. The y*
was tested, and the grid independence test was conducted.
The total number of grids was about 145,000, as shown in
Figure 4. The grids in the boundary layer are shown in
Figure 5.

After the grid division of the computational domain, it
was necessary to discretize the governing equations and
definite conditions (boundary conditions and initial condi-
tions) in the space domain and the time domain. The
Least Squares Cell-Based method was used. The pressure
interpolation method was the pressure staggering option
(PRESTO). The momentum conservation equation, the
equation for the turbulence kinetic energy k, and the equa-
tion for the specific dissipation rate w adopted the third-
order MUSCL scheme to reduce the numerical diffusion.
The Reynolds stress equation used the QUICK discrete
scheme (the quadrilateral grids used the QUICK discrete
scheme, and other grids used the second-order discrete
scheme). The second-order implicit time integration
scheme was used to solve the continuous-phase equations,
and the Runge-Kutta method was used to calculate the
discrete-phase equations.
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Table 1 shows the material properties. Table 2 shows the
interaction parameters of sand particles and the wall. Table 3
shows the parameters among sand particles.

The pressure-based solver was used for calculation. The
pressure-velocity coupling PSIO (pressure implicit with
splitting of operator) algorithm was used. The interphase
coupling calculation method was used, and interactions
between the continuous phase and the discrete phase were
considered. After adjustment, the time step was set as 10
>s. The tracking time step of the sand particles was one per-

cent of the continuous-phase calculation time step. The
velocity and inlet pressure changes were monitored during
the calculation process. Parallel computing was used to
enhance the calculation speed.

2.5. The Experimental Scheme. In this paper, some water-
sediment seepage experimental data were from the results
of Zhanging Chen’s Research Group, State Key Laboratory
for Geomechanics and Deep Underground Engineering,
China University of Mining and Technology. Restricted by
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FIGURE 5: Grids in the boundary layer of the rough fracture.

TasLE 1: Material properties [29].

Water Sand particles
Density (kg-m™) 998.2 2650
Dynamic viscosity (kg-m™-s™") 1.003 x 107 /
Elastic modulus (GPa) / 55.9
Poisson’s ratio / 0.13
Particle size (mm) / 0.04

TaBLE 2: Interaction parameters between the sand particles and the
wall.

Properties Between sand particles and wall
Friction factor 0.45
Normal recovery factor 0.2
Tangential recovery factor 0.9

TaBLE 3: Interaction parameters among sand particles [29].

Properties Among sand particles
Coeflicient of static friction 0.3
Coefficient of sliding friction 0.2
Coefficient of restitution 0.05

the test conditions, only the water-sediment two-phase flow
in regular and rough fractures was studied without the test of
water-sediment two-phase flow in smooth fractures.

Numerical simulation is a necessary supplement and
extension of experimental research and theoretical analysis.
It can simulate complex flow problems and obtain the data
that is difficult to obtain in experiments [30]. In this paper,
the numerical simulation was used to study the characteris-
tics of the water-sediment two-phase flow in fractures.

To better describe the flows in fractures, it was necessary
to compare the simulation results and the experimental data
of the unidirectional flow in fractures before performing the
simulation of two-phase flow in fractures. In this paper, sev-
eral different turbulence simulation calculation methods
were used to calculate the continuous-phase flow fields,
and the calculation results were compared with the experi-

mental results. Based on the comparison results, the appro-
priate turbulence simulation method was chosen.

The Ansys Fluent was used to simulate the water-
sediment two-phase flow in the smooth and rough fractures.
The geometric description of the fracture surface was given
before the simulation. Then, the grid division was performed
in the computational domain. The experimental parameters
were given. The sand density p, was 2650 kg/m’, the sand
particle size D, was 0.04 mm, and the volume concentration
@ of the sand particles was 4.06%. On this basis, the numer-
ical model was established. Finally, the inlet velocities of the
fractures were set as 0.349m/s, 0.532m/s, 0.697 m/s, and
0.869 m/s. Then, the program was debugged.

After the simulation, the spatial-temporal evolution laws
and influence factors of the water-sediment two-phase flow
were analyzed according to the simulation results.

3. Results of the Numerical Simulation

3.1. Selection of the Turbulence Model. According to the
assumptions made in Section 2.1, the physical quantities
did not change in the width direction during the simulation.
However, the fracture specimens used in the experiment had
certain widths, which would affect the fluid flow. Thus, it
was necessary to clarify the influence of the fracture width
before choosing the turbulence model. The relationship
between the absolute values of the pressure gradient between
the real experiment considering the width and the numerical
model without considering the width was expressed by the
following equation:

G,=2.01G,, (2)

where G, is the absolute value of the pressure gradient in
the experiment. GI; is the absolute value of the pressure gra-

dient in the numerical model. Equation (3) could be used to
get the value of «, that is, 2.01 [31].

1
[1 - (h/D)(192/m2) Y2 tanh((2n — 1)mD/2h)/(2n - 1)°]
(3)

where h is the fracture aperture and D is the fracture
width. Equation (2) could be obtained by substituting D of
70mm and h of 1.8mm into Equation (3). Equation (2)
was used as a two-dimensional model G}/) of a rough fracture
to approximately get the equation of the three-dimensional
model.

Figure 6 shows the change curves of the absolute value of
the pressure gradient G, in the continuous-phase flow in
rough fractures in different turbulence models. There was
linear loss and partial loss during the seepage test, so the
value of G, was larger than the actual value. Similarly, the
value of G, by the numerical simulation was less than the
measured value. As shown in Figure 6, the values of G,
obtained by the RNG k-e¢ model and Realizable k-¢ model
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were much larger than the measured values, while the values
of G, obtained by using the Shear-Stress Transport (SST) k-
w model, Stress-Omega RSM, and LES were less than the
measured values. It could be seen that the measured G, value

changed nonlinearly with the seepage velocity, which was
consistent with the change tendencies of simulation results
obtained by the SST k-w model and Stress-Omega RSM.
The value of G, obtained by LES showed an approximately

linear relationship with the seepage velocity. Therefore, the
SST k-w model and Stress-Omega RSM could better simu-
late the pressure loss of the flow in rough fractures. In order
to determine the optimal turbulence model, it was necessary
to further analyze the structures of their flow fields.

LES could directly calculate the turbulent motion larger
than the grid scale through instantaneous Navier-Stokes
equations, which could predict the formation and distribu-
tion of large-scale eddy currents. In this paper, LES, Stress-
Omega RSM, and SST k-w model were used to simulate
the water-sediment flow in rough fractures with the fracture
inlet velocity of 0.869 m/s. The vortex structure obtained by
LES was used as a reference to compare with the results of
the other two models. Figures 7 and 8 show the streamline
diagrams obtained by the three simulation methods when ¢
=0.06s and t=0.1s, respectively. In Figure 7, when ¢ =
0.06s, the streamline diagrams were basically the same
obtained by RSM and LES. Specifically, two kinds of vortices
were formed at the concave corner of the fracture. One was a
three-vortex structure composed of one large and two small
vortices, and the large vortex was located downstream of the
small vortex. The other was a double-vortex structure com-
posed of one large and one small vortex. The small vortex
was located at the bottom of the concave corner of the frac-
ture. However, the form of the vertex obtained by the SST k-
w model was single and was composed of a large vortex and
a small vortex at the bottom of the concave corner of the
fracture.

In Figures 7 and 8, the streamline diagrams are differ-
ent, showing the randomness of the two forms of vortices
along the flow direction, while the streamline diagrams
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obtained by the SST k-w model were nearly the same
when t=0.06s and t=0.1s, which could not reflect the
evolution of the vortex over time. In summary, Stress-
Omega RSM could accurately calculate the pressure loss
and simulate the structure of the flow field in the rough
fractures, so it was chosen to simulate the continuous-
phase flow in fractures.

3.2. Simulation Results of the Water-Sediment Two-Phase
Flow in Smooth Fractures. Figure 9 shows the change curve
of the average pressure at the inlet of the fracture with time
when the inlet velocity was 0.869 m/s. The interval from ¢
=0 to t=0.015s was the continuous-phase flow field pres-
sure curve, and the interval from ¢ =0.015s to t =0.5s was
the water-sediment two-phase flow field pressure curve after
the sand particles were injected.

In Figure 9, the average pressure at the inlet of the frac-
ture increased gradually after the injection of sand particles.
With the continuous increase of injected sand particles, it
increased to the extreme value and then began to reduce
and finally showed small amplitude oscillations within a cer-
tain range. It could be seen that the sand particles signifi-
cantly decreased the average pressure at the inlet. Figure 10
shows the pressure gradient absolute value-velocity curve,
and an approximately linear relationship existed.

In Figure 11, with the inlet velocity of 0.869 m/s, the dis-
tributions of velocities, turbulence energy, and pressure on
the cross-section of X, =0.9mm (midline position) could
be observed when t=0.17s, 0.22s, and 0.27s. In
Figures 11(a) and 11(b), in the interval of X; <30 mm, the
flow velocity and turbulent kinetic energy changed continu-
ously along X, = 0.9 mm. In the interval of X, > 30 mm, they
remained stable, indicating that the flow was fully developed.
In Figure 11(c), the pressure was approximately linearly dis-
tributed along X, =0.9. The velocities, turbulent kinetic
energy, and pressure curves were basically consistent at dif-
ferent times on the cross-section of X, = 0.9 mm, indicating
that they did not change over time on this section.

Figure 12 shows the distributions of velocities, turbulent
kinetic energy, and pressure at different times on the cross-
section of X; =40 mm. In Figures 13(a) and 13(b), the veloc-
ity and turbulent kinetic energy curves basically coincide on
the cross-section of X, =40 mm, indicating that they were
stable and did not change over time. In Figure 14(c), the
pressure on the cross-section of X, =40 mm changed with
time in a small change amplitude.

Based on the above analysis, the physical quantities did
not change along the flow direction in the interval of X, >
25 mm. Therefore, the interval of 0 < X; <40 mm was cho-
sen to analyze the particle distribution and discrete-phase
momentum source term distribution.

Figure 13 shows the sand distribution in the interval of
0mm < X, <40 mm, which was divided into two segments.
It could be found that there was a layer of particles with
lower velocities on the lower wall of the fracture, and there
were no particles on the upper wall. It was indicated that
particles were deflected downward due to the action of grav-
ity, and a small part of particles was deposited on the lower
wall of the fracture.
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Figure 14 shows the distribution of momentum source
terms in the discrete-phase model in the fracture interval
of 0mm <X, <40 mm. In Figure 14(a), the absolute value
of the momentum source term in the X, direction compo-
nent was relatively large at the inlet segment, and the direc-
tion was along the negative direction of X;. It was indicated
that the force of the continuous-phase fluid on particles was

GP (kPa-m™)
w
1

0 T T T T T 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9

V (m-s?)

FiGURE 10: The pressure gradient absolute value-velocity curve.

opposite to the flow direction at the inlet segment of the
fracture. In the interval of X, >40 mm, the flow was fully
developed, and the momentum source terms in the X, direc-
tion component were evenly distributed along the X, direc-
tion. In Figure 14(b), the absolute value of the momentum
source term in the X, direction component was relatively
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Ficure 11: Distribution of physical quantities on the cross-section of X, = 0.9 mm.

large in the inlet segment. It was positive at the upper part of
X, =0.9mm and was negative at the lower part.

3.3. Simulation Results of the Water-Sediment Two-Phase
Flow in Rough Fractures

3.3.1. Comparison of Numerical Simulation Results and Test
Results. Figure 15 shows the comparison between the simu-
lated results and the experimental results of the pressure gra-
dient absolute value-seepage velocity curves. Figure 15(a)
shows the comparison result of the single phase flow, and
Figure 15(b) shows the comparison result of the water-
sediment two-phase flow.

In Figure 15(a), the pressure gradient absolute value-
seepage velocity curve of the single phase in fractures
obtained by the numerical simulation is basically consistent
with that in the experiment, showing a nonlinear relation-
ship. The numerical simulation result was smaller than the
experimental result, and the relative error was between
30.1% and 33.4%. This is because Equation (2) describes
the relationship between the pressure gradient absolute value
of the three-dimensional model of the smooth fracture and
the pressure gradient absolute value of the two-
dimensional model. The flow was laminar, while in this
paper, the flow was turbulent through rough fractures [32].

It is worth noting that the relative errors between the numer-
ical simulation results and the experimental results were rel-
atively close at different flow rates.

In Figure 15(b), the absolute value of the pressure
gradient-seepage velocity of the water-sediment two-phase
flow in fractures obtained by the numerical simulation is
basically consistent with the curve obtained by the experi-
ment, showing a nonlinear relationship. The numerical sim-
ulation result was smaller than the experimental result, and
the relative error was between 18.5% and approximately
46.7%. This is because Equation (2) describes the relation-
ship between the absolute value of the pressure gradient in
the three-dimensional model of the smooth fracture in lam-
inar flow and that in the two-dimensional model. The flow
was a single-phase laminar flow, while this paper focuses
on the two-phase turbulence in rough fractures. It should
be noted that the absolute error of the numerical simulation
results and the test results were relatively close at different
flow velocities, and the relative error decreased with the
increase of the flow velocity [33].

3.3.2. Change Laws of Physical Quantities in Flow Fields with
Time. Figure 16 gives the change curve of the average pres-
sure at the inlet with time, when the inlet velocity was
0.869m/s. It was the pressure curve of the continuous-



Geofluids 9
1.2 - 1.2E-02 -
=~ 081 __ 8.0E-03 1
p 5
E
= 04 )
<~ 4.0E-03 4
0.0 : T |
0.0 0.6 1.2 1.8 0.0E+00 . . .
X, (mm) 0.0 0.6 1.2 1.8
— t=0.14s X, (mm)
—— t=0.18s — t=0.14s
— t=022s —— t=0.18s
— t=0.22s
(a) Velocity (b) Turbulent kinetic energy
350 -
340 -
=
& 330 4
a,
320 4
310 : T |
0.0 0.6 1.2 1.8
X, (mm)
— t=0.14s
—— t=0.18s
— t=022s

(c) Pressure
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F1GURE 13: Distributions of sand particles: (a) 0 mm < X; <20 mm fracture segment; (b) 20 mm < X, <40 mm fracture segment.

phase flow field during the time interval 0 <t <0.12s, and it
was the pressure curve of the water-sediment two-phase flow
field during the interval 0.12 <¢<0.20s.

In Figure 16, the inlet pressure of the fracture fluctuated
violently around 20kPa, without an obvious decreasing
trend. The average value of adjacent peaks and valleys basi-

cally reached dynamic stability. This indicated that sand par-
ticles had no significant effects on the inlet pressure.

Figure 17 shows distributions of velocities, turbulent
kinetic energy, and pressure on the cross-section of X, =
1.4mm at 0.17s, 0.22s, and 0.27 s, with the inlet velocity of
0.869 m/s.
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FIGURE 16: Average pressure-time curve at fracture inlet.

It could be found that when X, >2mm and the flow
velocity fluctuated around 2.7m/s, the difference between
peak and valley values was small. The velocity curves do
not match at different times, and there is no significant dif-
ference between the peak value and the valley value. When
X, <2mm, the flow velocity increased sharply. This is
because the inlet velocity was uniformly distributed. The
fluid velocity recombined from the inlet and changes con-

stantly during the flow through each section. It was
decreased due to the viscosity at the walls. The fluid in the
middle part outside the boundary layer accelerated.

In Figure 17(b), when X, > 20 mm, the turbulent kinetic
energy fluctuated violently between 0.03 m*/s* and 0.07 m*/
s%, which reflected the basic properties of turbulence. When
X, <20 mm, it increased sharply, indicating that the fluid
velocity recombined from the inlet and increased the
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FiGure 17: Distributions of physical quantities on the cross-section of X, = 1.4 mm.

turbulence intensity. There was no obvious difference
between the peak values and valley values.

In Figure 17(c), the pressure fluctuates locally and the
overall trend decreases linearly with X.

Figure 18 shows the distributions of velocity, turbulent
kinetic energy, and pressure distribution on the cross-
section of X, =40 mm, at 0.17s, 0.22s, and 0.27 s, with the
inlet velocity of 0.869m/s. In Figure 18(a), the maximum
water velocity was between 2.5m/s and 3.0 m/s, and the cor-
responding position was between X, =2.2mm and X, =
2.4mm. In Figure 18(b), the turbulent kinetic energy was
very small near the wall, and the peak values and positions
changed dramatically over time. In Figure 18(c), the pressure
fluctuated smoothly along X, and changed greatly with time.

3.3.3. The Spatial Distribution Law of Physical Quantities in
the Flow Fields. Figure 19 shows the pressure nephogram
when t =0.27s, with the inlet velocity of 0.869 m/s. Many
lamellate low-pressure and high-pressure areas could be
observed in the flow fields. They mainly existed near the
fracture tip, indicating that the roughness of the fracture sur-
face increased the pressure loss of the flow field [34].
Figure 20 shows the flow-line diagram of the fracture
segment from X, =30mm to X, =40 mm when t=0.27s,

with the inlet velocity of 0.869 m/s. The flow separated at
the concave corners of the fracture. One or two clockwise-
rotating vortices and one counterclockwise-rotating vortex
were formed at the concave corners of the lower fracture
surface, and one or two counterclockwise-rotating vortices
and one clockwise-rotating vortex were formed at the upper
fracture surface. Take the lower fracture surface as an exam-
ple. The causes of the vortices were analyzed. The fluid flo-
wed forward through the fracture. After flowing through
the fracture tip, the flow cross-section expanded suddenly.
It was impossible for the fluid to suddenly change the direc-
tion along the fracture surface due to the inertial force. At
this point, smooth transitions of fluid occurred, manifesting
that the main flow lines bent near the wall and the flow
expanded. Some fluids did not flow forward with the main
flow between the outer surface and the wall surface of the
expanded part of the main flow. The expansion of the main
flow cross-section decreased the flow velocity. At this point,
the pressure gradually increased along the flow direction.
Thus, the adverse pressure gradient was formed. Some fluids
between the main flow and the wall flowed countercurrently
along the wall, forming a clockwise vortex. The main flow
continued to move forward. When it encountered the next
fracture tip, the flow section suddenly shrank, and the main
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FIGURE 20: Flow-line diagram.
flow section also gradually shrank, forming a clockwise vor- ~ merged at some concave corners of the fracture. There was

tex at the wall. It could be found that the downstream vortex ~ a corner vortex rotating counterclockwise at the bottom of
range was larger and the flow lines were denser, indicating ~ concave recessed corner of the fracture, which was formed
that the downstream vortex was stronger. Two vortices by two vortices rotating clockwise. There were two types of
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FiGure 21: The velocity nephogram: (a) X; =0mm to X; =20 mm; (b) X; =20mm to X, =40 mm; (c) X; =40 mm to X, = 60 mm; (d)

X, =60mm to X; =80 mm; (e) X; =80 mm to X, =100 mm.
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FIGURE 22: Turbulent kinetic energy nephogram: (a) X,

=0mm to X; =20mm; (b) X; =20 mm to X, =40 mm; (c) X; =40 mm to X, =

60 mm; (d) X, =60 mm to X, =80 mm; (e) X; =80 mm to X, = 100 mm.

vortex structures in the flow field. One was the three-vortex
structure composed of one large and two small vortices. The
other was the double-vortex structure composed of one large
and one small vortex. They were randomly distributed along
the flow direction.

Figure 21 shows the velocity nephogram at t=0.27s,
with the inlet velocity of 0.869 m/s. When the fluid entered
the fracture, the velocity distribution changed drastically.
The flow in the fracture was roughly divided into two parts.
The main flow was between X, =1 mm and X, =1.8 mm,
and the velocity was between 2.21 m/s and 3.16 m/s. There
were many discontinuously distributed high-velocity areas.
The main flow was bent at the fracture tip, which was
unevenly distributed along the flow direction. The other part
of the flow was in the vortex area at the concave corner of
the fracture. The fluid velocity was relatively low in the cen-
ter of the vortex and the boundary layer of the wall [33].

Figure 22 shows the turbulent kinetic energy nephogram
at t =0.27 s, with the inlet velocity of 0.869 m/s. It was rela-

tively small at the inlet, because the inlet velocity was evenly
distributed, and the flow was not fully developed. As the
fluid flowed in the fracture, the turbulent kinetic energy
gradually increased. There was a high turbulent kinetic
energy region close to the wall at the fracture tip, due to
strong collision between the fluid and the fracture tip and
high fluctuating velocity. The turbulent kinetic energy was
slightly lower near the center line X, = 1.4 mm. It was the
lowest near the wall of the concave corner of the fracture.
It was also randomly distributed along the flow.

Figure 23 shows the distribution of sand particles in the
rough fracture at t = 0.27 s, with the inlet velocity of 0.869 m/
s. In Figures 5-15, the sand particles were densely distrib-
uted and the velocity was higher with the Imm <X, <1.8
mm segment. The sand particle velocity was higher than
the continuous-phase fluid velocity between 2.3m/s and
3.29 m/s. The sand particle flow direction bent at the fracture
tip. The volume concentration of the sand particles was rel-
atively low from the main flow segment to the middle area of
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FIGURE 24: The momentum source term of the discrete-phase model in the X, direction component: (a) X, =0 mm to X; =20 mm; (b)
X, =20mm to X; =40 mm; (¢) X, =40mm to X, =60 mm; (d) X, =60 mm to X, =80 mm; (e) X, =80 mm to X, = 100 mm.
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FiGure 25: The momentum source term of the discrete-phase model in the X, direction component: (a) X, =0 mm to X; =20 mm; (b)
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Geofluids

the fracture wall. The sand particles were mainly distributed
one upstream side of the wall, while the sand concentration
was very low on the downstream side of the wall. Within the
0mm < X, <20 mm segment, the volume fraction of sand
particles was relatively high in the lower fracture surface.
This was because the flow at the inlet segment was not fully
developed, and sand particles were prone to sedimentation
due to force of gravity. With the development of flow, the
distribution of sand particles tended to be even on the upper
and lower fracture surfaces.

Figure 24 shows the distribution of the momentum
source term of the discrete-phase model in the X, direction
component at t =0.27s, with the inlet velocity of 0.869 m/s.
Within the segment of 1 mm < X, < 1.8 mm, the momentum
source term was relatively large in the X, direction compo-
nent, indicating that the force between the phases was large
along the flow direction. Within the segment of 0 mm < X,
<20mm, the momentum source term was relatively large
in the X, direction component, indicating that the momen-
tum exchange between phases was large.

Figure 25 shows the momentum source term of the
discrete-phase model in the X, direction component at t =
0.27 s, with the inlet velocity of 0.869 m/s. It could be found
that it was relatively large when X, = 1.4 mm. The area with
higher absolute value was in a discontinuous and sheet dis-
tribution, and positive and negative values appeared alterna-
tively. When the value was positive, the continuous-phase
fluid had an upward force on discrete-phase sand particles.
When the value was negative, there was a downward force.

4. Conclusions

In this paper, the water-sediment two-phase flow theory was
used to establish the mechanical model of the water-
sediment flow in the fractures. The numerical simulation
software was used to simulate the water-sediment two-
phase flow in smooth fractures and rough fractures. The
conclusions are as follows:

(I) The RNG k-& model, Realizable k-¢ model, SST k-w
model, and Stress-Omega RSM and LES were used
to simulate the continuous-phase flow in rough
fractures. The simulated results were compared
with the experimental data. The comparison results
showed that Stress-Omega RSM could accurately
calculate the pressure loss and simulate the flow
field structures of rough fractures. Thus, it was cho-
sen to simulate the continuous-phase flow in
fractures

(II) The water-sediment two-phase flow theory was
used to simulate the water-sediment two-phase
flow in smooth and rough fractures. The sand den-
sity p, was 2650 kg/m’. The sand particle size D,
was 0.04mm, and the volume fraction was @ =
4.06%. The physical quantities such as pressure,
velocity, and turbulence kinetic energy and the
momentum source item, flow diagrams, and parti-
cle distributions were given with fracture inlet
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velocities of 0.349m/s, 0.532m/s, 0.697 m/s, and
0.869m/s, respectively. The simulation results
showed that the water-sediment two-phase flow
pressure loss was basically the same with the exper-
imental data, verifying the correctness of the
numerical simulation method

(III) In the flow fields, the change law of the physical
quantities with the time and the law of spatial dis-
tribution were analyzed in detail. The results indi-
cated that they did not change with time in the
smooth fractured flow fields, while changing con-
tinuously with time in the rough fractured flow
fields and in a dynamic and stable state. In smooth
fractures, there was an asymmetric spatial distribu-
tion of physical quantities due to the influence of
gravity, while the flow field shows the randomness
of spatial distribution in a rough fracture, because
water-sediment flow was restrained by the walls
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Studying the deformation and failure mechanism of the Tanziyan landslide in Yesanguan Town, Badong County, and designing
the controlling measures are of great significance to ensure the sustainable development of urban planning and construction. In
this paper, stability of Tanziyan landslide is analyzed using the calculation method of complex plane slip surface. After
consideration of the essential characteristics of the disaster body,the deformation and failure mechanism of the landslide is
studied, and the corresponding landslide treatment measures are presented. Results show stability state of the landslide is
understable to unstable as a whole, and the development process can be roughly divided into three stages: sliding, bending and
the cracks are connected. Finally, it is proposed to cut and reshape the slope from the crack groove on the slope top to the
national highway, and thenlattice beams and anchor cables are presented to protect the reshaped slope surface. Ecological bags
are used to stack and regreen between the lattice structures. A retaining wall is built on the inner side of the national highway
at the bottom of the slope cutting area, an active protective net is laid on the east side of the crack groove, and monitoring
works are set for potential deformation areas. In short, experiences of engineering practice in this landslidecan provide

reference for similar projects.

1. Introduction

Landslide has always been a major type of geological disaster
in mountainous areas. Landslide will lead to local traffic inter-
ruption, power facility damage, and villagers’ forest land dam-
age, threaten people’s life safety, and cause serious economic
losses. It is of great significance to find out the geological envi-
ronmental conditions of landslides, clarify the deformation
and failure mechanism, and put forward reasonable and scien-
tific treatment measures for landslide prevention and control.
In terms of landslide deformation and failure mechanism,
many researchers start with engineering geological conditions,
establish geological models, and deeply analyze its stability and
deformation and failure mechanism. For example, Yao [1]
took the Gedui village landslide in the Nujiang river basin as
an example. Based on a geological survey, the whole process
from landslide deformation accumulation to failure using dis-

crete element numerical simulation technology was simulated.
Liu et al. [2] found out the engineering geological conditions
of landslide on the slope during the construction of the Zhuxi
expressway. They analyzed the deformation, development,
failure characteristics, and genetic mechanism of landslide in
combination with geological mapping and survey. Zhang
et al. [3] took the instability of sand mudstone-interbedded
slope in road engineering as an example and comprehensively
considered multiple factors such as slope structure, stratum
structure, and microstructure. The deformation and failure
mode of multifree surface combination and unequal thickness
interbedded rock slope is analyzed. The corresponding treat-
ment measures are put forward according to the deformation
and failure mode. Zeng et al. [4] systematically studied the
characteristics and deformation instability mechanism of
Zhaojiagou landslide in Zhenxiong County based on the basic
data obtained from several landslide field investigations and
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exploration. Zhang et al. [5] used MIDAS/GTS software to
conduct three-dimensional numerical simulation studies on
the formation mechanism of the Liujiapo landslide. Xu [6]
analyzed and summarized the deformation and failure behav-
ior and deformation time curve of various landslides, com-
bined with the rheological test results of rock and soil mass,
and according to the characteristics of slope deformation
curve with time changing, the landslides are divided into three
types: stable type, gradual change type, and sudden type, and
the mechanical conditions for these three types of deformation
behavior are given. Hu et al. [7] analyzed the formation mech-
anism of the Baozha landslide based on the systematic study of
the engineering geological conditions of the landslide. In addi-
tion, external factors such as dry-wet cycle, freeze-thaw cycle,
and natural cracks have a significant impact on the deforma-
tion and failure of the slope. Under the influence of long-
term rainfall and sunlight, the rock mass in nature will inevi-
tably change its structure and develop cracks, thus affecting
the stability of the slope. Li et al. [8, 9] studied sandstone’s
deformation and failure mechanism from the macro- and
microperspectives by observing the microstructure of the
specimen before and after failure through different dry-wet
cycles of sandstone, followed by uniaxial compression test
and direct shear test. Wang et al. [10] proposed a coupled
damage model based on digital image processing technology,
freeze-thaw cycle, and uniaxial cyclic load test, which can well
describe the damage accumulation of rock, and the influence
of natural cracks at rock deformation and failure is undeniable
pronounced. Gao et al. [11, 12] carried out systematic field
monitoring on a coal mine area and determined the evolution
process of crack network in coal and rock mass by using fractal
geometry and algorithm of predicting connectivity rate. At the
same time, based on uniaxial compression test and digital
image processing technology, it is pointed out that the tensile
deformation of the original fracture can lead to fracture con-
solidation. Under high loading rate, the main reason for rock
mass failure is fracture consolidation. Zhu et al. [13] studied
the evolution process of intergranular cracks in granite with
temperature from a microperspective. They pointed out that
with the increase of temperature, the number of internal
cracks increases, resulting in the gradual separation of mineral
particles, that is, the internal structure of rock is broken, which
affects the stability of slope. According to Chen et al. [14], the
performance of the analytical solution is verified by comparing
it with the results of numerical tests obtained using the three-
dimensional distinct element code (3DEC), leading to a rea-
sonably good agreement. The analytical solution quantita-
tively demonstrates that the equivalent elastic modulus
increases substantially with an increase in confining stress. It
is characterized by stress dependency. Zhu et al. [15] con-
ducted 16 uniaxial cyclic loading simulations with distinct
loading parameters related to reservoir conditions (loading
frequency, amplitude level, and maximum stress level) and
different water contents. The numerical results show that all
these three loading parameters affect the failure characteristics
of sandstone, including irreversible strain, damage evolution,
strain behavior, and fatigue life.

In terms of landslide treatment, applicable conditions
and applicability of various prevention and control measures
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should be analyzed in detail. The typical treatment schemes
include bypassing the landslide area, weight reduction, back
pressure, drainage, and retaining works [16-21] for many
landslide treatment projects, which are often applied com-
prehensively. For example, according to Zhu et al. [22], con-
stant resistance and large deformation bolt have excellent
characteristics of high constant resistance force, large defor-
mation, and high energy absorption and are thus widely
used in the reinforcement and monitoring of roadway, tun-
nel, and slope engineering. Zou [23] designed antislide piles
to stabilize the slope according to the stability calculation
results and carried out landslide prevention and treatment
by laying asphalt macadam in the middle and lower part of
the landslide, placing gabion net in the middle and upper
part of the landslide, and planting with full vegetation cover-
age. Huang [24], based on the landslide problem of Meihe
expressway, analyzed the causes of slope landslide, puts for-
ward the reinforcement scheme for anchor cable frames
beam and anchor lattice beam, and puts forward the matters
needing attention to drainage design and construction. Cao
[25] studied the causes of the giant ancient landslide on
the left bank on Xiluodu hydropower station and carried
out construction and monitoring by taking engineering
measures such as deep and shallow drainage, presser foot
slope concrete, frame beam, and anchor cable foot fixation,
to ensure the stability of the ancient landslide. Tao et al.
[26] conducted the reinforcement mechanism test of layered
anti-inclined slope based on physical model and determined
the instability failure of anti-inclined slope reinforced with
negative Poisson’s ratio anchor. Li et al. [27] studied the
mechanical behavior of surrounding rocks under prestressed
anchor support, and a mechanical model is established. It is
determined that the main controlling factors of the support
effect are prestressing, anchor cable length, and anchor cable
spacing. Similar simulation verification experiments further
substantiated the accuracy of numerical simulation. The
results indicate that the numerical simulation method of
ubiquitous joint and DFN (discrete fracture network) can
attain accurate results. Above all, controlling measures of
the Tanziyan landslide should be designed after studying
the deformation and failure mechanism.

2. Project Description

From June 19 to June 25, 2018, Tanziyan had a significant
landslide risk. The accumulation caused by deformation
and damage blocked about 100 m of the National Highway
318 (G318), resulting in damage to ancillary road facilities
and transmission lines, with a direct economic loss of
6.425 million yuan. According to professional monitoring
data, the Tanziyan landslide geological disaster has apparent
mountain displacement and poor stability. Under the influ-
ence of continuous heavy rainfall, it is very likely to produce
large-scale landslide deformation again, which will cause
more severe consequences. If the Tanziyan landslide is
unstable as a whole, many accumulations roll down at the
bottom of the slope, blocking the Yuquan river and forming
dammed lakes, and it will pose a significant threat to the
downstream residents.



Geofluids

Therefore, once the Tanziyan landslide geological disas-
ter is unstable, the loss is enormous. The potential catastro-
phe is highly unfavorable to the sustainable development of
local economy and urban planning and construction. The
comprehensive treatment of the Tanziyan landslide geologi-
cal disaster is vital and urgent, with practical economic sig-
nificance and important social significance.

2.1. Geographical Conditions. The study area is in Tanziyan,
group 15, Tanjia village, Yesanguan Town, Badong County,
Hubei Province (Figure 1), where the steep slope inside the
K1420 + 000 — K1420 + 600 section of G318. The geograph-
ical coordinates are 30°38'57.5"N and 110°19'55.6"E, and
village road and G318 are connected around the landslide
site, with convenient transportation.

Tanziyan landslide geological hazard body is located on
the hill from south to north, the bottom of the hill is Yuquan
river, and the middle of the slope is G318, that is, the front
edge of the landslide body. The rear rim is a ridge, the left
side is a natural concave slope, and the new bedrock escarp-
ment bounds the right side.

The exploration area is located on the right bank of the
Yuquan river, with a peak elevation of 1100~1147 m and a
relative elevation difference of 240~287 m. The microgeo-
morphic combination of the area is canyon steep slope.
The sloped body is a clockwise slope composed of thick layer
massive chert nodule limestone of Maokou Formation
(P,m) of Lower Permian system. The terrain is generally
high in the south and low in the north. The lowest point is
the bottom of the Yuquan river valley, with an elevation of
860 m. The valley profile presents an asymmetric “V” shape,
and the left bank is a cliff, mainly formed by uncanny craft.
The right bank slope is slightly slower than that of the left
bank. The profile is linear with a steep bottom and soft fold-
ing top. The slope of the lower slope is 45~60°, and the slope
of the upper slope is 30~45°. G318 runs parallel to the river
valley in the middle of the proper bank slope, with an eleva-
tion of 1003-1009 m. The landslide area is located inside
G318.

2.2. Geological Environment. According to relevant survey
data, the working area belongs to structural erosion dissolu-
tion deep cutting medium mountain geomorphology, and
the basic terrain configuration is platform mountain and
deep valley. The terrain is high in the north and low in the
south, the peak elevation is 1593~1100m, and the cutting
depth of the valley is 200~700 m. The southern part of the
survey area is a ridge mountain canyon with the disintegra-
tion of the plateau, and the height decreases. The mountains
are affected by the NE and EW structures of the region.
Therefore, they generally extend along with the NE and
EW directions.

Yangchang river anticline (Z1), Chenjiaya syncline (22),
Yesanguan anticline (Z3), and Xiangbanxi syncline (Z4-1, 4-
2, and 4-3) are mainly developed in the working area. Sec-
ondary small folds can be seen everywhere in the survey
area, and joint fissures are relatively developed. The faults
mainly include Zigui-Yesanguan fault, Yesanguan fault, gen-
eral fault, and Yuejiahuang fault. Zigui Yesanguan fault and

Yesanguan fault are close to the study area. The rock fissures
are relatively developed, which has a significant impact on
the integrity of nearby rock strata and slope stability. Other
faults are far away from the study area and have a slight
effect on the rock stratum in the working area, as shown in
Figure 2. In short, fractures are highly developed due to
the development of faults, anticlines, and other structures
in the area. The fractures in the area are mainly inclined to
the north, which is conducive to the development of slope
unloading fracture structural plane through cutting layers,
especially those whose tendency is consistent with the slope
surface and whose inclination angle is close to or less than
the slope angle having a significant impact on slope stability.

The lithology of the stratum in the area is single, mainly
exposing upper Paleozoic carbonate strata, followed by qua-
ternary eluvial, colluvial diluvial, and artificial accumulation.
The surface water in the survey area is poor, mostly the sur-
face flow and runoft formed by atmospheric precipitation
quickly, which is discharged and collected down the Yuquan
river along the mountain. The karst in the Yuquan river is
developed, and the river bed is a dry ditch in arid season,
so it is speculated that the groundwater is rich.

2.3. Basic Characteristics of Disaster Bodies. The plane shape
of the Tanziyan landslide body is irregular armchair shape,
with a longitudinal length of about 146 m, an average width
of 250m, and an area of about 3.65 x 10* m?, the average
thickness is about 12.0 m, and the total volume is about 43
x 10*m’, which is a medium-sized geotechnical mixed
landslide, with the main sliding direction of about 347°, as
shown in Figure 3. At present, there are three small pitches
and one collapse. Among them, three slopes are located on
the inner side of the front national highway, arranged in a
straight line from east to west, with deformation and failure
volume of 750 m?, 3500 m®, and 7875 m>, respectively. The
collapse body is located near the top of the slope in the west,
and the collapse volume is about 2460 m”.

The boundary conditions of the Tanziyan landslide are
apparent. The front edge is direct to G318, distributed in
the northeast-southwest direction, with free conditions for
landslide development. The trailing edge is bounded by the
drawing crack trough at the ridge with 235" strike, with an
elevation of 1115.7m. The drawing crack trough is broad
in the southwest and narrow in the northeast. The widest
part of the tensile fracture groove is 5m and 19.8 m deep.
Its distribution direction is 235°. After pinching to the east,
multiple intermittent tensile fractures are developed and dis-
tributed in the echelon. The left margin is bounded by a
depression set in the southeast direction. The right boundary
is determined by the arc cliff extending from northeast to
near north.

Tanziyan landslide is divided into two areas according to
the current deformation: deformation area and potential
deformation area. The deformation area is located on the left
side of the Tanziyan landslide. The width of the deformation
area is about 120m. The primary deformation is top col-
lapse, ground crack, and bottom collapse deformation. The
potential deformation area is located on the right where no
obvious deformation has been found. Still according to the
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FIGURE 1: Geographical location of the study area.
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FIGURE 2: Outline map of geological structure of exploration area. 1, syncline and number; 2, anticline and number; 3, compressional
torsional fault and its number; 4, general fault; 5, stratum code and boundary; 6, study area; 7, occurrence.

The collapse source area of the Tanziyan landslide is
mainly the ghaut and the isolated peak at the top, and the
depression on both sides is the potential deformation

deformation mode of the Tanziyan landslide, the fracture
will gradually develop to the northeast (right). The deforma-
tion zone is shown in Figure 4.
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FIGURE 3: Overall view of Tanziyan landslide.

influence area. The collapse accumulation area is located
along the national highway. Most of the deposits are distrib-
uted on the G318. A small part of the collapse block stones
are scattered on the slopes and grooves above and below
the national highway.

3. Deformation and Failure Mechanism

3.1. Deformation and Failure Phenomenon. The deformation
of the Tanziyan landslide is mainly characterized by slides,
mountain fissures, and collapse.

3.1.1. Sliding. The slide deformation occurs at the inner slope
of G318 at the front edge of collapse, with a total of 3 places
developed, namely, TH1, TH2, and TH3 (Figure 5), which
are closely arranged from east to west. After the occurrence
of slide TH1 and slide TH2, the professional monitoring of
slide TH3 was focused. According to the professional defor-
mation monitoring records, the displacement of collapse
body was 0.3m from June 30, 2018, to July 5, 2018
(Figure 6). In addition, from June 25, 2018, to June 30,
2018, the monitoring results of the high-pressure electrode
slope on the upper part of the collapse TH3 were cracks,
and the mountain displacement was 3.8 cm.

3.1.2. Mountain Fissures. Mountain fissure is one of the
main deformations in the area, in which fissure LF2 and fis-
sure LF3 are tension fissures and fissure LF1 is shear fissure.
The fissure mentioned above LF3 with intense deformation
forms a huge drawing crack trough at the ridge, showing a
“thin strip of sky” landscape, which makes a vast rock mass
wanting to separate from the rear mountain in the shape of a
solitary peak. The three mountain fissures described in this
paper are shown in Figure 7.

3.1.3. Collapse. Collapse is the primary deformation geolog-
ical disaster in the area, with rich collapse source materials,
poor integrity, high potential energy, and great harm.
Affected by tectonism, the rock joints and fissures in this

area are developed, and the cracks have apparent damage
control on the rock mass. Five groups of fractures are mainly
set in the study area, of which the rock stratum level and
LX1 fracture (Figure 8(a)) are the principal structural planes
of rock mass, with strong ductility. At the same time, it is cut
by other groups of fractures, and the rock mass presents
structural characteristics such as layered block fracture and
rhombic wedge. As shown in Figure 8(b), LX2 and LX3 are
conjugate fractures, developed in the shallow surface with
good elasticity, with an extended height of 1.2-2.0m, a
length of 15m can be seen locally, and the cutting layer is
developed.

(1) Distribution of Dangerous Rock Mass. According to the
field survey, after the collapse, two dangerous rock masses
(W1 and W2) and one dangerous rock (W3) are mainly
developed, of which dangerous rock masses W1 and W2
are distributed at the isolated peak at the trailing edge and
dangerous rock mass W3 is distributed at the bottom of
the cliff. According to relevant data statistics, the three dan-
gerous rock masses all collapsed on June 25, 2018, with a
total volume of about 2460 m?, and there is a possibility of
collapse again. The specific distribution is shown in Figure 9.

(2) Characteristics of Talus Slope. Most of the collapsed block
stones in the area roll down to the Yuquan river valley
(Figure 10(a)), with a volume of about 650m”, a small part
is accumulated at G318 (Figure 10(b)), and sporadic block
stones are scattered on the groove slope. The plane of col-
lapse accumulation body is long strip, with different thick-
ness, thin at the top and thick at the bottom, with a
thickness of 2.5-5 m. It is mainly composed of broken stones,
with different diameters and angular shapes. The rock prop-
erty of broken stones is flint nodule limestone.

(3) Deformation and Failure Characteristics. On June 25,
2018, Tanziyan landslide occurred and toppled northwest-
ward. Blocked by the mountain mouth, it turned to the
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FIGURE 4: Plan diagram of Tanziyan landslide geological hazard.

FIGURE 5: Location distribution of slump cloth.

280° direction and rolled down with a high drop, with great
potential energy and great damage. Nearly 60 m guardrails
and embankments of the national highway were destroyed,
and another culvert and 100m drainage ditch were
destroyed, resulting in the blockage of the national highway
(Figure 10(b)).

3.2. Main Influencing Factors. According to the analysis of the
characteristics of Tanziyan landslide and the main characteris-
tics of recent deformation, the factors affecting the stability of
collapse body can be divided into internal factors and external
factors. The internal factors are related to the environmental
geological conditions and their own characteristics of the
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FiGURE 7: Fissure of Tanziyan landslide geological disaster.

(b)

FiGure 8: Distribution of joints and fissures in the investigation
area.

collapse area, mainly including the geological structure, land-
form conditions, material structure conditions of the collapse
body, and the vegetation coverage of the slope. The external
factors are mainly atmospheric precipitation and human engi-
neering activities.

3.2.1. Landform and Hydrology. The slope where the collapse
area is located is steep, the height difference between the top
and bottom of the collapse source is about 115.2 m, the col-
lapse height difference is 237 m, and the slope is 37°~60".
The collapse source area has a good free surface (slope
60°). The mountain slope has good catchment conditions,
and the surface water scouring is strong during rainfall. At
the same time, the lush vegetation on the slope has obvious
root splitting effect, which is easy to form a channel for
atmospheric precipitation to infiltrate into the underground,
and the underground water accelerates the weathering and
dissolution of rock mass.

3.2.2. Stratigraphic and Structural Conditions. The forma-
tion lithology is mainly chert nodule limestone in Maokou
Formation (P,m) of Lower Permian system, followed by
Quaternary eluvial deluvial deposit, colluvial deluvial
deposit, and artificial accumulation. The rock stratum tends
to northwest with an inclination of 34-37°. The slope is a
clockwise slope. The material structure is as follows: the col-
lapse area is mainly affected by structure, with broken rock
mass and poor integrity. The shallow fractures of Maokou
Formation (P;m) of Lower Permian system are extremely
developed, with many straight fracture surfaces and long
extension, and karst fractures are also developed. The sur-
face is covered with quaternary eluvial deluvial block stone
and soil with loose structure, which is conducive to rainfall
and surface water infiltration.



(b)

Fi1GURE 9: Distribution of dangerous rock masses in the survey area.

(b)

Ficure 10: Distribution of colluvium block stones at river bottom
(a) and G318 (b).

3.2.3. Rainfall. The infiltration of atmospheric rainfall will fill
the relatively developed cracks and form hydrostatic pressure,
which is very unfavorable to the stability of rock mass.

3.2.4. Human Engineering Activities. The national highway
cut slope is built at the front edge to form a rock slope with
a height of 10-25 m, which makes the free space conditions
at the front edge well. In addition, recently human engineer-
ing activities have cleared the front edge dangerous rocks
and cut the slope locally, which makes the slope stability
worse.

Geofluids

3.3. Formation Mechanism. In the late 1970s, the slope cut-
ting of G318 caused the rock mass at the top of the slope
to crack and move down, with slight signs of deformation,
but the cracks have occurred. In the long-term development
process, the rainfall fills the cracks, the formed hydrostatic
pressure is not conducive to the stability of the slope, the
cracks continue to develop and expand, the mountains out-
side the cracks slowly incline outward, and the stress is con-
centrated at the foot of the slope. Recently, due to the slope
cutting at the slope toe due to engineering construction, the
state that has tended to be balanced has been broken.
Recently, heavy rainfall has intensified the deformation,
resulting in overall instability and collapse. The local col-
lapse makes the whole in the limit equilibrium state again.
On the whole, the slope rock mass fracture surface tracks
the unloading surface and layer along the slope direction,
forms a stepped fracture zone, and gradually develops into
a weak surface. Once the weak surface is connected, driven
by the upper rock mass, the rock mass slides along the weak
surface, and a larger scale collapse will be formed.

The development process of Tanziyan collapse and slide
can be roughly divided into three stages:

(1) Tensile deformation stage: when the slope toe is
excavated, the massive rock mass tracks the struc-
tural cracks perpendicular to the slope direction,
which produces tensile deformation. In the later
stage, under the action of weathering and rainfall,
the cracks gradually opens and expands, and the
whole rock mass tilts outward slowly

(2) Bending deformation and failure stage: after the rock
mass tilts outward, the stress concentration is
formed at the weak part of the slope surface. Under
the action of its own gravity, the stress gradually
increases, and finally, the rock mass is unloaded
and crushed in here, forming a weak broken struc-
tural plane between layers and slowly forming a slid-
ing surface gradually penetrating from the layer
surface and the unloading crack surface

(3) Cracked again to form a connected sliding surface
and sliding stage: due to the recently slope cutting,
the slope body temporarily in a stable state has lost
its support end, and then, the upper rock mass tilts
outward again and produces tensile deformation.
The deep and long drawing crack trough at the rear
edge is resurrected which is deepened, widened, and
extended, and the upper rock mass is separated from
the parent rock and has the potential of toppling and
loading. Under its promotion, the early formed slid-
ing surface tends to penetrate, and the rock mass is
damaged along the sliding surface to form large-
scale collapse

To sum up, the deformation and failure mode of Tanzi-
yan landslide is fracture-bending-tensile fracture again and
track the sliding failure of the weak surface. According to
the deformation characteristics of the top drawing crack
trough, it is wide at the top and slightly narrow at the bottom
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and wide in the southwest and narrow in the northeast and
gradually pinches out. It was analyzed that the rock mass
outside the pull drawing crack trough is inclined outward
and “tears” the mountain under the action of its own gravity.
If the pull fracture continues to develop, it is bound to affect
the potential deformation area and then form larger-scale
deformation.

4. Stability Analysis

4.1. Calculation Method and Principle. The deformation and
failure mode of Tanziyan landslide geological disaster is that
the trailing edge unloading crack opens, topples outward
under the influence of adverse factors such as rainfall,
increases and deepens the crack opening, and finally pro-
duces overall sliding failure along the structural plane. Based
on its deformation form and “Technical regulations for
building slope engineering” (BG50330-2013), the stability
of sliding along the structural plane is calculated. This exam-
ple is more suitable for the calculation method of complex
plane sliding surface, the calculation diagram is shown in
Figure 11, and its calculation formula is as follows:

Fo= 1)

T=[(G+Gy,) sin 0+ Qcos 0 +v cos 0], (3)
V=l @)
2 ww
1
U= 2yuhul. (5)

In the above formulas, T is the sliding force caused by
unit width strategy of sliding body and other external forces
(KN/m); R is antisliding force caused by gravity per unit
width of sliding body and other external forces (KN/m); C
is cohesion of sliding surface (kPa); ¢ is internal friction
angle of sliding surface (*); L is sliding surface length (m);
G is dead weight per unit width of sliding body (KN/m);
G, is vertical additional load per unit width of sliding body
(KN/m), taking positive value when pointing downward
and negative value when pointing inward; 0 is inclination
angle of sliding surface (°); U is total water pressure per unit
width of sliding surface (KN/m); V is total water pressure
per unit width on the steep fracture surface at the trailing
edge (KN/m); Q is horizontal load per unit width of sliding
body (KN/m), taking a positive value when pointing to out-
side slope and a negative value when pointing to inside
slope; h,, is the water filling height of the steep fracture at
the trailing edge (m), and it is determined according to the
crack conditions and catchment conditions.

4.2. Determination of Calculation Profile. Through the defor-
mation range and stratum change delineated by the in situ
ground engineering geological mapping, the deformation

characteristics are analyzed structurally, and the section line
is drawn in field, and the unit width is taken for research
during calculation. According to the deformation, the stabil-
ity is calculated as the 1-1" longitudinal section and the
G318 above section (Figure 12).

4.3. Calculation Parameters and Working Conditions

4.3.1. Calculation Parameters. The basic calculation parame-
ters in this paper are taken according to the engineering geo-
logical survey report and the specification of “rock
mechanics parameters manual” (water resources and
Hydropower Press).

The natural density of rock is 2.69~2.71 g/cm3, and the
saturated density is 2.72~2.75g/cm’. The natural shear
strength of medium thick layered limestone is as follows: C
value is 1320kPa, tge value is 1.43, and ¢ value is 55.03".
The deformation area of the project is affected by the struc-
ture, and the rock mass is relatively broken, so its strength
should be much lower than that of the complete rock.
According to the survey, the slope surface fractures are rela-
tively developed and mostly open and the combination is
poor. Two groups of “X” shaped main control fractures are
developed in the rock mass and extend for a long time.
The deformed area slides along the main control fractures.
According to the geotechnical test results of the surrounding
works and the reference empirical data, the complete chert
nodule limestone exposed by the collapse is relatively hard
rock, with saturated uniaxial compressive strength of
35MPa and C value of more than 1000 kPa; ¢ value is 53°.
However, the mechanical strength of the deformation and
failure area is reduced due to the fracture of rock mass,
which should be greatly reduced when the parameters are
taken, so as to be more in line with the actual deformation
situation. According to the technical code for building slope
engineering, the shear strength of rock mass structural plane
is taken as follows:

(1) Considering the importance of the slope, the standard
value of shear strength is the corresponding value of
“general combination”: C value is 90 kPa and ¢ value
is 35°

(2) The value of natural shear strength of potential slip
surface is as follows: C value is 90kPa and ¢ value is
35°; the saturated shear strength is multiplied by the
reduction factor of 0.9, and the C value is 80kPa and
¢ value is 32°

According to relevant data, the basic seismic intensity of
Badong County is grade VI, and the peak ground accelera-
tion is 0.05g.

4.3.2. Calculation Conditions. According to the hydrogeologi-
cal conditions, there is almost no water in the rock mass at
ordinary times. The combination of calculation conditions is
as follows: working condition 1: dead weight; working condi-
tion 2: dead weight+20-year rainstorm; and working condition
3: dead weight+earthquake (VI degree fortification).
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FIGURE 11: Structural plane stability calculation diagram.

4.4. Calculation Results and Analysis. According to the calcu-
lation model and parameters, the stability coefficient of disas-
ter body under different working conditions is calculated.
The calculation results are shown in Table 1. The evaluation
shall refer to the provisions in relevant specifications.

The calculation results show that the stability coefficient
of Tanziyan is 1.065 under condition 1, which is basically
stable, and the safety margin is not high, indicating that Tan-
ziyan is basically stable due to unloading under natural con-
dition. It is in an unstable state under condition 2. Rainfall
will fill the cracks on the top of the slope and form hydro-
static pressure, and the stability coefficient drops sharply,
so that the slope is in an unstable state. Under condition 3,
the stability coefficient is 1.038, which is understable. Con-
sidering various working conditions, the disaster body is
from understable to unstable state, and engineering treat-
ment is urgently needed to improve the stability coefficient.

5. Treatment Measures

According to the deformation characteristics and causes of
Tanziyan landslide, slope cutting and shaping is adopted to
eliminate dangerous rocks and improve the overall stability.
For multiple cracks developed at the top, the form of crack
sealing is adopted to prevent rainfall infiltration along the
cracks. In order to further improve the overall stability, the
construction method of lattice structure combined with
anchor cable is adopted for anchoring.

5.1. Slope Cutting and Shaping

5.1.1. Conceptual Design. According to the height difference
and slope of the landslide mass, the 1-1', 2-2", and 3-3" sec-
tions in the deformation area are cut at a slope ratio of 1:1,
as shown in Figure 13. And cut the slope at the slope ratio of
1:0.75 for sections 4-4" and 5-5', as shown in Figure 14.
Each grade of slope is 15m high and the middle berm is
2m wide. The slope cutting and shaping area is 16210 m?,
and the slope cutting volume is about 104676 m”.

The berm can be reasonably set according to the orig-
inal landform of the northeast slope (potential deforma-
tion area). The north-east side of the slope cutting area
shall be smoothly connected with the original landform,
and the slope ratio shall be controlled at 1:2. If the
smooth connection cannot be made due to the thick soil
layer, the slope can be made according to the slope ratio
of 1:1, and then, lattice anchor bolt shall be used for sup-
port. Although no one lives below the construction area,
the bottom of the slope is the Yuquan river, and the waste
slag cannot be rolled down arbitrarily to avoid blocking
the river and forming a barrier lake. Before slope cutting,
sand bags shall be stacked outside the national highway
for buffer, with a length of 190m, a height of 2m, and a
bottom width of 3m. The waste slag shall be removed in
time to ensure that the top is stable and cannot be carried
out at the same time as slope cutting.

5.1.2. Stability Review. The slope cutting and shaping project
basically eliminates the sliding deformation and failure con-
trolled by the structural plane, but the downward extension
distance of the crack is not clear in the top tensile crack
groove. The rock mass after slope cutting forms a wedge
under the joint action of the layer and the downward exten-
sion crack of the tensile crack groove, which may deform
along the layer. Therefore, the bedding stability shall be
rechecked according to the slope shape after slope cutting
and shaping. The parameters are the same as above, and
the calculation model is shown in Figure 15.

Through calculation, under condition 2, the stability fac-
tor is 1.017, which is in an unstable state and has not yet
reached the safety factor of 1.1 required by the design. For
the slope after shaping, other projects still need to be used
for further support.

Through calculation, under condition 2, the stability fac-
tor is 1.017, which is in an unstable state and has not yet
reached the safety factor of 1.1 required by the design. For
the slope after shaping, other projects still need to be used
for further support.
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1-1 Engineering geological profile of landslide

Elevation (m)
1140
ﬁA

1120
1100
1080
1060

1040

G318
col+dl
T

1020

Bridge of Yesanguan

1000

980

960

940

920

900

880

860

ga0 /350° 434;’1 m

Dangerous rock mass Drawing crack trough

[347° £24°

Elevation (m)
1140

[ ~ Village Road 1 ;15
Qel+dl

1180

Al 1080

\
\
\ [340° 218 p 1

\
Speculated deep and long fracture

1060
80°Z10°0 ;040

1020

N Potentialslipsurface 1000
980
960
940
920
900
880

860

840

L 1 1 L L 1 1 1 L L

0 20 40 60 80 100 120 140 160 180 200

220 240 260 280 300 320 340 360 380 400 420

Horizontal distance (m)

Speculated deep
and large cracks
Maokou Formation
of Lower Permian

71| Quaternary eluvial
Deluvial deposit

+al Quaternary colluvial
Deluvial deposit

E Chert bearing
nodule limestone
Broken stone
Occurrence

FIGURE 12: Calculation diagram of profile above G318.

TaBLe 1: Stability calculation results of Tanziyan landslide
geological hazard.

Profile Calculation Stability factor
.\ Evaluate
number condition Fs
Basically
’ 1 1.065 stable
- 0.895 Unstable
1.038 Understable

Attention: stable, Fs>1.15; basically stable, 1.05 < Fs < 1.15; understable,
1.0 < Fs < 1.05; unstable, Fs < 1.0.

5.1.3. Drawing Crack Trough Slope Cutting. The slope sur-
face improves its own stability through slope cutting, but
the rear edge wall of the cleavage groove after slope cutting
forms a steep cliff with a height of nearly 20m. Although
the investigation shows that its stability is good at this stage

and the crack cutting is not obvious, under the influence of
long-term weathering, rainfall, and other adverse factors, it
is inevitable that there will be block falling. If it is not treated,
it will still become a hidden danger in the future. In combi-
nation with the landform developed by the tensile groove
and the local construction planning for the area, it is pro-
posed to eliminate the hidden danger by cutting the slope
on the top of the mountain.

5.2. Crack Sealing. At present, many cracks are developed at
the top of the slope. The maximum extension length of these
cracks can reach more than 20 m and the opening width can
reach 0.5 m. The development of cracks is very conducive to
the infiltration of surface water formed by rainfall and is very
unfavorable to the stability of the slope.

The method of clay compaction and concrete sealing is
adopted in this paper. The slope excavation shall be carried
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1-1 Engineering geological profile of landslide
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F1GURE 13: Schematic diagram of 1-1" section slope cutting,.

out on both sides of the existing crack according to 1:0.75,
and the excavation depth shall not be less than 1m, and
then, the clay shall be backfilled and compacted by machin-
ery. The top of the crack is sealed with concrete. The con-
crete slab is 0.3 m thick. It is cast in situ with C20 concrete.
A steel nail is embedded on both sides of the concrete every
5m. After the concrete curing, the steel nail is numbered for
simple crack monitoring.

5.3. Lattice. The slope after slope cutting and shaping is fur-
ther anchored with lattice anchor cable. The lattice is
arranged at an elevation of 1000~1095m, and edge sealing
beams are used around and inside and outside the berm.
The total area of the lattice structure is 16210 m?, and the
anchor cable is arranged at the intersection of the lattice
structure, with the length of 20~55m.

The slope protection adopts reinforced concrete lattice
structure, the frame is arranged in a square shape, the side
length is 4m x 4 m, and the beam section is 50 cm x 65 cm
(width x high). The bottom of the lattice structure is directly
connected to the concrete retaining wall. A total of 12 rows
of anchor cables are arranged at the intersection of the lattice
structure of an elevation of 1920-1980m, and grass is
planted with the frame.

5.4. Anchor Cable and Rock Bolt. A total of 12 rows of
anchor cables are arranged in the middle of the slope cutting
and shaping area. The length of anchor cables is based on
passing through the potential sliding surface and tensile
crack groove. Eight kinds of anchor cable lengths are deter-
mined through calculation. Through engineering analogy
and referring to relevant regulations, the length of anchor
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4-4 Section layout of landslide geological disaster prevention and control project
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FIGURE 14: Schematic diagram of 4-4" section slope cutting,

sections is 5m. The nonfully bonded prestressed anchor
cable is selected. The horizontal and vertical spacing of the
anchor cable is 4m. The shooting direction of the anchor
cable is roughly perpendicular to the dip direction of the
rock stratum, and the included angle between the incident
angle and the horizontal angle is 25°. The anchor cable is
arranged at the intersection of the lattice beam. The anchor
pier is directly built on the lattice beam with concrete to
form a table perpendicular to the incidence of the anchor
cable. After the pretensioning of the anchor cable, the
anchor head is poured with concrete.

Rock bolts are arranged at the intersection of anchor
cables at the end of lattice beam. The rock bolts are made
of C25 reinforcement. The rock bolts are 6 m and 9 m long,

arranged alternately in quincunx shape, and the included
angle between the incident angle of rock bolts and the hori-
zontal angle is 25°. The rock bolts is of full bonding type and
does not need to be pulled out.

5.5. Retaining Wall. There are 2 retaining walls, which are,
respectively, arranged on the inside and outside of the highway.
The retaining wall inside the highway can support the lattice
beam and improve the overall aesthetics. The back side of the
retaining wall in the nonlattice slope protection area does not
need to be backfilled, and at least 2 m is reserved from the slope
toe to form a rockfall groove. The retaining wall outside the
highway is used to repair the damaged shoulder, and it shall
be repaired according to the damage. The wall body is poured
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1-1 Section layout of landslide geological disaster prevention and control project
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TaBLE 2: Calculation results of retaining wall.

Retaining wall number ~ Antisliding K. Resistance to capsizing K,

Wall bottom section

Foundation stress and eccentricity strength

e o, (kPa) o, (kPa) o (kPa) el o (kPa) 7 (kPa)
Do1 2.076 4.013 0.129  96.537 42.648  69.592 0.129 96.537 -7.721
Repair the road shoulder 2.553 3.050 0.143 115242 21382 68312 0.143 115.242 -11.269
Results evaluation >1.3 >1.5 Comply with relevant specifications

with C25 concrete, and expansion joints are set every 15m. The
foundation of the retaining wall and behind the wall is medium
thick layered chert nodular limestone. There is no need to slope
during foundation excavation. A drainage hole is set on the wall
body, and the upstream side is wrapped with geotextile.

After checking and calculating a series of soil mechanics
formulas, the antisliding stability, antioverturning stability,
foundation bearing capacity, wall bottom section strength,
and impact resistance of masonry retaining wall meet the
planning requirements. The calculation results are shown
in Table 2.

5.6. Slope Surface Greening. Vegetation restoration is carried
out on the slope based on the principles of green treat-
ment and ecological treatment. For slope greening, ecolog-
ical bags are mainly placed in the lattice frame, and grass
seeds are mixed in the soil, which is conducive to plant
growth. With polypropylene as the main raw material,
the ecological bag has the functions of antiultraviolet, anti-
acid, alkali and salt, antimicrobial erosion, and water and
soil permeability, and the molding specification is 880 x
300 x 200 (mm). The ecological bag is laid horizontally
on the long side. After laying, the surface of the ecological
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bag has a space of 10cm from the top of the lattice beam
to avoid unstable factors caused by the prominent lattice
of the ecological bag.

5.7. Active Protective Net. After slope cutting and shaping, a
20 m high cliff is formed on the east side wall (parent rock)
of the original tensile fracture groove. Although the whole
is relatively complete and the fracture cutting degree is
slight, under the action of long-term weathering, rainfall,
and other adverse factors, blocks may fall off and pose a
threat to the vehicles below. In order to prevent the slope
from forming new dangerous rock disasters again after risk
removal, STG-50 active protection system is designed to
protect the rock wall.

The active flexible protective net covers the whole
exposed slope, from the upper part to the cliff top and from
the lower part to the lattice top beam in the slope cutting
area. The slope area to be protected is 600 m?, and 870 m*
active protective net is laid.

6. Conclusions

Through geological investigation, this paper studied the sta-
bility, deformation, and failure characteristics of the disaster
body in this area, puts forward corresponding treatment
measures, and draws the following conclusions:

(1) The whole is from understable to unstable state

(2) The development process of Tanziyan landslide can
be roughly divided into three stages, namely, tension
fracture deformation stage, bending deformation
failure stage, and retension fracture and forming a
through sliding surface instability and sliding stage

(3) In view of the landslide situation in this paper, it is
proposed to adopt slope cutting and shaping, crack
sealing and filling, lattice structure, anchor cable,
retaining wall, slope greening and active protection
network, and combined with the monitoring scheme

With the current research, the research on landslide sta-
bility analysis method and deformation failure mode is rela-
tively mature, and the materials and schemes for landslide
control emerge endlessly. The complex plane sliding surface
calculation method used in this paper is only one attempt.
Some methods, theories, and treatment measures mentioned
in Introduction, such as the application research of negative
Poisson’s ratio anchor cable, need more engineers and tech-
nicians to verify and develop.
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The influence of blasting energy on blasting fragmentation and damage of reserved rock is important for safety and schedule of
drill-blasting construction in coal mine. This study is aimed at investigating the dynamic mechanical properties of mudstone in
coal mine using the energy characterization method, and their quantitative relation formula was also developed. The impact
compression experiments of mudstone in Huainan mining area were conducted to study the saturated mudstone dynamic
mechanism, crack properties, and energy dissipation law using the diameter 50 mm split Hopkinson pressure bar (SHPB). The
results show that under the back-and-forth reflection of the stress wave, the saturated mudstone specimens are characterized
by circumferential failure and axial splitting damage, which appear in the rock grain interface. By energy analysis, the energy
dissipation per volume (EDV), energy dissipation per mass (EDM), and absorption impedance energy ratio (AIER) are used to
represent the energy dissipation characteristic of mudstone. And the AIER is the best index. Additionally, there is the

quadratic function relationship between three indexes and average strain ratio, showing the dependence of the strain ratio.

1. Introduction

Mudstone is widely distributed in coal measure strata, which
is characterized by loose, poor cementation and low
strength. Hence, mudstone is extremely sensitive to stress,
moisture, temperature, and subsurface water [1, 2]. The
mechanical property and inner structure of mudstone vary
with the change of stress condition [3-5]. Many researchers
studied the physical and mechanical properties and failure
laws of mudstone in coal mine under complex natural envi-
ronment conditions. The strength of mudstone is less than
30 MPa, reviewing the existing literature researches. And
its strength would be lower when faced with water, temper-
ature, weathering, and so on [6, 7]. Bhattarai et al. investi-
gated the effect of chemical and physical weathering on the
shear strength of the mudstone [8]. The results showed that
the shear strength of fully weathered mudstone is 10 times
larger than that of weak weathered mudstone. Huang et al.
carried out a series of uniaxial compression experiments

and creep experiments of mudstone specimens under differ-
ent water contents and found that the rock strength and
elastic modulus decreased rapidly with the increment of
water content, and a nonlinear creep constitutive equation
was established based on the experimental data [9]. Both
Zhang et al. and Lu et al. studied the softening effect of
mechanical properties of mudstone under high temperatures
[10, 11]. High temperatures would cause thermal expansion
of mudstone, and the expansion will increase with tempera-
ture increasing.

Due to the effects of impact loading, such as blasting and
mechanical vibration in coal mine, the disturbance range of
surrounding rock mass in roadway increases, yet the bearing
capacity of rock mass decreases. Hence, the roof fall and
rock bottom drum are easily happened [12-15]. The
dynamic behavior of rock under impact loading is an impor-
tant issue for coal mining [16, 17]. Some typical complete
dynamic stress-strain curves for marble and granite using
SHPB technique are given by Shan et al. [18], together with
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an interpretative discussion on the shapes and meanings of
the curves. Chen et al. tested the dynamic mechanical behav-
ior of granite [19]. The results showed that impact dynamic
strength increases as the precompression stress increases
and can reach its maximum when the precompression stress
is about 50% of the static tension strength. Liu et al. studied
the mechanic properties of amphibolites, sericite-quartz
schist, and sandstone under impact loading and analyzed
the dynamic compressive strength, failure modes, and
energy dissipation variation with the strain rate and the
strain rate hardening effect from the perspective of sand-
stone microstructure [20]. Mardoukhi et al. used optical
microscopy and profilometry to analyze the drop rate of ten-
sion strength and damage area of rock under impact loading
using SHPB tests [21]. The dynamic mechanics of granitic
specimens under different hydrostatic pressures were stud-
ied by Du et al., and the results showed that the dynamic
strength of rock specimens increased with increasing the
strain rate, while the rate sensitivity of rock strength
decreased as the hydrostatic pressure increased [22]. The
thermal effect on the dynamic properties of rock is another
significant issue for deep coal mining. Fan et al. investigated
the effects of high temperature on the dynamic behavior of
granite using SEM and SHPB tests, and the results showed
that both the dynamic strength and energy absorption
capacity decreased as temperature increased [23].

Many researchers studied the failure morphology of
rock specimens under impact loadings. And Chinese sci-
entists have made tremendous achievements. Li et al. stud-
ied the impact failure characteristics of rock subjected to
one-dimensional coupled static and dynamic loads [24].
Rock specimens will break with a shear failure model sub-
jected to one-dimensional coupled static and dynamic
loads, while the failure mode will be splitting faulting for
conventional impact testing. Zhao et al. considered that
the impact failure of rock consists of tensile strain failure,
axial splitting tensile failure, and crushing failure [25]. Li
et al. performed the numerical study on the failure of
sandstone, limestone, and dolomite under impact loading
[26]. The failure modes of rock are integrity, cleavage,
and smashing.

Although many studies on mechanical properties of rock
under impact loadings have been conducted [27-40], little
attention was paid to the dynamic behavior of mudstone in
coal mine. In consequence, this study is aimed at investigat-
ing the dynamic mechanical properties of mudstone in coal
mine using the energy characterization method, and their
quantitative relation formula was also developed. In the
present study, a series of compression experiments of mud-
stone under different impact loadings from Huainan mining
area, China, was conducted to study the mudstone dynamic
behaviors, crack properties, and energy dissipation law using
the diameter 50 mm SHPB test device. The relationships of
crack and material composition of mudstone were deter-
mined. From the perspective of energy absorption, the
deformation, failure, and energy dissipation of mudstone
were described. The study provides good theoretical and
technical supports for coal-rock roadway blasting excavation
construction.
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2. Theoretical Basis of SHPB Tests

In the conventional SHPB technique, the mudstone speci-
men is located in between the incident bar and the transmit-
ted bar. The SHPB device is shown in Figure 1. When the
striker bar hits the incident bar, a rectangular stress pulse
is generated and travels along the incident bar until it strikes
the specimen. Parts of the incident stress pulse reflect from
the bar/specimen interface because of the material imped-
ance mismatch. And part of it transmits through the speci-
men. The transmitted pulse emitted from the specimen
travels along the transmitted bar until it strikes the end of
the bar. The SHPB device is from Anhui University of Sci-
ence and Technology. The length of the striker, incident
bar, and transmitted bar is 0.60m, 2.40m, and 1.20m,
respectively. All the material of the bar is alloy steel. And
the density of the bar is 7.8g/cm’, Young’s modulus is
210GPa, and longitudinal wave velocity is 5.19km/s,
respectively.

Under the failure of rock subjected to impact loading,
rock constantly exchanges energy with the exotic environ-
ment. It is an evolutionary process that the microcracks vary
from disorder to order and finally develop into macrocracks.
The process from microdamage to macrofracture is the pro-
cess of energy dissipation [41]. Hence, the failure mecha-
nism can be easily revealed by energy analysis. In SHPB
tests, both the stress and strain can be obtained in terms of
the recorded strains of the incident and transmitted bars.
During the impact loading, the incident energy W, (¢), trans-
mitted energy W, (t), and reflected energy W (¢) of speci-
mens are as follows [12, 22, 32]:

W (t) :AECOstf(t)dt, (1)
Wi(t) =AEC0Jt ex(t)dt, (2)
Wi (t) =AEC0Jt52T(t)dt, (3)

where A is the section area of the bar, E is Young’s modulus
of the bar, and C,, is the wave velocity of the bar. &,(¢), ex(t),
and ¢;(¢) are the strain of the incident wave, reflected wave,
and transmitted wave at time ¢, respectively.

By omitting the wasted energy induced by the friction
force between the specimen and incident bar, transmitted
bar during the impact loadings, the absorbed energy of spec-
imen W(¢) is

Wi(t) = Wi(t) = [Wa(t) + Wr(t)]. (4)

3. Specimen Preparation and Physics

3.1. Preparation of Specimens. Located in the central of
Anhui province, China, middle and lower reaches of Yangtze
River (see in Figure 2), the Panyi mine is faced with the dan-
ger of high in situ stress, water pressure, and temperature in
rock roadway construction. This mining area was in use in
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FIGURE 2: Specimen location: Panyi mining area, Huainan, China.

December 2016. The roadway floor heave and side extrusion
deformation were found in 2017. The mudstone blocks, used
to be in experiments, originated from the 800 m deep 5# coal
seam mining area as shown in the geological section in
Figure 3. The coal mine area consists of mudstone, sand-
stone, and coal formations dipping about 40° to the south
in the area of interest. There are some faults passing through

the mudstone-sand layers, easily leading to rock fall. The
mudstone forms in the development period of continental
strong tensional faulting and experienced main squeezing
and luffing tectonic and hydrothermal alteration activity.
The cylindrical specimens are obtained by drilling, cut-
ting, and grinding in the laboratory. In order to meet the
assumption of one-dimensional stress wave propagation
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25 mm

FIGURE 4: Mudstone specimen: diameter 50 mm and length 25 mm.

theory of SHPB and reduce the friction and axial inertia
effect of the specimen, the length-diameter ratio of the pre-
pared specimens is 0.5. Hence, the diameter of the specimen
is 50 mm; the length of the specimen is 25 mm. No parallel-
ism is within 0.05 mm on both ends of the specimen, and the
roughness is within 0.02 mm. Those mudstone specimens in
coal mine are shown in Figure 4.

Before testing, the process of saturating specimens with
liquid was conducted using the vacuum saturation device
(ZYB-IA, see Figure 5), by following the below procedure.
Distilled water was used as a saturated liquid to avoid the
potential influence of chemical factors.

(1) Put the dry mudstone specimen in a basket in the
vacuum saturation device

(2) Vacuum the specimen storehouse until no air
bubbles were generated in the liquid storage
tank

(3) Switch on the specific valve; the distilled water in the
liquid storage tank was sucked into the specimen
storehouse

(4) The mudstone specimen was immersed in the dis-
tilled water (i.e., vacuum water-saturated environ-
ment) for 7 days, and the saturation pressure was
set as 1.0 MPa

i HATARNERERE

&L':
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FIGURE 5: Vacuum saturation device (ZYB-IA).

(5) Take out the mudstone specimen for the next step of
testing

3.2. Physics and Mechanical Properties of Mudstone
Specimen. The chemical composition of mudstone has much
effect on the macromechanical properties of mudstone spec-
imens. The chemical composition of mudstone in coal mine
was determined using X-ray fluorescence (XRF) and X-ray
Diffraction (XRD) by grinding the mudstone specimen after
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TaBLE 1: The chemical composition of mudstone in coal mine.
Chemical component Na,O MgO AL O, Sio, K,O TiO, Fe,0, CaO
Percent (%) 1.200 1.943 20.383 56.616 3.989 1.419 12.328 0.964
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FiGURe 6: The XRD spectra of mudstone.
dry in% The resul.ts of XRF and XRD are plotted in Table 1 TABLE 2: Static mechanical properties of mudstone.
and Figure 6. It is shown that a total of 8 components are
identified in mudstone. The main products are silicon diox- . Longitudinal ~ Compressive ~ Tensile .
. . . . . .. Density . Poisson
ide (Si0,), aluminum oxide (Al,O;), and iron trioxide (g/cm’) wave velocity strength strength ratio
(Fe,0,), reaching 56.6%, 20.38%, and 12.32%, respectively. (m/s) (MPa) (MPa)
And sodium oxide (Na,O) is the least of the ingredients. 2.57 2176 28.96 2.16 0.23
In terms of mineral composition, kaolinite is one of the larg-
est minerals in mudstone. Hence, the strength of mudstone
is low, compared with other rocks. The static mechanical
. : 120
properties of mudstone were also tested, which results are
shown in Table 2. The compressive strength and tensile
strength of mudstone specimens are 28.96MPa and 80
2.16 MPa, respectively. Hence, the strength of mudstone is
lower than that of other rocks from coal mine. = 0
< 40 4
2
4. The Procedure of Tests § 0
w
Three kinds of drive pressure were applied to saturated
mudstone specimens in the SHPB tests. The impact pressure -40 4
is 0.25MPa, 0.30 MPa, and 0.40 MPa, respectively, used in
the SHPB tests. An approximate uniform deformation of "
thg rock specimen is a prerequisite of the valid dynamic uni- 0 100 150 200 %0 300
axial compression tests. Before the tests, the dynamic Time (us)

stresses on both ends of the specimen should be roughly
identical. This can be checked by comparing the stress histo-
ries on both ends of the specimen during the dynamic tests.
Figure 7 illustrates the dynamic stress balance on both ends
of the specimen for the typical test. It is clear that in this test,
the uniformity of the dynamic stress across the specimen has
been achieved, and thus, the axial inertial effect has been
reduced to a negligible level, verifying that the SHPB test

FIGURE 7: Strain balance check for a typical dynamic SHPB test
with pulse shaping. In: incident wave; Re: reflected wave; Tr:
transmitted wave.

conforms to the assumption of one-dimensional stress wave.
With the dynamic stress balance, the stress-strain curves of
rocks can be obtained under different drive pressures in
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FIGURE 8: Crack morphology of mudstone under different impact pressures.

the SHPB tests. After dynamic stress balance tests, a total of
nine mudstone specimens were examined in the SHPB tests.

5. Results of SHPB Tests

5.1. Failure Mode of SHPB Tests. Figure 8 shows the failure
models of saturated mudstone under different impact load-
ings. It is shown that as the impact pressure increases, both
the length and aperture of cracks in the mudstone specimen
increase. A main circular crack appears in the mudstone
specimen when impact pressure is 0.25MPa. The crack
passes throughout the whole specimen, and the length and
aperture further increase. There are other cracks along the
axial of specimens, which length is small. The specimen is
broken into large blocks, due to the circular and axial cracks.
When the impact pressure reaches 0.30 MPa, the number of
axial cracks increases and some cracks extend to circular
cracks of specimens, which is shown in Figure 8(b). At the
same time, many split cracks are found in the test, and the
size of these split cracks is large. Under the 0.40 MPa impact
pressure, the cracks along with the axial of the specimen fur-
ther extend and finally pass throughout the whole specimen.
And the aperture of circular and axial cracks increases. The
specimen is broken into lots of smaller blocks.

5.2. Dynamic Stress-Strain Curve. The stress-strain curves of
mudstone specimens under different impact loadings are
shown in Figure 9. The dynamic stress-strain curve can be
divided into four stages: (I) elastic stage, (II) crack expansion
stage, (III) plastic deformation stage, and (IV) failure stage,
seen in Figure 10. In the elastic stage, stress increases linearly
with strain increasing. When reaching elastic limit stress, the
microcrack will generate and expand. The plastic deforma-

tion stage will appear under the larger strain. In addition,
the dynamic strength increases slowly in this stage. After
yield stress, the stress dramatically decreases with an
increase of strain. The specimen is finally destroyed. The
failure model can be seen in Figure 8. Unlike the general
relationships of stress and strain, there is no existence of
the initial crack closure stage. The main reason is the fact
that the high strain ratio leads the internal microcracks not
to be closed in time and directly enter the elastic stage. It
can be also inferred in Figure 9 that as the impact loading
increases, the dynamic strength of the mudstone specimen
increases.

5.3. Time-History Curve of Energy under Impact Loading.
According to Equations (1), (2), (3), and (4), the incident
energy, absorbed energy, transmitted energy, and reflected
energy at any time can be obtained. The results are shown
in Figure 11. It is illustrated that all the energy increases with
an increase in time. The incident energy grows fastest. In
addition, the intensity of incident energy is largest, the trans-
mitted energy is second, and the reflected energy is smallest.
The incident energy, absorbed energy, transmitted energy,
and reflected energy at the final time are 103], 44.3],
42.27, and 16.5], respectively.

Combined with the crack morphology of the mudstone
specimen shown in Figure 8, the energy absorption process
of the mudstone specimen can be divided into three stages
from the perspective of absorbed energy.

(1) First Stage. The absorbed energy increases during 0
to 50 us. The mudstone specimen is at the elastic
compressive deformation condition. The absorbed
energy exists in the form of elastic energy.
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Ficure 10: The typical stress-strain curve of mudstone under

impact loading.

FIGURE 11: The time-history curve of energy under impact loading.
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(2) Second Stage. This stage begins at 50 to 200 ys. The

absorbed energy of the specimen is smaller than
reflected energy in the earlier stage and then is larger
than reflected energy after 80 us. The main reason
can be summarized as follows. The incident end sur-

3)

face of the specimen would generate reflected tensile
stress and transfer reflected energy under incident
stress waves, due to a mismatch between the wave
impedance of the specimen and the bar. In this state,
the absorbed energy is smaller than reflected energy.
However, the contact surface will be smooth and the
reflected energy will decrease under the incident bar
continuously impacting. The circular crack will gen-
erate under the tensile stress wave. Subsequently,
under the effect of high incident stress, the original
microcracks inside the mudstone specimen extend,
and a large number of new microcracks are gener-
ated at the same time, and the absorption energy
continues to increase slowly.

Third Stage. After 200 us, the primary cracks in the
mudstone specimen rapidly expand and new cracks
will generate and pass through the specimen. And
then, the axial cracks will be produced. Because there
is no energy supplement, eventually, the energy
tends to have a stable energy value.

5.4. The Relationships of Incident Energy and Transmitted
Energy and Reflected Energy. The final incident energy,
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absorbed energy, transmitted energy, and reflected energy
time can be obtained using Equations (1), (2), (3), and (4).
The relationships of all the energy are shown in Table 3
and Figure 12.

It is indicated from Figure 12(a) that when the incident
energy is smaller, the transmission energy increases with
the increase of the incident energy. When the incident
energy is larger, the transmission energy increment
decreases with the increase of the incident energy. For the
lower incidence energy, the mudstone specimen is in the
elastic stage. With the increase of the incident energy, the
mudstone is in the plastic stage, the inner primary micro-
crack growth and the new microcrack are produced, and
the transmission of the transmission wave is weakened.

As shown in Figure 12(b), when the incident energy is
small, the reflected energy increases slowly with the
increase of the incident energy. When the incident energy

Geofluids

exceeds 70], the reflected energy increases faster; the
transmission energy tends to be stable. It is known from
Figure 12(c) that the absorbed energy of the specimen
increases linearly with the increase of the incident energy,
and the absorbed energy is less than 0.5 times the incident
energy. It is indicated that more than half of the energy of
the impact incident can be dissipated in the form of an
elastic wave of the bars.

5.5. The Relationships of Absorbed Energy, Transmitted
Energy, and Reflected Energy between Peak Strains. The
energy transmission is related to the deformation of mud-
stone specimens. Hence, the relationships of absorbed
energy, transmitted energy, and reflected energy between
peak strains are plotted in Figure 13. It is shown that as
the peak strain increases, the absorbed energy, transmitted
energy, and reflected energy increase. However, the increases
are different among the absorbed energy, transmitted
energy, and reflected energy, and there is some volatility
during the increases. And the largest growth in energy is
absorbed energy. The reason is that the deformation incre-
ments of mudstone specimens need more energy.

5.6. EDV, EDM, and AIER. Three energy dissipation indexes
were introduced to represent the energy absorption charac-
teristics of mudstone specimens. One is absorbed energy
per volume (EDV) w,, which is defined as follows:

- (5)

w, =

where V is the volume of rock specimens. Considering the
effect of mass, the second index is defined as absorbed
energy per mass (EDM) m,. The formula is

my=—— (6)

where M, is the volume of rock specimens. The impedance
of mudstone specimens is closely related to the energy trans-
fer efficiency. Hence, introducing the impedance, the third
index is defined as

X (7)

where Z,, is absorption impedance energy ratio (AIER).
The relationships between three indexes and incident
energy are plotted in Figure 14. Also plotted in
Figure 14 are the best-fitted curves for the data using the
linear function, implying that the linear relationship
between the three indexes and incident energy fits the flow
data very well for most of the data points. Comparing
with the fitting coefficient (R*) of three indexes (wy,my
Z,), the best fitting is the relationship of AIER and inci-
dent energy, and this fitting coefficient is 0.936. It is indi-
cated that AIER Z,, which takes into account the wave
impedance property, can more effectively reflect the energy
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F1GURE 16: The crack characteristic of mudstone under impact loading: (a) axial splitting and axial tension crack locations numbered as A, B,
C, and D, respectively; (b) crack micrograph under electron digital microscope ( x 1000).

absorption of mudstone specimens:

w, =0.011W,; - 0.247 (R* = 0.848),
my=0.004W, - 0.104 (R* = 0.836), (8)
Z,=0.114W, - 0.267 (R* = 0.936).

5.7. The Effect of Energy Dissipation on Strain Ratio. The
relationships between EDV, EDM, and AIER and average
strain ratio € are plotted in Figure 15. The quadratic func-
tion can be used to describe the relationships between
three indexes and average strain ratio. When the strain
rate is low, the absorbed energy causes mudstone with
many internal defects. When the strain rate increases, the
increase of the absorbed energy of the specimen will cause
the new microcracks to generate in the mudstone speci-
mens. When the strain rate is high, the original micro-
cracks in the mudstone expand and pass through the
mudstone specimens. And the specimen is crushed and
broken finally:

wy = 0.0041&% - 0.134& + 3.65 (R* = 0.855),
my =0.0005> - 0.055¢ + 1.49 (R* = 0.827), 9)

Z;=0.0008:" - 0.069 + 1.85 (R* = 0.678).

6. Discussion

In order to understand the fact that chemical components
and microstructures lead to the macrocrack phenomenon
of saturated mudstone specimens under impact loading,
the crack morphology was observed using the BIST digital
microscope. Two axial and two circular crack surfaces of
the typical broken mudstone specimen were selected to

examine and numbered A, B, C, and D. Obvious rough-
ness characteristics are easily observed in two kinds of
crack surfaces, shown in Figure 16. But the roughness of
the circular surface is greater than that of the axial surface.
The main reason is that the axial crack surface (A and C)
is caused by shear slip and wearing, and the stress wave
tension results in the circular crack surface (B and D)
under impact loadings. In addition, from Table 1, SiO, is
one of the main components in mudstone, followed by
AlL,O,; and Fe,O;. Their grain distribution is shown in
Figure 8(b). And it is concluded that both the axial and
circular cracks mainly occur in the grain interface, because
it is a weak area in rock.

Combining the one-dimensional stress wave propaga-
tion theory and physics component of mudstone, the reason
for the generation of circular and axial cracks in specimens
under impact loadings is as follows. Mudstone is character-
ized by viscoplasticity, softening, and low structural strength.
The microstructure of mudstone will change when suffering
from impact loading. The microparticle of mudstone is
redistributed along with forced direction from the free con-
dition. In the SHPB test, the incident stress reflects and
transmits to tensile stress when the stress transmits to the
contact surface between transmitted bar and specimen. The
tensile stress causes the circular crack due to the low tensile
strength of the mudstone in the coal mine specimen. Mean-
while, under the continuous action of the incident compres-
sion stress wave, the specimen is subjected to axial splitting
failure.

Drill-blasting is the main way for roadway tunneling in
coal mine. Generally, the cylindrical charge is used for blast-
ing holes, and the surrounding rock is in a one-dimensional
compression situation. In addition, the effect of blasting
energy on blasting fragmentation and damage of reserved
rock is important for drill-blasting, especially for mudstone
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with low strength. Hence, the energy dissipation law and
failure mechanism of mudstone under impact loading pro-
vide strong support for mining blasting safety.

7. Conclusions

In this paper, the dynamic mechanical properties of mud-
stone in coal mine are investigated using the energy charac-
terization method, and their quantitative relation formula is
also developed. Therefore, a series of compression experi-
ments of mudstone under different impact loadings are con-
ducted to study the mudstone dynamic behaviors, crack
properties, and energy dissipation law using the diameter
50 mm SHPB test device. The above analyses support the fol-
lowing conclusions:

(1) The axial splitting failure and circular tensile failure
are observed in mudstone specimens during the test.
It is because the tensile stress would be generated
and easily cause circular tensile failure for low
strength rock due to the reflection and transmission
effect of the transmitted bar. Additionally, continu-
ous compressive stress leads to axial splitting failure

(2) It is shown from the crack micromorphology that
the failure surface appears in the mudstone grain
interface, and the roughness of the tensile failure sur-
face is greater than that of the splitting surface

(3) The absorbed energy, transmitted energy, and
reflected energy of mudstone increase with the
increase of incident energy, showing linear, logarith-
mic, and quadratic functions, respectively

(4) Comparing the three energy dissipation indexes
(EDV, EDM, and AIER) with incident energy, the
AIER is more a reflection of the energy dissipation
of mudstone. The quadratic function relationship
between three energy dissipation indexes and aver-
age strain rate of mudstone specimen shows a strong
dependence of strain rate
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In this paper, a series of studies are carried out on the hidden karst encountered in the excavation of Baziling tunnel. In this paper,
the safe thickness of the water-resisting layer in a hidden karst cave and tunnel is studied by means of engineering geological
investigation, numerical simulation, and neural network. The numerical calculation model is established through the geological
survey. Innovate to use BP neural network and differentiation algorithm to inverse the rock mechanical parameters. By
analyzing the influence of different thicknesses of the water-resisting layer on the deformation and failure of surrounding rock,
the final thickness of the water-resisting layer is obtained. At the same time, the influence of water pressure on the thickness of
the water-resisting layer is studied, and the treatment scheme under different water pressure is finally determined.

1. Introduction

Karst water inrush does great harm to tunnel construction.
The development of the karst cave causes the instability of
tunnel surrounding rock and the disaster of water and
mud inrush, which is difficult to control. In the prediction
of karst water inflow, many scholars at home and abroad
have conducted extensive research, but there is little research
on the safe thickness in front of the tunnel [1]. Li et al. [2]
proposed an accurate and feasible systematic evaluation
method for water inrush risk of karst tunnel. The confidence
criterion is used to judge the risk level of water inrush. The
calculation results of this method are compared with an
example. The comparison results show that the evaluation
results of this method are basically consistent with the field
observation results. Li et al. [3] established a water inrush
risk assessment software system by comprehensively consid-
ering 8 risk factors, such as groundwater level, unfavorable
geology, formation lithology, terrain, formation dip angle,
excavation, advanced geological prediction, and monitoring.
Wang et al. [4] combined the weighting method with the
normal cloud model and proposed a new water inrush eval-

uation method. Specifically, the evaluation index system is
established, and each index is quantitatively divided into
four levels. A comprehensive weighting algorithm is pro-
posed, which combines the analytic hierarchy process,
entropy method, and the statistical method to reasonably
allocate index weight. Lin et al. [5] combined variable weight
theory with cloud model theory to construct a calculation
model for karst tunnel construction risk assessment.

Based on the extension evaluation method, Zhang et al.
[6] proposed an improved water inrush risk evaluation sys-
tem for carbonate karst tunnel. The system considers karst
geological conditions and selects 9 main factors affecting
tunnel water inrush as evaluation indexes. According to
the value of the evaluation index or expert judgment, the
evaluation index is quantitatively divided into four risk
levels. Wang et al. [7] proposed a risk assessment method
for water inrush and water inrush interval of karst tunnel.
On this basis, the concept and calculation form of the risk
assessment models are proposed, and the risk environment,
construction factors, and feedback information are analyzed.
Zhao et al. [8] classified the water and mud gushing of rail-
way tunnels according to a large number of examples of
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water and mud gushing of the railway tunnels, combined
with the surrounding rock conditions and meteorological
factors of tunnel excavation. Combined with the macro
and micro mechanisms, the causes of water inrush and
mud inrush are summarized, and the targeted treatment
methods are put forward. The treatment methods include
selecting the advanced geological prediction method accord-
ing to the risk degree of different sections of the tunnel,
determining the prediction items, and selecting the appro-
priate methods, namely, drainage guidance method, block-
age guidance method, or drainage blockage method. Li
et al. [9] analyzed the transformation mechanism of water
inrush and seepage caused by excavation disturbance and
analyzed the potential water-bearing area of the tunnel by
using the electromagnetic geophysical exploration method.
The constitutive model of rock mass and grouting parame-
ters is considered in the numerical simulation. The initiation
and propagation laws of tunnel cracks under different cur-
tain grouting parameters are put forward. The characteris-
tics of seepage and water inrush caused by tunnel

excavation are described. It is considered that the seepage
characteristics of tunnel can be divided into incubation
stage, sudden stage, and stable stage.

Liu et al. [10] selected a specific project and introduced
the geological conditions, water inrush, mud inrush disas-
ters, and subsequent prevention and control countermea-
sures. Then, the original grouting design and process as
well as 25 grouting cycles and field operation of excavation
are introduced to evaluate the grouting effect and sugges-
tions for future grouting work. Based on the field investiga-
tion, the values of main grouting parameters are put
forward. The grouting thickness is 5~8m, the grouting
length is 15~18 m (3~3.6 times the thickness), and the grout-
ing amount per meter is 34.2 m>. Wang et al. [11] proposed a
new method of real-time monitoring and fusion early warn-
ing of tunnel water inrush. Zhu et al. [12] proposed a fuzzy
comprehensive evaluation method for water inrush risk of
tunnel water rich fault based on grey theory. The grey fuzzy
method consists of two parts: one is the single factor evalu-
ation matrix established by the evaluation index and the risk
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grade membership function, and the other is to determine
the weight of each evaluation index by using the norm grey
correlation degree. From the aspects of formation lithology,
geological structure, and hydrogeological conditions, five
influencing factors such as fault dip angle, groundwater
level, RMR, permeability, and formation dip angle are
selected as evaluation indexes. Huang et al. [13] proposed a
numerical method to study the influence of fractures on
fluid flow, considering different types of discontinuities.
The conceptual model of fractured water inrush focusing
on the evolution of fracture connectivity is established, the
seepage process of fluid in fractured rock mass is studied,
and then, the water inrush mechanism is studied.

In tunnel engineering in karst area, when there are large
karst caves in tunnel excavation, the checking calculation of
tunnel safety thickness will be a key problem in engineering
practice. The selection of its safe thickness is directly related
to the project cost and project quality. Selecting an appropri-
ate safe thickness will produce huge economic and social
benefits for the whole project. However, due to many factors
involved, there is no reliable analysis method for checking
the safe thickness of the tunnel. In this paper, the influence
of different isolation safety thickness on seepage is discussed
by using the methods of engineering geological investiga-
tion, theoretical analysis, and numerical calculation. The
reasonable safe thickness is determined, and the relevant
advance grouting scheme is designed.

2. Engineering Geological Characteristics

2.1. Project Overview. Baziling tunnel of Yichang Wanzhou
railway is located in Yesanguan Town, Changyang County,

Yichang City, Hubei Province, China, with a design speed
of 160 km/h, as shown in Figure 1. The total length of the
tunnel is 5867 m, one side uphill, and the maximum buried
depth is 695m. The tunnel is located at the junction of the
Yangtze River system, with dalupo syncline, jianshanling
anticline, and chuanxinping syncline developed. The tunnel
consists of Silurian, Devonian, Triassic, and Quaternary.
The length of limestone stratum is 4464 m. The length of
Silurian and Devonian fragments is 1550 m. Tunnel layer,
two underground river systems around the tunnel. The area
where most strata of the tunnel pass through is densely cov-
ered with karst and underground rivers are developed. The
normal water inflow of the tunnel is 73000 m*/d. The maxi-
mum water inflow is 302000 m’/d.

2.2. Typical Karst Cave Characteristics. The revealed karst
direction of DK 0+104 is NE80°, and the karst cavity gradu-
ally shrinks to both ends to form a fault structure. It is devel-
oped vertically, almost upright, and large-scale eroded
stalactite suspension is developed upward and downward,
with a small amount of dripping water. DK108+835.5 karst
cave is 3m long, 3.5m wide, and 6 m high along the strike,
filled with mud and stone, and collapsed during excavation.
DK108+831 karst cave is 4.5m wide, which is limestone,
with relatively developed joint fissures, nearly horizontal
karst cavity, vertical fissures, and relatively broken. The
width of DK108+955 karst cavity is 6.2 m, and the karst cave
is 4.5m away from the top excavation contour line. The
occurrence of some rocks in the karst cave is nearly horizon-
tal, with vertical cracks and relatively broken. Dk108+698
dissolution fissure, 3m in the transverse direction, 1.5m in
the longitudinal direction, and about 2.0 m high, gradually
decreases upward, and the filling of the karst cave collapses.
The filling is soil mixed with stone without water. Dk108
+683 crevice karst cave runs through the tunnel face, with
a width of about 2.0 m. The filler is mud mixed with stone.
The vertical joints around the karst cave are developed, with
a joint spacing of about 2m. The surrounding rock at the
tunnel arch is relatively broken. DK109+039 reveals a fis-
sured karst cave, which runs through more than 80% of
the tunnel face from the left side of the line, is 1.0 m wide,
soil mixed with stone, there is no water, and the fissures in
the surrounding rock around the karst cave are developed.
DK109+089 karst is about 1 m wide and 2.5 m deep. It runs
along the tunnel line and is about 3 m long. The filling is clay
with slight water seepage. The surrounding rock around the
karst cave is broken, and there is a huge dangerous rock at
the arch.

3. Numerical Calculation Model

3.1. Establish Numerical Calculation Model. The discrete ele-
ment numerical calculation software is used for modeling,
and the influence of model boundary is fully considered
[14-16]. The model size is 60 m * 60 m * 120 m. The tunnel
excavation contour span is 7.2 m, the height is 8.5m, and the
thickness of the secondary lining is 50 cm, as shown in
Figure 2. The karst cave is simplified as an ellipsoid, with a
long axis of 24m and a short axis of 14m. The karst cave
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FiGure 4: Comparison between numerical simulation and
measured settlement of tunnel vault.

is located in front of the tunnel. The buried depth of the sim-
ulated tunnel is 600 m; the vertical stress only considers the
unit weight of rock mass. The geological survey report shows
that the study area lateral pressure coefficient is 1.4 under
the influence of fault. The x-direction boundary, y-direc-
tion boundary, and z-direction boundary of the model are
constrained by normal displacement. The water pressure
inside the karst cavity acts directly on the interface.

3.2. Constitutive Model. The block element adopts a unified
strength constitutive model, which considers the different
effects of all stress components acting on the double shear
element on the yield or failure of materials [17-21]. It is suit-
able for all kinds of tensile and compressive materials and is
a collection of a series of linear strength criteria. The expres-
sion of principal stress of unified strength theory is the most
widely used, which can directly reflect the influence of each
principal stress on material strength. The expression of the
principal stress form of unified strength theory is

o tao; o o

ifO'ZSW, :Gl_m(b"zJ“US) :ft’ (1)

. o, +ao ' 1
ifo,> LT %% g

— — = 2
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max [

Fi o =CA.+ F" tan . (6)
In the formula, F" is the normal force; T is tensile
strength; ¢ is cohesion; ¢ is the internal friction angle.
The joint seepage in numerical calculation obeys the law
of legislation. The expression is shown in

q=>]. (7)

In the formula, g is the unit area seepage flow per unit
time; J is hydraulic gradient; e is the crack opening; g is
gravitational acceleration; v is the viscosity coefficient of
water flow; when the water temperature is 15°, v=1.14 *
107 m?/s.

3.3. Calculation Parameter Value. The field test and labora-
tory test cannot effectively determine the mechanical param-
eters of complex geotechnical media. Due to its
nonuniformity, cracks, and other factors, the results of
mechanical parameters have great randomness and limita-
tions, and there is a large error with the field measured
values. In order to make up for the shortcomings of the
above methods, this paper uses the geotechnical back analy-
sis method to obtain the parameter value in the numerical
calculation [24, 25].

In this paper, the combination of BP neural network and
differential evolution algorithm is used for inverse analysis
to establish the nonlinear relationship between surrounding
rock displacement and mechanical parameters as shown in
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Figure 3. BP neural network is a complex and nonlinear
dynamic analysis system, including input layer, hidden layer,
and output layer. The network response corresponding to
the input mode is transmitted from the input layer to the
output layer through the middle layer. According to the
error between the actual tunnel displacement value and the
numerical simulation value, the connection weight is cor-
rected from the output layer to the input layer through the
hidden layer so that the difference between the actual value
and the expected value is gradually reduced. However, BP
neural network has some problems, such as slow conver-
gence speed, poor network performance, uncertain learning

rate, and easy to fall into local minimum. Different evolution
can make up for the shortcomings of BP neural network.
Differential evolution algorithm simulates the evolution of
biological population and iterates repeatedly, so as to retain
the individuals who meet the adaptation conditions. It
retains the global search ability of genetic algorithm and
has the robustness and strong global optimization ability.
Taking the surrounding rock parameters as the input
layer vector and the displacement value as the output layer
vector, the rock elastic modulus E, cohesion ¢, and internal
friction angle ¢ are selected; joint shear stiffness k_, joint nor-
mal stiffness k,, joint internal friction angle k,, and joint
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cohesion k, are the input parameters, and the numerical
simulation displacement value is the output parameter.
The parameters shown in Table 1 are used to compare the
measured value with the simulation value, as shown in
Figure 4. The numerical calculation and analysis show that
the calculation step is balanced at 9500 steps, and the maxi-
mum settlement of the arch crown is 59.39 m. The measured
results show that the maximum settlement of arch crown is
55.3 mm, and the stability time is about 31 days after excava-
tion. The numerical simulation can fully reflect the deforma-
tion characteristics of the surrounding rock, and the
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F1Gure 9: Curtain grouting process flowchart.

parameters obtained from inversion can be used for subse-
quent research.

4. Analysis of Numerical Results

4.1. Deformation Characteristics. Figures 5 and 6 show the
influence of different water-resisting layer thicknesses on
surrounding rock deformation and seepage when the water
pressure in the karst cave is 2.3 MPa. The calculation shows
that with the continuous advancement of the tunnel, the
deformation and failure of surrounding rock are mainly
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divided into two parts: radial development and advanced
influence, and the radial deformation increases with the
extension of the distance from the secondary lining. When
9m away from the secondary lining, the thickness of the
water-resisting layer is 23 m, the maximum radial deforma-
tion is 0.08 m, the tunnel face deformation is 0.06 m, and
the advanced influence distance is 10 m. When 19m away
from the secondary lining, the thickness of the water-
resisting layer is 13 m, the maximum radial deformation is
0.11m, the tunnel face deformation remains 0.06 m, and
the advance influence distance is 10m. When 29 m away
from the second lining, the thickness of the water-resisting
layer is 3m, the maximum radial deformation is 0.14m,
the maximum deformation of the tunnel face surges to
0.1 m, and a seepage channel is generated with the karst
cave. The water in the solution cavity flows into the tunnel
through the seepage channel, resulting in disasters. With
the decrease of the safe thickness of the water-resisting layer,
the advance stress caused by tunnel excavation is superim-
posed and coupled with the stress concentration around
the karst cave, resulting in damage. Therefore, in order to
ensure safe production, it is necessary to control the distance
between the secondary lining and the tunnel face, analyze
the minimum water-resisting layer thickness under different
water pressure conditions, and advance grouting before
reaching the minimum water-resisting layer thickness.

As shown in Figure 7, it shows the variation law of vol-
ume stress with the decrease of the thickness of the water-
resisting layer during tunnel excavation. Volume stress can
fully show the three-dimensional stress state of the unit
body. With the decrease of the thickness of the water-
resisting layer, the low stress area caused by tunnel excava-
tion is fused with the low stress area caused by karst cave,
which is easy to form a seepage channel.

4.2. Influence of Water Pressure in Karst Cave on Safe
Thickness. When the water pressure of the karst cave is
1.3MPa, 2.3 MPa, and 3.3 MPa, respectively, the displace-
ment of excavation surface is shown in Figure 8. When the
thickness of the water-resisting layer is more than 10m,

the change of water pressure in the karst cave has no impact
on the tunnel face, and the deformation is 0.06 m. When the
thickness of the water-resisting layer is 7 m, the water pres-
sure is 2.3 MPa to 3.3 MPa, and the deformation increases
by 25% compared with 1 MPa. When the thickness of the
water-resisting layer is 5m, it can be seen that the deforma-
tion increases sharply with the increase of water pressure.
When the water pressure is 3.3 MPa, the deformation
reaches 0.125m. When the thickness of the water-resisting
layer is 4 m and the water pressure is 3.3 MPa, the maximum
deformation reaches 0.3m. When the water pressure is
2.3 MPa, the deformation reaches 0.17m. When the water
pressure is 1.3 MPa, the deformation reaches 0.1 m. Accord-
ing to the above research, in order to ensure the safety of the
tunnel during tunneling, the thickness of the water-resisting
layer should be kept above 10 m, and then, the construction
should be carried out by grouting in advance.

5. Control Measures and Effects

Advance drainage and curtain grouting are adopted for karst
cave treatment to reduce water pressure and prevent out-
burst. Determine the water pressure in the karst cave accord-
ing to the advanced geophysical exploration. When the
water pressure is greater than 3.3 MPa, drainage and curtain
grouting shall be carried out 10m in advance. When the
water pressure is greater than 2.3 MPa, drainage and curtain
grouting shall be carried out 8 m in advance. When the water
pressure is greater than 1.3 MPa, drainage and curtain grout-
ing shall be carried out 6 m in advance. The treatment pro-
cess flow is shown in Figure 9. Firstly, the solution cavity
position and water pressure are determined by advanced
geophysical exploration, so as to analyze the advanced con-
trol distance. Advance drilling shall be carried out to remove
water pressure and curtain grouting shall be carried out.
The mixture of cement and water glass is used as grout-
ing material. The water cement ratio of cement slurry is
1:1~1:1.5, the water glass concentration is 30~40 Baume
degree, the cement water glass volume ratio is 1:0.3~1:1,
and an appropriate amount of retarder is added as required.



The dosage is determined by test, generally 1%~3% of the
dosage of cement. Through the analysis of the revealed geo-
logical conditions, after the advance curtain grouting con-
struction is completed, the slurry fills the cracks more
densely, reduces the formation permeability coefficient, and
plays an effective role in water plugging.

Figure 10 shows the design of advance grouting, in
which the advance reinforcement section is 25 m long. The
thickness of grout stop wall is 2 m. The lateral reinforcement
range is 5m outside the contour line of the tunnel face. The
slurry diffusion radius is 2.0m. The spacing of final holes
shall not exceed 3.0 m.

6. Conclusion

The stability of rock stratum between tunnel and karst cave
is one of the main problems endangering safety in tunnel
construction in karst area. During the construction of the
tunnel through the karst area, the existing karst cave often
leads to local collapse, block falling and rock falling during
the tunnel excavation, especially the hidden karst cave that
is not exposed during the excavation. Because the safety
measures cannot be taken in advance, it is easy to be dam-
aged out of guard, causing great potential safety hazards
and great harm to the tunnel construction and operation.
At present, there is a lack of systematic research on the
impact of karst cave on tunnel construction in karst area.
Therefore, it is necessary to systematically study the impact
of karst cave on tunnel construction and explore its regular-
ity, so as to carry out targeted treatment or pretreatment of
karst cave in construction, ensuring the safety of tunnel con-
struction in karst area. This paper studies the reasonable
thickness of tunnel excavation surface and karst tunnel aqui-
fuge and discusses the basic control methods. The specific
conclusions are as follows:

(1) Through geological investigation and analysis, it is
considered that the karst caves in the tunnel are
densely distributed and the water content is huge.
Therefore, the discrete element numerical calcula-
tion model is established, the unified constitutive
model is adopted for the block, and the Coulomb slip
model is adopted for the joint

(2) The method of back analysis of surrounding rock
mechanical parameters through displacement is real-
ized through neural network. It is considered that
the combination of BP neural network and differen-
tial evolution algorithm can effectively reduce the
simulation error

(3) When the water pressure is 1.3 MPa, the thickness of
the water-resisting layer is too small, the deforma-
tion of the tunnel face increases sharply, and a seep-
age channel is generated with the karst cave. The
advance stress caused by tunnel excavation is super-
imposed and coupled with the stress concentration
around the karst cave, resulting in damage

Geofluids

(4) The increase of water pressure makes the thickness
of the safety water-resisting layer increase accord-
ingly. It is more reasonable to carry out advance
grouting design according to different water pressure
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Subsidence water disaster has become a major problem to the ecological environment because of the submerged villages, farmland
destruction, and ecological destructive changes in the mining subsidence area of high-water level. Taking the 1031 working face of
Wugou Coal Mine in Huaibei, Anhui, China, as the research subject, (1) a three-dimensional (3D) spatial information dynamic
prediction method was proposed for high-water-level coal mining subsidence areas by combining the Knothe time function based
on the probability integration method (PIM) and the principle of water balance. (2) The dynamic evolution law of the water
accumulation area in the high-water-level coal mining subsidence area was studied. (3) The applicability of the dynamic prediction
model of the water accumulation range in the high-water-level coal mining subsidence area was verified. The results showed that
the dynamic prediction of the 3D spatial information of the high diving area is highly accurate and can be suitable for the dynamic
prediction by comparison with the results of remote sensing monitoring and field measurement. As a result, technical reference
and theoretical basis for the comprehensive assessment and remediation of the ecological environment of the high diving mining

subsidence area were proposed.

1. Introduction

Coal is China’s main energy source, accounting for ap-
proximately 70% of primary energy production and con-
sumption [1,2]. It has an important position in the economy
[3] and is an important factor that drives world economic
development. With the rapid development of contemporary
socioeconomic and industrial production, coal consumption
as a conventional fuel is continuously growing [4].
According to the World Energy Yearbook, China’s coal
resource output reached 3846 billion tonnes in 2019, ac-
counting for 47.3% of the global total output, remarkably
higher than the world’s average output level [5]. However,
coal mining not only caused serious safety accidents [6-8]
but also caused a range of profound environmental prob-
lems, such as decreased soil quality, ecosystem degradation,
biodiversity loss, and landscape destruction [9]. Fractured

rocks in the subsurface are ubiquitous, and the dynamics of
mass transfer in the fractured rocks play an important role in
understanding the problem in engineering geology and
environmental geology [10]. Amongst them, underground
coal mining directly causes large surface subsidence [11-13].
Subsidence and accumulated water disasters have become
the primary ecological environment problems faced by coal
mine subsidence areas with high phreatic levels. Village
flooding, farmland damage, and disruptive changes in the
ecosystem have brought great challenges to the construction
of ecological civilization in the mining area [14,15], and
these are the urgent problems in the coal mining areas that
need to be addressed.

The negative impact of coal mining in the areas with high
phreatic water levels in eastern China is particularly serious.
This area has the characteristics of high phreatic level and
thick loose layer coverage [16]. The mining area is an area
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with coal resources. Diving is gravity water with a free
surface above the first continuous aquifer below the surface.
Its upper part has no continuous and complete waterproof
top plate, and the diving water surface is a free water surface,
called a diving surface. Any point on the diving surface is
called the diving level according to the absolute height of the
reference level. A high diving level, as the name suggests, is a
higher level of diving underground. High-water-level
mining areas are mainly distributed in the eastern part of
China. High underground water level causes the surface to
sink, and water is accumulated after coal mining, thus
forming a unique ecological environment of the mining area
with a combination of water and land.

Understanding in situ stress is the foundation of
studying deep rock mechanics [17]. Generally, deformation,
fracture propagation, and energy release are highly associ-
ated with mining-induced stress evolution [18]. When un-
derground coal is extracted, the surrounding rock loses the
original stress balance [19,20], causing stress redistribution.
With the increasing maximum stress, the average stress
applied and the duration of rock suffering from a high-stress
increase. Therefore, reaching the strength limit becomes
easier, and the fatigue life is shorter [21]. When the con-
centrated stress of the roadway roof exceeds the strength
limit, roof layer deformation, fracture, and collapse [22]
cause pressure subsidence and water consolidation subsi-
dence. These conditions eventually cause the movement and
deformation on the surface subsidence basin and produce a
large number of cracks in high diving areas, where
groundwater formation easily connects to the subsidence
area. The water in the subsidence area mainly comes from
atmospheric precipitation, surface runoff, surface water
evaporation, and groundwater seepage. When the water
input and output of various factors reach equilibrium, the
range of water in the subsidence area remains unchanged.
Figure 1 shows the image of the surface subsidence caused by
coal mining in a typical high-water-level mining area of
Lianghuai coal mines in China. The images on the left and
right are the Huainan Gugiao Coal Mine and Huaibei Coal
Mine, respectively. The subsidence water disaster has be-
come a primary ecological environment problem because of
the high diving mining subsidence areas, submerged villages,
farmland damage, and disruptive changes to the ecosystem,
causing great challenges to the sustainable development of
the mining area. In the past 25 years, the water accumulation
area in the coal mining subsidence area of Anhui Province
has increased by approximately six times, from 18.95 km* to
118.09 km?, with an annual growth of 3.97 km?. In addition,
some water areas account for 30% to 50% of the total coal
mining subsidence area [23]. The large subsidence area
gradually evolves from an original land ecosystem into a
water land composite ecosystem, causing irreversible
damage to the original local ecosystem balance. On the other
hand, surface subsidence destroys large areas of cultivated
land and prominent human and land contradictions, thereby
seriously affecting the local economic development, social
structure, and stability.

Surface subsidence caused by coal mining directly
damages the ecological environment in the mining area.

Geofluids

Especially in the areas with high diving sites, coal resource
mining not only causes surface subsidence but also accu-
mulates a large range of water in the subsidence area. As a
result, the ecological environment is seriously damaged. In
the view of the surface subsidence water in high diving
mining subsidence area and a series of environmental
problems, field mapping, mining subsidence estimation, and
remote sensing monitoring have been widely used to obtain
the geospatial information data of the coal mining subsi-
dence area.

(1) Field surveying and mapping: the surface mobile
observation station is set, a large number of mea-
sured data are collected, theoretical analysis is per-
formed, the surface mobile data of different mining
areas are obtained, and the surface deformation laws
under different geological mining conditions are
analyzed. The monitoring of water mainly uses the
entire station instrument, theodolite, GPS, and other
traditional measurement instruments. In accordance
with the water characteristics, the characteristic
point coordinates are measured, and then water
statistics are obtained according to the internal in-
dustry treatment.

However, the surface form and water situation in the
subsidence basin are dynamically affected by many
factors. This method is suitable for small water areas
with limited applicability.

(2) Mining subsidence is expected to happen because of
the construction of underground mines. In recent
years, with the further deepening of mining under
different conditions, scholars have developed and
established many new mining subsidence prediction
methods, such as the Knothe surface subsidence
prediction theory based on the traditional influence
function method [24] and the mining subsidence
prediction model based on spatial statistical
methods. From the mechanical perspective, the
linear elastic analysis principle and the surface ele-
ment principle are introduced. Different geological
conditions and mining methods have led to the
development of the prediction theories and models
of inclined coal seam surface subsidence prediction,
surface settlement prediction of abandoned column
old mining area, surface subsidence prediction of the
shallow mining area, and surface subsidence pre-
diction of chamber column mining.

However, in a special geological situation, the surface
subsidence characteristics are different from the
conventional mining subsidence characteristics.
Thus, the conventional subsidence prediction model
cannot fully apply to the surface subsidence pre-
diction and needs further verification of the accuracy
of the surface subsidence prediction model of coal
seam mining.

(3) Remote sensing monitoring: in terms of water
evolution, Suping et al. considered the Huainan
mining area and used transmission electron
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FiGure 1: High-water-level coal mining subsidence area.

microscopy (TM) images to extract the information
of water at different times using the method of
principal component analysis and analyzed the
changes in the water area [25]. With the develop-
ment of remote sensing technology, domestic high-
resolution satellite images have been used for
monitoring the range of stagnant water and scope
information extraction.

However, the surface form and water in the mining
subsidence area are dynamically affected by many factors.
The observation data obtained by the existing methods lack
timeliness, thus making the timely prediction of the 3D
spatial information of water in the surface subsidence area
difficult and affecting the accuracy of the planning and
design of the coal mining subsidence area.

Studies on the field mapping of the high mining subsi-
dence, mining subsidence dynamic forecast, and remote
sensing monitoring are abundant. However, the surface
subsidence water and many factors, such as comprehensive
mining subsidence, surface water range evolution, and water
circulation, require further investigation. In addition, high
mining subsidence and water range dynamic evolution law
should be analyzed. (1) The dynamic evolution law of water in
the subsidence area of the high diving level is still unclear.
Restricted by the means of field mapping, the existing studies
mainly targeted the range change of surface water before and
after subsidence. However, studies on the production, in-
crease, stability, and dynamic laws of surface water at different
mining stages are limited. (2) The accuracy of the mining
subsidence expected model should be verified. Further vali-
dation is expected for surface subsidence with special geo-
logical conditions. (3) The dynamic prediction of surface
water range in high diving coal mining subsidence area is
limited. Although the development of remote sensing tech-
nology has been relatively mature, most existing studies focus
on a single mining area or a working surface, few large areas,
and long-time effect of water dynamic evolution character-
istics. In addition, the impact of the dynamic change of water
analysis is less, the subsidence area evolution law analysis is
not comprehensive, and the observation data could not be
taken in a timely manner. Thus, satistying the requirements of
land reclamation and ecological restoration is difficult.

In this study, a dynamic prediction model of the water
accumulation area in the high-water-level coal mining

subsidence area was established. The equivalent relationship
between the volume of the subsidence basin and the water
accumulation in the subsidence basin was established using
the probability integration method based on the Knothe
time function and the principle of water balance in the coal
mining subsidence area, combined with the main influ-
encing factors of the evolution of the water accumulation
area to determine the mining capacity of the working face.
The dynamic evolution of the surface water range was
predicted, and information, such as the range of water ac-
cumulation, the range of subsidence basins, the level of water
accumulation, and the amount of water accumulation
during the evolution of water accumulation is obtained. The
general law of the evolution of the water accumulation area
in the coal mining subsidence area was studied. The time of
water accumulation in subsidence basins generally lags
behind the mining of the working face. The evolution of
surface water accumulation can be divided into four stages:
unformed period, synchronous growth period, residual
growth period, and relatively stable period. The accuracy of
the model was analyzed.

Therefore, taking the working surface of Wugou Mine
1031 as the research area, the three-dimensional (3D) spatial
information of the coal mining subsidence water accumu-
lation area of 1031 was dynamically predicted, and the
dynamic evolution law of the water accumulation range was
analyzed. Initially, the study area overview, as shown in
section 2, was introduced. Then, the overall idea of the
dynamic prediction method was proposed, as shown in
section 3. The complete dynamic prediction method of the
3D spatial information of high diving mining subsidence is
introduced in section 4. Finally, in section 5, model eval-
uation and validation are described by the engineering
example of 1031. This study provides a theoretical basis for
land use planning, land reclamation, and the establishment
of a land and water complex ecosystem in the subsidence
area of high diving sites.

2. Overview of the Study Area

Wugou Coal Mine is the 10" pair of mines developed and
constructed by North Anhui Coal and Power Group. It is
located in the Wugou Town, Suixi County, which is 50 km
away from the Huaibei urban area, as shown in Figure 2. The
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FIGURE 2: Location of the study area and current status of the water system.

underground diving level in the mining area is 1.5 m, which is
a typical high diving level mining area. The coal-containing
formation in this mine is carbonite-Permian system, mainly
comprising four layers of coal seam (72, 81, 82, and 10 coal
seams, with the average thicknesses of 1.80, 2.50, 2.53, and
3.86 m, respectively). The average recoverable total thickness is
10.69 m because the coal seam is seriously damaged by fault
cutting. A considerable part of the shallow area is in the wind
oxidation zone or waterproof coal column, resulting in the
recoverable area of the coal seam. The total resource reserves of
the entire well field are 137,304,600 tonnes, 125,910 million
tonnes, and 40,339,500 tonnes, of which 10 coal seams’ re-
coverable reserves are 25,956,200 tonnes, accounting for 64.3%.

The regional climate is mild. It is a monsoon warm
temperate semihumid climate, mild spring and autumn rain,
hot and rainy in summer, and cold and windy in winter. The
annual average temperature is 14.1°C, the annual average
sunshine is 2345.3 h, the average annual rainfall is 834 mm,
the groundwater is buried at a depth range of 1.5-4 m, and
the average annual buried depth of the water level is 2.48 m
[25]. The rainfall is mostly concentrated in July and August,
the annual evaporation is 1400 mm, the annual frost-free
period is 208-220 days, and the freezing period is generally
from early December to mid-February of the following year.

Figure 2 shows the location of the working surface and
surface remote sensing images with a total length of 1136
and width of 180 m. The coal seam inclinations are from 3° to
16° and 8". The coal seam average thickness is 3.8 m, and the
average buried depth is 364 m. Figure 3 shows the loose layer
at approximately 94 m, as shown in Figure 3. The working
surface is flat with a surface elevation of 26.50 m to 27.56 m,
with no large flow river on the surface. The water on the
surface forms after the working surface mining because of
the buried depth of the groundwater in the area, high
rainfall, and the large subsidence coefficient of the surface.

3. Overall Idea of the Prediction Approach

3.1. Obtaining the Geological Mining Parameters.
According to the working surface specifications of the mining
area, the following parameters were established, namely

mining promotion distance v, the tangent of major influence
angle tan f3, average mining thickness of the working surface
m, coal bed pitch «, subsidence factor g, and major influence
radius r. The 3D coordinate system of the mining subsidence
space was established. The inflection point of the subsidence
curve of the main section on the surface includes the coor-
dinate origin o. The x-axis points along the surface toward the
drain area are parallel to the coal seam direction. The y-axis
over the coordinate origin leads straight down from the
vertical z-axis of the x-axis. The Knothe time function was
used to estimate the mining subsidence model.

3.2. Calculating the Subsidence Basin Volume. The dynamic
subsidence was interpolated by the Kriging interpolation
method, the contour of the subsidence basin of the coal
mining subsidence area was generated successively, and the
subsidence basin volume corresponding to different contour
sections was calculated.

3.3. Calculating the Water Accumulation Volume in the
Subsidence Basin. The hydrological and water resource data
of the coal mining subsidence area were collected, and the
water balance iterative equation was established according to
the water balance principle to obtain the water volume at
different times in the subsidence basin of the coal mining
subsidence area.

3.4. Calculating the 3D Spatial Information. The water vol-
ume in different sinking basins was calculated according to
the iterative equation of water balance. In addition, com-
bined with the sinking basin volume corresponding to
different contour sections at this time, the relationship
between the subsidence basin volume and the volume of
water in the basin was established.

This model was used to predict the 3D dynamic spatial
information at different moments with the advancement of
the working surface, including water depth, water area,
water range, water volume, and maximum storage capacity.

The technical flow chart is shown in Figure 4.
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FIGURE 3: Generalized columns of working faces for 1031.

4. Dynamic Prediction Method of 3D
Spatial Information

4.1. Dynamic Sinking Is Expected

4.1.1. Random Medium Theory. The theoretical basis of the
probability integration method is the stochastic medium
theory. Thus, this method is also known as the stochastic
medium method. Littvinishen, the founder of random media
theory, is a doctor in mathematics, who is familiar with
probability theory. It is impossible to identify whether the
rock mass medium is elastic, plastic, continuous, loose, or
whole. The mine rock mass medium is generally called
random medium. The basic assumptions and corollary of
random medium theory indicate that the rock medium
comprises many sufficiently small rock block particles. These
particles are completely disconnected and can move

relatively. Their movement is a stochastic process, as shown
in Figure 5. The laws of rock strata and surface movement
caused by mining are macroscopically similar to those de-
scribed in the granular medium model acting as a random
medium. The mutual verification of theory and practice was
carried out, and the effect function based on the random
medium theory is very similar to the one-Gaussian function
of the Knott-Bradlake theory based on the measured data.

4.1.2. Probabilistic Integral Method. The randomastic me-
dium theory was initially introduced into the rock layer
movement study by the Polish scholar Li Tvinishen in the
1950s and was then developed into the probability inte-
gration method by Chinese scholars Liu Baochen and Liao
Guohua. After more than 20 years of research by mining and
subsidence workers in China, the probability integration
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method has become one of the more mature and most
widely used prediction methods in China. Probability in-
tegral is named after the probability integral (or its deriv-
atives) in the movement and deformation prediction
formula.

This method is based on the movement law of the surface
and is generally similar to the random medium model. Itis a
comprehensive response to geographical and mining con-
ditions to mining settlements, such as mining depth, mining
thickness, rock mass properties, and coal seam inclination,
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regardless of the effect of special structures, such as faults,
folds, and collapse columns.

The probabilistic integration model is one of the most
widely used models in the field of mining subsidence cur-
rently as it can predict the degree of surface movement
deformation through the working surface geological mining
condition parameters and the expected parameters. The
probability integral method model is represented by equa-
tion (1).
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where x and y are the coordinates of any point in the working
surface coordinate system within the influence range of
underground mining, and W (x, y) is the final sinking
amount of the point (x,y) in the working surface coordinate
system. W .. is the surface maximum subsidence, when the
goaf is critical or supercritical in size [26]. m is the mining
thickness. g is the sinking coefficient. H, and H, are the
mining depths of downbhill and uphill direction, respectively.
H, is the average mining depth. 6, indicates the propagation
angle influence.tanf is the positive tangent value of the main
influence angle. L, and L, are the working surface direction
and tendency length, respectively. S, S,, S5, and S, are the
inflection point deviation distances corresponding to both
ends of the uphill and downhill directions. « is the seam
inclination, and the practical significance of the parameters
can be used. The parameters m, H,, H,, H,, Ly, L,, and « are
called geological mining condition parameters and are
generally provided by the production unit, and they are the
known quantities: g, 6, tanf, S;, S,, S5, and S, are the ex-
pected parameters of the probability integration method,
and they can be obtained from the measured data. With the
known geological mining condition parameters of the
working surface, the sinking amount of any point in the
working surface can be expected by equation (1) as long as
the rate integration prediction parameter is accounted into
the model.

4.1.3. Knothe Time Function. To more accurately reverse
and predict the dynamic process of surface subsidence, mine
staff and scholars attempt to simulate the process of the

dynamic subsidence of surface points using mathematical
models, amongst which the most widely used model is the
Knothe function of time. According to the working surface
information of the mining area, the dynamic subsidence in
the basin was obtained by the probability integration method
based on the Knothe time function.

In 1952, the Polish scholar Knothe established the
Knothe time function by analyzing the relationship between
the sinking speed at a certain surface point and the sinking
amount at the final subsidence at that time. This function can
partly reflect the relationship between the surface subsidence
and time [24]. The Knothe model represents the relationship
between the surface subsidence velocity and subsidence
volume, as expressed by equation (2).

dw (1)
dt

where t is the surface subsidence moment, W is the final
surface subsidence amount, W(t) is the subsidence amount
of the surface at time f and V(¢) is the subsidence speed of the
surface point at time f, C is the time factor influence co-
efficient or lithology factor and is generally considered to be
related to the mechanical nature of the overlying rock layer
[27].

The surface sink is 0 at t=0, namely, W(0)=0. Thus,
equation (3) was integrated with respect to t as follows:

=v(t) =C(Wy - W(t)), (2)

W(t)=Wy(1-e ), (3)

where t is the independent variable, representing the time
calculated from the moment the surface begins to sink, W, is



the final amount of surface subsidence and can be obtained
or estimated by the probabilistic integration model, C value
is the time factor influence coefficient and is related to the
geological mining conditions of the working surface, and
equation (3) is the Knothe time function. Substituting the
final surface subsidence W, and the time factor influence
coefficient C into equation (3) can lead to the surface
subsidence at any time. In addition, the horizontal move-
ment, slope, and parameters like curvature can be calculated.
When t tends to zero, W(t) =0; when t — oo, W(t) =
W,. Thus, W, controls the upper and lower boundary limits
of the Knothe time function and is obtained by changing the
time factor. C is the Knothe time function impact factor.

4.1.4. Dynamic Sinking Is Expected. The probability integral
method is based on the Knothe time function, and geological
mining condition parameters and equation (3) are used to
calculate the dynamic subsidence prediction value of the
subsidence basin, which is represented as follows:

mq cos o

- (1_e—cT)
r

” e—n((xi—c)er(yi—T)z/rZ)dch’
D

w(xi’ yi’T) =
(4)

where w(x;, y;,T) is the expected value of the dynamic
subsidence at any point T on the surface of the subsidence
basin, m is the average thickness of the working surface per
m, « is the inclined angle of the coal seam, g is the sinking
coefficient, r is the main influence radius and is measured
per meter, ¢ is the time coefficient, e is the natural constant
and is approximately 2.718, d° and d* are the binary integral
variables, £ and 7 are the integral variables in the s and y
directions, respectively, and D is the range of the sinking
basin at time T.

4.2. Volume Calculation of the Subsidence Basin. The Kriging
interpolation method is an unbiased optimal estimation of
regionalization variables in finite regions based on the
variant function theory and structural analysis [27] and was
established back in the 1950s with the prototype algorithm
and is expressed as follows:

Z/\o = Zkizi’ (5)
i=0

vl =

max

k l d
Vo=V +V +V 1 +V, ,+--+V = -

where Vgax is the maximum volume of the basin, V’b‘ is the

sinking basin volume corresponding to the cross-section of

d
Vl+V2+V3+-~-+Vn+V’:§S+dsl+d82+---+dsn+<

2
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where z; is the value of the estimated point and z; is the
actual measurement of the interpolation element at point i.
A; = the unknown weight of the actual measurement at the
position. The weights are not only related to the distance
between the measurement points and the predicted location
but also based on the overall spatial arrangement of the
measurement points. In the Kriging method, weight A, is a fit
model of the optimal set of coefficients that can satisfy the
smallest difference between the estimates and the actual
values at the unknown point, satisfying the unbiased esti-
mation conditions, depending on the spatial relationship
amongst the measured points, the distance of the predicted
position, and the measurements around the predicted lo-
cation [27]. Therefore, the Kriging interpolation method
considers not only the known relationships of the points to
be estimated but also the spatial correlations of the variables.
At present, this interpolation method can theoretically es-
timate the model error point-by-point without using the
error test model, and it is not theoretically possible by other
interpolation methods [28].

According to the expected value of the subsidence basin,
the interpolation method initially uses formula (6) to cal-
culate the difference between the bottom of the sinking basin
and the lowest horizontal section in the basin d’, as follows:

d =w,, - (10 +nd), (6)

where 7 is the number of horizontal sections, except the edge
of the sinking basin, W,, is the maximum subsidence value
of the surface at any time, and the contour value of 10, 10 + d,
10+2d, ..., 10+ nd in mm corresponds to the equal section
area of different sinking basins S, Sy, S,, S3, ..., S,. The
volume of the sinking basin corresponding to the different
contour sections was calculated using the area of the isoline
section of each sinking basin.

Secondly, as shown in Figure 6(a), V'is the volume of the
entire sinking basin, V; is the volume between § and S;, and
V, is the volume between S; and S,. V,, is the sinking volume
between S, _; and S,,, and V' is the sinking volume between
S, and W,,. Thus, the volume of the sinking basin with
different contour cross-sections can be obtained, VI is the
maximum volume of the basin that can be obtained by
formula (7).

dl
_+_
23

(7)

.
!

d d
+3>Sn+alSn1 +m+58k, 1<k<n,

the contour 10+ (k—1)d, V; is the volume between the
contour 10 and the contour 10 + d is the cross-section, V, is
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FIGURE 6: (a) Volume calculation of subsidence basin. (b) Schematic diagram of the working surface.

the volume between the contour 10+d and the contour
10 + 2d cross-section, V,, is the volume between the contour
10 + (n — 1)d and the contour 10 + nd cross-section, V' is the
volume between the contour of 10+ nd and the maximum
sinking point W,,.

As the face advances, the newly mined rock begins to
move. When the scope of the goaf is large enough after the
impact of mining reaches the surface, the ground affected by
the mining will sink down from the original elevation,
thereby the surface above the goaf will form a much larger
depression than the area of the goaf. Such depressions are
often called surface mobile basins or ground subsidences, as
shown in Figure 6(b).

Finally, the horizontal cross-sectional area of each
contour of the sinking basin is calculated using formula (8),
as follows:

10+nd
; .

10+nd

10+nd
i+1 !

10+n d
i+1 i

1

(8)

M=

(x )

N | —
W
-

where x!9*" and y!9*"4 are the contour point coordinates of

the sink basin boundary of the sink value 10+nd (n is a
positive integer in unit mm).

4.3. Calculation of Water Accumulation in the Subsidence
Basin. The supplementary and the excretion items are mainly
considered when calculating the water volume changes in the
basin, and the factors with less influence on the evolution of
the water range are not considered. Supplementary items
include water surface precipitation, surface runoff, and
groundwater recharge. Excretion items include water surface
evaporation and permeable water volume.

(1) Water face precipitation refers to the amount of
water that directly falls in the water surface area
during the atmospheric precipitation process, and
this water is directly supplied to the atmospheric
precipitation area, and the water surface precipita-
tion can be determined according to the product of
the water area and precipitation, which is as follows:
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_ Swater : Pday -t
1000
where P is the water surface precipitation/m’, Syqcer

is the water surface area/m’, Py, is the daily pre-
cipitation/mm, and t is the duration/d.

. (9)

(2) Surface runoff refers to the water flowing into the
basin during the atmospheric precipitation. The flow
area of the subsidence basin and the flow coeficient
of the flow area of the basin and the study area were
obtained as follows:

(Sbasin - Swater) : Pday ot

R= , (10)
1000

where R is the surface production flow/m” in the
unflooded area, Sp,gin is the sinking basin area/m?,
Swater is the water surface area/m?, Pqay is the daily
precipitation/mm, and « is the surface runoff coef-
ficient. According to the relevant hydrological data
in the literature [29], the surface runoff coefficient in
Huaibei area is about 0.15-0.25. According to the
actual situation of the study area, the underlying
surface of the mining area is mainly farmland, crops,
and vegetation, and there are small areas of the
hardened surface. The surface runoff coefficient is
taken as 0.2 based on the actual situation, and ¢ is the
number of days/d.

(3) Groundwater replenishment refers to the process of
an aquifer or an aquifer system acquiring water from
the outside world, which is represented as follows:

Wunderground =0.042- (P + R)> (11)
where P is the water precipitation/m> and R is the
surface production flow/m” in the unflooded area.

(4) Water evaporation refers to the evaporation of the
water area in the subsidence basin. The product of
the water area and evaporation is obtained as follows:

_ Swater : Eday -t (12)
1000

where E is the water evaporation/m3, Swater 18 the
water surface area/m?, Egay is the daily evaporation/
mm, and ¢ is the number of days/d.

(5) Water leakage from the subsidence basin into the
groundwater is computed as follows:

Swater ’ Eday -t

- 0.09, (13)
1000

Queepage = 0-09E =

where Qqeepage i the water seepage (m?), E is the
water evaporation (m?), Eqay is the daily evaporation
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(mm), S, is the water surface area (m?), and ¢ is
the days (d).

Supplementary items and excretion items (also known as
expenses and receipts) are the principles of water balance.
Water balance refers to the difference between the amount of
water in revenue and the amount of expenditure in any area
(or water body) during any period of time, and it is equal to
the amount of change in water storage, as shown in formula
(14).

\% =V +P+R+Wpgerground ~ B> (14)

ponding
where V is the original water amount, P is the water surface
precipitation, R is the surface runoff, Wyndergrouna is the
groundwater recharge, and E is the water surface evapo-
ration amount.

The iterative model of water balance was established
using the principle of water balance, as shown in formula
(15), to calculate the volume of water accumulation at dif-
ferent times T'in the coal mining subsidence area, which is as
follows:

T+A T T T T
Vo, = Vi, + S APAt + oS, — S, )APAt
At At T At (15)
+Qj, + RY = S AEAL - M™,

where VT+" ig the expected water volume in the subsidence
basin in cubic meter, V! is the original water volume in the
subsidence basin, At is the time interval, AP is the daily
precipitation per meter, AE is the daily evaporation quantity
in meter, a is the surface runoff coefficient, S} is the sub-
sidence basin boundary contour section area of 10 mm, its
unit is square, Sg is the water area in the subsidence basin, its
unit is square, Q?,i} is the groundwater seepage, its unit is
cubic meter, R*is the surface river and subsidence area
water exchange, its unit is cubic meter, and M*' is the
manually extracted volume in cubic meter.

44. 3D Dynamic Spatial Information Calculation.
According to the water volume in the sinking basin at
different times corresponding to different contour line
sections, the relationship between the subsidence basin
volume and water volume was established. The contours of
the sinking basin are equal to the volume of the accu-
mulated water in the sinking basin. Three-dimensional
dynamic spatial information, such as water depth, water
area, water range, water volume, and maximum storage
capacity of the subsidence basin at different times T as the
working surface is predicted, as shown in Figure 7.
According to the water volume in the sinking basin at
different times and the sinking basin volume corresponding
to the different contour sections, a mathematical relation-
ship between the volume of the subsidence basin and the
water volume in the basin was established as follows:
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V' =V, + S, APAt + oS, — S, )APAt + Qg + RY — S, AEAt — MY

!
:<d+d)-8n+d-8n1+
2 3

where VLA is the expected water volume in the sink basin,
(m?) and Vk is the sink basin volume corresponding to the
contour 10+(k— 1)d section, (m?). From VTJrAt Vk the
contour of the sinking basin 10+ (k—1)d is equal to the
volume of water in the sinking basin.

I
—

VE =V 4V, 4V 4V, +V

where HT is the water depth of the subsidence basin at
dynamically predicted time T, (m), W,, is the maximum
sinking value of the sinking basin at time T, (m), S is the
water area and unit square of the subsidence basin at dy-
namically predicted time T, x;°* *"% and y!%**"D4 are the
contour point coordinates w1th a sinking value of 10 + (k — 1)
d, V¥ is the expected water volume in the subsidence basin,
(m ) VT is the original water volume of the subsidence basin,
(m?), At is the time interval, AP is the daily average pre-
cipitation, (mm), AE is the daily average evaporation, (m), a is
the surface runoff coefficient, S} is the cross-sectional area of
the boundary contour of the subsidence basin with a subsi-
dence of 10 mm, (m?), ST is the area of water in the subsidence
basin, (m?), QAt is the groundwater seepage flow, (m’), R% is
the exchange volume of the surface river with the

d k
=8 =V,
5 kT Ve

(16)
1<k<n,

Therefore, the 3D spatial information of the surface
water area at different times T as the working surface ad-
vances was obtained by formula (17).

o o
H' =w,,-10-(k-1)d,
r 1 J 10+(k-1)d _104k-1)d  _10¢(k-1)d _ 10+(k-1)d
+Hk— +Hk— +Hk— -
Sy = 2 Z(xi Vi ~ Xy Vi )>

(17)

Vi = Vi, + S,APAt + oSy — S, )APAL + Qg + R — S, AEAt - MY

d d d
=—-8+dS, +dS,... +dS, +<— + —)S,,,
2 2 3

accumulated water in the subsidence area, (m>), M2t is the
manual withdrawal volume, (m®), Vgax is the maximum
reservoir capacity of the subsidence basin at the dynamic
predicted time T, (m?), V, is the volume between S and S;, V,
is the volume between S; and S,, V,, is the volume between
S,_;and S,, and V' is S, the volume between the maximum
sinking points W,,.. The boundary of the stagnant water range
is the curve enclosed by the coordinate points x10+(k Y and

10+(k Y4 41 the isoline with a sinking value of 10 + (k- 1)d

5. Engineering Application

Multiple remote sensing monitoring and field measurement
results were used to verify and comprehensively analyze the
practicability, accuracy, and application scope of the
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dynamic prediction model, evaluate the estimated accuracy,
and provide scientific basis and technical reference for land
reclamation and ecological planning in high diving site coal
mining subsidence areas.

5.1. Remote Sensing Monitoring and Field Measurement.
The surface water in the mining area is spread on long range
and for a long period of time, and the location is incon-
venient for transportation. Conventional observation
methods cannot easily obtain large-scale, long-time series,
complete, and unified evolution data of the water range,
whereas remote sensing observation methods have short
observation periods and large amounts of data and high
accuracy. Therefore, remote sensing data are selected as the
data source to extract the range of surface water in the coal
mining subsidence area [30].

The mining time of the study area No. 1031 was from
October 2013 to March 2015, and the surface water basin was
unaffected by other working surface mining as of October
2016. Thus, the remote sensing images obtained from
Landsat-8 from 2013 to 2016 were selected. The remote
sensing images generated by a sensor exhibits radiation
distortion and geometric distortion because of the change in
the satellite operation state, aerosol refraction, random noise
in the image generation process, and other factors. This
condition affects the quality and application of the image.
The preprocessing of remote sensing images, with steps
including radiation calibration, atmospheric correction,
geometric correction, and cropping, is required to eliminate
these errors.

(1) Radiation calibration: Radiation calibration is the
process of converting the digital quantitative value
(DN) of the image into the radiation luminance value
or physical quantities, such as reflectivity or surface
temperature. The universal radiation calibration tool
(Radiometric Calibration) in ENVT software is used
to read the radiation calibration parameters in the
landsat-8 remote sensing image metadata and
complete the radiation calibration by the radiation
luminance method.

(2) Atmospheric correction: Atmospheric correction
eliminates the radiation error caused by the atmo-
spheric influence and reverses the real surface
reflectivity of the Earth. Initially, the radiation target
data is input into the FLAASH module in ENVI to
set the sensor-related parameters. Then, the corre-
sponding atmospheric model is selected according to
the latitude and imaging time, where the tropical (T)
model was selected from July 2014 to September 2014
and the midlatitude summer (MLS) model for the
rest of the months. According to the environment of
the study area, the rural (R) mode was selected for
the aerosol model, and the 2-band (K-T) was selected
for the aerosol inversion method. Finally, the
remaining relevant parameters were set, and the
FLAASH module was run to determine the atmo-
spheric correction results.

Geofluids

(3) Geometry correction: Geometry correction uses
ground control points and geometric correction
mathematical models to correct the errors caused by
nonsystematic factors. The coordinate system is
endowed to the image data during the correction
process, which includes geographic coding. This step
uses the geometry correction module in ENVI. The
benchmark image is input, and the images corrected
more than three image points of the same name are
manually selected. Then, the automatic extraction
function extracts more than 50 image points with the
same image. The same name image point with the
root mean square greater than 1 is eliminated, and
the geometric correction module output file is finally
run.

(4) Cropping: The appropriate size of the image output
is cut according to the position of the study area to
obtain the final image.

Secondly, the reflection characteristics of water to dif-
ferent bands are determined by the water body index
method. The principle of the method is to place the band
with the strongest reflectivity and the weakest reflectance in
the molecule and denominator, respectively. Then, the
characteristics of the ratio operation are enlarged, while the
characteristics of other objects are inhibited. Finally, water
extraction is achieved [31]. At present, the more commonly
used water index is normalized difference water index
(NDWI) [32], and the improved normalized differential
water index [31] is modified normalized difference water
index (MNDWTI).

NDWI takes advantage of the high reflectivity in visible
bands and low reflectivity in near-infrared and the range of
midinfrared bands to highlight water information using
ratio operation. In addition, attributing to the strong
reflectivity of the vegetation in the near-infrared band, the
water information in the green light band and the near-
infrared band is used to calculate the simultaneously
suppressed vegetation information, as shown by formula
(18).

NDWI = Green — NIR) (18)
Green + NIR
where Green refers to the green light band reflectivity, and
NIR refers to the near-infrared band reflectivity.

The remote sensing images are processed using the
MNDWTI index to avoid miscalculation and improve the
accuracy of water extraction. According to the character-
istics of water in the image, the water boundary was visually
checked. After determining the accuracy of the extraction
results, the threshold was set, the water area was calculated,
and the water boundary was converted to a vector file output
[32]. Soil and buildings have similar spectral characteristics
in the green and near-infrared bands. Thus, the mid-near-
infrared band (NIR) in formula (18) is replaced by the
midinfrared band (MIR) to obtain MNDWTI. This method
avoids the misjudgment of soil and buildings as water bodies
when calculating the normalized water index band. MNDWI
is obtained as follows:
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MNDWI = Green — MIR’ (19)
Green + MIR
where Green refers to the green optical band reflectivity, and
MIR refers to the midinfrared band reflectivity.
Considering the 1031 working face of Huaibei Wugou
Coal Mine to be the research object, through remote sensing
monitoring and on-site measurement, the evolution of the
water accumulation area in the coal mining subsidence area
with high phreatic level is divided into four periods to fa-
cilitate the study of the factors affecting the evolution
process. The four stages include the unformed period, the
synchronous growth period, the residual growth period, and
the relatively stable period, as shown in Figure 8.

(1) Unformed period: This stage is the beginning of the
working surface mining to the surface water for-
mation period, and in this period, the surface water
does not form.

(2) Synchronous growth period: In this stage, the water
on the surface stopped flowing to the working
surface for the first time and expanded rapidly along
the propulsion direction of the working surface, and
the water area on the water surface grew rapidly.

(3) Residual growth period: In this stage, the cessation of
mining took approximately five months from the
working surface after the shutdown. The water slowly
expanded along the propulsion direction of the
working surface, slightly increasing the water area.

(4) Relative stability period: In this stage, approximately
five months after the working surface stops mining,
the boundary of water no longer expands along the
mining direction, and the overall water area becomes
stable [33].

5.2. Combining the Actual Measurement and the Model.
Figure 9 shows the comparison of the predicted water ac-
cumulation area and the measured water accumulation area
of the inland water accumulation area from 2014 to 2017.

5.2.1. Unformed Period. According to the image, the
measured data did not include water observation in the
study area before March 2014, the model forecast water
range was approximately 3000 m?, and the water area in
the two observation periods was small. Combined with
the measured data, the surface of the mining area is
mainly farmland, and the surface runoff in the subsidence
basin is affected by soil leakage, evaporation, and other
factors. In addition, the remote sensing images could not
show the water range. The expected result is consistent
with the measured results because of the small range of
predicted water accumulation, considering the actual
situation.

5.2.2. Synchronous Growth Period. Water was observed in
the measured data for the first time in March 2014. The water
area was 11,000 m?, the model expected the water range in
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March 2014 to be 12,615m? and the difference was ap-
proximately 1615 m?, with an error of approximately 10%.
According to the prediction results, the range of water in
February 2014 is similar to that in March 2014 and the area
of water accumulation is 12,812m2, indicating that a certain
range of water may have been already present in the sub-
sidence basin before the water was initially observed.

From April 2014 to March 2015, the predicted range of
water coincided well with the measured value, and the
difference between those did not exceed 10% of the water
area. Among them, the predicted result from September to
November 2014 was because of the precipitation in
September, which was 280 mm, leading to the rapid in-
crease in the water level. Although numerous studies have
paid significant attention to rainfall-induced instability of
multilayer slopes, the interface between the layers is
generally considered to be “zero thickness,” and the layer
transition zone between the layers is neglected [10]. From
October 2014 to November 2014, the water area decreased,
and this observation was consistent with the measured
value. The results obtained in December 2014 and March
2015 were greater than the predicted value, with a dif-
ference of approximately 1. At 5000 m? the meteoro-
logical data of Huaibei City indicate that the winter
temperature is less than 0°C, and the low temperatures
result in a reduction in actual evaporation. Thus, the
observation value is less than that predicted by the dy-
namic prediction model.

5.2.3. Residual Growth Period. The measured data in April
2015 and October 2015 were 15,000 and 17,400 m* and
157,839 and 181,655 m>. The prediction error did not exceed
10% of the measured value. The water range in July 2015 was
from 171,000 m> to 191,8941 m®. The difference accounted
for approximately 11% of the meteorological data of the
research area. During the July 2015 period, no precipitation
occurred, and the highest daily temperature exceeded 30°C.
In addition, the evaporation amount was large. As a result,
the measured value of water is in the range of the model
predictive value with a very low error.

5.2.4. Relative Stability Period. After October 2015, the
surface of the coal mining subsidence area became stable.
Figure 9 shows that the range of water accumulation in this
stage was generally stable, and the predicted value has the
same trend as the measured value. Considering the increase
in human activity after the stability of the surface subsidence
basin, a large difference was found between the predicted
value and the measured value. For example, from March
2016 to June 2016, the measured area of the basin is greater
than the predicted value, with an approximate difference of
20,000 m*. The water from the surrounding farmland irri-
gation converges into the water area affected by topography
and permeability, and the new water supply increases. Thus,
the measured value is greater than the model predicted
value.

In conclusion, the 3D spatial information dynamic
prediction method predicts the evolution of the water area,
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and the water range predicted by the dynamic prediction
model of the high diving position coal mining subsidence area
is consistent with the measured results. In the period, when
stagnant water is not formed, the predicted value of the model
is basically consistent with the measured value, the error be-
tween the predicted value of the model, and the measured value
in the synchronous growth period and the residual growth
period is about 10%. Since the empirical data of groundwater
exchange and ponding water leakage are all used in this study,
the dynamic changes of groundwater depth and ponding
leakage are not considered, causing some systematic errors that
are difficult to eliminate in the model. In addition, there are still
some inevitable errors in the method because of the lack of
research data. During the relatively stable period, the prediction
results of the model are consistent with the change trend of the

measured ponding range. Thus, the model accuracy is high and
can be used to predict the dynamic evolution of water in high
diving mining subsidence areas.

6. Conclusion

(1) In view of addressing the problem of water accu-
mulation in the surface subsidence basin, a dynamic
prediction model of the water accumulation area in
the high-water-level coal mining subsidence area was
constructed by combining the dynamic prediction of
the coal mining subsidence area based on the
probability integral method of the Knothe time
function and the principle of water balance in coal
mining subsidence water area. Dynamically
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predicting the depth, area, volume, maximum
storage capacity, and scope of the basin became
possible with the advancement of the working face
and the passage of time. The prediction results have
certain timeliness and can effectively avoid the
failure of real-time follow-up or repeated manage-
ment of the comprehensive treatment of subsidence
basins because of the lack of timeliness of the data.

(2) Taking the 1031 working face of Wugou Mine as an
example, the applicability of the dynamic prediction
model of the water accumulation area in the high-
water-level coal mining subsidence area was verified.
The error between the predicted value of the model
and the measured value is approximately 10%. This
newly developed model showed high accuracy and
thus can be used for predicting the dynamic evolution
of water range in high diving mining subsidence areas.

(3) In the dynamic prediction of the 3D spatial infor-
mation of the coal mining subsidence water area, the
acquired hydraulic information in the coal mining
subsidence water area basin can provide a reference for
the comprehensive management of the coal mining
subsidence area and can also assist in protecting the
ecology and surrounding geography. Environment and
mining subsidence dynamic prediction results can
serve as a guide for mining area reclamation. The
predicted water range and water depth can provide
data for the establishment of lakes and wetland eco-
system in the coal mining subsidence area. A water
storage project can be established using the subsidence
basin volume. A widely applicable dynamic prediction
model of surface subsidence was constructed in the
mining areas with high phreatic levels, and reliable
technical support is provided for land reclamation and
ecological planning in similar mining areas.

(4) The dynamic prediction model of the water accu-
mulation area in the high-water-level coal mining
subsidence area needs to be further improved. The
water accumulation area in the subsidence area of
high-water-water mining established in this study
only considers the flat surface and is only affected by
the mining of a single working face. The water
volume of the recharge term was calculated, and the
mutual conversion between these recharge terms and
excretion terms was not analyzed in depth. In ad-
dition, the influencing factors, such as human ac-
tivities and surrounding water systems, are not taken
into account in the model. Therefore, this model still
needs to be further improved, accounting for many
influencing factors to accurately predict the surface
water range in the high-water-level coal mining
subsidence area with a larger area, undulating ter-
rain, and complex hydrogeological conditions.
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