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Abstract
Due to technology and safety limitations, the amount of coal resources overlying slopes in open pit coal
mines is immense. In recent years, this problem has gradually attracted the attention of researchers. How
to realize the e�cient recovery of the side overburden resources with the premise of ensuring the stability
and safety of the slope has become an important topic for the development of opencast mining
technology in China. To study the yield failure characteristics of coal pillars and the rock mass migration
law of the end slope mining �eld under the mining condition of the end slope shearer, 2D/3D, integrated,
simulation experimental equipment is developed based on similarity theory and e�cient region theory.
This equipment overcomes the technical problem that the internal failure of the rock mass is invisible and
that deformation data are not easily obtained during the simulation of end slope coal mining on an
existing experimental platform. Based on the engineering geological conditions of the Ordos mining area
in China, a typical engineering geological model of the slope near the horizontal condition is constructed
to simulate the process “formation of mining cave group -failure of support coal pillars - instability of
slope rock mass”. Based on laser positioning technology and multiangle, oblique photography
technology, a panoramic phase 3D laser scanner, high-resolution digital camera and deep space
micromonitoring system are comprehensively employed to carry out the whole process tracking
monitoring and analysis of the deformation and failure of the supporting coal pillars and slope rock
mass. The experiment is veri�ed by numerical simulation. The results show that under the experimental
conditions, with an increase in mining cave depth, the vertical stress of the supporting coal pillar
increases linearly. At a certain distance before reaching the end of the mining cave, the peak value is
reached. At this time, the depth continues to increase, and the stress value decreases sharply. The vertical
stress gradually decreases to the original rock stress after a certain distance beyond the end of the
mining cave. A certain length of supporting coal pillar from the end of the mining cave will never collapse,
which is approximately 2.5~3 times the width of the mining cave. The triggering condition of slope
deformation and failure is under the combined action of dynamic and static loads. The actual stress of
the supporting coal pillar in the deep part of the geometric centre along the slope of the mining cave
group is greater than the ultimate stress, and then large discontinuous deformation of multiple adjacent
coal pillars around the central coal pillar is caused by compressive shear failure. The boundary of the
�nal collapse plane range of the roadway group is approximately a closed curve formed by two
paraboloids, which are axisymmetric with the No.  coal pillar and open opposite. The parabola opening
in the shallow part of the slope area is small, and the parabola opening in the deep part of the slope area
is large. There is a signi�cant space-time correspondence between the failure of supporting coal pillars
and the deformation of the slope surface. According to the failure process of the rock mass structure and
the movement and deformation characteristics of the slope surface, the slope after failure can be divided
into three areas, and the upper part of the slope is the key area of deformation and instability of the
overlying rock mass in the end-slope mining �eld. The research results provide a theoretical basis for
scienti�c monitoring and stability control of slope deformation coal mining conditions in open-pit mines.

Introduction
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By 2020, there were approximately 420 open-pit coal mines in China, accounting for 7% of the total
number of coal mines in China, with a production capacity of 950 million tons, accounting for 18.6% of
the total production capacity of coal mines in China. Restricted by mining technology, stripping ratio,
slope safety and other factors, the amount of slope compaction resources in open-pit mining areas in
China is vast[1,2]. The main reasons for these immense resources can be attributed to two aspects. First,
most open-pit coal mines in China adopt the mining methods of zone mining, and trucks are transported
along the loop line of the end slope and the inner dump overburden side slope. To ensure the stability of
the slope, the overall range of the slope angle is only 20° ~ 35° under normal circumstances. After lateral
exposure, the coal seam covered by the slope is buried again by the inner dump and causes a permanent
loss. The resource loss phenomenon is more prominent in the open-pit mine group with seamless mining
rights. Second, when open-pit mining is advanced to the deep area, the stripping ratio increases sharply,
restricted by economic factors, and a large amount of coal covered by the end slope cannot continue to
be mined by open-pit mining. According to this investigation, there are eight open-pit coal production
bases and 40 open-pit mining areas in China, and more than half of the mining areas have more than 100
Mt of end slope pressing coal. In the Pingshuo mine area alone, the amount of resources covered by
the boundary slope is approximately 0.1 billion t/km. Considering the Ordos coal �eld as an example, 157
open-pit coal mines are clustered; however, the area of a single open-pit mine is relatively small; its shape
is irregular; and the amount of coal compressed by the blank area among mines, safety pillars, side coal
and corner coal exceeds 500 million tons[3]. The large amount of resources covered by
boundary slopes has caused invisible energy waste and economic loss to the national economy.

With dwindling coal resources and advances in mining technology, the problem of resources covered by
boundary slopes in open-pit mines has gradually attracted attention in recent years, and how to e�ciently
recover these resources and minimize the waste of coal resources has become an important topic for the
development of open-pit mining technology in China[4]. Of the many end-slope coal mining technologies,
end shearer mining technology has been popularized and applied in countries such as the United States,
Russia, and India as it lacks separate stripping or infrastructure, mining equipment is directly laid at the
exposed position of the coal seam on the side of an open-pit mining site, and the whole mining process
without support has a high recovery rate, low cost, good safety, strong adaptability and other
characteristics[5-7]. Industrial tests have been performed in more than 10 mines in China[8 9]. Under the
premise of minimal disturbance to the ecological geological environment, a large number of stagnant
resources were recovered due to contributions to ecological protection and the high-quality development
of coal mining areas in the middle and lower reaches of the Yellow River basin. Mining coal resources
with this technology is carried out in the open pit, which has not realized the internal drainage; its essence
is the process of mining roadway groups in the lower slope perpendicular to the slope trend, as the rock
and soil weight of the upper slope are borne by the support coal pillar between the roadway during the
whole mining process; if it is not controlled properly, it will very likely cause the failure of coal pillar and
induce slope instability[10]. To ensure the safety of the slope under the premise of achieving the
maximum coal mining, it is important to grasp the rock mass movement failure law and deformation
instability mechanism of the end-slope mining �eld under the coupling effect of "open-pit mining" and
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"roadway mining". The key is to use a reasonable size of supporting coal pillars of mining roadway
groups. Many domestic and international scholars have carried out studies on the suitability assessment
method of end slope coal mining[11-13], mining roadway group construction technology and
equipment[14,15], recovery parameter design[16] and criterion for stability of coal pillar[17-19].
These research results provide a basis for scienti�c guidance of actual production; however, in the
present stage, studies on the migration law of overlying rock masses of end-slope mining �elds are
focused on underground mining [20,21] or open-underground combined mining[22-24]. Relatively few studies
address the failure process of coal pillars in the end-slope mining �eld and the deformation and
movement law and instability mechanism of slope rock masses induced by coal pillar instability; the
majority of the research methods are numerical analyses. Behrooz Ghabraie et al.[25,26] compared and
analysed the application status of physical simulation and numerical analysis in mining
engineering and concluded that physical simulation has obvious advantages in the study of strata
movement, fracture propagation, collapse failure and gradual development of overburden deformation to
the surface. The methods of similar material simulation experiment model construction, material
selection and data acquisition were summarized systematically. Li ZK et al. [27,28] successfully realized
the excavation of a complex cave under high-�delity conditions by combining numerical analysis and
physical simulation and obtained satisfactory test results. Zhu Jianming et al. [29-31] conducted
theoretical analysis and simulation experimental study on rock mass deformation and failure mechanism
under the coupling action of "key stratum" and conducted a comparative study on the difference of slope
deformation and failure in�uenced by mining along slope dip and mining against slope dip in the
recovery process of coal resources depressed by end slope in open-pit mine. Their study provides a basis
for the optimization of temporal and spatial relations. The practice shows that the physical model
experiment is an important method for studying the underground excavation induces movement and
failure of overlying strata in the �eld of mining and geotechnical engineering, which can more accurately
reproduce the whole deformation and failure process of a geologic body and can re�ect the state of the
occurrence and development of discontinuous deformation of rock mass. The method has the
characteristics of simple process, visual, clear and direct effect, short cycle, quick effect, and repeated
experiments. According to different research conditions, it has signi�cant advantages in studying rock
fracture failure, rock mass deformation and stress distribution evolution. In this paper, based on similarity
theory, a 2d/3D integrated simulation experiment model of similar materials in end-slope mining �eld of
open-pit mine is constructed based on the research background of coal mining in the Ordos area of
China. The whole process of “formation of mining roadway groups - failure of supporting coal pillars -
instability of slope rock mass” is simulated. By monitoring the full depth failure of the coal pillar and the
surface movement and deformation of the slope, the formation process and evolution law of "enlarged
pressure arch" in overlying rock mass of mining roadway groups were revealed. Based on the
experimental results, the deformation and failure division of rock mass and the stage division of the
moving failure process are carried out, and the key stage, trigger condition and key position of slope
deformation and failure are proven, which provided a theoretical basis for slope stability control of an
end-slope mining �eld in an open-pit mine.
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General Situation Of Regional Engineering Geology
The Ordos coal �eld is the largest multiperiod coal �eld in China and one of the superlarge coal �elds in
the world. The coal �eld spans Shaanxi, Gansu, Ningxia, Inner Mongolia and Shanxi provinces and covers
a width of 400 km from east to west and a length of 600 km from north to south. The plane of the coal
�eld is slightly rectangular. The coal seam in the area has a stable occurrence, shallow burial, simple
engineering geology and hydrogeology conditions and is suitable for open-pit mining. Therefore, there are
many open-pit coal mines, resulting in a vast amount of overburden resources under the end slope.
Consider an open-pit mine in Ordos for which end slope coal mining has been carried out. The
engineering geological conditions and mining conditions of the mine are described as follows: (1) Two
coal seams, No. 6 and No. 9, are overlaid by the end side slope; the thickness of the coal seam ranges
from 14~17 m and 4~10 mm. The no. 9 coal seam is located in the lower part,; the distance between the
two coal seams is 12~16 m; the false roof of the coal seam predominantly consists of clay rock,
mudstone and sandy mudstone; the indirect roof is medium to �ne grained sandstone; the bottom plate
mainly comprises sandy mudstone; and the rock layers of the slope are hard to semihard rock. (2) The
single step height of the end slope ranges from 12~15 m; the slope angle of the single step is in the range
of 60° ~ 70°; the overall slope height ranges from 150~1180 m; the slope angle is in the range of 35° ~
38°; the thickness of the quaternary loose stratum is ranges from 40~60 m; the slope mass and joint
height is in the range of 150~180 m; and the slope stability is good. (3) First, an EML340-type side
shearer is employed for mining the No. 9 coal seam, and the tunnel section is square. The height of the
tunnel is equal to the thickness of the coal seam; the maximum depth is 240 m; and the width of the
supporting coal pillar is 3.5 m. There is no support throughout mining. After the working face of the No. 9
coal seam is advanced a certain distance, the inner dump will follow up and back�ll to the �oor elevation
of the No. 6 coal seam in time to prepare for the recovery of the coal seam. The typical engineering
geological model of the end-slope mining �eld in the study area is shown in Figure 2.

Development Of An End Slope Coalmining Simulation Experimental
Device And Experimental Design
2.1. Development of simulation experiment device

Similar material simulation experiments commonly utilized in geomechanics and mining engineering can
be divided into two types: two-dimensional experiments and three-dimensional experiments. Two-
dimensional experiments are often employed to reveal the deformation and stress distribution
characteristics of typical geological sections. The work is small and economical, but the experimental
results are often one-sided due to stress and boundary conditions. Three-dimensional experiments can
obtain stress and deformation parameters in a full range with obvious defects such as invisible
deformation and failure processes in rock masses. The deformation and instability of the end-slope
mining �eld in open-pit mines is a typical problem of a three-dimensional space-time relationship.
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Whether the simulation results can complement and verify each other by simultaneously carrying out
two-dimensional and three-dimensional experiments and how to more scienti�cally reproduce the whole
process of “formation of mining cave group -failure of support coal pillars - instability of slope rock
mass”, aiming at the abovementioned problems, a simulation experimental device for end slope coal
mining is developed on the basis of analysis.

2.1.1. Design of experimental platform

The experimental platform is a steel frame structure with a total weight of approximately 2.4 The
platform is composed of a 2D simulation experiment area and a 3D simulation experiment area with
dimensions of 1750 mm×250 mm×1200 mm and 1450 mm×1750 mm×1200 mm, respectively (Figure 3).
The bottom of the platform is a steel plate with a thickness of 10 mm, and the lateral constraints are
plexiglass plates with a thickness of 20 mm, which are bolted to the experimental bench. The higher
strength provides effective lateral constraints for the model, and the stronger transparency is conducive
to the collection and acquisition of experimental data. The glass panels on the front and rear sides of the
2D experimental area can be moved back and forth by adjusting the handwheel to realize the rapid
addition and release of lateral constraints. The glass panel on the left side of the 2D experimental area
and the glass panel in front of the 3D experimental area can be removed freely to create conditions for
model excavation. Before the experiment, the constraints around the experimental platform were �rst
installed and �xed, and the distance between the front and rear glass panels in the 2D simulation
experiment area was adjusted to an appropriate position by adjusting the handwheel. The model was
built layer by layer according to the similarity ratio. After the masonry work was completed, the glass
panel on the left side of the 2D simulation experiment area and the glass panel on the front of the 3D
simulation experiment area were removed. Simultaneously, the handwheel was adjusted to remove the
constraints on the front and rear sides of the 2D simulation experiment area, and excavation and data
collection were conducted after the simulated materials reached the predetermined strength.

2.1.2. Design of roadway groups construction device

To simulate the sequential excavation of roadway groups, a mining construction device is designed and
developed on the basis of the experimental platform (Figure 4). The device includes two parts: a movable
bracket and an impact shovel. The impact shovel is composed of a shovel handle and shovel head,
which are made of steel. The cross-sections are square; the two sections are welded along the central
axis; and the angle between the diagonal lines of the two sections is 45°. The shovel head is bevelled to
form the shovel mouth; the four edges of the shovel mouth are polished to form the blade; and the side
length of the shovel mouth can be �exibly con�gured as needed. The impact shovel is placed horizontally
on the support with 3 groups of bearings. By adjusting the angle and distance between the two bearings
in each set, the impact shovel can move back and forth along a degree of freedom (horizontal direction)
without falling off under the action of external forces, and the height of the bracket can be adjusted by
the height adjustment device. Using this device, a series of square roadway groups perpendicular to the
slope trend can be constructed horizontally at the speci�ed height of the model. The device has the
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advantages of �exible position adjustment, the construction precision is controllable and the stress
evolution characteristics of the surrounding rock are similar to the actual situation in the whole
construction process.

2.2. experimental design and model construction

The self-developed 2D/3D integrated simulation experiment device is employed in this experiment. The
mechanical property parameters and delamination thickness of the slope rock mass required by the
experiment are shown in Table 1. Based on the engineering geological conditions of the study area and
the size of the experimental platform, the similarity ratio parameters of the model are determined, as
shown in Table 2. Clean �ne sand is selected as the aggregate, and lime, gypsum and water are selected
as cementing materials. Based on the physical and mechanical properties of the slope rock mass, the
material ratio of each rock layer in the model is determined through a uniform experiment, as shown in
Table 3. According to the distribution characteristics of the stratum and the ratio of similar materials, the
model is laid horizontally layer by layer through mixing, paving and compaction. To achieve a better
layering effect, the compaction thickness of a single layer is controlled between 1 and 2.75 cm, and mica
powder is used to separate the layers. Considering the in�uence of the coal seam �oor on the stability
of the supporting coal pillar and the integrity of the system of "underlying strata - mining roadway groups
- overlying strata" in the end-slope mining �eld, the model shall be laid at a depth of 100 mm below the
coal �oor, and it shall be as smooth as possible. The model sizes are 1750 mm×250 mm×930 mm and
1450 mm×1750 mm×930 mm.

Table 1 Main physical and mechanical property parameters of the rock and soil mass
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Serial
number

Lithology Layer
thickness  m

Compressive
strength  MPa

Tensile
strength
MPa

Volumetric
weight
t/m3

1 Loose layer 35 0.08 0.002 1.95

2 Fine-sandstone 8 50.7 2.8 2.35

3 Sandy mudstone 9.5 32.6 1.7 2.30

4 Coarse Sandstone 12 42.8 2.2 2.24

5 Sandy mudstone 18.5 32.6 1.7 2.30

6 Mudstone 6 18.5 1.4 2.44

7 Medium grained
sandstone

18 45.5 2.5 2.27

8 Coarse Sandstone 6 42.8 2.2 2.24

9 Fine-sandstone 8 50.7 2.8 2.35

10 Sandy mudstone 6 32.6 1.7 2.30

11 Mudstone 5 18.5 1.4 2.44

12 No. 6 coal seam 15 10.6 0.8 1.40

13 Sandy mudstone 7 32.6 1.7 2.30

14 Mudstone 1.7 18.5 1.4 2.44

15 No. 9 coal seam 10 10.6 0.8 1.40

16 Sand-mudstone
interbedded

20 45.5 2.6 2.42

 

Table 2 Similarity ratio of model to prototype

Similarity parameter Geometry size Volumetric weight Strength

Ratio of similitude 1 200 1:1.6 1:320

 

Table 3 Material proportioning table of the model stratum
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Layer
No.

Lithology Layer
thickness  cm

Ratio  Sand
Lime Gypsum

Ratio of
aggregate to
binder

Ratio of lime
to gypsum

16 Loose layer 17.5 12:7:3 12:1 7:3

15 Fine-sandstone 4.0 8:5:5 8:1 1:1

14 Sandy mudstone 4.8 9:7:3 9:1 7:3

13 Coarse
Sandstone

6.0 8:7:3 8:1 7:3

12 Sandy mudstone 9.3 9:7:3 9:1 7:3

11 Mudstone 3.0 10:8:2 10:1 8:2

10 Medium grained
sandstone

9.0 8:7:3 8:1 7:3

9 Coarse
Sandstone

3.0 8:7:3 8:1 7:3

8 Fine-sandstone 4.0 8:5:5 8:1 1:1

7 Sandy mudstone 3.0 9:7:3 9:1 7:3

6 Mudstone 2.5 10:8:2 10:1 8:2

5 No. 6 coal seam 7.5 9:8:2 9:1 8:2

4 Sandy mudstone 3.5 9:7:3 9:1 7:3

3 Mudstone 0.9 10:8:2 10:1 8:2

2 No. 9 coal seam 5.0 9:8:2 9:1 8:2

1 Sand-mudstone
interbedded

10.0 8:5:5 8:1 1:1

2.3. Model excavation and data acquisition

2.3.1. Model excavation sequence and mining parameters

After the model material reaches the predetermined strength, the end slope is formed by open-pit
mining, and the overall slope angle is 35°. Displacement monitoring targets are then laid on the surfaces
of the 2D and 3D models. The 2D model displacement monitoring grid is laid at 150 mm×80 mm, and the
3D model targets are laid on the surface of each platform and slope body (Figure 5). Coal seam No. 9
recovery is then simulated. A total of 9 mining roadways are laid out in the 3D model, and homemade
construction devices are utilized for mining roadway construction from right to left, with sizes of 50
mm×50 mm×1200 mm. The end of the roadway is located at the orthographic projection position of the
top line of the slope at coal seam No. 9, and the width of the supporting coal pillar is 30 mm. To reduce
the boundary effect, a 380 mm boundary coal pillar is installed on the left and right sides of the model.
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The   roadways are numbered from 1 to 9, and the numbers of supporting coal pillars are numbered from
 to .. The numbers of mining roadways and coal pillars are shown in Figure 6. According to the effective

zone theory, after the 2D model is excavated to form a slope, �rst, the front and back sides of the coal
seam are mined out, and only one central coal pillar is retained, with an initial width of 50 mm. The width
of the coal pillar is gradually reduced by a gradient of 5 mm from both sides from outside to inside until
the coal pillar reaches the bearing limit and compression failure occurs. The excavation design of the 2D
model is shown in Figure 7. The marked units in Figure 5 to Figure 10 are mm.

2.3.2. Data collection methods and implementation steps

A panoramic phase, 3D laser scanner, high-resolution digital camera and deep space micro imaging
system are employed to monitor the whole process of slope deformation and failure.

1) The panoramic phase, 3D laser scanner is used to carry out real scene scanning on the model surface
at different stages to obtain mass point cloud data of the object surface with high precision. The
measurement accuracy is 0.001 mm. Combined with the supporting point cloud processing software, the
movement and deformation characteristics of the slope surface are obtained by comparing the two
measured data before and after mining construction. In the whole process of the experiment, three
panoramic scanning measurements are carried out on the surface of the 3D model slope. The scanning
time is before mining roadway construction, after every 2 mining roadways are completed and the
deformation is stable, and after all mining roadways are completed and the deformation is stable.

2) Based on multiangle tilt photogrammetry technology, high-resolution digital cameras are utilized to
collect high-resolution images of two-dimensional models from different angles. A high-resolution
orthophoto image of the model surface is then obtained through feature matching and extraction,
encryption calculation and other steps. The movement and deformation characteristics of the overlying
rock mass are obtained by comparing the points with the same name in different states. The frequency
of high-resolution image acquisition is mainly determined by combining with the failure process of the
upper rock mass of the supporting coal pillar.

3) A deep space micro imaging system is selected to track and monitor the failure and instability process
of supporting coal pillars between two mining roadways, to obtain the initial position of collapse failure
and its interlocking failure characteristics of supporting coal pillars about mining roadways, and to
master the space-time corresponding relationship between the development process of coal pillars and
the movement and deformation of slope surface. When each roadway reaches the predetermined depth,
the micro camera is installed immediately. When each mining roadway reaches the predetermined depth,
the micro camera is installed immediately. The equipment has the characteristics of its own light source,
160° wide angle, wireless transmission, etc., and continuous observation of surrounding rock
deformation, and failure within 40 cm can be realized. With the continuous construction of the mining
roadway, the installation and debugging of 9 pieces of equipment has been completed successively,
numbered from A to I. The camera angles of A, C, E, G and I are towards the tunnel entrance, while the
camera angles of B, D, F and H are towards the tunnel. During the experiment, the back and forth
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movement along the axial direction of the roadway can be realized through the support rail. All image
data can be displayed at the same terminal. Through online observation and graph comparison, the initial
position and time of collapse failure of each supporting coal pillar can be obtained and recorded, and the
failure range of the coal pillar group along the slope strike and inclination can be delineated accurately.
The initial placement of the micro camera is shown in Figure 8.

Coal Pillar Yield Failure And Slope Rock Mass Movement And
Deformation Law Of The End-slope Mining Field
3.1. Yield failure characteristics of supporting coal pillars in roadway groups

The yield failure tracking results of the supporting coal pillars in the 3D model experiment show that
during the construction of the No. 1 to No. 3 mining roadways, no obvious compression deformation
occurred in any coal pillar. In the construction process of the No. 4 roadway, the No.   and No.   coal
pillars begin to be successively deformed at depths of 203 m and 198 m. With the subsequent
construction of the roadway, the number of coal pillars with compression deformation gradually
increases, and their magnitude expands signi�cantly. When the construction of the No. 7 roadway is
�nished, the yield deformation of the No.   coal pillar is signi�cantly aggravated, and large pieces appear
on both sides of the roadway (Figure 9 (c) and 9 (d)). At the end of roadway construction no. 8, coal pillar
 is the �rst to collapse at a depth of 196 m (Figure 9 (e) and Figure 9 (f)), and the No.  and  coal pillars

on both sides of the roadway are immediately damaged by a chain reaction. In the construction process
of the No. 9 roadway, the collapse range of the coal pillar group is further expanded around the location
of the No.  coal pillar, and the deformation of the overlying rock mass gradually develops to the surface.
Along the slope direction, the coal pillar collapse spread to the no.  and No.  coal pillars. Along the slope
tendency, the failure range of each coal pillar is enlarged, but the distance between the failure boundary
of the deep region and the end of the roadway is similar, and the value is in the range of 25~30 m.
Among all the coal pillars, the collapse range of the No.  coal pillar in the middle is the largest,
approximately 59.3 m. The boundary of the �nal collapse plane range of the roadway group is
approximately a closed curve formed by two paraboloids, which are axisymmetric with the No.  coal
pillar and open opposite; the parabola opening in the shallow part of the slope area is small; and the
parabola opening in the deep part of the slope area is large. During this experiment, the earliest collapse
failure occurred in coal pillar No. , which is located in the geometric centre along the slope strike. This
coal pillar fails, which causes chain failure of other coal pillars on both sides. Therefore, the triggering
condition of slope deformation and failure is under the combined action of dynamic and static loads. The
actual stress of the supporting coal pillar in the deep part of the geometric centre along the slope of the
mining roadway group is greater than the ultimate stress, and then large discontinuous deformation of
multiple adjacent coal pillars around the central coal pillar is caused by compressive shear failure. The
�nal collapse range of the supporting coal pillars is shown in Figure 10.

The deformation and failure characteristics of the supporting coal pillar and overlying rock in the 2D
model experiment show that when the width of the coal pillar is gradually reduced to a 6 m by 1 m
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gradient from the front and back sides of the model, the coal pillar collapses suddenly in the middle and
deep regions as it has reached the ultimate strength under load, and the length of the failure range rapidly
expands to 65 m along the slope tendency. However, no damage occurred from the deep area to the end
of the mining roadway, which comprises a length of approximately 23 m. The overlying rock mass sinks
immediately after pillar collapse, and the cracks and deformation rapidly spread to the surface. It can be
seen from the comparative analysis that the yield failure characteristics of the supported coal pillar
observed in the 2D and 3D model experiments are similar, that coal pillar collapse occurs in the middle
and deep parts of the slope tendency, and that there is no damage at the end of a certain length range
(Figure 11). The results of the numerical analysis show that the vertical stress of the supporting coal
pillar shows obvious regularity with different depths. From the outside of the roadway, the maximum
vertical stress of the coal pillar increases linearly with an increase in tunnel depth, and the peak value
reaches approximately 4.7 MPa at a depth of roadway of 195 m. As the depth continues to increase, the
stress value decreases sharply. When it goes beyond the end of the roadway to a certain distance, it
gradually decreases to the original rock stress. The coal pillar failure area is located at depths in the
range of 150~215 m of mining roadway. The numerical analysis shows that the length of the
undamaged area at the end of the coal pillar is approximately 25 m, 2.5 times the width of the mining
roadway, which is consistent with the model experimental results[32]. A curve showing the changes in the
vertical stress of the coal pillar with the depth of the roadway is shown in Figure 12.

3.2. Temporal and spatial correspondence between coal pillar failure and slope surface deformation

The deformation of the slope surface is caused by the failure of the coal pillar in the end-slope mining
�eld, and there is an obvious space-time correspondence between them. In time, after the chain failure of
the supporting coal pillar, the upper rock mass collapses, and the deformation gradually develops to the
surface. A vertical deformation concentration area with the shape of approximately an "ellipse" is formed
in the geometric centre along the strike of the slope, and the long axis extends along the slope. The
hinged structure formed as the rock sinks creates a horizontal thrust on the lower slope rock mass,
resulting in horizontal deformation towards the open surface, while the upper slope body deforms along
the slope due to the loss of lateral support, and the deformation process is relatively slow. The surface
deformation cloud atlas of the slope surface and the typical monitoring point deformation curve obtained
by physical simulation are shown in Figures 13 and 14, respectively. As shown in the graph, in the middle
region, the slope surface is dominated by vertical deformation with a magnitude of approximately 0.38 m,
while in the lower region, the slope surface is dominated by horizontal deformation with a magnitude of
approximately 0.20 m. However, the horizontal deformation and vertical deformation on the upper slope
surface are both signi�cant with magnitudes of approximately 0.36 m and 0.32 m, respectively.

The spatial correspondence between the failure zones of coal pillars and the surface deformation zones
of the slope is shown in Figure 15. In space, compared with the collapse area of the supporting coal pillar,
the vertical subsidence basin in the middle of the slope deviates towards the free face. Under this
experimental condition, the centre of the subsidence basin is located at the surface of the shallow
boundary of the coal pillar failure area. The main reason is that due to the coupling effect of the stress
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�eld of the "slope" and "mining roadway group", the stress is released in advance in the relatively thin area
of the overlying rock mass during the process of rock mass deformation and failure extending to the
surface. The deformation and failure characteristics of the slope rock mass obtained by numerical
analysis are shown in Figure 14. The black arrow in the �gure is the rock mass deformation vector. We
intuitively determine the movement and deformation of the rock and soil mass of the slope. The in�uence
range of end slope coal mining on the slope reaches approximately 100 m beyond the top line of the
slope. The subsidence deformation of the rock mass shows obvious deviation towards the free face of
the slope during the process of upwards expansion. The results of physical simulation and numerical
analysis show agreement with the �eld monitoring data. The spatiotemporal correspondence between the
failure of coal pillars and the surface deformation of the slope provides a theoretical basis for the
monitoring and stability control of slope deformation.

3.3. Deformation and failure zones of the overlying rock mass and slope surface

The yield failure characteristics of the coal pillar in the end-slope mining �eld determine the movement
and deformation characteristics of the overlying rock mass and the surface of the slope. The
comprehensive analysis shows that under the condition of near-horizontal strata, the deformation and
failure of the slope rock mass show obvious zoning characteristics under the in�uence of roadway
construction. The overlying rock mass of the slope can be divided into three zones, A, B and C, by the
fracture boundary of the moving basin and the boundary of the separation range (Figure 17).

(1) Zone A: located outside the fracture boundary of the moving basin at the bottom of the slope, the rock
mass in this area is subjected to the horizontal thrust caused by key block rotary instability and sliding
instability of zone B. It is easy to move horizontally towards the open surface of the slope, and the rock
mass of the slope mainly undergoes horizontal deformation.

(2) Zone B: located directly above the failure zone of the supporting coal pillar, between the fracture
boundary of the moving basin on the lateral side of the slope and the boundary of the separation range
inside the slope. This area is formed gradually due to the collapse of the supporting coal pillar and the
expansion of rock mass settlement to the surface, and the rock mass of the slope mainly undergoes
vertical deformation.

(3) Zone C: located between the fracture boundary of the moving basin and the boundary of the
separation range inside the slope. Due to the loss of the lateral support of the rock mass in zone B,
deformation occurs along the slope. Therefore, both the horizontal movement and vertical movement
characteristics of the rock and soil mass are obvious. This area is the key area for slope deformation and
instability in the end-slope mining �eld. When the slope body is composed of rock steps and the rock
surface is nearly horizontal or inclined to the slope surface, the rock and soil mass may slip along the
interface of the weak rock stratum. When the upper part of the slope consists of a loose layer or other
loose materials, circular sliding instability in the loose materials may occur in the rock and soil mass.
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Conclusion
(1) A 2D and 3D integrated simulation experiment device is developed for end slope coal mining; a typical
engineering geological model of end-slope mining �eld is established; the whole process simulation of
"formation of mining roadway group - failure of supporting coal pillar - instability of slope rock mass" is
realized; the yield failure characteristics of supporting coal pillars and the movement and deformation
law of slope rock mass in an end-slope mining �eld under near-horizontal conditions are proven.

(2) The triggering condition of slope deformation and failure is under the combined action of dynamic
and static loads. The actual stress of the supporting coal pillar in the deep part of the geometric centre
along the slope of the mining roadway group is greater than the ultimate stress, and then large
discontinuous deformation of multiple adjacent coal pillars around the central coal pillar is caused by
compressive shear failure. The boundary of the �nal collapse plane range of the roadway group is
approximately a closed curve formed by two paraboloids, which are axisymmetric with the central coal
pillar and open opposite. The parabola opening in the shallow part of the slope area is small, and the
parabola opening in the deep part of the slope area is large. However, the supporting coal pillar will not
collapse in a certain length range at the end of the roadway, which is approximately 2.5~3 times the
roadway width.

(3) Under the condition of near-horizontal rock strata, there is an obvious spatiotemporal correspondence
between the failure of the coal pillar and the deformation of the slope surface, and the failure of the slope
rock mass shows obvious zoning characteristics. The slope under the end slope coal mining condition
can be divided into three zones according to the moving characteristics of the rock mass: the upper part
of the slope is the key area of deformation and instability, and the potential failure mode of the slope is
bedding slide or circular slide. The results of the physical simulation and numerical analysis show
agreement with the �eld monitoring data, which provides a theoretical basis for the deformation
monitoring and stability control of slopes under end slope coal mining conditions.
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Figure 1

Diagram of the working face layout of end slope coal extraction in an open-pit mine

Figure 2

Typical engineering geological model of the end slope
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Figure 3

Diagram of the 2D/3D integrated simulation experimental platform of coal extraction in the end slope

Figure 4

Diagram of roadway construction device
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Figure 5

Diagram of monitoring point layout in the model section

Figure 6

Numbered diagram of roadway and coal pillar
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Figure 7

Excavation diagram of 2D model
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Figure 8

Diagram of the initial placement of the miniature camera
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Figure 9

Yield failure characteristics in the typical position of the coal pillar about the roadway group
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Figure 10

Diagram of the yield failure position of the supporting coal pillar
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Figure 11

Yield failure characteristics of the coal pillar about the mining slope

Figure 12

Vertical stress curve of the supporting coal pillar varies with mining depth
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Figure 13

Cloud image of slope surface deformation (unit: cm)

Figure 14

Deformation curve of typical displacement monitoring points on the slope surface
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Figure 15

Diagram of the spatial correspondence between the coal pillar failure zone and the slope surface 
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Figure 16

Deformation and failure characteristics of the rock and soil mass of the mining slope

Figure 17

Deformation and failure zones of overlying rock in the end slope under the coal extraction condition


