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Abstract: Roadway excavation technology in underground coal mines has an important impact
on mining efficiency and production safety. High-efficiency and rapid excavation of underground
roadways in coal mines are important means to improve the production efficiency of coal mines. To
tackle the problems of instability of roadway and support difficulties, the tail entry of panel 3105 in
Mataihao Mine was used as the case study. The methods of underground investigation, theoretical
analysis, and FLAC3D numerical simulation were used to analyze the stability of the surrounding
rock under different yield pillar widths. Through the stress field, displacement field, and plastic zone
of roadway surrounding rock, the stability of the rock surrounding the roadway under different yield
pillar widths (4 m, 6 m, and 8 m) was analyzed. The results show that, with the increase in the yield
pillar width, the plastic zone failure and displacement of the roadway surrounding rock are mainly
manifested in the narrow pillar rib, seam rib, roof, and floor. The plastic zone distribution changes
slightly; the roadway displacement exhibits basic symmetry. The vertical stress and the displacement
of the two sides increase with the increase in the yield pillar width, and the roof displacement and
the ratio of tensile failure of the surrounding rock decrease with the increase in the yield pillar width.
According to the dynamic evolution law of the rock surrounding the roadway along the goaf side,
the effect of the yield pillar size is revealed, and a reasonable yield pillar width is determined. When
the yield pillar width is 6 m, the plastic zone failure of the surrounding rock and the displacement of
the two sides of the roof are the most balanced among the three schemes. This provides a reference
for the selection of the narrow yield pillar size in coal mines under the same geological conditions.

Keywords: goaf-side entry; numerical simulation; stability of surrounding rock; pillar size optimization

1. Introduction

Coal mining in western China has become the main production source of China in
recent years thanks to the features of rich resource, shallow depth, and simple geology [1,2].
In the early coal exploration of western China, wide coal pillars (20–40 m in width) were
commonly employed. However, in addition to the issue of recovery rate, the remaining
wide pillars carry large amounts of overburden and stress, which lead to serious ground
stability problems when mining the coal seams below the pillars [3]. Optimizing the
pillar width will significantly improve the roadway stability by avoiding the unloading of
concentrated pillar stress [4]. Therefore, studies on the goaf-side entry technique and other
panel and pillar design with narrow pillar have attracted lots of attention by researchers and
coal mining industries [5,6]. In this study, Mataihao Mine, a typical coal mine in western
China, was taken as a case study to the investigate the optimization of the coal pillar size
in the goaf-side roadway. Maleki [7,8] proposed that, in coal seams prone to collision and
impact, the design of yielding coal pillars should consider the initial ground stress and
mining stress, the size of the working face, and the characteristics of the rock above the coal
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seam. Xue et al. [9], through theoretical analysis, deduced an analytical expression for yield
pillars width in goaf-side entry, and determined that the reasonable width of yield pillars is
4.8~6.9 m; Chen [10] analyzed the characteristics of impact appearance roadways along the
goaf-side in the continuous panel of the mining area in the deep mining area of Shaanxi
and Mongolia, and proposed the surrounding rock reinforcement method and the roadway
driving method along the goaf; Zhang et al. [11], in view of the asymmetric displacement
and failure characteristics of the roadway during the driving process, proposed the high-
strength anchor beam net, asymmetric anchor beam truss structure, and prestressed anchor
cable truss asymmetric support control plan, and successfully applied them to actual
engineering; Wang et al. [12] proposed a new method for determining lateral support
pressure. Through field monitoring and numerical simulation, the reasonable employing
width of the section yield pillar was determined, and the conclusion was made that the
yield pillar width should not be less than 4 m; Hou et al. [13] studied the evolution and
distribution of the stress field, strain field, and plastic zone of yield pillars, which provided
a theoretical basis for roadway support.

After scientific research and practice, the large-width yield pillars along the goaf have
been changed to small-width yield pillars along the goaf. At present, many mines in the
northwest region have implemented small-width yield pillars along the goaf. Basically,
they weaken and eliminate the impact of rock pressure [14,15]. Once the test of goaf-side
entry with yield pillars in Mataihao Mine is successful, this will greatly improve the safety,
efficiency, and mining speed of the coal mine.

Although the surrounding rock stress is low and the supporting strength required
for driving along the goaf-side completely is low, in engineering, harmful gases, water,
falling gangue, and so on in the goaf area of the adjacent section can easily enter the
roadway, which has a serious impact. The roadway is normally excavated, ventilated,
and maintained. Therefore, the coal mines in our country generally adopt the roadway
protection method of employing yield pillars and goaf-side entry [16,17].

Based on the engineering conditions of the large mining height working face, the
three-dimensional numerical model of different yield pillar widths is established, and the
stress state and mechanical characteristics of the surrounding rock of the large mining
height goaf-side entry are studied through the dynamic simulation of the goaf-side entry
and the impact of mining. The dynamic evolution law of surrounding rock displacement
and stability during the period of driving and mining is studied, and the yield pillar size
effect and influence mechanism are analyzed [18]. Based on numerical simulation analysis
and field tests, the yield pillar width is optimized. In order to increase the recovery rate of
coal resources, improve the control of the surrounding rock of the roadway, and reduce
the cost of support, it is necessary to start from the actual situation on the site, that is,
in-depth study of the evolution law of the mining stress field in the large mining height
face, according to the dynamic evolution law of the surrounding rock of the goaf-side entry.
The effect of yield pillar size and determining the reasonable yield pillar size was revealed.

2. Case Study
2.1. Geological and Geotechnical Overview of the Mataihao Mine

The 3-1 coal seam is being mined in Mataihao Mine. The buried depth of the coal
seam is about 420 m, and the coal seam geological conditions are relatively simple. The
working face adopts the full-height mining technology of large-cutting height and fully
mechanized mining at the same time. The thickness of the top coal is 1 m, and that of the
bottom coal is 1 m.

The panel of Mataihao Mine that has been mined is currently using wide yield pillars
along the goaf side. The yield pillar size of the panel is 20 m along the goaf and the two
lanes are driven together. Because the tail entry is affected by the two panels’ advanced
dynamic pressures, the support of the tail entry is difficult, which seriously affects safety
and production. Starting from panel 3108, Mataihao Mine has increased the yield pillar
size to 35 m. However, increasing the yield pillar size has caused considerable loss of



Processes 2022, 10, 251 3 of 21

resources, and if there is potential shock pressure, the 35 m yield pillar will remain the
same. It is difficult to control the dynamic pressure load, and the dynamic pressure shock
phenomenon may occur in severe cases. For these reasons, Mataihao Mine chose to use
yield pillars to the goaf-side entry between the head entry of panel 3103 and the tail entry of
panel 3105. To determine the yield pillar size, theoretical analysis and numerical simulation
are carried out.

2.2. Theoretical Demonstration and Analysis of Yield Pillar Width in Goaf-Side Entry

A reasonable yield pillar width means that the yield pillar cannot be too large, within
the peak of the mine stress in the direction of the coal seam, and not too small, because
the yield pillar is broken and cannot be anchored with bolts [19]. If the yield pillar is too
large, it is not safe and economical; if the yield pillar is too small, owing to the plastic
fracture zone on both sides of the yield pillar, the stability and bearing capacity are low.
The anchor bolt anchoring in the plastic fracture zone cannot play a role in controlling the
surrounding rock. Therefore, the yield pillar size has a reasonable interval that meets the
above requirements in the range of 0–20 m. The reasonable width of yield pillars can be
obtained by theoretical calculation methods. According to the theory of elastoplastic, the
yield pillar width is analyzed theoretically, and the theoretical calculation method of the
yield pillar is determined [20–24].

Calculation formula for the reasonable yield pillar width:

X < x0 − x (1)

where X is a reasonable yield pillar width, x0 is the width of the stress limit equilibrium
zone, and x is the width of the roadway.

Calculation formula for the width of the stress limit equilibrium zone:

x0 =
hA

2 tan ϕ0
ln

 kγH + C0
tan ϕ0

C0
tan ϕ0 +

Px
A

 (2)

A =
µ

1 − µ
(3)

where h is the height of the working surface, µ is the Poisson’s ratio, A is the lateral pressure
coefficient, ϕ is the coal internal friction angle, k is the stress concentration coefficient, γ is
the rock bulk density, H is the buried depth of the roadway, C0 is the cohesion, and Px is
the strength of roadway support.

According to the value of each parameter, the theoretical value of reasonable yield
pillar width is obtained: x0 = 14.5 m. Therefore, the reasonable yield pillar width is less
than 8.5 m.

According to the engineering geological background of the Mataihao Coal Mine,
theoretical calculations are carried out, and the reasonable theoretical value of yield pillar
width is less than 8.5 m. To reasonably optimize the width of the yield pillar of the roadway,
in the following chapters, the three-dimensional finite-difference software FLAC3D will be
used to carry out the numerical simulation analysis of the case study.

3. Numerical Analysis of Ground Stability of Goaf-Side Entry
3.1. Establishment of Numerical Simulation Model for Goaf-Side Entry
3.1.1. Three-Dimensional Numerical Model

Goaf-side entry involves arranging and excavating the roadway in the relatively low
stress area in the residual bearing pressure area on the side of the goaf after the overlying
rock migration adjacent to the goaf is basically stable.

The main coal seam of panel 3103 and panel 3105 in Mataihao Mine is 3-1 seam, and the
three-dimensional numerical models of 4 m, 6 m, and 8 m yield pillar widths are established
based on the model boundary of the inclined midline of panel 3103 and panel 3105 [25–27].
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The numerical model diagram is shown in Figure 1. When studying the mechanical
properties of rock masses in the collapse zone through numerical simulation, scholars all
over the world generally recognize the double-yield model [28]. The mechanical properties
of goaf are shown in Table 1. The type of analysis is elastoplastic. As the surrounding rock
in this mine does not present notable strain-softening behavior, the Mohr–Coulomb model
is employed to improve the simulation efficiency [29–31]. The model is 300 m long along
the strike of the panel, of which the strike length of the work face is 220 m, with a boundary
of 40 m at the front and rear; the length of the panel is 210, 212, and 214 m; and the height is
120 m. The in situ stress regime was first created in the model using the initial stress feature
with gravity loading and a horizontal-to-vertical stress ratio of 1.5. The experimental results
from previous rock mechanical testing [32] illustrated a linear yield or failure envelop, well
described by the Mohr–Coulomb criterion. The rock mass properties, as listed in Table 1,
are estimated from the intact rock properties using the generalized Hoek–Brown failure
criterion [33].
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Figure 1. FLAC3D model diagram.

Table 1. Rock mechanical properties of modeled materials.

Strata Lithology K (GPa) G (GPa) ρ (kg/m3) ϕ (◦) C (MPa) σt (MPa)

Roof

Sandy mudstone 14.7 2.14 2350 31 2.4 1.7
Medium sandstone 20.8 1.26 2580 30 2.8 1.2
Sandy mudstone 13.1 2.46 2420 31 3.0 2.0

Siltstone 6.7 4.96 2720 36 3.89 2.93
Sandy mudstone 7.4 1.08 2380 32 2.0 1.12

Coal seam Coal 3.16 2.46 1600 31 3.0 1.08

Floor

Sandy mudstone 6.2 1.8 2300 30 2.1 1.28
sandstone 12.2 2.4 2500 28 2.5 2.1

Sandy mudstone 7.8 1.4 2350 31 2.1 0.8
Siltstone 9.6 7.13 2720 37 4.13 2.85

Goaf Goaf 19.9 1 1700 30 0.001 0

K is bulk modulus, G is shear modulus, ρ is density, ϕ is friction angle, C is cohesion, and σ t is tensile strength.

The entry is driven along the goaf-side of 3103 with a 6 m wide yield pillar, as
illustrated in Figure 2. The numerical simulation plan is shown in Figure 3. A typical
geological column based on core logging was carried out in an adjacent panel 11,050, as
shown in Figure 4. First, panel 3103 is mined. Because, after the completion of panel
3103, its head entry is destroyed, and tail entry 3105 of the research object needs to be
re-excavated, the head entry 3103 part of the model is directly replaced by the double-
yield model of panel 3103. After the mining of panel 3103 is completed, tail entry 3105 is
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excavated, and bolt and anchor cable support is carried out. After the roadway is excavated
and supported, panel 3105 is mined.
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3.1.2. Sensitivity Analyses

• Base boundary

To verify the boundary sensitivity, the same model as in Figure 2 was established and
the displacement (The displacement direction of the roof in the text is vertical downward,
and the displacement direction of the two ribs is the horizontal direction.) at 120 m of the
roadway excavation was monitored. Figures 5 and 6 illustrate that the distance between the
yield pillar is 20 m, 40 m, 60 m, and 80 m, the roadway displacement and stress distribution
are different. The stress values in the roof, floor, and two ribs of one roadway section are
marked in Figure 6. As can be seen, when the boundary increases from 20 m to 40 m, the
stress distribution in surrounding rocks changed; however, the change becomes negligible
with the continuous increase in boundary size. Therefore, to reduce the calculation volume
and the influence of the boundary effect on the model, the model with the boundary of
40 m is chosen.
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• Mesh dependency

The mesh density of the numerical model, especially for rock mass near roadway,
might also be sensitive to the simulation results. Figure 7 illustrates the simulation results
of roadway displacement at the last mining step with respect to different mesh density
in its surrounding rock, and the number of zones in the roadway surrounding the area
of model 1, 2, and 3 is 18,000, 36,000, and 54,000, respectively. As can be seen, the mesh
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sensitivity of displacement varies for roof and rib. Owing to the weaker properties, the
ribs tend to fail more in tension, which leads to the effect of tension weakening being more
significant than roof. As a result, displacements of rib are more sensitive to mesh density.
As there is no notable difference between model 2, which is employed to carry out the
simulations in the present study, and model 3, which has a denser mesh, its mesh density
and simulation results are validated. This mesh dependency study indicates that the mesh
density of the numerical model, especially for the areas where notable tensile failure will
take place, should be calibrated.
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3.1.3. Simulation Scheme and Roadway Support

After panel 3103 is mined, the rock mass compaction, overlying rock migration, and
stress adjustment in the caving zone form the surrounding rock conditions and stress
environment before goaf-side entry. After the yield pillars with widths of 4 m, 6 m, and 8 m
are employed, respectively, the tail entry of panel 3105 was excavated, and the roadway
excavation width × height was 6 m × 4 m. The roadway support follows the excavation,
and the roadway support design is shown in Figure 8.
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The roadway support is simulated using structural elements in FLAC3D, and the sup-
port design used in the simulation is the same as the on-site application support scheme [34].
For the convenience of presentation, Figure 9 shows the support of a 2 m section of the
tail entry of panel 3105. All rebar bolts and cable bolts are partially grouted with resin
cartridges; the parameters are listed in Table 2. To comprehensively evaluate the surround-
ing rock and stress environment for goaf-side entry and optimize the reasonable layout
of the goaf-side entry, the study is carried out from three aspects: the stress distribution
of the surrounding rock, the distribution of the plastic failure zone, and the displacement
and evolution characteristics of the surrounding rock during the roadway driving. The
influence of yield pillar width on the behavior of underground pressure and the stability of
surrounding rock during goaf-side entry is summarized.
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Table 2. Parameters of the rebar and each cable bolt.

Type of Bolt Bolt Length
(mm)

Grout Length
(mm)

Diameter
(mm)

Tensile Strength
(KN)

Rebar bolt 2800 1400 22 335
Roof cable bolt 6300 3000 21.8 510
Rib cable bolt 4300 2000 21.8 510

3.2. Stress State and Mechanical Characteristics of Rock Surrounding the Roadway Goaf-Side
Entry with Different Yield Pillar Widths
3.2.1. Boundary Stress Distribution Coal Seam Goaf before Goaf-Side Entry

The goaf-side entry is arranged in the area where the supporting pressure of the coal
body is relatively low under the large lateral structure of the goaf. The disturbance to the
overlying rock layer during the roadway excavation generally does not affect the stability
of the large structure.

After the completion of mining panel 3103, the stress is re-adjusted and distributed
in the adjacent surrounding rock to form the mining stress field in the upper section,
which forms the surrounding rock and stress environment during the excavating of panel
3105 head goaf-side entry. Figure 10 shows the vertical stress distribution in the yield
pillar in the monitoring section and the driving position of the tail entry of panel 3105
with different yield pillars. By observing the stress state of the surrounding rock before
excavating with yield pillars of different widths, the larger the yield pillars’ width in isolated
goaf, the higher the vertical stress of surrounding rock with goaf-side entry. Because the
stress reduction area in the yield pillar causes the coal and rock mass to yield and fail
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owing to the impact of mining, it is formed by loosening and decompression. Therefore,
the smaller the yield pillar width, the worse the conditions of the surrounding rock during
roadway driving. In the process of redistribution, it is sensitive to stress changes, volatile
failure, poor bearing capacity, and other mechanical characteristics. Owing to the large span
of the roadway (6 m), the mechanical properties and stress state of surrounding rock on
both sides of roadway roof and floor as well as the two sides of coal rock mass are different.
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Figure 10. Vertical stress distribution in the yield pillar; the position of roadway is shown in dotted
lines for different yield pillar widths.

3.2.2. Stress State of Surrounding Rock of Roadway Driving along Goaf under Different
Yield Pillar Widths

Figure 11 shows the vertical stress distribution in the surrounding rock after goaf-side
entry with different yield pillar widths. When the yield pillar width is 4 m, the maximum
vertical stress in the yield pillar is only 14.5 MPa. When the pillar width is 6 m, the
maximum stress in the pillar is 16.9 MPa. When the pillar width is 8 m, the maximum stress
in the pillar is 18.8 MPa. With the increase in pillar width, the vertical stress in the pillar
increases. When the yield pillar width is 8 m, the maximum vertical stress in the yield pillar
is more than twice of the original rock stress, and there is obvious stress concentration.
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After the surrounding rock stress is redistributed, the concentrated stress shifts to the
depth of the coal seam. The yield pillar width has almost no effect on the width of the stress
limit equilibrium zone, but has a significant effect on the peak value of the vertical stress.
When the yield pillar width is 4 m, the peak value of vertical stress in a deep coal seam is
21.1 MPa, which is 2.41 times the original rock stress. When the yield pillar width is 6 m, the
peak value of vertical stress in a deep coal seam is 20.9 MPa, which is 2.38 times that of the
original rock stress. When the yield pillar width is 8 m, the peak value of vertical stress in a
deep coal seam increases to 20.5 MPa, which is 2.34 times that of the original rock stress. When
the yield pillar width is 6 m, the vertical stress distribution of the yield pillar side and coal
seam side is more uniform. When the pillar width is 4 m, the vertical stress is concentrated on
the side of the coal seam. When the pillar width is 8 m, the vertical stress is concentrated on
the pillar side. The internal stress distribution in the shallow surrounding rock (less than 2 m
away from the surrounding rock surface) is almost not affected by the size of the yield pillar.

3.2.3. Development Characteristics of Tensile Failure of Surrounding Rock of Goaf-Side Entry

After roadway excavation, the original triaxial stress state is broken. Because the
tensile strength of coal rock is far lower than the compressive strength, and the joints
and fissures and other weak structural planes have almost no tensile strength, the surface
and shallow surrounding rock of roadway are prone to tensile fracture and convergent
displacement in roadway space. Therefore, the extension range of the shallow tensile failure
zone in the plastic zone of roadway surrounding rock can be used as an effective index
to measure the stability of roadway surrounding rock and analyze the failure mechanism
of surrounding rock. At the same time, the plastic failure zone caused by the influence
of mining in the upper section before roadway excavation can be distinguished from the
plastic failure zone caused by the influence of goaf-side excavation.

Through the FLAC3D built-in FISH language programming, the tensile failure elements
in the shallow surrounding rock of goaf-side excavation were identified and counted, and
the distribution of tensile failure zones along axial and vertical sections of a certain section of
goaf-side excavation with different yield pillar widths is shown in Figure 12. By comparing
the distribution of the tensile failure zone of the surrounding rock of goaf excavation with
different yield pillar widths in Figure 12 under the condition of different yield pillar widths,
the common feature of surrounding rock failure is that the tensile failure zone is more widely
distributed and extends deeper on the roof and floor of the roadway. This is because the tail
entry of panel 3105 is excavated in the coal seam, and the roof strata, two sides, and floor are
all weak coal bodies, which can easy lead to displacement and failure.
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The ratio of the number of tensile failure elements calculated by the FISH language
program to the total number of surrounding rock elements in the shallow part of the
roadway was obtained, and the tensile failure ratio of the shallow surrounding rock is
shown in Table 3.The failure characteristics of surrounding rock in different yield pillar
widths were analyzed in combination with Figure 12. When the yield pillar width is 4 m,
closest to the mines’ yield pillar, the most dramatic effect by mining of coal and rock
roadway roof and floor yield pillar side caused severe tensile fracture, because, before
the roadway, the surrounding rock mechanics properties are poor, and the depth of the
scope of tensile fracture at the side of the pillar to the roof and floor is 32.05% of the whole
roadway surrounding the rock of shallow tensile failure. When the yield pillar width is 6 m,
the mechanical properties of rock mass before excavation are improved, the tensile failure
in the roof is slightly smaller than that of the 4 m yield pillar, and the failure is relatively
symmetrical. Moreover, 29.73% of the shallow surrounding rock in the whole roadway is
subjected to tensile failure. When the yield pillar width is 8 m, the mechanical properties of
surrounding rock before excavation are good, but the stress of the surrounding rock is high.
Tensile failure occurs in 28.69% of the shallow surrounding rock in the whole roadway.

Table 3. Tensile failure ratio of surrounding rock in goaf excavation with different yield pillar widths.

Pillar Width (m) Number of Zones within
2 m from Entry Surface

Number of Tensile
Failure Zones

Ratio of Tensile
Failure (%)

4 1248 400 32.05
6 1248 371 29.73
8 1248 358 28.69

3.3. Evolution of Surrounding Rock Displacement of Goaf-Side Entry under Different Yield Pillar
Widths and the Effect of Yield Pillar Size

In order to comprehensively study the surrounding rock displacement in the whole
section of the roadway during excavating and panel mining, eight displacement monitoring
nodes are arranged in the monitoring section, as shown in Figure 13. Note that the roof
displacement is considered as the vertical displacement towards the floor, the floor dis-
placement is considered as the vertical displacement towards the roof, and the converging
displacement of the two ribs is horizontal displacement towards the other rib.
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Along the direction of roadway excavation, the right side is the yield pillar left, and
the left side is the coal seam to be recovered. Displacement measuring points are arranged
on the left side of the roof of the roadway roof, the center of the roof, and the right side of
the roof to monitor the amount of roof subsidence and displacement, which are marked
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in red as Roof 1, Roof 2, and Roof 3, respectively, arranged on the coal seam and yield
pillar; the displacement measuring points are moved closer to each other horizontally and
marked in blue; and the displacement measuring points are arranged on the left, center,
and right of the bottom of the roadway floor to monitor the displacement of the bottom
drum, marked in black as Floor 1, Floor 2, and Floor 3.

3.3.1. Evolution of Roof Displacement during Goaf-Side Entry

Under the condition of keeping yield pillars of different widths, the displacement
evolution characteristics of the roof in the monitoring section of goaf excavation during
excavation are shown in Figure 14. For convenience, the absolute value of roof subsidence
displacement is adopted in the figure. Monitoring begins after excavation of the roadway
in the monitoring section and ends after excavation of the roadway. It can be seen from
Figure 14 that the continuous displacement time of surrounding rock is long, the stability
speed of surrounding rock is slow, and the creep characteristics are obvious after the
roadway is excavated. Specifically, during the process of 20 m~60 m in the advance
monitoring section of the driving face, the roof subsidence increases by 7 mm~8 mm
under the condition of each yield pillar width. During the process of 60 m~100 m in the
advance monitoring section of the driving face, the roof displacement tends to be stable
and the subsidence amount increases by about 4 mm.Different widths of yield pillars along
the goaf-side mean that roadways are driven in different loose and broken surrounding
rock environments and different stress concentrations in stress environments. Comparing
Figure 14a–c, the influence of the yield pillar width on the roof displacement of roadway
driving along the goaf is not only reflected in the amount of subsidence, but also has a
significant influence on the shape of the roof displacement.

The monitoring positions of the roof of the roadway deformed rapidly after the
roadway was excavated, and then the displacement rate slowed down with the continuous
advancement of the driving face, but a certain displacement rate was still maintained. For
different yield pillar widths, the average roof displacement of the monitoring section at
different stages of roadway excavation (the distance between the excavation work surface
and the monitoring section) and the ratio of the total displacement during the roadway
excavation period are shown in Table 4. First, the yield pillar width has a significant impact
on the total roof displacement during the goaf-side entry. The roof subsidence is the largest
when the pillar width is 4 m, the second largest when the pillar width is 6 m, and the roof
displacement is the smallest when the pillar width is 8 m. Secondly, the ratio of existing
displacement to the total displacement at different stages during roadway excavation
(hereinafter referred to as the displacement ratio) is also affected by the yield pillar width.
When the yield pillar width is 4 m, the roof displacement speed is slow after the roadway
is excavated, and the displacement is small. The roof displacement after the excavating
work surface passes the monitoring point accounts for 73.51% of the total displacement
during the excavating period. The roof displacement ratio shows an upward trend with the
increase in the yield pillar width. When the yield pillar width is 8 m, the roof displacement
ratio at the same stage is 79.46%, and the displacement ratio difference is 5.95%. When the
driving surface is advanced to 60 m from the monitoring section, the roof displacement
and displacement ratio of the roadway under each yield pillar condition increase. It can be
seen that the excavating displacement mainly occurs from the time the section is excavated
to the lagging excavating surface of 0–60 m, that is, the excavating influence period. The
difference between the roof displacement ratio of the 4 m yield pillar and the 8 m yield
pillar is 2.95%, and the evolution trend of roof displacement remains unchanged. When
the driving surface is further advanced to 100 m from the monitoring section, the roof
displacement ratio difference of different yield pillar widths is significantly reduced, and
the roadway roof displacement ratio difference between the 4 m yield pillar and the 8 m
yield pillar is only 0.1%. At this stage, the roof displacement was 4.35 mm and 2.29 mm,
respectively, and the roof displacement ratio was 98.56% and 98.66%, respectively.
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Table 4. Evolution of average roof subsidence during roadway driving with different yield pillar widths.

Pillar Width (m)
Average Roof Sinking

during Excavating

The Average Subsidence and Displacement Ratio When the Distance of
the Lagging Excavating Working Surface Is Le

Le = 20 m Le = 60 m Le = 100 m

4 m 62.30 mm 45.80 mm
73.51%

57.05 mm
91.57%

61.40 mm
98.56%

6 m 57.95 mm 45.05 mm
77.74%

54.47 mm
93.99%

57.11 mm
98.55%

8 m 55.26 mm 43.91 mm
79.46%

52.23 mm
94.52%

54.52 mm
98.66%

The above-mentioned roadway roof displacement and displacement rate evolution
characteristics are affected by the yield pillar width and the difference is caused by the
different surrounding rock and stress environment of the road excavation position with
different yield pillar widths [35]. The smaller the yield pillar width, the worse the mechani-
cal properties of the surrounding rock under the influence of mining in the upper section
of the goaf-side entry, and the lower the stress of the surrounding rock. Therefore, the
weak and broken surrounding rock rapidly deforms after the roadway is driven, and the
displacement rate is high at the initial stage of roadway driving. After entering the stable
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stage after excavation, because the surrounding rock stress is low, the stress environment is
good, and the creep amount in the later stage is small. The greater the yield pillar width,
the better the mechanical properties of the surrounding rock during roadway excavation,
but the higher the stress concentration at the roadway location. After the roadway is
excavated, the more complete surrounding rock will gradually deform and fail during the
stress adjustment process, and the initial displacement rate of the roadway will be slightly
lower, but it is affected by a high-stress environment in the later stage, and still maintains a
high creep value [36].

Under the conditions of different yield pillar widths, the vertical roof displacement
distribution cloud diagram of the goaf-side entry monitoring section after the roadway
excavation is completed is shown in Figure 15. Through comparison, it can be seen that the
yield pillar width also has a significant effect on the roof displacement of the goaf-side entry.
Figure 16 respectively lists the displacement evolution law of three different monitoring
nodes on the roof during the roadway excavation. Under the influence of different yield
pillar widths, the relative displacement and displacement rate of each position of the roof
are significantly different, and the displacement and displacement of the roof subsidence
after the completion of the roadway are also significantly different, as shown in Figure 16.
It can be seen from Figures 14–16 that, during the goaf-side entry, the overall displacement
of the roadway roof is large when the yield pillar is 4 m, and significant asymmetric large
displacement occurs on the side of the yield pillar; when the yield pillar width is 6 m,
the roadway displacement of the roof is slightly larger than the 8 m yield pillar, but the
difference is not much.
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3.3.2. Displacement Evolution of Two Sides during Roadway Driving along the Goaf-Side

With the conditions of different yield pillar widths, the displacement evolution charac-
teristics of the two sides of the goaf-side entry during the excavating stage are shown in
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Figure 17. For ease of presentation, the absolute value of the displacement of the two sides
is used in the figure.

Like the roof displacement characteristics, both sides are rapidly deformed after
driving along the goaf-side, and then the displacement rate slows down with the continuous
advancement of the driving face, but a certain displacement rate is still maintained. The
moving of the two sides shows the creep characteristics of the sustained displacement time
is shorter than the roof sinking, and the surrounding rock has a faster stable speed. This
feature is significantly affected by the yield pillar widths. The approaching amount and
approaching displacement of the two sides of the roadway monitoring section at different
stages of driving influence are shown in Tables 5 and 6. When the yield pillar width is 8 m,
the displacement speed of the two sides of the roadway in the monitoring section is fast
and the amount of displacement is large, especially the sudden displacement of the yield
pillar. When the lagging excavating working surface is 20 m, the displacement ratio of the
two sides approaching reaches 87.71%. The displacement ratio of the two sides basically
shows a downward trend as the yield pillar width decreases. When the yield pillar width is
4 m, the displacement ratio of the two sides at the same stage is 86.45%. When the driving
surface is further advanced to 60 m from the monitoring section, the two coal bodies move
closer and converge in the roadway under the influence of the driving. The displacement
ratio of the 4 m yield pillar of the roadway and the coal seam reaches 96.97% and 98.09%,
respectively, while the displacement ratio increases with the increase of the yield pillar
width in the coal seam and there is no obvious law for the yield pillar. When the yield pillar
width is 8 m, the ratios are 96.84% and 98.75%, respectively. From the excavating work
surface to the monitoring section, it is 60 m from the monitoring section until the roadway
excavating is completed, that is, the excavating stable period.
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Table 5. Evolution of coal seam displacement during roadway driving with different yield pillar widths.

Pillar Width (m) Cumulative Displacement
of Coal Seam

Displacement and Displacement Ratio of the Coal Seam When the
Distance of the Lagging Excavating Working Surface Is Le

Le = 20 m Le = 60 m Le = 100 m

4 m 61.21 mm 55.69 mm
90.98%

60.04 mm
98.09%

60.92 mm
99.53%

6 m 67.55 mm 62.54 mm
92.58%

66.57 mm
98.55%

67.31 mm
99.64%

8 m 71.33 mm 66.71 mm
93.52%

70.44 mm
98.75%

71.14 mm
99.73%
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Table 6. Evolution of yield pillar displacement during roadway driving with different yield pillar widths.

Pillar Width (m) Cumulative Displacement
of Yield Pillar

Displacement and Displacement Ratio of the Yield Pillar When the
Distance of the Lagging Excavating Working Surface Is Le

Le = 20 m Le = 60 m Le = 100 m

4 m 57.36 mm 49.59 mm
86.45%

55.62 mm
96.97%

56.90 mm
99.20%

6 m 70.73 mm 61.83 mm
87.41%

68.47 mm
96.80%

70.15 mm
99.18%

8 m 72.41 mm 63.51 mm
87.71%

70.12 mm
96.84%

71.81 mm
99.17%

Under the conditions of different yield pillar widths, the horizontal displacement
distribution cloud diagrams of the two sides of the goaf-side entry monitoring section after
the roadway excavation is completed are shown in Figure 18. Through comparison, it can
be seen that the yield pillar widths have two effects on the goaf-side entry. The deformed
shape of the rib also has a significant impact. It can be seen from Figures 18 and 19 that,
when the yield pillar width is 6 m and 8 m, the coal body of the pillar side is significantly
affected by the mining of the upper section. The difference between the displacement of
the two sides is significantly affected by the yield pillar width. When the yield pillar width
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is 4 m, the displacement of the yield pillar ledge is less than the displacement of the coal
seam after the roadway driving is completed, the displacement of the yield pillar ledge
reaches 56.90 mm, and the displacement of the coal ledge is 60.92 mm between the two
sides The difference in displacement is 3.98 mm, and the two sides show weak asymmetric
displacement. When the yield pillar width is 6 m and 8 m, the displacement difference
between the two sides is 2.84 mm and 0.67 mm, respectively. The displacement difference
between the two sides is small, and the weak asymmetric displacement is negligible.
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3.3.3. The Influence of Different Yield Pillar Width on the Displacement of Surrounding
Rock during Roadway Driving

From the displacement and evolution of surrounding rock, the influence of yield pillar
width on the appearance of pressure in the mine during the goaf-side entry is analyzed.
Under the current geological occurrence and engineering technical conditions, when the
yield pillar width is 4 m, the roof subsidence is the largest; when the yield pillar width
is 8 m, the displacement of the two sides of the roadway is the largest among the three
schemes, and the position of the roadway before the excavation of the roadway is a vertical
stress concentration area, which is prone to impact accidents; when the yield pillar width is
6 m, the displacement of the roof, the two sides, and the floor is small. This law confirms
the theoretical correctness and design superiority of employing yield pillars to protect the
roadway when driving in completely along the goaf-side. Because the roadway is located
in the coal seam, the physical and mechanical properties of the roof rock layer are the same
as those of the two ribs and the floor coal. The approaching displacement is greatly affected
by the width of the yield pillar, and when the yield pillar width is 6 m, more coal is saved
than when the yield pillar width is 8 m. Based on the above considerations, when the yield
pillar width is 6 m, the plan is the best. Therefore, when the wide yield pillars are changed
to yield pillars in Mataihao Mine, the scheme with a yield pillar width of 6 m is preferred.

3.4. Field Monitoring and Observation

The tail entry 3105 is a test goaf-side entry with small yield pillars, with a yield pillar
width of 6 m. Before mining in panel 3105, the tail entry is only affected by the excavation,
and the displacement of the surrounding rock of the roadway is relatively small. In order to
deeply study the mechanism of displacement and failure of surrounding rock of goaf-side
entry, and to provide guidance and basis for the layout and support design of roadway
under similar conditions, the monitoring of the surrounding rock displacement of the tail
entry 3105 was carried out, and the failure mechanism and the control strategy research
provide detailed and reliable actual data. Set up monitoring points when driving to 200 m,
record data every day, and obtain on-site monitoring data, as shown in Figure 20.
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Figure 20. Yield monitoring of roof and two-side displacement data analysis.

In field practice, the amount of surrounding rock displacement is a direct indicator
of engineering research to measure the stability of the surrounding rock of the roadway
and the reliability of support [37,38]. Through the field data analysis, the detection starts
when the roadway excavation reaches the detection point. With the passage of the working
face, the roadway surrounding rock is relatively stable, the displacement is small, and
there is no obvious asymmetry in the roadway roof. The actual displacement state of the
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surrounding rock of the roadway is shown in Figure 21. The displacement of the yield pillar
is larger than that of the coal seam, but it is also basically stable. To validate the employed
numerical approach and suggested design, a field test was carried out at the head entry of
panel 3105. The field monitoring results indicate the success of the surrounding rock of
roadway control by employing a yield pillar with a 6 m width and serve to validate the
numerical approach.
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4. Discussion

Through the study of displacements, plastic failure evolution of surrounding rock, and
ground pressure behavior during the excavation of the entry along the goaf, it is shown
that after the overburden structure of the mined-out area in the upper section is stabilized,
and the goaf-side entry mainly plays a role of isolation. The yield pillar width has a greater
impact on the surrounding rock conditions and the mechanical environment where the
roadway is located.

The displacement evolution characteristics of the two sides of the goaf-side entry
under the influence of the yield pillar width are consistent with the laws and mechanisms
of the roof displacement evolution characteristics, and they are all caused by the different
surrounding rock and stress environment of the roadway location under different yield pil-
lar widths. When the yield pillar width is small, it is necessary to ensure the timeliness and
effectiveness of temporary support and one-time support during the excavation to avoid
problems such as roof collapse caused by the rapid displacement of broken surrounding
rock after the roadway is excavated. When the yield pillar width is large, it is necessary
to carry out regular and timely monitoring of surrounding rock displacement behind the
working surface of the roadway and prevent slow creep behaviour from causing support
failures and large displacements.

5. Conclusions

In this study, it is shown that adopting reasonable yield pillar is crucial for the efficiency
and safety of the goaf side roadway. A reasonable pillar width means that it cannot be
too large, otherwise it will be stiff enough to attract high stress in the direction of the coal
seam. Moreover, it cannot be too small, otherwise it will fail, and it will not be possible to
anchor broken rock. According to the theoretical calculations, with the existing geological
conditions in seam 3-1, the reasonable yield pillar width is 4 to 6 m. According to field
data measurement, when the yield pillar width is less than 8.5 m, the roadway maintains a
stable condition.

Considering comprehensively the pressure and support of the mine along the goaf
with high mining height, the isolation and ventilation safety of the goaf, the recovery rate of
coal resources in the mining area, and the social and economic benefits, a 6 m yield pillar is
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employed along the goaf-side, which is more conducive to the roadway. During excavation
and mining, the surrounding rock is stable, and the yield pillar can accommodate the depth
of anchoring support, which can reduce the amount of roadway maintenance. At the same
time, the yield pillar has a better isolation effect; it can further improve the coal mining rate
as well as the economic and social benefits.
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