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of Mining and Technology, Xuzhou, Jiangsu, China

The width of the coal pillar is a key factor in the success of the gob-
side entry driving (GED) technique. This paper, based on the 4,317 working
face at Chengzhuang Coal Mine, reveals the stability mechanism of roadway
surrounding rock during GED with coal pillars of different widths. Firstly, a main
roof failure mechanical model was established using the “internal and external
stress field” theory, and the range of the internal stress field was calculated to
be 13.6–15.2 m, with the optimal coal pillar width being 10 m. Then, a FLAC3D

numerical model was developed and calibrated. Through simulation, the stress
and plastic zone evolution characteristics of coal pillars with widths of 5 m,
10 m, 15 m, and 20 m were compared. The results show that a 5 m coal pillar
has weak bearing capacity, is prone to plastic failure, and the surrounding rock
stability is poor. A 10 m coal pillar exhibits a more uniform stress distribution,
smaller plastic zone, and maintains a certain elastic region, with good bearing
capacity and no significant stress concentration. It is the optimal design width,
offering strong economic and safety advantages. In contrast, 15 m and 20 m
coal pillars show significant stress concentration, threatening coal pillar stability
and causing resource waste. Finally, a combined control technique of “hydraulic
fracturing roof cutting + roof anchor cable + rib anchor cable” with specific
parameters was proposed and successfully applied in the 4,317 tailgate. Field
monitoring results showed that the surrounding rock deformation stabilized
after 55 days, with a maximum deformation of 151 mm, indicating good control
effectiveness.

KEYWORDS

gob-side entry driving, coal pillar, internal and external stress field, hard roof, numerical
simulation

1 Introduction

With the rapid advancement of intelligent coal mine construction in China,
the coal production model is undergoing a profound transformation (Chen et al.,
2024a; Liu et al., 2023), shifting from a traditional extensive approach to a modern,
intensive, and efficient model (Chen et al., 2025; Lu et al., 2024; Yin et al., 2024a).
In this context, the small coal pillar GED technology, as a significant method
to optimize coal resource recovery in mines, has garnered increasing attention
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and emphasis within the coal industry (Yin et al., 2024b; Zhang et al.,
2022; Jia et al., 2022; Zhang et al., 2020).

GED refers to the technique where, after the recovery of the
upper section’s working face is completed, themining roadway of the
current section advances along the edge of themined-out area of the
upper section, leaving a narrow coal pillar to support the roadway
(Liu and Han, 2021; Xie et al., 2024; Liu et al., 2022; Bertuzzi et al.,
2016; Das et al., 2019). However, this technique faces complexities in
the design of coal pillar width (Xue, 2024; Chen, 2021; Li et al., 2023;
Jaiswal and Shrivastva, 2009).When the coal pillar is too narrow, it is
highly susceptible tomining stress (Ren et al., 2025;Han et al., 2025),
leading to severe roof subsidence, increased horizontal displacement
of the coal pillar, and widespread plastic failure, ultimately resulting
in the loss of load-bearing capacity (Chang et al., 2022; Guo et al.,
2023; Shan et al., 2024). Conversely, if the coal pillar is too wide,
significant coal resource waste occurs, weakening economic benefits
(Tan et al., 2022; Wang et al., 2020; Xu et al., 2024). Therefore,
exploring the optimal width of protective coal pillars is crucial to
enhancing the effectiveness of GED technology (He et al., 2023;
Liu et al., 2021; Wang et al., 2024; Zhang et al., 2024).

In recent years, domestic and international scholars have
achieved significant research results regarding the width of coal
pillars in GED (Li et al., 2021; Han et al., 2022; Wang and Xie, 2022;
Yang et al., 2023). Qi et al. (2016) utilized theoretical calculation
methods to define the threshold range for the reasonable width
of narrow coal pillars in GED, supported by numerical simulation
analysis and field validation, to comprehensively determine the
optimal width of narrow coal pillars in longwall mining GED.
Li et al. (2012) further derived the mathematical expression for the
internal stress field’s width, clarified the reasonable layout position
for GED, and innovatively proposed a secondary support strategy
for solid coal rib, constructing a theoretical framework for the
asymmetric longwall GED surrounding rock control technology.
Wang et al. (2021) established a mechanical model, combining
orthogonal experimental design and range analysis methods, to
systematically analyze multiple factors affecting the stability of
surrounding rocks in GED, highlighting that the height and
fracture position of the main roof are key factors influencing
surrounding rock stability. Shi et al. (2020) integrated physical
model experiments and numerical simulation techniques to explore
the movement characteristics, failure mechanisms, and dynamic
laws of crack evolution in the overlying rock layers during GED
in thick coal seams. Ma et al. (2020) used a comprehensive
methodology combining numerical simulation, field monitoring
data, and theoretical analysis to define the reasonable width of
coal pillars in GED. On this basis, they proposed a dual strategy
of strengthening roof and coal rib support to effectively maintain
the stability of GED. Zhang et al. (2021) employed controlled
roof cutting techniques to manage the fracture location of the
main roof, optimizing factors such as the roof cutting angle,
depth, hole spacing, and layout, to study the mechanisms and
surrounding rock control of the 6 m high mining face with narrow
coal pillars. They found that combining roof cutting pressure relief
and complementary support techniques can ensure the stability of
surrounding rocks during both the advancing and retreating phases
of GED with narrow coal pillars. These research outcomes provide
a solid foundation for the widespread application of small coal
pillar GED.

FIGURE 1
Working face layout.

This paper focuses on the 4,317 tailgate as a case study. The
research combines theoretical analysis, numerical simulations, and
field experiments to investigate the dynamic evolution of internal
and external stress fields in GED, determining the distribution
range of the internal stress field. A comparative analysis of the
stress and plastic zone characteristics of surrounding rock under
different coal pillar widths is conducted to determine the optimal
coal pillar width.

2 Engineering background

Currently, Chengzhuang Coal Mine is exploiting the 3# coal
seam, with the 4,315 panel having been fully mined, and the
4,317 panel yet to be arranged. The layout of the working faces
is shown in Figure 1. In the past, Chengzhuang Coal Mine has
primarily utilized wide coal pillar mining, resulting in significant
resource wastage. To improve coal resource recovery rates, the mine
has decided to optimize the coal pillar width between the 4,315 and
4,317 panels, implementing GED.

The average thickness of the 3# coal seam is 4.0 m, with an
average dip angle of 3° and a burial depth of approximately 400 m.
The 4,317 tailgate is being driven along the floor of the 3# coal
seam. As shown in Figure 2,The floor is composed of 6.4 m of sandy
mudstone, the roof consists of 4.6 m of siltstone, and the main roof
is made up of 10.5 m of sandstone.

The 4,317 tailgate has a rectangular cross-section, with awidth of
5.0 m and a height of 3.5 m. The original support plan for the 4,317
tailgate is shown in Figure 3. The roof support system consists of
φ22 × 2,400 mm bolts and φ22 × 5,300 mm anchor cables, with bolt
spacing of 1,000 × 1,000 mm and anchor cable spacing of 1,000 mm.
The two ribs are supported by φ22 × 2,400 mm bolts, with spacing
of 1,000 × 1,000 mm.

3 Distribution law of internal and
external stress fields in GED

3.1 Evolution of internal and external stress
fields

After themining of the upper section’s working face is completed,
thesurroundingstressdistributionundergoessignificantchanges,with
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FIGURE 2
Borehole stratigraphy.

FIGURE 3
4,317 tailgate support scheme. (a) Support section. (b) Top view of roof. (c) Side view of coal pillar rib. (d) Side view of solid coal rib.

the stress gradually shifting toward the solid coal regions on both sides
of the mined-out area (Jiang et al., 2021). During this process, the
surrounding rock of the upper section undergoes deformation, and
thecoalwalldisplaysdiversifiedstressfielddistributioncharacteristics,
as illustrated in Figure 4. Figures 4A–C show the distribution of stress
fields at different stages, while Figure 2 illustrates the stress field state
after the entry driving.

Figure 4A depicts the distribution of a purely elastic stress field.
When the coal body surrounding the working face has not yet
entered the plastic deformation stage, the stress concentration zone
is mainly located at the edge of the coal wall, with the coal seam as a
whole being in a state of elastic compression.

As mining progresses, Figure 4B reveals the appearance of
plastic failure.When the elastic deformation of themain roof reaches
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FIGURE 4
Evolution of support stress. (a) Single elastic distribution. (b) Plastic failure. (c) Differentiation of internal and external stress fields. (d) Distribution of
stress field after excavation.

FIGURE 5
Model of main roof fracture in GED.

its peak but has not yet fractured, the coal body at the edge of the
mined-out area is in an ultimate bearing state, with its load-bearing
capacity significantly reduced, and stability seriously threatened.

Further, Figure 4C depicts the differentiation of internal and
external stress fields. When the main roof fractures within the solid
coal, forming a distinct fracture line, the stress field is divided into
two regions: the internal and external areas. The stress level at the
fracture line significantly decreases, and the coal body at the edge
of the solid coal is severely crushed, almost losing its load-bearing
capacity entirely.

Finally, Figure 4D shows the stress field distribution after
the entry driving. The excavation of the roadway causes the
redistribution of support pressure within the lateral coal body.
Due to the combined effects of the mined-out area and the GED,
stress concentration occurs within the coal pillar on the side

of the mined-out area. Meanwhile, the solid coal side remains
divided into two stress fields by the fracture line of the main
roof. In the internal stress field region, the coal body undergoes
failure, strength decreases, mechanical properties weaken, and load-
bearing capacity significantly declines, making it prone to spalling.
Therefore, reinforcement support measures are needed to ensure the
stability of the roadway.

3.2 Mechanical model

The location of the fracture in the main roof is indeed a complex
issue, influenced by various geological and mining conditions,
including mining height, depth, and the mechanical properties of
the coal and rock strata. Based on the actual conditions of the 3#
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FIGURE 6
Numerical model.

TABLE 1 Mechanical parameters of rock stratum.

Lithology Thickness
(m)

Density
(kg/m3)

Bulk
modulus
(GPa)

Shear
modulus
(GPa)

Cohesion
(MPa)

Friction
angle (°)

Tensile
strength
(MPa)

Siltstone 14.9 2,590 5.52 4.05 2.54 32 2.28

Sandy mudstone 8.8 2,460 4.64 3.45 2.02 31 1.69

Limestone 10.5 2,620 8.39 5.77 3.16 34 3.51

Siltstone 5.5 2,590 5.52 4.05 2.54 32 2.28

Mudstone 5.1 2,380 3.15 2.14 1.75 30 0.95

Siltstone 4.6 2,590 5.52 4.05 2.54 32 2.28

3# coal 4.0 1,420 1.63 0.81 0.55 28 0.35

Sandy mudstone 6.4 2,460 4.64 3.45 2.02 31 1.69

Limestone 8.6 2,620 8.39 5.77 3.16 34 3.51

Mudstone 13.6 2,380 3.15 2.14 1.75 30 0.95

coal seam, since the coal seam and immediate roof are softer relative
to themain roof, themain roof tends to fracture within the solid coal
during the mining process.

When the main roof fractures on the inside of the coal wall,
the arrangement of the gob-side entry becomes particularly crucial.
As shown in Figure 5, there are three possible layout configurations,
each corresponding to different stress environments and challenges
for roadway stability.

Configuration I: The roadway is located within the internal stress
field, where the coal seam is generally in a pressure-relieved state, and
the stress values are relatively low.Therefore, this configuration causes
minimalchanges insupportpressureandisrelativelyeasier tomaintain
stability.This is advantageous for roadway support andmaintenance.

Configuration II: The roadway is located in the peak support
pressure zone of the external stress field. In this configuration, the
coal body on both sides of the roadway transitions from a three-
directional stress state to a one-directional stress state, leading to
significant damage to the surrounding rock and increasing the
difficulty and cost of support. Moreover, this layout configuration
makes it challenging to meet the safety and stability requirements
for production.

Configuration III: The roadway is located in the virgin stress
zone, which is the region with minimal stress and deformation.
However, to achieve this layout, a larger coal pillar width must be
left, which not only wastes valuable coal resources but may also have
a detrimental impact on mining efficiency and economic benefits.
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TABLE 2 Stress-strain relationship of Double-yield model.

Strain Stress (MPa)

0.01 0.67

0.02 1.39

0.03 2.20

0.04 3.08

0.05 4.07

0.06 5.16

0.07 6.40

0.08 7.80

0.09 9.40

0.10 11.24

0.11 13.39

0.12 15.92

0.13 18.96

0.14 22.67

0.15 27.29

0.16 33.23

0.17 41.11

0.18 52.11

0.19 68.49

0.20 95.53

0.21 148.60

0.22 300.22

In conclusion, when choosing the layout configuration for
a gob-side entry, multiple factors such as roadway stability,
support costs, coal resource utilization, and mining efficiency
need to be comprehensively considered. For the 3# coal seam,
Configuration I might be an ideal choice, as it ensures roadway
stability while reducing support costs and avoiding unnecessary coal
resource waste.

According to the theory of “internal and external stress fields”,
the expression for the supporting pressure σy at a distance x from
the coal pillar in the internal stress field is given by:

σy = Gxyx (1)

Where:Gx is the stiffness of the coal at a distance x from the coal
pillar, Pa. yx is the deformation of the coal at a distance x from the
coal pillar, m. To simplify the analysis, we treat the distributions of
Gx and yx as linear:

FIGURE 7
Model calibration results.

{{{
{{{
{

Gx =
G0

x1
x

yx =
y0
x1
(x1 − x)

(2)

Where: G0 is the maximum coal stiffness in the internal stress
field, Pa. y0 is the maximum deformation of the coal in the
internal stress field, m. x1 is the distribution range of the internal
stress field, m.

By substituting Equations 1, 2 together, we get:

∫
x1

0
σydx =

G0y0x1
6

(3)

From literature (Sun et al., 2023), we know:

G0y0x1
6
= LC0hjρ (4)

G0 =
E

2(1+ v)ξ
(5)

Where: L is the length of the working face, m. C0 is the step
distance of the initial pressure in the previous working face, m. hj
is the thickness of the main roof layer, m. ρ is the density of the main
roof, kN/m3. E is the Young’s modulus of coal, Pa. v is Poisson’s ratio.
ξ is the influence coefficient.

From geometric relations, we get:
y0
x0
=
hm − hz(n− 1)

LB
(6)

Where: hm is the thickness of the coal seam, m. hz is the
thickness of the immediate roof, m. n is the swelling coefficient of
the immediate roof. LB is the span of the suspended beam, m.

By substituting Equations 3–6, we obtain:

x1 = √
12ρhjLC0LBξ(1+ v)

E[hm − hz(n− 1)]
(7)

Based on the geological conditions of the 4,317 working face
and laboratory test results, we know: ρ = 25 kN/m3, hj = 10.5 m,
L = 200 m, C0 = 34.7–42.6 m, LB = 14.4–16.8 m, ξ = 0.8, v = 0.32,
E = 7.85 GPa, hm = 4.0 m, hz = 4.6 m, n = 1.78. Substituting these
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TABLE 3 The mechanical parameters of double-yield model.

Property Density (kg/m3) Bulk modulus (GPa) Shear modulus (GPa) Friction angle (°) Dilation angle (°)

Value 1,695 7.12 4.22 18 8

FIGURE 8
Gob stress.

TABLE 4 The mechanical parameters of Strain-softening model.

Strain Cohesion (MPa) Friction (°)

0 0.55 28

0.01 0.39 20

parameters into Equation 7, the distribution range of the internal
stress field is found to be between 13.6 m and 15.2 m.

3.3 Theoretical calculation of coal pillar
width

According to the limit equilibrium theory (Chen et al., 2024b;
Wang et al., 2023), the coal pillar width B satisfies the
Equations 8–10:

B = L1 + L2 + L3 (8)

L2 = (L1 + L3) × 50% (9)

Where: B is the coal pillar width, m. L1 is the width of the
plastic zone on the gob side of the coal pillar, m. L2 is the width
of the elastic core zone inside the coal pillar, m. L3 is the effective
length of the bolt, taken as 1.4 m.

L1 =
mA

2 tan φ
ln

KρH+ C
tan φ

C
tan φ
+ pz

A

(10)

Where:m is the coal seam thickness, taken as 4.0 m.A is the side
pressure coefficient, taken as 0.45. φ is the friction angle of the coal,
taken as 29°. K is the stress concentration factor, taken as 2.5. ρ is
the average unit weight of the overlying strata, taken as 25 kN/m3.H
is the depth of the roadway, taken as 500 m. C is the cohesion of the
coal, taken as 2.1 MPa pz is the support resistance of the bolt to the
coal wall, taken as 0.12 MPa.

Based on these conditions, the estimated values are: L1 = 5.0 m,
L2 = 3.2 m. Thus, the coal pillar width B = 9.6 m. In order to ensure
that the anchor bolt anchoring section is within the stable coal body,
the final coal pillar width is determined to be 10 m.

The theoretical calculation shows that with a coal pillar width of
10 m, the roadway is positioned within the internal stress field range
of 13.6–15.2 m. The roadway will be in a low-stress environment,
which is beneficial for roadway stability andmaximizes coal resource
utilization, yielding significant technical and economic benefits.

4 Stability of coal pillar in GED

4.1 Model establishment

A numerical model is established using FLAC3D, as shown
in Figure 6. The model dimensions are 180 × 200 × 82 m. The
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FIGURE 9
Stress distribution map.

FIGURE 10
Stress curves.

displacements at the bottom and the four sides of the model are
fixed. A vertical stress of 9.0 MPa is applied at the top of the model
to simulate the overburden load, with a lateral pressure coefficient
of 1.2. To accurately replicate the mechanical properties of the rock
layers, the Double-yield model is used to simulate the gob area, the
Strain-softening model is used to simulate the coal pillar, while the
Mohr-Coulomb model is used to simulate the other rock layers.
The mechanical parameters of the rock layers used in the model
are listed in Table 1.

The specific simulation process is divided into four steps:

Step 1: Build the model, add boundary conditions, apply the
in situ stress, and run the model to achieve initial in situ stress
equilibrium. Then, excavate the 4,315 headgate.

Step 2: Assign the Double-yield model to the rock stratum in the
4,315 gob to simulate the mining of the 4,315 working face.

Step 3: Set coal pillar widths to 5 m, 10 m, 15 m, and 20 m, and
excavate the 4,317 tailgate. Assign the Strain-softening model to the
coal pillar.

Step 4: Assign the Double-yield model to the rock stratum in the
4,317 gob to simulate the mining of the 4,317 working face.

4.2 Calibration of model

After the mining of the working face, the surrounding rock
mass in the gob area gradually becomes compacted. During this
process, themechanical properties of the rockmass exhibit dynamic
changes (Chen et al., 2024c). The Salamon theoretical model is
used to describe the stress-strain relationship of the rock mass
in the gob, and it is widely applied in engineering practice
(Chen et al., 2024d; Chen et al., 2023).

The stress-strain relationship is given by the Equations
11–14 (Wang et al., 2024):

σ =
E0εg

1− εg/εg max
(11)

εg max =
bg − 1
bg

(12)

bg =
hc + hm

hc
(13)
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FIGURE 11
Plastic zone distribution.

E0 =
10.39σ1.042c

b7.7g
(14)

Where: σ is the vertical stress on the gob rock mass, MPa. εg is
the strain of the gob rock mass. E0 is the initial modulus of the gob
rock mass, GPa. bg is the swelling coefficient of the gob rock mass.
εgmax is the maximum strain of the gob rock mass. σc is the uniaxial
compressive strength of the roof rock mass, MPa.

Based on laboratory tests, the average uniaxial compressive
strength of the roof sandstone is 39.6 MPa, the swelling coefficient of
the gob rock mass is 1.3, the maximum strain is 0.23, and the initial
modulus is 63.69 GPa. The stress-strain relationship of the gob rock
mass is shown in Table 2.

In FLAC3D, a Double-yield model with a cell size of 1 m is
established, with displacement fixed at the bottom and surrounding
surfaces, and a vertical load of 10–5 m/step applied at the top
(Xie et al., 2022). The calibration results are shown in Figure 7,
where the Salamon model and the numerical simulation results
are highly consistent. The parameters for the Double-yield model
are listed in Table 3.

To verify the rationality of the stress environment in the 4,315
gob, the Double-yield model is applied to the 4,315 gob, and the
model is run until equilibrium is achieved. Measurement lines
are arranged along the strike of the working face, and the results
are shown in Figure 8.The stress in the 4,315 gob gradually recovers
to the virgin stress, with the vertical stress recovering to 98.1%
(9.32 MPa) of the virgin stress (9.5 MPa) at a distance of 70 m from
the 4,315 headgate. This further validates the overall rationality
of the model.

The mechanical parameters selected for the coal pillar in the
Strain-softening model are shown in Table 4. When the strain rate
of the coal pillar reaches 1%, the cohesion decreases by 30% and the
internal friction angle decreases by 8°.

4.3 During excavation period of the
roadway

During the excavation of the 4,317 tailgate, the rock mass stress
distribution is shown in Figure 9.

When the coal pillar width is 5 m, the stress is primarily
concentrated on the solid coal side. The internal stress of the coal
pillar is significantly lower than the virgin stress, indicating that
the coal pillar itself does not have sufficient load-bearing capacity.
The low stress state inside the coal pillar reflects its inability to
effectively bear the surrounding rock pressure, which may increase
the instability of the surrounding rock mass.

As the coal pillar width increases to 10 m, a small area of
stress concentration appears in the middle of the coal pillar. This
indicates that the load-bearing capacity of the coal pillar begins
gradually manifest.

Further increasing the coal pillar width to 15 m and 20 m results
in a large area of stress concentration in the middle of the coal pillar.
This shows that with the increase in coal pillar width, the pressure
borne by the coal pillar also increases.

Stress curves along the centerline of the coal pillar
are shown in Figure 10.

When the coal pillar width increases from 5 m to 20 m, the
vertical stress curve changes from a “single peak” to a “double
peak” shape.

Single peak shape: when the coal pillar width is 5 m and 10 m,
the vertical stress curve exhibits a single peak shape, with the
maximum vertical stress at the centerline of the coal pillar. As the
distance from the centerline increases, the vertical stress gradually
decreases. When the coal pillar width is 5 m, the peak vertical stress
at the centerline is smaller than the virgin stress, indicating that
the coal pillar has undergone plastic failure and lost most of its
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FIGURE 12
Stress distribution evolution. (a) 5 m coal pillar. (b) 10 m coal pillar. (c)
15 m coal pillar. (d) 20 m coal pillar.

load-bearing capacity. However, when the coal pillar width is 10 m,
the peak vertical stress is greater than the virgin stress, suggesting
that the coal pillar still possesses certain load-bearing capacity.

Double peak shape: when the coal pillar width increases to 15 m
and 20 m, the vertical stress curve shows a double peak shape. In this

case, the vertical stress at the centerline of the coal pillar is relatively
small, and as the distance from the centerline increases, the vertical
stress gradually increases. Two peak values appear near the coal
pillar edges, with the “rear peak” being lower than the “front peak”.
At this point, the vertical stress inside the coal pillar is generally
greater than the virgin stress, indicating that the coal pillar has strong
load-bearing capacity.

The distribution of the plastic zone during the excavation of the
4,317 tailgate is shown in Figure 11.

When the coal pillar width is 5 m and 10 m, the plastic zone
almost spans the entire coal pillar, indicating that the coal pillar
has undergone plastic deformation at these sizes. When the coal
pillar width is 5 m, the development of the plastic zone suggests
that the strength of the coal pillar is insufficient to support its own
weight, which could lead to overall instability. As the coal pillar
width increases to 10 m, the plastic zone still occupies the entire area
of the coal pillar, but the overall stability of the 10 m coal pillar is
better than that of the 5 m coal pillar.

When the coal pillar width exceeds 10 m, the distribution of the
plastic zone begins to change significantly, especially in the middle
of the coal pillar. Specifically, when the coal pillar width is 15 m and
20 m, a complete zone gradually forms in the middle of the coal
pillar. As the coal pillar width increases further, the range of the
complete zone significantly expands. For the 15 m coal pillar, the
width of the complete zone is approximately 4.5 m, while for the
20 m coal pillar, the width increases to 10.5 m.

4.4 During mining period of the working
face

At the measurement station in the middle of the model (y =
100 m), the symbol “-” indicates that the working face has not yet
passed the station, and the symbol “+” indicates that the working
face has passed the station. The evolution of the stress distribution
during the mining of the 4,317 working face is shown in Figure 12.

As the working face advances, the range of stress concentration
inside the coal pillar gradually increases. However, the degree of
increase in stress concentration varies significantly for coal pillars
of different widths. Specifically:

5 m coal pillar: during mining, there is almost no noticeable
stress concentration inside the coal pillar. Due to the narrowwidth of
the coal pillar and itsweak load-bearing capacity, the effect ofmining
on the coal pillar’s internal stress is limited, with no significant areas
of stress concentration.

10 m coal pillar: compared to the 5 m coal pillar, the stress
concentration in the 10 m coal pillar increases slightly, but the
growth is relatively small, and the stress concentration area remains
elliptical in shape. This indicates that although the coal pillar width
has increased, the stress concentration inside the pillar remains
limited and is primarily concentrated in the center, without large-
scale stress expansion.

15 m and 20 m coal pillars: as the coal pillar width further
increases, the range of stress concentration expands significantly.
During mining, the stress concentration area inside the coal pillar
gradually changes from the initial yellow region to the red region,
and the extent of the red region increases as the working face
advances. This indicates that in the 15 m and 20 m wide coal
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FIGURE 13
Stress evolution curves.

pillars, the effect of mining on the internal stress becomes more
pronounced, resulting in larger areas of stress concentration. As the
working face moves towards the measurement station, the stress
concentration inside the coal pillar becomes more noticeable.

Stress evolution curves along the centerline of the coal pillar
are shown in Figure 13.

When the coal pillar width is 5 m, the vertical stress curve
during mining remains essentially consistent with the excavation
phase, showing no significant changes. This indicates that for a
5 m coal pillar, the stress distribution remains stable, and the effect
of mining on the coal pillar’s stress state is minimal, with no
notable areas of stress concentration or significant changes. This
situation likely arises because the narrow coal pillar has a higher
risk of overall instability, resulting in a more consistent stress state
during mining.

When the coal pillar width is 10 m, the vertical stress curve
remains stable during the mining period. The stress peak shows a
tendency to rise and then decrease before stabilizing. The increase
and decrease of the stress peak are relatively small, stabilizing around
26 MPa.This suggests that the internal stress distribution of the 10 m
coal pillar is reasonable, and its load-bearing capacity remains stable
duringmining.There is no excessive stress concentration or damage.
Therefore, the 10 m wide coal pillar represents an ideal load-bearing
state, maintaining stability and avoiding excessive damage during
the mining process.

When the coal pillar width is 15 m, the vertical stress curve
gradually evolves from a “double peak” shape to a “single peak”
shape. As working face advances, the mining effect becomes more
apparent, and the stress peak inside the coal pillar increases, reaching
52.5 MPa at −60 m. This indicates that as the coal pillar width
increases to 15 m, the mining effect during mining has a more
significant impact on the coal pillar’s stress distribution, especially in
the middle, leading to an increasing concentration of stress, which
threatens the pillar’s stability.

When the coal pillar width is 20 m, the vertical stress curve
evolves from a “left-high, right-low” double peak shape to a “left-
low, right-high” double peak shape.The stress peaks show an overall
increasing trend, reaching 46.9 MPa at −60 m. This change reflects
that as the coal pillar width increases, the stress concentration
areas shift, and the overall stress peaks rise. The internal stress
state of the coal pillar becomes more unstable, and its load-bearing
capacity may begin to weaken, particularly in specific areas during
the mining process.

The evolution of the plastic zone during the mining of the 4,317
working face is shown in Figure 14.

During mining, the 5 m and 10 m coal pillars remain in a plastic
state, with no noticeable elastic zones. In the 5 m coal pillar, the
plastic zone nearly spans the entire pillar, and both the roof and
floor plates are in a plastic failure zone, resulting in a significant
decrease in load-bearing capacity. Compared to the 5 m coal pillar,
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FIGURE 14
Plastic zone evolution. (a) 5 m coal pillar. (b) 10 m coal pillar. (c) 15 m
coal pillar. (d) 20 m coal pillar.

the plastic zone in the 10 m pillar is smaller, especially in the roof
and floor plate areas, where the plastic range is noticeably reduced,
indicating that increasing the coal pillar width helps limit the extent
of plastic failure.

As the coal pillar width increases, the plastic zone in the 15 m
coal pillar gradually expands and eventually spans the entire coal

pillar. However, although the plastic zone extends throughout the
coal pillar, a small elastic region remains in the middle.

In the 20 m coal pillar, the middle area maintains a certain range
of elastic zone. Particularly at −60 m, the elastic zone width remains
6 m. This indicates that as the coal pillar width increases, the elastic
region grows.

4.5 Discussion on coal pillar width

After analyzing the stress and plastic zone evolution during the
excavation andmining processes of coal pillars with differentwidths,
the following conclusions can be drawn:

When the coal pillar width is 5 m, the vertical stress peak
(7.9 MPa) during excavation is less than the virgin stress, indicating
plastic failure and a significant loss of load-bearing capacity. The
plastic zone spans nearly the entire pillar, including the roof
and floor, with no remaining elastic core. During mining, the
vertical stress curve remains essentially unchanged, and the stress
concentration is negligible, confirming the pillar’s inability to sustain
additional load.This results in complete plastic failure, posing a high
risk of instability, which severely compromises roadway safety.

When the coal pillar width is increased to 10 m, the peak
vertical stress during excavation rises to 26 MPa, exceeding the
virgin stress, and an elastic region appears in the core of the pillar.
During mining, the stress peak fluctuates slightly but remains stable
around 26 MPa, indicating a reasonable and consistent internal
stress distribution. The plastic zone becomes smaller, particularly at
the roof and floor interfaces, where failure zones are significantly
reduced. These results suggest that the 10 m coal pillar maintains
a balanced stress state, with adequate load-bearing capacity and
effective confinement, making it the most stable and efficient design
among the simulated cases.

When the coal pillar width reaches 15 m, the vertical stress
curve during mining evolves from a double-peak to a single-peak
shape. The peak stress increases significantly, reaching 52.5 MPa at
−60 m, which is more than the virgin stress, indicating a strong
mining influence. Although a small elastic zone remains in the
pillar center during excavation, it becomes compressed as mining
progresses, and the plastic zone eventually spans nearly the entire
pillar. While the load-bearing capacity increases, the high degree of
stress concentration raises the risk of local failure, especially in the
center of the pillar.Therefore, although the 15 m coal pillar supports
a greater load, it may be susceptible to localized overstressing and
instability under continuous mining influence.

At a coal pillar width of 20 m, the vertical stress peaks shift
during mining, showing a transformation from a “left-high, right-
low” to a “left-low, right-high” double-peak shape, with a maximum
stress of 46.9 MPa at −60 m. An elastic zone of approximately 6 m
in width remains in the middle of the pillar, indicating improved
structural integrity. However, the wider pillar also results in greater
stress redistribution and more extensive stress concentration zones,
particularly near the edges. Despite the increased load-bearing
performance, the plastic zone expands during mining, and the
marginal gain in stability is offset by substantial resource loss due to
excessive coal retention.This makes the 20 m pillar an economically
inefficient option, offering diminishing returns in exchange for
greater material wastage.
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FIGURE 15
Control strategy.

FIGURE 16
Roof cutting scheme.

In conclusion, a 10 m coal pillar is the optimal choice, as it
strikes a balance between ensuring sufficient load-bearing capacity
and avoiding excessive failure or resource waste. This width ensures
that the pillar remains in a yield state, effectively supports the
overlying strata’s pressure, conserves resources, and maintains the
mine’s economic and operational sustainability. Therefore, a 10 m
coal pillar offers ideal performance during extraction, ensuring
both safety and mining efficiency, making it the most rational and
optimized design solution.

5 Industrial experiment

5.1 Control strategy

Based on the above theoretical analysis and simulation results,
and considering the site conditions at Chengzhuang Coal Mine, a
roadway surrounding rock control system was developed, focusing
on the “hydraulic fracturing roof cutting + roof anchor cable + rib
anchor cable” approach, as shown in Figure 15.

5.2 Control scheme

According to the characteristics of the roof above the 3# coal
seam, limestone (10.5 m) is the primary factor contributing to
significant deformation in the gob-side entry. To ensure the stability
of the 4,317 tailgate, hydraulic fracturing roof cutting technology
was applied in a timely manner during excavation. Drilling holes
were arranged along the roof in the direction of the mined-out
area, with a drilling depth of 27 m, a vertical height of 24.5 m,
a vertical inclination of 65°, and a horizontal deviation of 0°.
Each borehole is fractured for 4 times, with an interval of 3 m
between each fracturing point, and each fracturing time is not less
than 30 min. Hydraulic fracturing holes were arranged every 8 m,
with each hole fractured four times. The drilling layout is shown
in Figure 16.

In addition to the original support scheme, supplementary φ22×
5,300 mm roof anchor cables were installed, with two anchors every
two rows. Rib anchor cables, also φ22 × 5,300 mm, were installed
every two rows in the coal pillar. The optimized support scheme
is shown in Figure 17.
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FIGURE 17
Optimized support scheme. (a) Support section. (b) Top view of roof. (c) Side view of coal pillar rib. (d) Side view of solid coal rib.

FIGURE 18
Roadway deformation during excavation.

5.3 Application results

After the roadway excavation, a surface displacement
monitoring station was set up 200 m away from the open-
off cut to monitor the surrounding rock’s convergence and
deformation in real time. Continuousmonitoring over 80 days of the
monitoring section resulted in the surrounding rock deformation
curve shown in Figure 18.

After the excavation of the roadway, a surface displacement
monitoring station is set up 200 m away from the open cut to
monitor the convergence deformation of the surrounding rock
in real time.

From 0 days to 30 days, the surrounding rock deformation rate
was large. From 30 days to 55 days, the deformation rate decreased
significantly. After 55 days, the deformation stabilized. The final
maximum deformation of the roadway roof, coal pillar rib, and solid
coal rib were 151 mm, 114 mm, and 72 mm, respectively.

6 Conclusion

Based on the production geological environment of the 4,317
tailgate at Chengzhuang Coal Mine, the modified FLAC3D model
was used to analyze the stability characteristics of coal pillar with
different widths. The main conclusions are as follows:

(1) The internal and external stress field evolution of the
surrounding rock during the GED was analyzed, and it was
determined that the internal stress field ranged from 13.6 m to
15.2 m. According to the limit equilibrium theory, a coal pillar
width of 10 m, within the internal stress field, is conducive to
the stability of the roadway.

(2) Numerical simulation results show that in the analysis of
stress and plastic zone distribution for coal pillars of different
widths, the 10 m coal pillar is in a yield state, with internal
stress peaks maintaining around 26 MPa.There is no excessive

Frontiers in Earth Science 14 frontiersin.org

https://doi.org/10.3389/feart.2025.1603252
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Li et al. 10.3389/feart.2025.1603252

concentration or drastic change, and the stress distribution is
reasonable, making it the optimal coal pillar width.

(3) A combined control technique of “hydraulic fracturing
roof cutting + roof anchor cable + rib anchor cable” was
proposed and successfully applied in the 4,317 tailgate. On-
site monitoring results indicate that the surrounding rock
deformation stabilized after 55 days, with good maintenance
effects in the roadway.
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