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Abstract

In response to the challenges of controlling surrounding rock deformation in gob-side
entry driving towards the advancing working face, a systematic study on the stability
of the headgate# 15107 and coal pillar section was conducted, using a combination of
theoretical analysis, numerical simulation, and field testing. First, based on the theory of
internal and external stress fields, the range of the internal stress field was determined to be
9.83~11.43 m, and combined with the limit equilibrium theory, the most reasonable width
of the narrow coal pillar was found to be 6 m. Secondly, the stability of the surrounding rock
and coal pillars of the headgate# 15107 under different coal pillar widths during roadway
excavation and working face mining was simulated, respectively. The simulation results
show that during the head-on mining and driving period, when the coal pillar width is
4 m or 5 m, the plastic zone in the coal pillar is completely damaged and loses its bearing
capacity; when the coal pillar width is 6 m, an elastic zone appears in the coal pillar, and
the area of the elastic zone increases with the increase in the coal pillar width. During the
excavation along the goaf, when the coal pillar width is 4, 5, 6, 8, or 10 m, the stress curve
inside the coal pillar shows a single-peak distribution, and the stress peak of the coal pillar
increases with the increase in the coal pillar width, with the stress peaks being 7.66, 9.74,
12.32, 16.02, and 27.05 MPa, respectively. When the coal pillar width is 25 m, the stress curve
inside the coal pillar shows a double-peak distribution. During the advancement of the
15107 working face, the stress peaks corresponding to the 4, 5, 6, 8, 10, and 25 m coal pillars
are 29.8, 27.5, 26.8, 27.2, 33.7, and 24.3 MPa, respectively. Throughout the entire simulation
process, when the coal pillar width is 6 m, the coal pillar has good bearing capacity and
a low degree of stress concentration. Finally, based on this, the support scheme for the
headgate# 15107 was optimized, and industrial experiments were conducted. Field testing
showed that a 6 m narrow coal pillar for roadway protection and an optimized roadway
support can effectively control the deformation of the surrounding rock of the roadway.

Keywords: gob-side entry driving; narrow coal pillar; numerical simulation; surrounding
rock deformation; stress evolution
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1. Introduction
In order to reduce coal resource loss and improve recovery rates, gob-side entry

driving with a narrow coal pillar has been widely applied [1], as shown in Figure 1a.
However, as the mining intensity continues to increase, difficulties in the succession of
mining and excavation occur, leading to a reduction in the mine production profits [2,3]. To
alleviate the issue of tight mining succession, entries are often driven along the edge of the
unstable gob during the upper working face recovery process, as shown in Figure 1b.

Figure 1. Layout of the gob-side entry driving: (a) traditional god-side entry driving; (b) gob-side
entry driving along an unstable gob.

While this approach resolves the problem of mining succession, compared to tradi-
tional gob-side entry driving, entry driving toward the adjacent working face with an
unstable gob leads to a combined pressure effect from both the entry excavation and the
mining operation of the advancing working face, resulting in a significant increase in
surrounding rock stress [4]. Such roadways undergo severe deformation under high stress,
as shown in Figure 2. It can be seen from Figure 2 that the roof, floor and both sides of the
roadway have all experienced significant deformation, which in turn affects the needs of
transportation, ventilation and pedestrian passage, and reduces the mining efficiency of
the working face.

As a result, such roadways experience large deformation and are extremely difficult
to maintain, requiring research into the surrounding rock deformation patterns in gob-
side entry driving towards an advancing working face (TAWF), the width of the section-
protecting coal pillars, and the roadway support parameters [6–9]. Currently, numerous
studies have been conducted by scholars both domestically and internationally to control
the stability of surrounding rock in such high mining pressure recovery roadways.

Yu et al. [10] used field observation and numerical calculation methods to study the
spatiotemporal effects of overlying strata movement and surrounding rock deformation
in gob-side entry driving TAWF. They determined the excavation timing and support
parameters for each section of the roadway and proposed a dynamic segmentation control
principle and support technology. Hui et al. [11] studied the entire process of surrounding
rock deformation, failure, and instability in dynamic pressure gob-side roadways under
three different support methods: no support, anchor beam mesh and rope support, and
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frame support. They suggested that anchor beam mesh and rope support is more suit-
able for gob-side entries with significant surrounding rock deformation. Wang et al. [12]
used theoretical analysis, numerical calculations, and field tests to reveal the asymmetric
deformation pattern of surrounding rock in gob-side entry driving TAWF under the influ-
ence of nearby mining activities. He proposed measures such as the use of high-strength,
large-extension anchor support and enhanced roof support. Zhang et al. [13] analyzed the
factors influencing the stability of surrounding rock during gob-side entry driving TAWF
and proposed the use of a new high-performance, pre-tensioned composite anchor support
technology to effectively control the surrounding rock deformation in such roadways.
However, there is limited research on determining reasonable narrow coal pillar widths in
shallow-buried coal seam gob-side entry driving TAWF under the influence of multiple
mining disturbances.

 

(a) 

 

(b) 

Figure 2. Large deformation characteristics of the gob-side entry driving along the unstable gob:
(a) coal-pillar-side and roof displacements of entry; (b) solid-coal-side and roof displacements
of entry [5].

The Wangwa Coal Mine is currently recovering its 15106 working face. To alleviate the
tight mining succession, it is necessary to advance the headgate# 15107 while mining the
15106 working face in order to complete the layout of the 15107 working face. Therefore,
this study takes the gob-side entry driving near an advancing working face problem for the
15106 working face recovery and the headgate# 15107 advance in the Wangwa Coal Mine
as its case study. It uses methods such as theoretical analysis, numerical simulation, and
field tests to analyze the surrounding rock and coal pillar stability under different section-
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protecting coal pillars widths, to determine a reasonable width for the section-protecting
coal pillar, and to propose an effective roadway support scheme to ensure the stability and
safety of the gob-side entry driving TAWF.

2. Case Study
2.1. Field Background

The Wangwa Coal Mine has a designed production capacity of 120 Mt/a. The main
coal seam being mined is the No. 15 coal seam, with a thickness ranging from 3.8 to 4.6 m,
averaging 4.2 m. The coal seam has a dip angle of 3–5◦, making it a nearly horizontal seam,
with a burial depth of 236 to 290 m. The mine uses a full-height, full-fall method for roof
management, and the complex production conditions result in tight mining succession.
Currently, to alleviate the issue of tight mining succession, while recovering the 15106
working face, the headgate# 15107 is being excavated with a 25 m section-protecting coal
pillar left in between. The layout of the working face roadways is shown in Figure 3.

 
 

(a)  (b) 

Figure 3. Layout of the 15106 working face and headgate# 15107: (a) three-dimensional diagram;
(b) top view.

The roof above the working face is mostly sandstone, while the floor is composed of
mudstone or sandstone. The No. 15 coal seam is black and powdery, mainly consisting of
bright coal with some inclusions of mirror coal. It is characterized by developed joints and
fissures, is fragile, has a glassy to weakly glassy luster, and is relatively light in weight. It is
classified as a non-explosive coal seam. The comprehensive columnar diagram of the coal
seam roof and floor is shown in Figure 4.

Figure 4. Columnar diagram of roof and floor of coal seam.



Energies 2025, 18, 4303 5 of 26

2.2. Roadway Support

The cross-sectional dimensions of the headgate# 15107 are 4700 mm in width and
3600 mm in height. The support conditions of the headgate# 15107 are shown in Figure 5.
The roof anchor cables used are φ 18.9 × 6300 mm mining anchor cables, arranged along
the centerline of the roadway, with one cable per row and a spacing of 1000 mm between
rows. The roof anchor rods used are φ 22 × 2400 threaded high-strength anchor rods,
with a spacing of 850 × 1000 mm between rows. The two sides use φ 22 × 2000 threaded
high-strength anchor rods, with a spacing of 800 × 1000 mm between rows. Adjacent
anchor rods are interconnected using steel bar ladder beams.

Figure 5. Support design of 15105 headgate.

3. The Theoretical Determination of Coal Pillar Width
During the advancement of the working face and the excavation of the roadway, both

front abutment pressure and lateral abutment pressure are generated. In the environment
of the gob-side entry driving TAWF, the section-protecting coal pillar will be affected by
the combined stress from both pressures, leading to greater stress concentration in the
coal pillar, which is more prone to severe damage and loss of bearing capacity. Therefore,
selecting an appropriate coal pillar width is of great significance.

Based on the geological conditions of the working face, on-site investigations, and
laboratory test results, the relevant physical and mechanical parameters, as well as the
geometric parameters of the coal and rock mass, are obtained, as shown in Table 1.

Table 1. Physical mechanics and geometric parameters.

Variable Value Variable Value Variable Value

γ 25 kN/m3 L 175 m L0 18.3~22.3 m
hj 8.1 m B1 41.8~46.4 m υ 0.3
ξ 0.8 E 2.5 GPa M 4.2 m
h0 7 m KP 1.4 A 0.43
φ0 32◦ C0 1.78 MPa k 2.5
H 236 m px 0.2 MPa σc 43.7 MPa

3.1. Coal Pillar Stress Analysis

When the upper section is mined, as the working face continues to advance, the main
roof breaks at the connection between its lateral side and the lower working face, forming
an arc-triangular block B. One end of block B rotates and comes into contact with the
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gangue in the goaf, while the other end breaks inside the coal wall of the lower section.
Although Block B has a certain degree of rotational subsidence, it interlocks with block C
and rock mass A to form an articulated structure, as shown in Figure 6.

 

Figure 6. Layout of segment coal pillars: A, B, C—roadway layout positions; y1—original rock stress
zone, y2—stress increase zone; y3—stress decrease zone.

As shown in Figure 6, the entry can be arranged at positions A, B, and C. Based on
the lateral stress influence range of the gob, it is known that A, B, and C are located in
the original rock stress zone, stress increase zone, and stress decrease zone, respectively.
When the gob-side entry is arranged at position A, the entry is in the original rock stress
zone, where the pressure it bears is low, making it easier to maintain. However, this
results in a significant waste of coal resources due to the excessively wide coal pillar left.
When the gob-side entry is arranged at position B, the entry is in the stress increase zone,
making maintenance difficult. When the gob-side entry is arranged at position C, it is
in the stress decrease zone, which not only reduces coal resource loss but also facilitates
roadway maintenance.

3.2. The Theory of Internal and External Stress Fields

As the previous section of the working face advances, the immediate roof collapse fills
the gob, causing the main roof to fracture, rotate, and subside. The fractured rock blocks
hinge together, forming a masonry beam structure. If the main roof fractures, the stress
is divided into two regions at the fracture point, namely, the internal and external stress
fields. As shown in Figure 7, x1 represents the internal stress field, and x2 represents the
external stress field. At this point, rock block B is subjected to a horizontal leftward thrust
from rock block C, as well as vertical upward support from the gob’s waste rock. Therefore,
the internal stress field mainly carries stress from part of the weight of the fractured rock
block B, while the external stress field primarily carries stress from the self-weight of rock
block A and the weight of the overlying strata.

Figure 7. Diagram of internal and external stress field distribution.

To ensure the stability of the surrounding rock in the roadway, the roadway should
be located in the stress reduction zone. Therefore, studying the distribution range of the
internal stress field is of great significance. The self-weight w of the main roof plate when
the working face is initially subjected to pressure is equal to the vertical supporting pressure
F distributed within the range of the “internal stress field” along the surrounding coal body
of the gob [14].
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According to study [15], the following can be obtained:

σy = Gxyx (1)

In the equation, Gx is the coal mass stiffness at a distance x from the coal rib, Pa; and
yx is the deformation of the coal mass at a distance x from the coal rib, m.

To simplify the analysis, a linear treatment is applied to the distributions Gx and yx:

Gx =
G0

x1
x, yx =

y0

x1
(x1 − x) (2)

In the equation, x1 is the width of the internal stress field, m; G0 is the maximum
stiffness of the coal body within the internal stress field, Pa; and y0 is the maximum
deformation of the coal body within the internal stress field, m.

By combining Equations (1) and (2), the following can be obtained:∫ x1

0
σydx =

G0y0x1

6
(3)

According to study [15], the following can be obtained:

G0y0x1

6
= LB1hjγ (4)

In the equation, L is the length of the working face, m; B1 is the first weighting interval
of the previous working face, m; hj is the thickness of the main roof, m; and γ is the specific
weight of the main roof, kN/m3.

According to the geometric relationship [16], the following can be obtained:

y0

x0
=

M − h0(kp − 1)
L0

(5)

In the equation, M is the mining thickness of the coal seam, m; h0 is the thickness of
the immediate roof rock, m; KP is the coefficient of the immediate roof rock; and L0 is the
span of the overhanging beam, m.

The stiffness G0 of the coal body in the plastic state can be expressed by the
following Equation [17]:

G0 =
E

2(1 + υ)ξ
(6)

In the equation, E is the elastic modulus of the coal body, Pa; υ is the Poisson’s ratio;
and ξ is the influence coefficient.

By solving the above equations simultaneously, the expression for the width of the
internal stress field x1 can be obtained by

x1 =

√
12γhjLB1L0ξ(1 + υ)

E
[
M − h0(kp − 1)

] (7)

According to the geological conditions of the 15107 working face, the main roof density
γ is 25 kN/m3, the working face length L is 175 m, the span of the overhanging beam L0 is
18.3~22.3 m, the thickness of the main roof rock layer hj is 8.1 m, the first weighting interval
B1 of the previous working face is 41.8~46.4 m, the Poisson’s ratio υ is 0.3, the influence
coefficient ξ is 0.8, the coal body elastic modulus E is 2.5 GPa, the mining thickness of the
coal seam M is 4.2 m, the thickness of the immediate roof layer h0 is 7 m, and the swelling



Energies 2025, 18, 4303 8 of 26

coefficient KP is 1.4. Substituting the data into the formula, the range of the internal stress
field is obtained as 9.83~11.43 m.

3.3. Theoretical Calculation of Reasonable Coal Pillar Width

If the coal pillar is too wide, it will lead to significant waste of coal resources; if it is too
narrow, the pillar is highly prone to fracturing after roadway excavation. To minimize coal
loss caused by excessively wide pillars and to avoid placing the roadway in a high-stress
zone, a narrow coal pillar of appropriate width should be reserved. The reasonable width
is shown in Figure 8.

Figure 8. Model diagram of coal pillar width calculation.

According to the limit equilibrium theory [18], the empirical formula for determining
the reasonable width B of a narrow coal pillar is as follows:

B = 1.15(X1 + X2) (8)

In the equation, B is the reasonable width of the narrow coal pillar, m; X1 is the effective
length of the anchor bolts in the coal pillar rib of the roadway, m; X2 is the width of the
fractured zone on the gob side of the coal pillar caused by mining in the upper section, m.

The calculation method for X2 is as follows [19]:

X2 =
mA

2 tan φ0
ln(

kγH + C0/ tan φ0

C0/ tan φ0 + Px/A
) (9)

In the equation, m is the mining height of the coal seam, m; A is the lateral pressure
coefficient, where A = υ/(1 − υ), and υ is Poisson’s ratio; φ0 is the internal friction angle
of the coal seam (◦); C0 is the cohesion of the coal seam, MPa; k is the stress concentration
factor, taken as 2.5; γ is the average bulk density of the rock, 25 kN/m3; H is the burial
depth of the roadway, m; and px is the support resistance on the coal rib—if the side support
of the gob in the upper section has been removed, px may be taken as 0, MPa.

According to the geological conditions of the mine, the coal seam thickness of the
15107 working face is 4.2 m, Poisson’s ratio is 0.3, internal friction angle at the coal seam
interface is 32◦, cohesion is 1.78 MPa, stress concentration factor is 2.5, average rock density
is 25 kN/m3, roadway depth is 236 m, and support resistance is 0.2 MPa. The effective
length of the anchor bolts is 2 m. Substituting the values into the formula, X2 is obtained
as 2.42 m. Substituting X2 and X1 into the formula, the reasonable width of the coal pillar
B is obtained as 5.08 m. To ensure the anchor bolts on the coal pillar side of the roadway
can be reliably anchored in the coal body, the final reasonable narrow coal pillar width is
determined to be 6 m.

According to the above theoretical analysis, setting the coal pillar width to 6 m and
placing the roadway within the internal stress field range x1 = 9.83~11.43 m makes the
roadway easier to maintain.
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4. Establishment and Calibration of the Numerical Model
4.1. Numerical Model

A FLAC3D numerical model [20] was constructed according to the mine’s geological
conditions, as illustrated in Figure 9a. The model dimensions are 300 m (length) × 175 m
(width) × 48.2 m (height). The strain-softening model was used to simulate the coal pillar,
the Mohr–Coulomb model was used for other rock layers, and the double-yield model was
applied to simulate the gradual compaction of the caving zone in the gob. The model base
was fixed, normal displacements around the model were constrained, and an equivalent
vertical stress load of 5.9 MPa (corresponding to a depth of 236 m) was applied at the top to
simulate the overburden, as shown in Figure 9b. The mechanical parameters of each rock
stratum in the model are listed in Table 2.

 
 

(a)  (b) 

Figure 9. Numerical calculation model: (a) 3D view of the numerical model; (b) boundary condition
diagram of the numerical model.

Table 2. Mechanical parameters of rock mass.

Lithology Thickness
/m

Density
/(kg/m3)

Bulk
Modulus

/GPa

Shear
Modulus

/GPa

Cohesion
/MPa

Friction
Angle

/(◦)

Tensile
Strength

/MPa

Siltstone 4.5 2560 10.83 6.4 6.3 35 2.8
Sandy Mudstone 2.2 2597 7.4 5.47 3.29 32 1.69

Limestone 2.5 2610 11.72 9.11 6.61 37 3.72
Fine Sandstone 3.8 2650 6.94 3.97 3.5 30 2.8

Siltstone 1.9 2560 10.83 6.4 6.3 35 2.8
Sandy Mudstone 2.6 2597 7.4 5.47 3.29 32 1.69

Siltstone 1.2 2560 10.83 6.4 4.3 30 1.8
Limestone 6.9 2610 11.72 9.11 6.01 37 3.72
Siltstone 7 2560 10.83 6.4 6.3 35 2.8

No. 15 Coal 4.2 1407 1.93 1.38 1.78 32 0.45
Mudstone 3.1 2370 5.99 3.01 2.66 31 1.19
Siltstone 3.5 2560 10.83 6.4 6.3 35 2.8

Sandy Mudstone 4.8 2597 7.4 5.47 3.29 32 1.69

4.2. Calibration of the Double-Yield Model for the Gob
4.2.1. Characteristics of Roof Rock

As the working face advances, the immediate roof collapses and fills the gob, and
the collapsed roof strata are referred to as the caving zone. The height of the caving
zone is related to the mining height and roof lithology [21], and can be calculated using
the following:

Hk =
100M

S1M + S2
(10)

In the equation, Hk is the height of the caving zone, m; M is the mining height of the
coal seam, m; S1 and S2 are correction coefficients, with parameter values shown in Table 3.
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Table 3. Calculation coefficient of average height of caving zone [2].

Rock Type Category
Uniaxial Compressive

Strength
/MPa

Empirical Parameters

S1 S2

Hard Rock Stratum >40 2.1 16
Medium-Strength Rock Stratum 20~40 4.7 19

Weak Rock Stratum <20 6.2 32

According to the roof lithology observed at the 15106 working face, the uniaxial
compressive strength of the roof exceeds 40 MPa. Therefore, S1 and S2 are taken as 2.1
and 16, respectively. With a mining height M of 4.2 m, substituting the above values into
Equation (10) yields a caving zone height of 16.9 m.

After the working face is mined, the overlying strata collapse, and the caved rock
mass gradually becomes compacted. The compaction mechanism of the collapsed rock
is closely related to the stability of the gob [22]. Studies by domestic and international
scholars [23,24] indicate that the Salamon equation provides a reasonable description of the
stress–strain relationship of caved rock in the gob and has been widely adopted.

The vertical stress borne by the caved rock mass in the gob can be expressed as follows:

σ =
E0εg

1 − εg/εgmax

(11)

In the equation, σ is the vertical stress acting on the caved rock mass in the gob, MPa;
E0 is the initial tangent modulus of the caved rock mass, GPa; εg is the strain induced under
vertical stress; and εgmax is the maximum strain under vertical stress.

The maximum strain of the caved rock mass in the gob is as follows:

εgmax =
kg − 1

kg
(12)

In the equation, kg is the bulking factor of the caved rock mass in the gob.
The bulking factor of the caved rock mass in the gob can be obtained using

Equation (13)

kg =
Hk + M

Hk
(13)

According to reference [25], the initial tangent modulus is expressed as follows:

E0 =
10.39σc

1.04

kg
7.7 (14)

In the equation, σc is the uniaxial compressive strength of the caved rock mass, MPa.
Simultaneously solving Equations (11), (12) and (14) yields the stress–strain expression

for the rock mass under the double-yield model

σ =
10.39(kg − 1)εgσc

1.04

(kg − 1 − kgεg)kg
7.7 (15)

According to laboratory tests, the average uniaxial compressive strength of the siltstone
roof is 43.7 MPa. Based on the height of the caving zone and the coal seam, the bulking
factor of the caved rock mass is calculated as 1.248. Substituting this into the above
equation yields a maximum strain of 0.198. By inputting the relevant parameters, the
stress–strain values for the caved rock in the gob under the double-yield model can be
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obtained. The stress–strain parameters for the caved rock under the double-yield model
are listed in Table 4.

Table 4. Stress–strain relationship of gob materials in double-yield model.

Strain Stress
/MPa Strain Stress

/MPa Strain Stress
/MPa

0.01 1.01 0.07 10.36 0.13 36.06
0.02 2.13 0.08 12.84 0.14 45.44
0.03 3.39 0.09 15.78 0.15 58.68
0.04 4.80 0.10 19.31 0.16 78.76
0.05 6.41 0.11 23.63 0.17 112.82
0.06 8.24 0.12 29.05 0.18 183.28

4.2.2. Determination of Model Parameters

The double-yield model is commonly assigned to simulate the gradual stress recovery
process in the caved rock mass of the gob [26]. A calibration model with dimensions of
1 m × 1 m × 1 m was constructed in FLAC3D 7.0 version. The bottom was fixed, the sides
were constrained, and a vertical displacement load of 10−5 m/step was applied at the
top. The model parameters were calibrated through repeated adjustments. As shown in
Figure 10, the resulting stress–strain curve of the numerical model closely matches the
theoretical calculation. The final mechanical parameters of the caved rock mass in the gob
are listed in Table 5.

Figure 10. Numerical simulation and theoretical calculation curves of the double-yield model.

Table 5. Material mechanical parameters of the gob with double-yield model.

Density
(kg/m3)

Bulk Modulus
/GPa

Shear Modulus
/GPa

Internal Friction
Angle

/(◦)

Dilation Angle
/(◦)

1710 4.51 3.08 17 10

4.2.3. Validation of the Double-Yield Model for the Gob

To verify the rationality of the stress environment in the gob, the 15106 working face
was mined using the double-yield model. The simulation was run to equilibrium, and a
monitoring line was set at y = 150 m to record vertical stress. The monitoring results are
shown in Figure 11. As shown in the figure, the vertical stress in the gob initially decreases,
then gradually increases as compaction progresses, eventually recovering to the original in
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situ stress level. The maximum vertical stress occurs 7 m from the edge of the gob, with
a peak value of 21.6 MPa. The simulation results show high consistency with previous
studies [5,27,28], confirming the validity of the double-yield model and the mechanical
parameters assigned to the gob material.

Figure 11. Vertical stress distribution of 15106 gob.

4.3. Calibration of the Strain-Softening Model for Coal Pillars

The strain-softening model is widely used by researchers to characterize the defor-
mation and failure behavior of yielded coal pillars under the influence of mining-induced
stresses [29–31]. A model with dimensions 25 m × 25 m × 33.3 m was built in FLAC3D,
with roof and floor heights of 17.7 m and 11.4 m, respectively, and a coal pillar height
of 4.2 m, as shown in Figure 12. The mesh elements for the roof, floor, and coal pillar
were defined as 0.5 m × 0.5 m × 0.5 m. The bottom and sides of the model were fixed in
displacement, and a constant loading rate of 1 × 10−5 m/step was applied at the top. By
varying the coal pillar width, the bearing behavior under different width-to-height ratios
was simulated. The coal seam was assigned a strain-softening constitutive model, while
the roof and floor strata were modeled using the Mohr–Coulomb constitutive model.

Figure 12. Numerical model of strain softening of coal pillars.

In the strain-softening model, the cohesion and internal friction angle of the coal pillar
change with deformation, which more accurately reflects the actual mechanical behavior of
the pillar [31–33]. The mechanical parameters adopted in the model are shown in Table 6.
At a strain level of 1%, the cohesion of the coal pillar degrades to 0.68 MPa, and the internal
friction angle drops to 19◦.
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Table 6. Parameters of coal pillar strain-softening model.

Density
/(kg/m3)

Bulk
Modulus

/GPa

Shear
Modulus

/GPa

Tensile
Strength

/MPa

Cohesion
/MPa

Internal Friction Angle
/(◦)

Initial
Value

Softening
Rate
/%

Residual
Value

Initial
Value

Softening
Rate
/%

Residual
Value

1407 1.93 1.38 0.45 1.78 1 0.68 32 1 19

The strain-softening model parameters for the coal pillar are shown in the table below.
The results calculated using the Salamon formula closely match the measured average

strength of coal pillars, and the formula has been widely applied for calibrating coal pillar
strength. The Salamon formula is expressed as follows:

S = 7.716
W0.46

H0.66 (16)

In the equation, S is the coal pillar strength, MPa; W is the width of the coal pillar, m;
and H is the height of the coal pillar, m.

As shown in Figure 13a, simulations were conducted for coal pillars with width-to-
height ratios of 1.67, 2.41, 2.62, 3.10, 3.57, 4.05, 4.52, and 5.00. The figure shows that the
stress–strain curves for coal pillars with different width-to-height ratios exhibit similar
patterns—stress increases with strain, then decreases, and finally stabilizes. This behavior
corresponds to three stages: the elastic phase, the yield deformation phase, and the failure
phase. As the width-to-height ratio increases, both the peak stress and residual strength of
the coal pillar increase. The peak stresses corresponding to different width-to-height ratios
are 7.75, 8.32, 9.14, 9.52, 10.31, 10.98, 11.73, and 12.51 MPa. Curve fitting was performed
between the peak stresses from the numerical simulations and those calculated using
the Salamon formula. As shown in Figure 13b, the numerical results closely match the
theoretical values, validating the accuracy of the model.

   

(a)  (b) 

Figure 13. Diagram of strain-softening model correction: (a) stress–strain curves of coal pillars with
different width-to-height ratios; (b) fitting curve of theoretical and numerical simulation results.

4.4. Validation of Global Model

To verify the rationality of the global model, the numerical simulation data were
compared with the on-site measured data. Stress meters were installed at five different
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positions of the coal pillar, 100 m away from the open-off cut of the 15106 working face, to
obtain the vertical stress distribution. Along the horizontal direction of the coal pillar, the
buried depth of each stress meter gradually increased from 1 m to 5 m, while the horizontal
spacing of these sensors along the roadway was 1000 mm, as shown in Figure 14a. The
field monitoring results were compared with the numerical simulation results, as shown in
Figure 14b. It can be seen from the figure that the numerical simulation results are roughly
consistent with the field monitoring results. The stress concentration factor gradually
increases from the surface to the interior of the coal pillar. The consistency between the
simulation results and the measured results confirms the reliability of the established
numerical model.

Figure 14. Validation of the global model: (a) measuring point layout; (b) comparison between stress
concentration factors from numerical simulation and field measurement.

5. Simulation Results and Analysis
The stability of the headgate# 15107 is primarily influenced by the excavation period

facing the 15106 working face, the tunneling period along the gob, and the advancement
of the 15107 working face itself. Based on the above analysis, a coal pillar width of 6 m
is deemed reasonable. Therefore, this study simulates coal pillar widths of 4, 5, 6, 8, 10,
and 25 m. This study investigates the stress evolution of the coal pillar and deformation
characteristics of the surrounding rock under different widths during various periods to
determine the most appropriate coal pillar width.

5.1. During the Roadway Driving near the Advancing 15106 Working Face

When the 15106 working face and the headgate# 15107 had each advanced 120 m,
leaving a 60 m separation, the excavation of the headgate# 15107 was halted, while the
working face continued to advance. When the working face advanced to 180 m, it inter-
sected with the headgate# 15107. The stress distribution of the surrounding rock at the
point of mining–excavation intersection is shown in Figure 15. As shown in Figure 15,
stress concentration zones are located in front and to the sides of the working face. The
stress peaks occur on the solid coal side adjacent to the gob. The corresponding peak stress
values are 22.4, 20.1, 22.2, 21, 21.7, and 22.3 MPa, respectively.
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Figure 15. Energy distribution of surrounding rock in the roadway at the intersection of mining and
driving: (a) 4 m; (b) 5 m; (c) 6 m; (d) 8 m; (e) 10 m; (f) 25 m.

A monitoring section was set up at the intersection of mining and excavation to obtain
the vertical stress distribution on the roadway and coal pillar under different pillar widths,
as shown in Figure 16.

Figure 16. Vertical stress distribution map when different coal pillar widths are encountered during
mining: (a) 4 m; (b) 5 m; (c) 6 m; (d) 8 m; (e) 10 m; (f) 25 m.
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As shown in Figure 16, due to the lateral abutment pressure induced by working face
advancement and roadway excavation, stress concentration occurs around the roadway
and coal pillar, while the roof and floor of the headgate# 15107 are subject to minimal
stress. With increasing coal pillar width, the vertical stress concentration zone gradually
shifts from the 15107 working face side to the gob-side of the coal pillar. When the coal
pillar is 4 m wide, stress is mainly concentrated on the working face side, with a small
concentration zone, indicating that the pillar is likely damaged and incapable of bearing
the overlying strata load effectively. When the pillar width is 5 m, stress concentration
occurs, but the range is not significantly larger than that of the 4 m pillar, indicating limited
load-bearing capacity. When the pillar width exceeds 5 m, the internal stress concentration
area increases with width, peak stress gradually decreases, and the pillar stability improves
accordingly. To ensure roadway stability, the width of the sectional coal pillar should be
greater than 5 m.

The above section analyzed the stress evolution of coal pillars at the mining–excavation
intersection. The following section evaluates pillar loading behavior from the perspective
of plastic failure zones. The distribution characteristics of plastic zones under different coal
pillar widths at the mining–excavation intersection are shown in Figure 17.

Figure 17. Distribution map of plastic zones when encountering different coal pillar widths during
mining: (a) 4 m; (b) 5 m; (c) 6 m; (d) 8 m; (e) 10 m; (f) 25 m.

As shown in Figure 17, with the increase in coal pillar width, the extent of the plastic
failure zone gradually decreases, and the failure zone shifts toward the gob side. When
the coal pillar is 4 m wide, shear and tensile failure zones occupy 100% of the pillar area,
indicating full penetration and severe damage, rendering the pillar incapable of effectively
bearing load. At a width of 5 m, the extent of the plastic failure zone is somewhat reduced
compared to the 4 m pillar, but shear and tensile failure still cover 86% of the area, indicating
limited load-bearing capacity. When the pillar width is 6, 8, 10, or 25 m, an elastic zone
appears in the center of the pillar, indicating that the pillar has developed a certain load-
bearing capacity. As the width increases, the elastic zone expands and the pillar’s load-
bearing capacity improves, reaching its maximum at a width of 25 m. Considering both
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pillar stability and minimizing coal resource loss, a sectional protective coal pillar width of
6 m is recommended.

5.2. During the Tunneling Period Along the Gob

After the roadway excavation is completed, the vertical stress distribution of the
surrounding rock is shown in Figure 18. As shown in Figure 18, the distribution of peak
stress varies with the coal pillar width.

Figure 18. Stress distribution of surrounding rock after completion of roadway excavation: (a) 4 m;
(b) 5 m; (c) 6 m; (d) 8 m; (e) 10 m; (f) 25 m.

To more accurately analyze the vertical stress of the roadway surrounding rock, a
monitoring line was arranged along the dip direction of the working face at x = 120 m to
monitor vertical stress after roadway excavation. Figure 19 shows that for coal pillar widths
of 4, 5, 6, 8, 10, and 25 m, vertical stress on the side of the 15106 gob initially decreases and
then rises, recovering to in situ levels near the gob edge adjacent to the coal pillar. For the
coal pillar itself, Figure 19 indicates that when the widths are 4, 5, 6, 8, and 10 m, the stress
peak increases with pillar width, and the stress curve shows a single-peak distribution,
with corresponding peak values of 7.66, 9.74, 12.32, 16.02, and 27.05 MPa. When the coal
pillar width is 25 m, its peak vertical stress is lower than that of the 10 m pillar, and the
internal stress curve exhibits a “saddle-shaped” double-peak distribution, with peaks near
the 15106 gob and the newly excavated headgate# 15107 side. On the side near the gob, the
higher peak stress reaches 23 MPa; on the side near the newly excavated 15107 roadway, the
lower peak stress is 11.77 MPa. In the 15107 working face, the post-excavation stress trends
for coal pillars of 4 m to 25 m are similar—stress rises initially, then falls, and eventually
returns to the in situ stress level. With sectional coal pillar widths of 4, 5, 6, 8, 10, and 25 m,
the corresponding peak stress values in the 15107 working face are 21.01, 20.43, 19.63, 18.49,
16.93, and 9.04 MPa, respectively. It can be seen that as the coal pillar width increases, the
peak stress in the 15107 working face gradually decreases. When a 25 m sectional protective
coal pillar is used, the peak stress in the 15107 working face reaches its minimum. Although
this is favorable for roadway stability in the next working face, it leads to significant coal
resource loss.
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Figure 19. Stress map of coal pillars with different widths after the excavation of headgate# 15107 is
completed: (a) 4 m; (b) 5 m; (c) 6 m; (d) 8 m; (e) 10 m; (f) 25 m.

The numerical calculation results of the TAWF small coal pillar model were compared
with the research results of Xia et al. [29] (double roadway layout) and Zhang et al. [34]
on gob-side entry driving (GED), and a qualitative analysis was conducted on the vertical
stress concentration factor around the roadway. The comparison results are shown in
Figure 20. It can be seen from Figure 20 that the vertical stress distribution laws of TAWF,
the double roadway excavation method, and the gob-side entry driving (GED) method are
obviously consistent: most of the supporting load is borne by the solid coal rib, and the
load borne by the coal pillar is small.

 

Figure 20. Comparison of the vertical stress concentration factors around the roadway [15,29].

After the excavation of the headgate# 15107, the deformation of the surrounding
rock is shown in Figure 21. As shown in Figure 21, the deformation of the roadway roof,



Energies 2025, 18, 4303 19 of 26

floor, and ribs decreases with increasing coal pillar width. When the coal pillar width is
4 m, roadway deformation is at its maximum, the roadway becomes unstable, difficult to
maintain, and impedes normal working face mining. When the coal pillar width reaches
25 m, the deformation of the roof, floor, and ribs is minimal; however, such a wide pillar
causes significant coal resource loss. Increasing the coal pillar width from 4 m to 6 m
markedly reduces roadway deformation by 27% in the coal pillar rib, 28% in the solid
coal rib, and 18% and 37% in the roof and floor, respectively. As the coal pillar widens
from 6 m to 10 m, deformation further declines by 14%, 16%, 11%, and 8%, suggesting that
the roadway has reached a relatively stable state. Balancing coal recovery with roadway
stability, a 6 m wide coal pillar is the optimal choice.

 

Figure 21. Deformation curve of surrounding rock of roadway during excavation along the gob.

5.3. During the Mining of the 15107 Working Face

Stress contour maps at 120 m advancement of the 15107 working face under coal pillar
widths of 4, 5, 6, 8, 10, and 25 m are shown in Figure 22.

 

Figure 22. Stress contour diagram of 120 m advance at working face: (a) 4 m; (b) 5 m; (c) 6 m; (d) 8 m;
(e) 10 m; (f) 25 m.
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During the advancement of the working face, when the coal pillar widths are 10 m
and 25 m, although the stress peaks are both concentrated within the pillars and located
behind the 15107 working face, their stress distributions differ. When the coal pillar is 10 m
wide, the stress concentration zone is approximately located in the middle of the pillar.
When the coal pillar is 25 m wide, during mining, the vertical stress peaks concentrate on
both sides of the pillar; as the working face advances, the stress peak on the 15106 gob-side
gradually shifts toward the 15107 working face side, and the internal stress distribution
changes from “higher on the left, lower on the right” to “lower on the left, higher on the
right.” When the coal pillar width is 8 m, significant vertical stress peaks exist both within
the pillar and at the 15107 working face. When the coal pillar width is 4 m, 5 m, or 6 m,
during face advancement, the stress peaks are located at the 15107 working face, and the
coal pillar remains in a stress-relief zone, providing a favorable stress environment for
roadway maintenance. However, as previously analyzed, the 4 m and 5 m coal pillars had
already experienced plastic failure during roadway excavation, and during face mining, the
6 m pillar had a lower stress peak than the 4 m and 5 m ones; thus, a 6 m wide protective
coal pillar should be adopted.

For the convenience of comparative analysis, the peak stress of the roadway surround-
ing rock and the roadway deformation under coal pillars of different widths in different
periods are summarized in a table, as shown in Table 7. It can be seen from Table 7 that
when the coal pillar width is 4~10 m, the deformation of the roadway surrounding rock
decreases with the increase in the coal pillar width. When the coal pillar width increases
from 4 m to 6 m, the deformation of the roadway surrounding rock decreases significantly.
When the coal pillar width increases from 6 m to 10 m, although the deformation of the
roadway surrounding rock also decreases, the decreasing rate gradually slows down, in-
dicating that the roadway has tended to be stable at this time. Considering the overall
deformation of the roadway, when the coal pillar width is 25 m, the deformation of the
roadway surrounding rock is the smallest, but a large amount of coal resources will be
lost. When the coal pillar widths are 6 m, 8 m, and 10 m, the deformation of the roadway
surrounding rock is relatively small, and the coal pillars themselves can be kept stable.
From the perspective of reducing coal resource loss, a 6 m coal pillar is better than 8 m and
10 m coal pillars. An analysis of the stress data in the table shows that when the coal pillar
width is 6 m, while reducing resources, the peak stress is relatively low, which is beneficial
to the stability of the roadway.

Table 7. Peak stress and deformation of the roadway.

Width of Coal Pillar/m 4 5 6 8 10 25

During the
roadway driving

near the
advancing 15106

working face

Deformation of the
Roadway Roof/mm 331.48 288.40 276.38 258.89 252.45 83.28

Deformation of the
Roadway Floor/mm 83.32 58.45 51.73 49.27 46.70 17.29

Deformation of the Solid
Pillar Rib/mm 383.85 324.63 276.31 241.03 229.67 73.12

Deformation of the Coal
Pillar Rib/mm 570.31 510.06 415.66 376.16 357.26 76.49

Peak Stress/MPa 22.4 20.1 22.2 21.9 21.9 22.3
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Table 7. Cont.

Width of Coal Pillar/m 4 5 6 8 10 25

During the
tunneling period

along the gob

Deformation of the
Roadway Roof/mm 276.08 240.09 230.08 215.71 210.38 69.40

Deformation of the
Roadway Floor/mm 69.41 48.71 43.41 41.06 38.70 15.29

Deformation of the Solid
Pillar Rib/mm 320.25 270.53 230.26 200.86 191.39 63.45

Deformation of the Coal
Pillar Rib/mm 479.56 430.86 350.56 320.96 298.04 66.64

Peak Stress/MPa 20.5 20.1 19.8 18.6 22.1 21.4

During the mining
of the 15107

working face

Deformation of the
Roadway Roof/mm 203.25 170.09 160.08 152.31 148.29 43.58

Deformation of the
Roadway Floor/mm 49.25 38.29 33.41 28.56 26.92 10.56

Deformation of the Solid
Pillar Rib/mm 199.85 162.23 136.12 120.09 114.15 30.19

Deformation of the Coal
Pillar Rib/mm 276.19 257.16 197.26 190.24 177.98 36.84

Peak Stress/MPa 29.8 27.5 26.8 27.2 33.7 24.3

Based on the above theoretical analysis and numerical simulation results, a 6 m wide
protective coal pillar should be adopted for the 15107 working face of the coal mine.

6. Field Test
6.1. Optimization of Roadway Support Scheme

Based on the above research and in consideration of the geological and operational
conditions at the coal mine, the width of the protective coal pillar was finally determined
to be 6 m. The headgate# 15107 was studied under two different conditions: during the
advance toward the 15106 working face and during excavation along the gob. During the
driving near the 15106 working face, the analysis shows that when the coal pillar width
is 6 m, a stress concentration zone forms within the pillar and a plastic zone appears,
indicating that the support for the roof and pillar side of the roadway should be reinforced.
Two additional anchor cables should be installed in every other row on the roof, and two
more anchor cables should be added on the pillar-side wall of the roadway, as shown in
Figure 23a. When excavating along the gob, the analysis indicates that the deformation on
the pillar-side of the roadway is significant, and the stress concentration shifts toward the
working face side. Thus, reinforcement of the roof and both sidewalls of the roadway is
necessary. Two additional anchor cables should be installed every other row on the roof,
and two more should be installed on each of the two sidewalls, as shown in Figure 23b.

6.2. Ground Pressure Measurement

To evaluate the effectiveness of roadway support, monitoring stations were set up in
both the face-to-face driving section and the gob-side driving section of the headgate# 15107
to monitor surrounding rock deformation and anchor loading. The monitoring results
are shown in Figures 24 and 25. Figure 24a,b show the surrounding rock deformation
curves during face-to-face driving and gob-side excavation, respectively. As shown in
Figure 24, the deformation rate of the surrounding rock was rapid during the first 30 days of
excavation but gradually slowed and stabilized over time. During face-to-face driving, the
maximum roof subsidence and rib convergence reached 169 mm and 208 mm, respectively.
During gob-side excavation, the peak roof subsidence and rib convergence were 126 mm
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and 148 mm, respectively. Figure 25a,b show the anchor and cable loading curves during
face-to-face and gob-side driving, respectively. The figures indicate that anchor forces
increased gradually over time and eventually stabilized. During face-to-face driving, the
roof cable, roof bolt, side cable, and side bolt forces stabilized at approximately 198, 177,
163, and 134 kN, respectively. For the gob-side section, the stabilized loading values were
169 kN for roof cables, 145 kN for roof bolts, 130 kN for side cables, and 102 kN for side bolts.
Both the surrounding rock deformation and anchor loading remained within acceptable
ranges, demonstrating the effectiveness and feasibility of the support scheme.

   

(a)  (b) 

Figure 23. Optimize the roadway support diagram: (a) during the roadway driving near the
advancing; (b) mining of the 15107 working face.

   

(a)  (b) 

Figure 24. Deformation curve of the roadway surrounding rock: (a) during the roadway driving near
the advancing; (b) mining of the 15107 working face.
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(a)  (b) 

Figure 25. The force curve of the anchor cable: (a) during the roadway driving near the advancing;
(b) mining of the 15107 working face.

7. Discussion
This paper takes the 15107 working face of the Wangwa Coal Mine as the engineering

case study, and through a comprehensive analysis using methods such as theoretical
analysis, numerical simulation, and on-site tests, it is concluded that the optimal coal pillar
width should be set to 6 m. From the comprehensive analysis in the previous sections, it
can be seen that under coal pillars of different widths, the stress peaks and distributions
present different laws. This is because when the coal pillar width is less than 6 m, the coal
pillar is affected by mining activities, and the stress it bears exceeds its ultimate bearing
capacity, making it prone to plastic failure. When the coal pillar width starts to increase
from 6 m, as the width increases, more areas inside the coal pillar can be in an elastic state.
The coal pillar can bear greater bearing pressure, and the degree of stress concentration
and its distribution change accordingly. Correctly grasping the law of stress distribution
plays an important role in effectively controlling the stability of the surrounding rock of
the roadway. This paper provides certain reference values for maintaining the stability of
such roadways.

However, this study also has certain limitations. Numerical calculation and theoretical
calculation results are greatly affected by the rock mechanical parameters of the working
face. For example, when the internal friction angle φ0 of the coal seam decreases from
32◦ to 20◦ and the cohesion C0 decreases from 1.78 MPa to 0.78 MPa, substituting them
into Formulas (8) and (9) shows that the reasonable coal pillar width increases from the
original 5.08 m to 7.64 m. Therefore, when applying this method to other mines, it must be
combined with the rock mechanical parameters of the working face under study.

In addition, the geological conditions of the 15107 working face are relatively sim-
ple, with no faults or goaf water accumulation. Thus, the influence of faults and water
accumulation was not considered in the numerical simulation of this paper, which limits
the universality of the model. If problems such as faults and goaf water accumulation
are encountered, more refined modeling is required, and this will also be the focus of our
future research.

8. Conclusions
(1) Based on the internal–external stress field theory and limit equilibrium analysis, the

optimal coal pillar width was determined to be 6 m, with an internal stress field extent
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of 9.83~11.43 m. Placing the roadway within this field locates it in a stress-reduction
zone, ensuring stability and ease of maintenance.

(2) During the gob-side entry driving near the advancing 15106 face, with pillar widths
of 4 m and 5 m, the plastic zone penetrated the entire pillar, leaving minimal stress
concentration zones and rendering the pillar almost incapable of bearing loads. For
widths above 5 m, an elastic core formed within the pillar and the stress concentration
area expanded. As the width increased, so did the elastic zone, resulting in an
improved load-bearing capacity. The assessment during excavation along the gob
showed that at a 25 m width, the pillar’s stress profile has two peaks, corresponding
to peak support capacity and minimal face stress at 15107. For widths of 4, 5, 6, 8, and
10 m, the stress curve is single-peaked, and the peak stress increases with pillar width.
During the 15107 face advance, with sectional pillars of 3~6 m, the pillar remains in a
stress-reduction zone; however, the 4 m and 5 m pillars had already plastically failed
during face-to-face driving, lacking adequate support strength. Therefore, a 6 m pillar
width is recommended.

(3) Based on these theoretical and numerical findings, support schemes were optimized
for each roadway stage, the bolt and cable parameters were established, and real-time
field monitoring was implemented. The monitoring results indicate that with a 6 m
pillar and the roadway placed within the internal stress field, the surrounding rock
deformation was effectively controlled, meeting project requirements.
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