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Abstract: Sustainable development in coal mining requires a continuous and efficient method of
coal extraction. Research shows that gob-side entries retained through roof cutting retained gob-
side (RCGE) are vital for improving mining efficiency, enhancing coal recovery rates, and enabling
continuous production. However, the mechanism of surrounding rock deformation during close-
distance co-mining of coal seams with this technique is not yet clear. For the Jiaokou coal mine
in China, due to an unreasonable stagger distance between upper and lower working faces, the
gob-side entries retained at the 9102 tailgate and 10102 headgate experience severe rock pressure,
leading to significant prop damage and a sharp reduction in the cross-section of the entry. This greatly
hampers the reuse of these entries. To investigate this issue, we established a model to study the
stress distribution of surrounding rocks at different stagger distances (20 m, 40 m, 60 m, 80 m, and
120 m) through numerical simulation and optimized the support parameters for the retained entries.
Our research found that when the subsidence of the roof in the upper coal seam exceeds 0.74 m but is
less than 1.33 m, there is sliding instability in the mining body. When the subsidence exceeds 1.33 m,
the mining body will rotate and deform, causing significant mining pressure within the retained
entry. A stagger distance of 40 m between the upper and lower working faces can reduce pressure on
the face during the mining of the lower coal seam. Extensive field measurements of rock pressure
revealed that the damage rate of the single column in the gob-side entries of the upper and lower
coal seams does not exceed 5% and 1%, respectively. In summary, this study provides a practical
method to reduce damage to entries during the mining process, thereby increasing the continuous
production capability of the coal mine. This is critical for the sustainable development of coal mining.

Keywords: close-distance coal seams co-mining; roof pre-fracturing; gob-side entry retained by roof
cutting; surrounding rock control

1. Introduction

With the growth of global energy demand, coal, as an important source of energy, has
seen an increase in both consumption and production [1,2]. However, due to the increasing
scarcity of coal resources, coal mines around the world are facing mining difficulties, and
mining has caused varying degrees of environmental damage [3–6].

In some areas, such as the United States and India, room and pillar mining is often
used in underground mines [7,8]. The room and pillar mining method is a kind of pillar
system mining method. Coal pillars of different shapes are left in the coal room during coal
mining, and the coal pillars temporarily support the roof in the coal mining room [9–11].
In shallow coal seams, the thickness of the covering layer should not exceed 500 m, the
inclination angle should be small, single coal seams or non-short-distance coal seams are
used, the roof is more than moderately stable, and the floor is hard. Under these conditions,

Energies 2023, 16, 4379. https://doi.org/10.3390/en16114379 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16114379
https://doi.org/10.3390/en16114379
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5738-5042
https://doi.org/10.3390/en16114379
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16114379?type=check_update&version=1


Energies 2023, 16, 4379 2 of 17

the coal quality is medium hard or above medium hard. There is no hard gangue; the gas
emission is low, and the coal seam will easily spontaneously ignite, etc. This approach is
more suitable. Many scholars have conducted research on mine pressure appearance and
corresponding support measures within the mining process [12–14].

Compared to thick and easily mined coal seams, the mining conditions and geological
situations of close-distance coal seams are more complex [15,16], yet they account for a
significant portion of coal reserves. Co-mining of close-distance coal seams is an effective
mining method to address these challenges [17,18]. However, the traditional co-mining
of close-distance coal seams presents significant risks and low recovery rates, making the
development of safer and more efficient mining technologies a current priority [19,20].

Gob-side entry retaining technology involves preserving some goaf in the entry, where
the collapsed goaf naturally forms one side of the entry. The successful implementation
of this technology not only increases coal recovery rates but also greatly enhances safety.
Specifically, the roof of the gob-side entry can be effectively preserved, improving the
safety of mining operations [21]. Many scholars have studied the gob-side entry retaining
technology under different roof and burial conditions [22,23]. Especially in deep areas,
the successful use of gob-side entry retaining has solved the serious threat brought by
enormous geo-stress to the entry.

However, in areas with shallow burial, due to the thin and multi-layered nature of
coal seams, traditional co-mining of close-distance coal seams presents many problems.
The close proximity of the roadways leads to multiple disturbances, resulting in difficult-to-
support roadways. Therefore, we combined gob-side entry retaining technology with co-
mining of upper and lower coal seams and conducted research on roof cutting retained gob-
side entry in close-distance coal seams co-mining. Considering that in recent years, with
the development of technology, the technical condition systems for monitoring reservoirs
and mines have been significantly improved [24–26]. These systems aim to monitor various
parameters of mines in real-time, including geo-stress, gas pressure, coal seam temperature,
etc., to ensure the safety of miners and improve the operating efficiency of mines. This
provides us with more detailed geological production data and safety guarantees as we
attempt to solve these issues.

In close-distance coal seams combined mining, a key issue is determining the reason-
able offset between upper and lower coal seam entries [27,28]. This is because the floor
may undergo plastic failure after the upper coal seam is mined, which makes the roof of
the lower coal seam entry prone to collapse. The interaction between upper and lower
coal seams during mining can affect the surrounding rock structure and stress distribution.
Too small of an offset can make it difficult to control the surrounding rock, while too large
of an offset can affect production continuity and output stability. Therefore, the layout
of the lower coal seam entry is divided into stable pressure zone layout and depressur-
ized zone layout, both of which aim to reduce the impact of disturbance caused by the
upper coal seam mining on the stability of the lower coal seam entry [29,30]. However,
in actual engineering, a reasonable entry layout is difficult to achieve due to geological
conditions and mining plans. Entries that are too close can lead to problems such as sur-
rounding rock deformation, mining pressure, increased support difficulty, and dangerous
gas concentration [31–35].

However, there is currently no clear conclusion on the mechanism of cutting the top
and unloading pressure along the gob-side entry in close range coal seams, so it is necessary
to conduct in-depth research on the characteristics of overall roof movement of upper
and lower coal seams, the deformation mechanism of surrounding rock, and the mining
pressure law of the interaction between the roadway and surrounding rock.

Taking the 9102 tailgate and the 10102 headgate in Jiaokou Coal Mine as the back-
ground, analyze the spatiotemporal evolution of the overlying strata structure and the
deformation of surrounding rock. By constructing a mechanics model, analyze the theo-
retical mechanism of the roof, floor, and surrounding rock in the cutting of the top and
unloading pressure along the gob-side entry at different stages. Using FLAC3D simulation
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software, study the stress field variation during the mining process of the No. 9 and No. 10
coal seams, and explore the influence of the upper and lower coal seam working faces on
the stress distribution of the surrounding rock in the gob-side entry. Finally, optimize the
support scheme and apply it to engineering.

2. Field Practice of Gob-Side Entry Retained

In Jiaokou Coal Mine, the method of co-mining and roof cutting gob-side entry re-
taining is adopted for close-distance coal seams, where the horizontal distance between
the 9102 tailgate and the 10102 headgate is 6 m, the vertical distance is 10 m, and the
cross sections of the 9102 tailgate and the 10102 headgate are 4700 mm × 3000 mm and
4700 mm × 3500 mm, respectively. First, the 9102 working face starts mining, and the 9102
tailgate begins gob-side entry retaining. When the working face advances 120 m, the 10102
working face starts mining, and the 10102 tailgate begins gob-side entry retaining, with a
staggered distance of 120 m between the working faces, as shown in Figure 1.
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As shown in Figure 2, the slit holes are located 200 mm above the roof, with a spacing
of 600 mm. The advanced support method adopts 4.2 m π-shaped beams + single columns
(one beam, three columns) with single column spacings of 2800 mm and 1200 mm, while
the lagging support method adopts 4.2m π-shaped beams + single columns (one beam,
eight columns) with single column spacings of 1000 mm, 1000 mm, 400 mm, 400 mm,
400 mm, 400 mm, and 400 mm. The advanced support distance for the 9102 tailgate
is 20 m, and the lagging support distance is 240 m. As the working face advances, the
single columns lagging by 240 m are partially recovered for pedestrian and transportation
purposes. The advanced support distance for the 10102 headgate is 80 m, and the lagging
support distance is 200 m. As the working face advances, the single columns lagging by
200 m are partially recovered and reused for pedestrian and transportation purposes.

Due to unscientific historical mining in the No. 9 coal seam of Jiaokou Coal Mine, the
setup entry of the 9103 working face cannot be excavated, as shown in Figure 3a. Therefore,
ventilation was improved by excavating a roadway at the setup entry to connect the 9102
tailgate and 10102 headgate. This allows the 10102 headgate, 10102 tailgate, and 9102
headgate to be ventilated simultaneously while the 9102 tailgate returns the airflow. That
is, the No. 9 and No. 10 coal seams share a common return airway, as shown in Figure 3b.
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The lithology of the roof and floor of 9102 and 10102 working faces is shown in Figure 4.
The thickness of the No. 9 coal seam is 0.30 m to 1.75 m, averaging 1.04 m, with a simple
structure, generally containing 0 to 1 layer of gangue, and is a stable and mostly mineable
coal seam in the whole area. The roof is L1 limestone, and the floor is mudstone and sandy
mudstone. The thickness of the No. 10 coal seam is 1.74 m~3.93 m, with an average of
3.04 m, and a simple structure containing 1~3 layers of gangue, stable thickness, and is
mineable across the whole area.
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3. Overlay Transport Characteristics and Surrounding Rock Deformation Mechanism
3.1. Deformation and Damage Characteristics of the Roof

Figure 5 demonstrates the roof damage and key block changes during the mining
process of the upper and lower group coal seam working face. As the coal seam mining
advances, the overlying rock subsidence leads to changes in key blocks A, B, and C. Among
them, the position of A is stable, C moves down, and B is affected by A and C and rotates
and sinks. When the lower group of the coal seam is mined, the roof sinking increases
and the structural stability of key block E is weakened, which in turn affects the structural
stability of key block B, and the mine pressure shows obviously. The damage to the bottom
plate has a significant impact on the stability of the key block, and the degree and extent of
the damage are related to the difficulty of safe mining of the coal seam of the lower group.
In order to clarify the deformation mechanism of the surrounding rock, it is necessary to
analyze the sliding instability and rotary deformation mechanism of key block B in the
mining process of the upper and lower group coal seams.
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Figure 5. The process of roof failure during mining at the working face. (a) End of upper and lower
roadway excavation (b) Start of upper group coal seam mining (c) End of upper and lower roadway
excavation (d) Start of upper group coal seam mining (e) End of upper and lower roadway excavation
(f) Start of upper group coal seam mining.

3.2. Research on the Damage Mechanism of the Surrounding Rock Structure

In the process of the workover of the upper and lower groups of coal seams in the
near coal seam with cutting top unloading pressure along the air stay, the force analysis of
the key blocks A, B, and C is carried out as shown in Figure 6. The force of the key blocks
(assumed to be A, B, and C) of the overlying roof rock of the upper group coal seam is
analyzed. Assuming that these key blocks are articulated, it is necessary to analyze the slip
instability and rotary deformation of key block B. Here, it is simplified to a two-dimensional
problem, and some basic parameters are set for the blocks. The force analysis parameters
and the key parameters of the rock masses are shown in Table 1.
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Table 1. Stress analysis and key parameters of rock mass.

Parameter Symbols Physical Meaning Unit

K Key block C mining gangue stiffness N/m
S Key block C mining area gangue displacement m

Wa, Wb, Wc Self-weight of key blocks A, B, and C kN
Qa, Qb, Qc Key block A, B, C structure friction shear reaction force kN
Za, Zb, Zc Key blocks A, B, and C are loaded kN

Fb
Support force transmitted by the bracket underneath the

critical block B kN

C1 Distance of the support transfer key block B m
Fc Key block C mining area gangue support force kN

Tab, Tbc Horizontal binding force of the structure on A and B, B and C kN
l Length of key blocks A, B, C m
h Height of key blocks A, B, C m
γ Turning angle of key block B with respect to A ◦

θ Turning angle of key block B with respect to C ◦

kp1 Crushing and swelling coefficient
kp2 Residual swelling factor
hi Thickness of the ith collapsed rock layer m

According to the hydrostatic equilibrium equation for the point O1 we have Equation (1).
−Qa + Tabsinγ = 0
Zb + Tabcosγ − Za = 0
−Qah + ZbC1 − Tabcosγ l = 0

(1)

For the O2 point there is Equation (2).
−Qc + Tbcsinθ = 0
Za + Tbccosθ − Zc = 0
−Qch + ZaC1 − Tbccosθl = 0

(2)

Slip destabilization analysis of key block B during the mining of the upper group of
coal seams, according to the balance of lateral forces on the key block B, Equation (3) can
be listed.

Tab + Tbc + Fb = Zb (3)

where, Tab and Tbc are the horizontal restraint force of the articulated structure on the key
block B, respectively, Fb is the support force transmitted by the bracket below the key block
B, Zb is the load borne by the key block B. Consider that the maximum shear force on key
block B occurs when it is in the sliding instability state, which satisfies so that Equation (3)
can be simplified to Equation (4).

2Tbc + Fb = Qb (4)

Based on:
Tbc = SbcKbcLbc (5)

where Sbc is the shear area between the key blocks C and B, Kbc is the shear stiffness, and
Lbc is the hinge distance. Substituting into Equation (3) yields Equation (6).

2SbcKbcLbc + Fb = Qb (6)

In order to ensure that the key block B does not slip and destabilize, it is necessary to
ensure that the horizontal binding force Tbc of the articulated structure on B is greater than
or equal to the friction force Qb on the key block B. To this end, Equation (7) is established.

Tbcµ ≥ Qb (7)
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Then, according to the moment balance equation, we can obtain Equation (8).

TbcC1 + Fbhsinγ − Qbl − Zb
h
2
= 0 (8)

The condition for determining whether the key block B slips and destabilizes is
Equation (9).

(Fb + Zb
h
2
)

1
µ
+ Fbhsinγ − Zb

h
2

C1 ≥ 0 (9)

Simplify and organize to obtain Equation (10).

(µab − 1)Tab + (µbc − 1)Tbc ≥ µabgsinγ + µbcgsinθ − Qa (10)

The condition for the key block B not to undergo rotary deformation during mining of
the upper group coal seam is Equation (11).

Za + Wa + Tab − Tbc
Zb + Wb

≥ tanγ + tanθ (11)

Equation (11) simplified and organized as Equation (12).

Scos(γ + θ)
(
h − 2

3 hi
)

tanγ
+

TbcC1

h
l − 1

2
kp1ρgShsinθ ≥ 0 (12)

The slip instability and rotary deformation conditions of key block E in the lower
group coal seam are almost the same as the derivation of key block B in the upper group
coal seam mining, so no derivation is made.

Since it is assumed that the block C sinks as a whole ∆y, as in Figure 4b, then Za and
Zc decrease and increase ρgh∆y, respectively, where ρ is the rock density, kg/m3; g is the
acceleration of gravity, kg/m2, at which point there are Equations (13) and (14).

−Qa + Tabsinγ = 0
Zb + Tabcosγ − (Za − ρgh∆y) = 0
−Qah + ZbC1 − Tabcosγ l = 0

(13)


−Qc + Tbcsinθ = 0
Za + ρgh∆y + Tbccosθ − Zc = 0
−Qch + ZaC1 − Tbccosθ l = 0

(14)

Slip destabilization analysis of key block B during mining of the lower group coal seam,
according to the balance of lateral forces on key block B and previous derivation, the condi-
tion for lower group coal seam mining to satisfy key block B without slip destabilization is
Equation (15).

Tab ≥ Qaµa + Qcµc + Fb (15)

where, Tab is the horizontal binding force of the articulated structure on the key block A
and B, Qa and Qc are the frictional shear reactions of the articulated structure of the key
block A and C, respectively, µa and µc are the friction coefficients between the rocks, and Fb
is the support force transmitted by the brace below the key block B.

Considering the overall sinking of block C by ∆y, the horizontal and articulated forces
on the key block B will also change. According to the principle of mechanical equilibrium,
the condition that the key block B does not slip and destabilize is satisfied by Equation (16).

Tab ≥ Qaµa + Qcµc + Fb + Zbtanθ − Zctanθ − Zbtanγ + Zatanγ − K∆y (16)

Equation (16) is expanded and organized to obtain Equation (17).
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Tbc −
ρlh
2

(1 − kp1)∆y + Tabcosγ − ρglh
2

(1 − kp1)∆ysinγ ≥ ρglh
2

(1 − kp2)µ(QA + QB)cosθ (17)

In the lower group coal seam mining, when block B undergoes rotary deformation,
Equation (18) needs to be satisfied.

Tabtanγ + Tbctanθ ≥ Zb + Gb + Fb − Fa − Fc − kp1S (18)

Equation (18) is simplified and organized to obtain Equation (19).

2(kp1−kp2)∑n
i=1 hisinγ

l

≥ (1−kp1)(
Za
l + Zc

l +gρh)( h
3 −

∆y
3 )+

Tabtanµ

l ( h
2 −

∆y
3 )

2
3 ρg( h

2 −
∆y
3 )+ 2

3 tanµ( h
2 −

∆y
3 )

(19)

According to the production geology and filed practice, take h = 4.17 m, l = 6.2 m,
kp1 = 1.4, kp2 = 0.2, E = 22 GPa, γ = θ = 15◦, ρ = 2450 kg·m−3, g = 9.8 kg·m−2, µ = 0.35, and
∑n

i=1 hi = 275 m, Za = 4.18 MPa, Zc = 3.9 MPa, Tab = Tbc = 3.16 MPa. By substituting them
into Equations (17) and (19), it can be obtained that ∆y ≥ 0.74 m, ∆y ≥ 1.33 m.

Finally, when the subsidence ∆y of the goaf roof in the upper group of coal seams
falls within the range of 0.74 m ≤ ∆y ≤ 1.33 m, block B experiences sliding instability.
When ∆y ≥ 1.33 m, block B will rotate and deform, and both situations will cause severe
mining pressure in the roadway, leading to large deformation of the surrounding rock and
posing a threat to the stability of the next group of coal seam roadways and the safety of
mining work. Therefore, in the mining of the lower group of coal seams, it is necessary to
further consider the reasonable stagger distance between the upper and lower working
faces to reduce the stress concentration caused by the mining impact of the upper group of
coal seams.

4. Numerical Simulation of Rock Pressure in Gob-Side Entry

In order to study the effect of different working face stagger distances on gob-side
entry stability under the same mining situation of upper and lower coal seams, we designed
a numerical simulation plan for coal seam excavation under different working face stagger
distances. The advancing distance of the upper coal seam working face is larger than that
of the lower coal seam, and the stagger distances of the upper and lower coal seam working
faces are 20 m, 40 m, 60 m, 80 m, and 120 m.

Combined with the lithology, spatial distribution, and the mining scheme of the 9102
and 10102 chutes of the Jiaokou coal mine, a numerical model of 335 m × 320 m × 50 m
was established (see Figure 7), taking into account parameters such as the size of the coal
roadway, the width of the working face, and the horizontal and vertical distances. The
rock mechanics parameters (see Table 2) and contact parameters (see Table 3) were defined,
and the boundary conditions were set after pre-splitting. Pre-splitting and roof cutting
are achieved by using the interface unit in FLAC3D to define the cracking behavior. The
model contains two support schemes, scheme I and scheme II, which adopt different anchor
spacing, row spacing, and number of anchors, respectively. For scheme I, anchor spacing is
1100 mm, row spacing is 1600 mm, it has one anchor cable in the center of the roof, and 3
and 4 anchor cables in the 9102 return wind chute and 10102 transport chute of the roadway
gang, respectively. For scheme II, two anchor cables are added on the basis of scheme I, the
distance between its anchors is 700 mm, and the distance between its rows is 800 mm. After
adding support, the coal seams 9 and 10 were excavated in steps, and the changes in the
surrounding rock stresses in the two roadways during the retrieval process were studied.
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Table 2. Rock mechanics parameters.

Lithology Density/kg·m−3 Bulk
Modulus/GPa

Shear
Modulus/GPa Cohesion/MPa Friction

Angle/◦
Tensile

Strength/MPa

Sandy mudstone 2450 9.8 5.6 1.8 27 10.5
Coal 1600 1.4 0.6 0.7 20 5.9

Limestone 2750 17 9.2 2.6 29 23.6
Mudstone 1900 7.2 3.4 1.4 25 8.9

Table 3. Contact mechanics parameters of slit.

Friction Angle/◦ Cohesion/MPa Modulus of
Elasticity/GPa

Tensile
Strength/MPa

Shear
Strength/MPa

Cracking
Toughness/MPa·m1/2

27 1.5 22 4.9 7.3 0.3

4.1. The Influence of the Upper and Lower Group of Working Face Retrieval on the Stress
Distribution of the Gob-Side Entry Surrounding Rock

In Figure 8, contour lines are drawn for the stress distribution of the upper and lower
group coal seam along the gob-side entry at the different working face stagger distances.
According to Figure 8a–e, it is known that the stress value of the lower group of coal
roadways is smaller than that of the upper group of coal roadways. It can be seen that
the upper group coal seam roof cut destroys the roof stress transfer, and with the stagger
distance increase in the working face’s advance, the stress on the solid coal side and the
roof increases, and the roadway gang is always in a high-stress state. However, when the
working face stagger distance is 40 m, see Figure 8b, the stress of the upper coal seam
gob-side entry solid coal side is 9 MPa, the stress of the lower coal seam gob-side entry
solid coal side is 8 MPa, the difference between the two is not significant. This indicates
that the mining activity of the upper coal seam face has the greatest impact on the lower
part at this time. When the working face is staggered by 20 m, the roof of the upper coal
seam working face has not yet fully collapsed. For the safety and efficiency of mining the
lower coal seam, we believe that the suitable working face offset is 40 m.
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When the lower coal seam is retrieved, the horizontal to vertical stress distribution of
the top plate gob-side entry and mining of the lower group coal seam will affect the stress
distribution of the upper group coal seam gob-side entry but will not change the stress
peak. With the increase in the working face of the lower group coal seam, the high-stress
range of the surrounding rock of the upper group coal gob-side entry increases. The effect
of the slit along the empty roadway of the lower group coal seam is different from that
of the upper group coal seam, and the slit gob-side entry of the lower group coal seam
maintains the original stress state of the roof plate under the activity of overburdened rock
in the mining area and the change in surrounding rock of upper group coal seam roadways
so that no stress concentration is generated.

4.2. Quarry Stress Distribution Characteristics

In Figure 9, the stress magnitude along the slit side of the gob-side entry is compared
and analyzed with the back of the mining area. In Figure 9a, the stresses on the solid coal
side with a slit are larger compared with the stress values on the uncut side. This indicates
that the bending and sinking of the upper mining area during the lower group of coal seam
retrieval makes the solid coal side with cut seams suffer greater support stresses. The reason
for this phenomenon is that the overburden activity in the lower mining area leads to an
increase in the overburden activity space in the mining area of the upper coal seam. In this
case, the overburden in the upper mining area will continue to sink, destroying the stability
of the original articulated structure. As the overburden in the upper mining area rotates
and slips, the stress will be redistributed and reach a new equilibrium state, resulting in
differences in stress values. The overburden activity weaken the regulating effect of upper
group coal seam cuttings on stress distribution, which increases the supporting stress on
the solid coal side.

Energies 2023, 16, x FOR PEER REVIEW  12  of  17 
 

 

destroying the stability of the original articulated structure. As the overburden in the up-

per mining area rotates and slips, the stress will be redistributed and reach a new equilib-

rium state, resulting in differences in stress values. The overburden activity weaken the 

regulating effect of upper group coal seam cuttings on stress distribution, which increases 

the supporting stress on the solid coal side. 

The  lower group  coal  seam  roadway  cut will destroy  the overburden articulation 

structure, and the stress should be smaller compared with the uncut case, as shown  in 

Figure 9b. 

Combining the whole upper and lower group coal seam retrieval processes, it can be 

found that the upper group coal seam is more influenced by mining activities; therefore, 

when the actual project is carried out, it is necessary to pay close attention to the potential 

influence of the mining activities of the lower group coal seam on the stability of the upper 

gob-side entry and take appropriate support measures to ensure the safety and stability 

of the roadway. 

     

Figure 9. Three-dimensional stress map of the roof strata along both sides of the empty roadway at 

the same horizontal level. 

4.3. Comparative Analysis of Different Support Schemes 

According to Figure 10a,b, in support scheme I, the maximum settlement of the roof 

slab of  the 9102 return wind chute  is 17.9 cm, which  is  located at model 95.7 m; while 

under scheme II, the maximum settlement of the roof slab is 15.3 cm. The short-term sup-

port effect of scheme II is 14.5% higher than that of scheme I. In the analysis of the settle-

ment of the roof slab of the 10,102 transport chute in the No. 10 coal seam, the maximum 

settlement of scheme I is 1.4 cm, and that of scheme II is 1.28 cm, with a difference of 0.16 

cm, and the short-term support effect of scheme I is only improved by 7.8%. The support 

effect of both options meets the engineering requirements. 

As shown in Figure 10c,d, the vertical stress distribution of the roof plate of the 9102 

tailgate and the 10102 headgate shows that the minimum vertical stress of the 9102 roof 

plate  is 1.05 MPa under  scheme  I and 6.9 MPa under  scheme  II. The  support effect of 

scheme II is reduced by 37.3% and still has a better effect under the influence of subsequent 

overburden transport and mining movement; the support effect of scheme I is reduced by 

88.2%, and it can hardly play a supporting role under the influence of subsequent over-

burden transport. In the 10102 headgate, the support effect of the two support schemes is 

reduced by 91.1% and 35.7%, respectively. 

Although the change in the horizontal stress of the roadway gang directly affects the 

stability of the roadway, and the presence or absence of anchor rods and anchor cables 

does not affect this conclusion, in Figure 10e–h, after comparing the horizontal stress of 

the roadway gang in the upper and lower along-air roadway, it is found that: in the close-

distance  coal  seam  co-mining with pre-split  gob-side  retaining project,  the  horizontal 

high-stress distribution on the solid coal side of the upper group coal seam can be made 

under  the  condition of appropriately  increasing  the  support  strength. The  range  is  re-

duced. Because the range of horizontal mining-induced stress changes reduced, thereby 

reducing the probability of rock bursts and other hazards, which is conducive to the long-

term stability of the gob-side entry. 

Figure 9. Three-dimensional stress map of the roof strata along both sides of the empty roadway at
the same horizontal level.

The lower group coal seam roadway cut will destroy the overburden articulation
structure, and the stress should be smaller compared with the uncut case, as shown in
Figure 9b.

Combining the whole upper and lower group coal seam retrieval processes, it can be
found that the upper group coal seam is more influenced by mining activities; therefore,
when the actual project is carried out, it is necessary to pay close attention to the potential
influence of the mining activities of the lower group coal seam on the stability of the upper
gob-side entry and take appropriate support measures to ensure the safety and stability of
the roadway.

4.3. Comparative Analysis of Different Support Schemes

According to Figure 10a,b, in support scheme I, the maximum settlement of the roof
slab of the 9102 return wind chute is 17.9 cm, which is located at model 95.7 m; while under
scheme II, the maximum settlement of the roof slab is 15.3 cm. The short-term support
effect of scheme II is 14.5% higher than that of scheme I. In the analysis of the settlement of
the roof slab of the 10102 transport chute in the No. 10 coal seam, the maximum settlement
of scheme I is 1.4 cm, and that of scheme II is 1.28 cm, with a difference of 0.16 cm, and the
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short-term support effect of scheme I is only improved by 7.8%. The support effect of both
options meets the engineering requirements.
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Figure 10. Comparison of support schemes. (a) 9102 tailgate roof settlement (b) 10102 headgate roof
settlement (c) 9102 tailgate roof vertical stress (d) 10102 headgate roof vertical stress (e) Stress on solid
coal side of 9102 tailgate in scheme I (f) Stress on solid coal side of 9102 tailgate in scheme II (g) Solid
coal side stress of 10102 headgate in scheme I (h) Solid coal side stress of 10102 headgate in scheme II.

As shown in Figure 10c,d, the vertical stress distribution of the roof plate of the 9102
tailgate and the 10102 headgate shows that the minimum vertical stress of the 9102 roof
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plate is 1.05 MPa under scheme I and 6.9 MPa under scheme II. The support effect of
scheme II is reduced by 37.3% and still has a better effect under the influence of subsequent
overburden transport and mining movement; the support effect of scheme I is reduced
by 88.2%, and it can hardly play a supporting role under the influence of subsequent
overburden transport. In the 10102 headgate, the support effect of the two support schemes
is reduced by 91.1% and 35.7%, respectively.

Although the change in the horizontal stress of the roadway gang directly affects the
stability of the roadway, and the presence or absence of anchor rods and anchor cables
does not affect this conclusion, in Figure 10e–h, after comparing the horizontal stress
of the roadway gang in the upper and lower along-air roadway, it is found that: in the
close-distance coal seam co-mining with pre-split gob-side retaining project, the horizontal
high-stress distribution on the solid coal side of the upper group coal seam can be made
under the condition of appropriately increasing the support strength. The range is reduced.
Because the range of horizontal mining-induced stress changes reduced, thereby reducing
the probability of rock bursts and other hazards, which is conducive to the long-term
stability of the gob-side entry.

5. Industrial Trials

By analyzing the numerical simulation research results of the overburden transport
characteristics and the mineral pressure performance law gob-side entry, the engineering
application of the technology of close distance coal seams roof cutting gob-side entry
retaining in the same mining in the close coal seam is carried out.

The 9102 tailgate and the 10102 headgate are both rectangular in the cross section,
with dimensions of 4700 mm × 3000 mm and 4700 mm × 3500 mm, and the 9102 tailgate is
cut into the bottom of the coal seam, while the 10102 headgate is cut along the top of the
bottom. The cross section and plan of the gob-side entry roof reinforcement support are
shown in Figure 11.
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After using this design scheme on site, the single column breakage of upper group
coal does not exceed 5%, and the lower group coal basically does not exceed 1%, which
indicates that the engineering application of near coal seam co-mining top cutting and
pressure removal along the empty stay is successful.

6. Discussion

This study presents an in-depth examination of deformation mechanisms and rock
pressure behavior during gob-side entry retaining in close distance co-mining of upper
and lower coal seams. Our results highlight the significant impact of staggered distances
between the working faces on the stress distribution of the surrounding rock, with a
distance of 40 m, demonstrating optimal performance.

Despite these findings, there are limitations in our study that warrant further research.
First, our model is reliant on accurate geological data and complex numerical simulations,
which may not always be feasible. Second, while our model primarily considers staggered
distances, other factors that might influence deformation and rock pressure behavior are
not extensively addressed. Future studies should explore these influences for a more
comprehensive understanding of gob-side entry stability.

7. Conclusions

In conclusion, this research focused on understanding the deformation mechanisms
and rock pressure behavior in gob-side entry retaining during close distance co-mining of
upper and lower coal seams. A structural model was developed, and numerical simulations
were performed to assess the impact of varying working face staggered distances on the
stress distribution of surrounding rock.

The impact of roof subsidence (∆y) on the stability of gob-side entry retaining during
the co-mining of upper and lower coal seams was investigated. Additionally, it was found
that when the subsidence of the goaf roof in the upper group of coal seams falls within
the range of 0.74 m ≤ ∆y ≤ 1.33 m, block B experiences sliding instability. In cases where
∆y ≥ 1.33 m, block B undergoes rotation and deformation. Both of these scenarios re-
sult in severe mining pressure in the roadway, leading to significant deformation of the
surrounding rock.

A working face staggered distance of 40 m was identified as the most effective choice,
leading to significant improvements in the performance of support schemes. This optimal
distance resulted in single column damage rates of no more than 5% for the upper coal
seam group and 1% for the lower coal seam group.

These insights can inform the development of strategies to enhance mining safety and
efficiency in gob-side entry retaining for close distance co-mining projects.
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Nomenclature
K Key block C mining gangue stiffness, N/m
S Key block C mining area gangue displacement, m
Wa, Wb, Wc Self-weight of key blocks A, B and C, kN
Qa, Qb, Qc Key block A, B, C structure friction shear reaction force, kN
Za, Zb, Zc Key blocks A, B and C are loaded, kN
Fb Support force transmitted by the bracket underneath the critical block B, kN
C1 Distance of the support transfer key block B, m
Fc Key block C mining area gangue support force, kN
Tab, Tbc Horizontal binding force of the structure on A and B, B and C, kN
l Length of key blocks A, B, C, m
h Height of key blocks A, B, C, m
fl Turning angle of key block B with respect to A, ◦

` Turning angle of key block B with respect to C, ◦

kp1 Crushing and swelling coefficient
kp2 Residual swelling factor
hi Thickness of the ith collapsed rock layer, m
∆y Distance of key block C sinks as a whole, m
Sbc Area of the shear between the key blocks C and B, m2

Kbc Shear stiffness of key block C and B
Lbc Hinge structure length of key block C and B, m
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