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Abstract: The mining of isolated working faces beneath close coal seams is
influenced by the overlying goaf, the lateral abutment pressure from adjacent goafs,
and the dynamic pressures arising from the preparatory mining operation. The
deformation and failure characteristics of the surrounding rock in the roadway show
significant variability, especially in sections beneath goaf areas and residual coal
pillars, making it difficult to apply a conventional support strategy. This work adopts
theoretical analysis, numerical simulations, and field observations to investigate
roadway deformation and stability in the underlying isolated island working face
according to the geological conditions of the Yanghuopan coal mine in Shaanxi
province, China. The results indicates that the stress transfer from the residual pillar
beneath the 272 coal seam influences the 3™ coal seam up to a distance of 62.1 m, with
a stress transfer coefficient of 1.6 directly beneath the coal pillar. The vertical stress in
the 3™ coal seam is distributed across five distinct regions. The 30119 working face
traverses all five regions, with the vertical stress on the coal pillar and surrounding
rock deformation reaching their maximum in the regions affected by the concentrated
stress of the 1# and 2# residual coal pillars. Stress concentration is significantly
reduced beneath the goaf of the 20201 and 20202 panels. Based on these findings, a
corresponding stability control scheme was developed. The conventional support zone
beneath the goafs and the original rock stress region of the 20201 and 20202 working

faces, and the reinforced support zone within the influence of the residual coal pillars.



Field observations, including surface displacement, anchor forces, and internal coal
pillar deformation, validated the effectiveness of the combined support system and

ensured safe production during isolated island working face mining.

Keywords: Close coal seams, Isolated island working face, Numerical simulations,

Combined support system, Roadway stability, Field monitoring



1 Introduction

With the continued intensification of coal resource extraction, maintaining
orderly sequencing and rapid turnover of longwall panels has become increasingly
challenging in many operations. To reduce mutual interference between adjacent faces
and ensure continuous production, the skipping mining method is implemented within
the mining region, which resulted in the formation of an isolated island working
face[1-3]. Such isolated island-like panels are typically associated with pronounced
abutment-stress concentrations, complex overburden structure and enhanced
susceptibility to roof separation and dynamic hazards, ultimately impairing roadway
serviceability and increasing subsidence-control costs [4,5]. Moreover, when an island
panel is extracted beneath an overlying goaf and residual coal pillars, the combined
disturbance and stress transfer can substantially degrade piilar integrity and roadway
stability, thereby elevating safety risks and necessitating frequent rehabilitation and
re-support [6,7].

In recent years, a growing number of works have investigated deformation
control and stability managernent for roadways associated with isolated island
working faces in closely spaced seams using theoretical analysis, numerical modeling,
and field monitoring [8-14]. In terms of theoretical analysis, Jia et al. proposed the
“umbrella arch” overburden structure for the extraction of isolated island panels and
derived theoretical formulas for the supporting force required during panel extraction.
This approach provided a theoretical understanding of the relationship between the
side close to the gob and the side close to the gob in the isolated island panels, as well
as the variations in the peak values of the solid coal side elastic response in irregular
island panels, both for transportation and return roadways[9]. Yang et al. focused on a
typical deep-buried, non-equal width island working face, analyzing the strata
structural changes and coal pillar stress evolution caused by the overlying goaf, based
on the spatial structure theory of overlying strata[15]. Xue et al. conducted an in-
depth study on the layout and support parameter optimization of recovery roadways in

thin coal seams with isolated island working faces with theoretical and numerical



analysis[16]. From a numerical perspective, most researchers have employed the
finite element method (FEM) and the discrete element method (DEM) to investigate
the deformation of surrounding rock, stress conditions, and failure modes of isolated
island panels[17,10,18-24]. Shang et al. and Han et al. employed FLAC3D to conduct
in-depth studies on the failure characteristics of surrounding rock in roadways under
repeated mining and the mining-induced stress behavior of isolated island panels in
closely spaced coal seams[12,18,25]. Wang et al. adopted the ABAQUS to investigate
the overburden structure and concentrated pressure control in thick coal seam island
longwall panels[11]. Additionally, Wang et al. utilized 3DEC, coupled with micro-
seismic monitoring and shockwave CT inversion techniques, to perform detailed
research on the dynamic disaster risk of isolated longwall panel extraction. In terms of
field observations, Xie et al. employed in-situ measurement techniques to determine
the spatial distribution of mining-induced stresses across difierent sections of the
working face, revealing areas of elevated stress concentration beneath the isolated
island panel[13]. Huang et al. proposed a roof-breaking blasting pressure-relief
strategy. The effectiveness of this approach in mitigating impact hazards was
subsequently validated through in-situ borehole peeping and infrared radiation
techniques[26]. In terms mechanical mechanism of mining-induced disturbance in
coal, several studies have employed the Split Hopkinson Pressure Bar (SHPB) testing
to elucidate the dynamic failure properties and energy dissipation of coal
samples[27,28]. Zhang et al. and Zou et al. investigated the energy evolution and
damage properties of coal subjected to cyclic loading by utilizing the acoustic
emission monitoring and CT scan technology[29,30].

Although aforementioned research results provide significant guidance and
insights for isolated island working faces, several limitations remain, such as the site-
dependent support schemes and challenges in high in-situ stress conditions, etc. Fewer
studies systematically quantify the influence on the underlying seam, particularly for
vertical arrangements of upper and lower working faces in closely spaced seams. In
this work, a theoretical assessment is conducted to delineate the influence range of

overlying residual coal pillars on the underlying seam, providing a basis for



identifying high-risk roadway segments. The comprehensive numerical simulations
are further investigated to capture the spatial evolution of stress concentration, plastic
failure, and deformation in roadways located beneath isolated island panels, explicitly
accounting for the combined effects of overlying goafs and residual pillars.
Furthermore, based on the identified deformation characteristics, targeted stability-
control schemes are proposed and validated through field observations. The remainder
of this paper is structured as follows. First, a comprehensive analysis of the
engineering background, stratigraphic characteristics, and surrounding rock
mechanical parameters of the Yanghuopan coal mine was presented in Section 2. Then,
Section 3 theoretically investigates the influence range of the overlying residual coal
pillars on the underlying coal seam. Section 4 presents a comprehensive numerical
simulation analysis of the stability of roadways beneath isolated longwall panels in
closely spaced coal seams. Some stability control schemes for surrounding rock
deformation characteristics are presented and validated with field observations in
Section 5. Finally, some conclusions on the proposed combined support systems are

presented in Section 6.

2 Case study

2.1. Engineering backaround

This work focuses on the 30119 working face of the Yanghuopan mine, which is
a typical isolated island panel surrounded on three sides by goafs, situated in the 3*
coal seam of the 301 panel. The overlying strata consist of multiple goafs in the 2
coal seam, including the 20201 and 20202 panels, with an average distance of 29 m
between the goaf of the 27 coal seam. The working face has a width of 240 m and a
total advance length of 2225 m. The average coal seam thickness is 2.06 m with an
average dip angle of 1°. The mining operation utilizes the fully caving longwall
mining method to improve mining efficiency. The research area primarily includes the
30119 working face from 0 to 1150 m, where the working face is surrounded by
mined-out areas, forming an isolated island working face.

As shown in Fig. 1, the width of the coal pillar for the main haulage roadways is



30 m, with 15 m in the return air roadway. The 30119 working face of the
Yanghuopan coal mine extends from 0 m to 1150 m along the panel. The roof of this
section lies beneath the 272 coal seam at a vertical distance of 29 m. Specifically, the
0-515 m segment of the working face is overlain by the goaf areas of the 20201 and
20202 working faces in the 202 panel. The 600-1150 m segment is underlain by a fire-
affected zone in the 272 coal seam and associated fire-resistant barrier coal pillars. The
roof and floor of the roadway are composed of mudstone. A detailed histogram of the

strata is shown in Fig. 2.
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Fig.2 Strata formation of the research site.

2.2. Mechanical characteristics of rock samples

To fully understand the mechanical properties of the rock in the isolated island
working face of the Yanghuopan mine, some typical laboratory tests (uniaxial
compressive strength (UCS), Brazilian tensile strength (BTS) and shear strength tests)
were carried out on rock samples(see Table 1). Laboratory test results indicate that the
immediate roof of the 3" coal seam is primarily composed of fine-grained sandstone
with a thickness of 16.06m. The average compressive strength, elastic modulus, and
tensile strength of the roof siltstone are 54.8MPa, 14.42GPa, and 0.98 MPa,
respectively. The rock of the immediate floor is also composed of siltstone, with a
thickness of 4.63m, exhibiting an average compressive strength of 61.15MPa, an
average elastic modulus of 39.58GPa, and an average tensile strength of 1.31MPa.

These mechanical parameters provide critical input for evaluating the stability of the



roof and floor strata, as well as for developing support strategies in mining operations.

Table 1 Representative parameters of rocks from experimental tests.

Compressive  Young’s . Tensile . , -
Cohesion Poisson’s Friction
Rock types strength modulus (MPa) strength ratio angle (°)
(MPa) (GPa) (MPa) &
Roof siltstone 54.8 14.42 2.4 0.98 0.17 39.86
3™'Coal sample 15.4 5.24 0.98 0.48 0.28 36.82
Floor siltstone 61.15 39.58 2.2 1.31 0.32 37.04

3 Theoretical analysis of the effect of the closely overlying residual
coal pillars on the overlying coal seam

3.1 Stress transmission law of residual coal pillars in the coal seam floor

During the upper coal seam extraction, partial stress is transferred from the
exposed roof strata to the residual coal pillars, which in turn exerts a significant
influence on the underlying strata. To facilitate theoretical analysis, the effect of
overlying residual coal pillars on the lower coal seam is simplified as a concentrated
stress applied at an arbitrary point on the plane of a semi-infinite body. By employing
the Lame—Maxwell equations to address the problem of a semi-infinite plane wedge
under concentrated loading, it can be demonstrated that the principal stress coordinate
system is equivalent to the polar coordinate system, yielding the stress solution for the
semi-infinite plane. Treating both the residual pillars and the floor as elastic bodies,
and applying the equations for vertical concentrated loading at the pillar boundaries in
conjunction with the principle of superposition, the transmission of concentrated

stress into the floor can be established.
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Fig.3 Mechanical model of concentrated stress transfer from residual pillars to the
coal seam floor

According to elastic mechanics theory, when a residual coai pillar is subjected to
a vertical concentrated load acting along the segment AB at both sides, the finite
length of the loaded segment can be represenied by an equivalent uniformly
distributed line load with intensity g. For an arbitrary point M located in the rock mass
beneath the floor of the residual pillar, the Cartesian coordinate system is established
as illustrated in Fig. 3. Taking thie midpoint of AB as the origin O, the point M is
located at a horizontal distance x and a vertical distance y from the origin O, and
therefore has coordinates (X, y). Along the segment AB, at a horizontal distance & from
point O, a differential element of length d¢ is considered, on which an infinitesimal
vertical force dF acts. The horizontal and vertical distances from point M to the

differential force dF are (x-¢) and y, respectively.
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By superimposing the stresses induced by each differential concentrated force



and integrating the above expression over the interval from -1/2 to 1/2, the following

equation can be obtained,
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Since the load applied on the top of the coal pillar is simplified as a uniformly

distributed load, q is treated as a constant. Integrating the above expression yields,
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It can be observed that the stress state of the strata beneath the floor of the
residual coal pillar is primarily governed by the applied load and the position within
the floor strata. The stress distribution varies with location beneath the pillar. The
influence range of the residual coal pillar on the floor strata increases with increasing
depth. The vertical stress directly beneath the coal pillar is the highest, but it decreases
progressively with depth. In contrast, the stress in the lateral directions on both sides
of the pillar diminishes gradually. As the depth of the floor strata increases, the range
of vertical stress influence expands; however, the degree of influence becomes
relatively weaker.

3.2 Distribution law of concentrated stress in residual coal pillars
According to the geological and mining conditions of the Yanghuopan Coal Mine,

the residual coal pillar between the 20201 and 20202 working faces in the 202 panel



has a width of 20 m. In this area, the burial depth of the 2% coal seam is 46 m,
including a bedrock thickness of 40 m and an overlying soil layer thickness of 6 m.
The caving angle of the bedrock is taken as 58°, while the failure angle of the soil
layer is taken as 70°. The average unit weight of the bedrock is 24 kN/m3, and that of
the soil layer is 18 kN/m3. Substituting these parameters yields the load borne by the
overlying residual coal pillar as q is 2.5 MPa. By substituting g into Eqg. (4), the
vertical stress distribution in the floor at different depths beneath the residual coal
pillar between the 20201 and 20202 working faces in the 202 panel can be obtained.
The transmission law of concentrated stress from the residual pillar into the floor is
illustrated in Fig. 4.

Based on the analysis in Fig. 4, the concentrated stress transmitted from the
residual coal pillar between the 20201 and 20202 working faces in the 202 panel of
the Yanghuopan Coal Mine reaches the 3™ coal seam as 0.4 times the applied load
(1.0 MPa), located directly beneath the pillar. At this iocation, the burial depth of the
3" coal seam is 77m, and the original in-situ stress is calculated as 1.7 MPa.
Therefore, under the influence of the concentrated stress induced by the overlying
residual coal pillar, the vertical stress borne by the coal seam beneath the pillar prior
to the extraction of the 30119 working face is 2.7 MPa, representing a 60% increase

compared with the original in-situ stress of 1.7 MPa.
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Fig.4 (a) transmission law of concentrated stress from the residual coal pillar to the

coal seam floor; (b) stress distribution after the mining of the overlying coal seam.
The residual coal pillars of the upper seam induce stress concentration, relief,
and stabilization zones in the underlying floor. According to the caving law of
overlying strata, roof breakage propagates upward along a defined fracture angle,
lagging behind the advancing face. When the interburden between the upper and
lower panels is thin, advance of the lower-seam longwall face at location A
precipitates instantaneous failure and caving of the immediate roof along the
preconditioned fracture line. The ensuing abutment-stress concentration and
overburden load transfer produce a transient escalation in powered-support loading;
with continued advance, stress redistribution establishes a stress-relief zone ahead of

the face, and the support demand attenuates toward a quasi-steady state (see Fig. 4b).

Based on the above analysis, a mechanical model for concentrated stress transfer



after upper seam extraction is established, where the influence range of the residual
coal pillar on the lower seam can be expressed as:

L,=2htang +a, (5)
where, Lmax IS the maximum range of the concentrated stress from the residual coal
pillar in the upper to the lower seam; h is the thickness between the upper and lower
seams; a; is the width of the residual coal pillar in the upper seam; ¢ is the maximum
influence angle of the concentrated stress from the residual coal pillar in the upper
seam. When the residual coal pillar width is 20m and the average seam spacing
between the 22 seam and the 3 seam is approximately 29 m, and the concentrated
stress transmission angle is 36°. Then, the maximum influence range of concentrated

stress from the residual coal pillar in the 2 seam to the 3™ coal seam is 62.1 m.

4 Numerical investigations

4.1 Numerical model

The key to roadways stability in closely spaced coal seams with underlying
isolated working faces lies in the stabiiity of ithe section coal pillar. This work focuses
on the stability of the 15m section coal pillar on the return air roadway side of the
30119 working face, and the stability of the return air roadway. Based on
aforementioned geo!ogical conditions and roadway layout, the FLAC3D software was
used to model and analyze the stress distribution in the surrounding rock of the
section coal pillar. The model dimensions were 1000 m (length) x 900 m (width) x
180 m (height), with a 100 m boundary coal pillar on both sides along the x-direction
and y-direction, as shown in Fig. 5. An approximately uniform load is applied to the
upper boundary, horizontal constraints are imposed on the vertical boundaries, and the
lower boundary is fixed. The Mohr—Coulomb criterion is utilized to model rock

failure, and the rock mechanical properties are detailed in Table 2.
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Table 2 Representative parameters of rock mass.

Rockiypes  weight  strength moduig Conesion  Friction Bt - SR
KN-m®  /MPa  /MPa MPa—anglel®  una T MPa
Soil layer 186 0028 3342 0.086 306 12 37
Sandstone 239 118 16380 22 4008 6659 10111
Sitstone 242 062 14830 117 3938 5493 16478
Coalseam 129 033 6860 0.89 3701 2618 6018
Siltstone 24 098 14260 21 3826 5803 8195
Sandstone 243 058 11650 11 3825 4447 10219
Sistone 244 122 12440 229 408 4574 14810
Sandstone 249 078 11150 127 407 4533 6883
Mudstone 235 053 13330 101 3628 5375 8545
»2cogl 129 033 6860 0.89 3701 2618 6018
Mudstone 235 053 13330 101 3628 5375 8545
Sandstone 262 131 14420 24 3986 6162 7283
Sandstone 249 078 11150 127 407 4533 6883
Sandstone 262 112 14420 24 3986 6162 7283

371 Coal 12.8 0.48 5240 0.98 36.82 2047 3970




The purpose of this numerical simulation is to analyze the stability of the 30119
return air roadway and the section coal pillars, particularly focusing on the stress
distribution, plastic zone, and displacement variation under the influence of the
mining activities in the working face. The mining sequence is as follows. First, the
overlying 2 coal seam is excavated, forming the mined-out areas of the 20201 and
20202 working faces, as well as 1# and 2# residual coal pillars, as shown in Fig. 6a.
Subsequently, the 3™ coal seam is extracted. During the extraction of the 3™ coal seam,
the mined-out areas on both sides and the three entryways of the 30119 working face
are extracted, resulting in the unexcavated conditions of the 30119 working face, as
illustrated in Fig. 6b. Owing to the spatial configuration of the 30119 working face,
which is oriented perpendicular to the 20201 and 20202 working faces within the 3*
coal seam, the completion of upper-seam extraction induces a well-defined
redistribution of concentrated stresses, resulting in the formation of five distinct stress
transfer zones. From the mine boundary toward the interior, these zones are
sequentially characterized as follows: (1) a stress-relief region beneath the 20201
working face, (2) a concentrated stress domain governed by residual coal pillar 1, (3)
a stress-relief region beneath the 20202 working face, (4) a concentrated stress
domain associated with 2# residual coal pillar, and (5) the original in-situ stress zone
beneath the unmined 272 coal seam, as depicted in Fig. 6c.

As illustrated in Fig. 6d, before the extraction of the 30119 working face, the
vertical stress at the 0 m position exhibits a gradual attenuation, primarily controlled
by the boundary effect of the overlying 27 coal seam pillar. Beneath the 1# residual
coal pillar, the stress field develops in a distinctly symmetrical manner, with the
maximum value of 13.12 MPa concentrated directly below the pillar centerline. By
contrast, the stress distribution beneath the 2# residual coal pillar is characterized by
an abrupt increase followed by a progressive reduction, reaching a peak of 7.26 MPa,
which is approximately 45% lower than that beneath the 1# pillar. This pronounced
disparity demonstrates that the abutment stresses induced by the adjacent goafs of the
20201 and 20202 working faces superimpose in a coupled manner, thereby

amplifying the concentrated loading on the 1# residual coal pillar. Consequently, the



vertical stress beneath the 1# pillar is nearly double that beneath the 2# npillar,
revealing a highly heterogeneous redistribution of concentrated stresses that governs
the mechanical response of the underlying strata under close-distance coal seam

mining conditions.
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4.2 Stability analysis of the return air roadway during 30119 working face excavation

Numerical simulations were conducted to investigate the plastic zone in the
surrounding rock and the vertical stress distribution along the 30119 return air
roadway before excavation of the 30119 working face (see Fig. 7). The results
indicate that, under the influence of a residual coal pillar, the vertical stress in the coal
pillar segment and along the roadway sidewalls is significantly higher directly
beneath regions 2 and 4. In contrast, the stress concentration observed directly
beneath regions 1 and 3 is relatively low. Beneath region 5, the stress concentration is
greater than that in regions 1 and 3 but remains lower than that in regions 2 and 4.
Furthermore, simulation results show that when the plastic zone of the surrounding
rock is situated beneath a residual coal pillar, the plastic zone along the 30119 return
air roadway sidewalls expands compared to the results where the roadway is located

in regions 1 and 3.
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Based on the stress distributions delineated for the five regions, numerical
simulations were performed to resolve the stage-dependent evolution of the advanced
abutment pressure (AAP) during the extraction of working face 30119. Fig. 8 and 9
present the spatial stress fields of the five regions and the corresponding AAP profiles
for each mining stage. The AAP attained a peak at approximately 8 m ahead of the
face in phase 1, with an average peak of 3.26 MPa. In phase 2, the peak AAP
increased markedly. However, a pronounced decline occurred once the face advanced
beyond the residual coal pillar. In phases 3,4, and 5, the AAP again appeared at 8 m,
with maximum stress at 6.30 MPa, 17.18 MPa, and 16.83 MPa, respectively. Overall,
the simulations indicate a consistent localization of the AAP peak at 8 m ahead of the
face and a strong sensitivity of its magnitude to the presence and subsequent removal
of the residual pillar, with the most pronounced stress concentration occurring in

phases 4 and 5.
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Fig.9 Vertical stress distribution at different phases of the 30119 panel.

To investigate the effect of different mining phases on the vertical stress and
plastic zone evolution in the sectional coal pillar, numerical simulations were
conducted with measurement points every 5m. As shown in Fig. 10a, in the first phase,
the vertical stress distribution inside the coal pillar ahead of the face exhibited a

double-peak pattern since this region lay within a stress-relief zone under the floor of



the overlying 22 coal seam. As a result, the stress peak was higher on the side
adjacent to the 30117 working face and lower near the 30119 return air roadway.
Under the influence of advance support loads, the sidewalls and roof experienced
plastic deformation, with the maximum plastic depth reaching 2 m in the sidewall and
up to 3 m in the roof (see Fig. 11a). In the second stage, influenced by an overlying
residual coal pillar, the pillar’s stress profile became saddle-shaped, and the influence
of the advance support loads diminished with distance (Fig. 10b). As depicted in Fig.
10b, under the combined effects of the residual pillar and the advance support loads,
the roadway deformation was more severe, and the roof plastic zone height reached 5
m, and the sidewall plastic zone depth reached 3 m. In the third phase, the stress
distribution again exhibited a double-peak pattern at the face advance, with the 30117
working face side remaining relatively high and the 30119 return air roadway side
lower (Fig. 10c). Since the pillar was still partly in the stress-relief zone of the 22 coal
seam floor. As depicted in Fig. 11c, the induced plastic zones were 2 m in the
sidewalls and 3 m in the roof. By the fourth stage at a 500 m advance (see Fig. 10d),
the stress peaks of pillars clearly diminished with distance at 20 m ahead of the face.
The advance support loads produced plastic zones of 3 m depth in the sidewalls and 4
m in the roof (see Fig. 11d). In the fifth phase, the vertical stress of coal pillar
decreased uniformly with distance (see Fig. 10e). At 5 m, 10 m, and 20 m ahead of the
face in the 30119 return air roadway, the advance support loads caused plastic zones

of approximately 2 m in the sidewalls and 3 m in the roof (see Fig. 11e).
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Fig.10 Vertical stress of the sectional coal pillar during 30119 working face extraction

in different phases.
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during extraction of the 30119 panel.



To investigate the deformation of the surrounding rock in the return air roadway
of the 30119 working face, measurements were taken at multiple advance stages (Fig.
12). Phase 1 showed a maximum displacement of 42 mm at the sidewall and 22.5 mm
at the coal pillar sidewall, while roof displacement steadily decreased from 34.7 mm
to 1.1 mm (Fig. 12a). In Phase 2, the roof displacement decreased from 209.6 mm to
near 0 mm; the coal sidewall displacement declined from 96.5 mm to 60.9 mm before
gradually increasing to 65.1 mm, and the coal pillar sidewall displacement increased
gradually (Fig. 12b). Phase 3 presented the roof displacement drop from 30.1 mm to
nearly 0 mm and then rise to 48.2 mm. The coal sidewall displacement declined from
39.4mm to 14.6 mm; and the coal pillar sidewall displacement decreased from
23.2 mm to near 0 mm (Fig. 12c). Phase 4 showed the roof displacement falling from
3543 mm to 261.9mm; the coal sidewall displacement initially declined from
57.8 mm to near 0 mm before slowly increasing to 29.3 mm; and the coal pillar
sidewall displacement increased from 60.2 mm to 63.9mm and then stabilized
(Fig. 12d). Finally, in Phase 5, the roof dispiacement decreased from 219.9 mm to
127.8 mm; the coal sidewall displacenient fell from 36.8 mm to near 0 mm and then
rose to 25.0 mm; and the coal pillar sidewall displacement increased from 29.5 mm to

36.3 mm and then remained essentially constant (Fig. 12e).
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Fig.12 Surrounding rock deformation of the return air roadway at different extraction

phases.

5 Proposed support technology

5.1 Control scheme of segmental surrounding rock support.

For the 30119 panel in Yanghuopan coal mine, a zoned ground-control strategy is

formulated to ensure roadway stability during the retreat of the isolated longwall. The

return air roadway is partitioned into: (1) a conventional-support zone, comprising the



60 m destressed belt beneath the overlying goaf and the adjacent in-situ stress domain,
and (2) an enhanced-support zone, directly under overlying remnant pillars where
stress concentration is elevated (see Fig. 13a). Roof control employs integrated bolt—
mesh/strap—cable bolting system with & 20x2000mm rebar bolts at 1.0 mx1.0 m with
bolt lines 0.6 m from each sidewall, and ¢ 15.24x6300 mm cable bolts in a “2-1-2”
array at 2.0 mx 3.0 m, with cable lines 1.6 m from sidewall. Owing to the low rib-
side stress concentration in the easy and in-situ domains, dedicated rib reinforcement
may be omitted there; the sectional layout is shown in Fig. 13b.

Given the isolated-panel geometry of the 30119 working face (0-1150 m) and
the superposed abutment from the overlying 22 coal seam residual pillar, an
enhanced-support zone is prescribed for the affected reach. Roof reinforcement adopts
a composite system-fully grouted ¢ 20x2000mm rebar bolts at 1.0 mx1.0 m with bolt
lines 0.6 m from each sidewall, supplemented by & 15.24x6300 mm cable bolts in a
“2-1-2” array at 2.0 mX3.0m and 1.6 m sidewall oftset—integrated with welded
wire mesh/steel straps. Rib confinement foliows the principles of shoulder-angle
control and pillar integrity: ¢ 20x2000mm rebar bolts at 1.0 mx1.0 m, positioned 0.5
m below the roof line and 0.9 m above the floor (see Fig. 13c). This specification
targets reduced convergence, delayed plastic-zone coalescence, and enhanced entry
stability under the superposed static—dynamic stress regime characteristic of isolated-

panel retreat.
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Fig.13 Combined control scheme for the surrounding rock in the 30119 panel.

To evaluate the adequacy and reliability of the initial support design, a
comprehensive monitoring program was implemented in the 30119 return air roadway.
The monitoring system incorporated surface and deep displacement measurements of
surrounding rock, as well as real-time load assessment of bolts and cables, to provide
an integrated evaluation of roadway stability. Data were systematically collected
during the extraction process, enabling validation of support performance and timely
assessment of deformation mechanisms. It should be noted that the monitoring work
was initiated after roadway excavation and reinforcement. To ensure
representativeness, monitoring stations were strategically positioned in geologically

continuous sections of the roadway. Three stations, designated K1, K2, and K3, were



deployed at 50 m intervals, thereby ensuring spatial coverage of stress redistribution

effects. The monitoring framework and station configuration are presented in Fig. 14.
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Fig.14 Layout of rock mass deformation monitoring statiors in the roadway.

5.2 Analysis of in-situ monitoring results for roadway deformation during mining
excavation

To quantify the roadway surface deforration, the monitoring program primarily
focused on the sidewall convergence and roof subsidence of the 30119 return air
roadway. Based on in-situ measurements, the temporal—-spatial evolution of relative
displacement and deformation velocity was analyzed to determine the ultimate
deformation of the surrounding rock and to evaluate the effectiveness of the support
system. Following reinforcement, three monitoring stations (K1, K2, K3) were
installed, and a 30-day observation campaign was conducted to characterize roof
deformation. As shown in Fig. 15, results indicate that roof subsidence initiated
approximately 60 m ahead of the working face, remaining nearly constant until 25 m,
where the roadway was only affected by minor stress perturbations rather than the
advanced abutment pressure. Beyond 25 m ahead of the face, roof subsidence
increased significantly, entering the influence zone of the advanced abutment pressure,
with a maximum subsidence rate of 1 mm/d. The effective influence range of
advanced abutment pressure was thus determined to be 25 m. During the monitoring

period, the maximum recorded roof subsidence was 10 mm, indicating that the



existing support scheme effectively controlled roof deformation and ensured the safe

and stable operation of the working face.
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Fig.15 Roof settlement and velocity curves for the return air roadway of 30119

working face.

As shown in Fig. 16, deformation at the coal-pillar sidewall is highly confined.

Within the bolt—grout anchorage zone (0-2.0 m), relative displacement is effectively

zero; a narrow transition band with 2 m to 3 m exhibits the peak relative movement,

after which horizontal displacement from 3.0 to 6.0 m again approaches zero. The

maximum lateral offset of the pillar rib is 2 mm. The small amplitudes and tight

spatial confinement of displacement collectively demonstrate that the implemented

bolt-mesh—cable support scheme affords robust confinement and a high stability

margin of the reinforced rock mass.
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Fig.16 Monitoring deformation of surrounding rock at different monitoring stations.

To characterize reinforcement demand with face advance, instrumented rebar bolts

and strand-type cabie bolts were deployed at stations K1 to K3 on the extraction-side

rib, roof, and pillar-side rib of the 30119 return air roadway (Fig. 17). The monitoring

delineates an advanced abutment-stress influence zone of 40 m along the pillar-side

rib and 30 m at the roof. The interval from the face to 100 m behind constitutes an

overburden adjustment zone. Peak axial loads were 28 kN (solid-coal rib bolts), 40

kN (roof bolts), and 38 kN (chain-pillar rib bolts), against a 105 kN rated yield for ¢

20 mm left-hand-thread deformed rebar bolts. Cable-bolt demand peaked at 78 kN on

the chain-pillar rib, i.e., 0.30 of the 260 kN yield for ¢ 17.8 mm 1x7 steel strand. All

demands are well within capacity, evidencing sufficient reserve and corroborating the

effectiveness of the composite bolt—-mesh/strap—cable support system.
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6 Conclusions

ts and cable bolts at different monitoring

ions

The deformation and stability of roadways in the underlying isolated island



working face were investigated through theoretical analysis, numerical modelling and
field observations at the Yanghuopan coal mine. The deformation characteristics of
the roadway surrounding rocks during 30119 panel excavation were analyzed
systematically, and the corresponding stability control schemes were proposed. The
main conclusions are as follows:

(1) The mining of the underlying isolated island working face is influenced by
the combined effects of stress from the mined-out area and the overlying residual coal
pillar. Through analysis, it is determined that the vertical stress in the 3™ coal seam at
the location of the residual coal pillar is 1.6 times greater than the original in-situ
stress, with the stress impact extending over a distance of 62.1 m. Utilizing limit
equilibrium theory and incorporating the stress transfer mechanism in the 22 coal
seam.

(2) Numerical analysis of the surrounding rock stress and plastic zone failure in
the 30119 return air roadway reveals distinct deformation and stress patterns across
different mining areas. The peak advanced support pressure beneath the 1# residual
coal pillar reaches 17.18 MPa. The sectional coal pillar stress exhibits a double-peak
distribution beneath the residual coal pillars, with vertical stress beneath the 1#
residual coal pillar being 238.3% higher than that beneath the second. Additionally,
deformation of the roof and solid coal sidewall beneath the 2# residual coal pillar is
significantly reduced, with roof deformation decreasing by 50% and solid coal
sidewall deformation by 76.3%, while coal pillar sidewall deformation remains
similar.

(3) In the 30119 working face, surrounding rock control is categorized into
strengthened and conventional support zones based on the stress environment and
rock fracturing conditions of the return air roadway. The strengthened support
sections, influenced by overlying residual coal pillars, utilize ¢ 20x2000mm threaded
steel bolts with 1000x1000mm spacing for side support. In contrast, the conventional
support zone, located beneath the mined-out area and above the underlying coal seam,
employs ¢ 20x2000mm bolts and ¢ 15.24x6300mm anchor cables arranged in a “2-

1-2” triaxial pattern with 20003000 mm spacing.



(4) Field observations have demonstrated that the maximum roof subsidence in
the strengthened support section of the 30119 return air roadway is 10mm, while the
maximum sidewall convergence is 4mm. The support bolts and cables for both the
sidewalls and roof are subjected to the relatively substantial residual bearing capacity
of the 30119 working face. Monitoring results show that the combined support
scheme can effectively control roadway deformation, which can provide guidance for
controlling the stability of the underlying isolated island working face with similar
conditions. However, due to safety and installation constraints, the monitoring data
captures only a limited short-term response, and more comprehensive real-time
sensing, the development of advanced constitutive models, and economic benefits

comparisons will be required in future works.
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