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Mechanism of reverse deformation
Increase in the virgin coal rib
compared to the pillar rib of the
gob-side entry in an extra-thick
coal seam

Wenrui He%2*Y, Dongdong Chen? & Hengzhong Zhu***

The advantage of applying gob-side entries (GSEs) with narrow coal pillars in extra-thick coal seams
to improve the recovery rate is particularly significant. However, the ground pressure is intense and
overlying strata caving is severe under fully mechanized top-coal caving mining (FMTCM) in extra-thick
coal seams. The ground pressure environment of the surrounding rock in GSE with narrow coal pillars
is complex, leading to the phenomenon of reverse deformation increase (RDI) where the failure of

the virgin coal rib is greater than that of the coal pillar rib. To reveal the mechanism of RDI, this study
takes the GSE of the Panel 8211 under typical FMTCM in an extra-thick coal seam as the engineering
background. Through on-site measurements of the surface convergence of the GSE ribs, damage of
support structures, coal mass damage depth, and abutment stress, as well as numerical analysis of
the supporting characteristics of gob gangue on coal pillars, the coal pillar width, and the excavation
timing, the following findings are obtained. The support of gangue on the ribs of the coal pillar is the
direct cause of RDI. RDI only occurs when the gangue’s contact height with the coal pillar exceeds

20 m, while the degree of RDI no longer increases when the contact height exceeds 30 m. On the
premise that the gangue’s contact height exceeds 20 m, the smaller the coal pillar width or the shorter
the lag time between the excavation of the GSE and the completion of mining in the upper panel,

the more significant of the RDI. However, coal pillar width and GSE excavation timing only affect the
degree of RDI, rather than being preconditions for RDI. To address RDI in GSE with narrow coal pillars
under FMTCM in extra-thick coal seams, a support strategy is proposed: reinforcing coal pillars with
anchor cables to share the ground pressure on the virgin coal rib, while simultaneously using anchor
cables to strengthen the control of deformation in the virgin coal rib. This measure has achieved
satisfactory results in practice, and the overall deformation of the GSE meets the requirements of safe
production.

Keywords Extra-thick coal seam, Coal pillar, Gob-side entry, Reverse deformation increase, Gangue,
Excavation timing

China has abundant reserves of extra-thick coal seams with thickness exceeding 8 m, which account for over
45% of total coal output. These seams are concentrated in Shanxi, Shaanxi, Inner Mongolia, and Xinjiang, serving
as the primary mining coal seams for coal mines with an annual production capacity exceeding ten million
tons!. The fully mechanized top-coal caving mining (FMTCM) method for extra-thick coal seams is widely
employed in major mining areas across China, leading the coal industry in terms of productivity, efficiency,
and comprehensive economic benefits?. However, the coal-bearing strata where extra-thick coal seams occur
are weak, soft, deeply buried, and subjected to ultra-large mining scale. These factors lead to extremely intense
ground pressure behavior, which severely hinders safe and efficient mining operations. This issue has emerged
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as one of the foremost challenges in mining science and ground control engineering’. Particularly the gob-side
entries (GSEs) in extra-thick coal seams are adjacent to vast mined-out areas. The overlying strata undergo
intense fracturing, causing the peak abutment pressure zone to shift significantly inward. This results in extensive
and severe damage of the coal-rock mass on the ribs of the GSE, leading to instability or even closure of the
surrounding rock. Consequently, both the difficulty and cost of control measures increase substantially.

GSEs often exhibit asymmetric damage, that is, the deformation and failure of the coal rib, roof and floor
on the coal pillar side are greater than those of the virgin coal side. Peng et al.* found that the deformation
of the coal pillar rib is greater than that of the virgin coal rib under different coal pillar widths, while the rib
deformation of the coal pillar and virgin coal can reduce with the coal pillar width. Yang et al.> observed that
the support structures on the gob-side exhibited prominent splitting failure, accompanied by roof subsidence
and floor heave in large-section GSEs. The ground pressure manifestations in coal pillar side were more severe
compared to the virgin coal side. For inclined coal seams, the asymmetric deformation of the surrounding rock
of GSEs is further amplified. Wang et al.® found that the failure of the surrounding rock on the coal pillar rib was
significantly greater than that on the virgin coal rib in inclined coal seams, and the peak abutment pressure on
the virgin coal rib was 4.2 MPa higher than that on the coal pillar rib. Wu et al.” presented that the deflection of
the gravity center of the roof toward the gob was identified as the leading cause of asymmetric failure in GSEs
in inclined coal seams. Zhu et al.®pointed out that the mining-induced pressure in GSEs exhibits an asymmetric
distribution, where the pressure on the uncut roof side is significantly higher than that on the roof-cutting side
when applying the pressure relief technique by roof cutting.

Research on the mechanism of surrounding rock failure and instability in GSEs still inherits and applies
some classic roadway failure theories, such as the arch theoryg‘“, the elastoplastic failure theorylz, and the
surrounding rock loose circle theory'>. Based on the particularity of the mining environment where GSEs are
located, existing studies generally analyze the ground pressure through the rock strata above GSEs to explore
the mechanism of surrounding rock failure. Among them, the key block structure on the gob-side'*'” and the
cantilever beam structure!® are the most widely applied. Meanwhile, numerous studies have confirmed that the
position of the fracture line of the overlying main roof relative to the GSE has a significant impact on the stability
of their surrounding rock 19-21 Additionally, based on the main roof fracture line, the stress of the coal mass on
the gob-side is divided into two distinct stress environments: internal field and external field*>?3.

Regarding the mechanism of asymmetric deformation and failure in GSEs, Wang et al.>* revealed that the
main roof above the GSEs forms a hinged structure, attributing the greater deformation of the coal pillar rib
compared to the virgin coal rib to the rotation of key blocks. Li et al.?> concluded that when a GSE is excavated
before the movement of the overlying strata stabilizes, the roof experiences rapid subsidence, the stress in the
coal pillar increases sharply, and significant asymmetric deformation occurs. The asymmetric failure of GSEs
manifests bidirectionally in both vertical and horizontal directions. Xu et al.2® pointed out that the heterogeneity
of surrounding rock stress is the cause of asymmetric failure in GSEs. Meanwhile, the fracture position of the
main roof correlates strongly with the asymmetric deformation observed in GSEs?’. Some scholars have revealed
that GSEs exhibit a distinctly asymmetric stress distribution under combined dynamic and static loads?. Their
studies show a significant negative correlation between the overlying loads on the coal pillar rib and the virgin
coal rib, which leads to asymmetric failure of the surrounding rock?. Liu et al.* presented that the stress
concentration and the expansion of the failure zone width in coal pillar are identified as the root causes of the
intensified deformation of the surrounding rock on the coal pillar rib.

Among the analysis indicators for the surrounding rock deformation and failure of the GSE, abutment
pressure is commonly used to evaluate the surrounding rock stress environment of GSEs due to its ease of
monitoring®!~3>. GSEs are subjected to multiple mining dynamic pressure influences. Therefore, dynamic loads
and static loads are also widely used to analyze the strata pressure characteristics of GSEs***’. Besides this,
some studies explore the mechanism of surrounding rock failure from the perspective of deviatoric stress*®*° or
principal stress*.

The above studies focus on the traditional asymmetric deformation, where the deformation of the coal pillar
rib is greater than that of the virgin coal rib. Our research team found in the ground pressure observation of
GSEs with 8 m narrow coal pillars in extra-thick coal seams of 15 m that after a period of the GSE excavation, the
deformation of the virgin coal rib exceeds than that of the coal pillar rib. Distinct from the traditional asymmetric
deformation characterized by greater deformation of the coal pillar rib, a special ground pressure phenomenon
of reverse deformation increase (RDI) has been identified. However, there are currently no relevant studies that
reveal the mechanism of RDI. Through on-site monitoring and numerical simulations, this study clarifies the
engineering geological conditions for the occurrence of RDI and reveals its generation mechanism from the
perspectives of the contact condition between gob gangue and the coal pillar, coal pillar width, and excavation
timing.

Project overview

Panel 8211 is adjacent to the gob of Panel 8210, which has been fully mined and is now stable. To the east lies the
protective coal pillar for the village. To the north are the planned but not yet mined Panels N8205 and N8206.
Panel 8211 is separated from the gob of Panel 8210 by an 8 m narrow coal pillar, as shown in Fig. 1.

The coal seam mined in Panel 8211 is the #3-5 coal seam, with an average thickness of 15.1 m, classifying it
as an extra-thick coal seam. The coal seam is buried at a depth of 415 m, and has an average dip angle of 2.5°.
The immediate roof of the coal seam consists of mudstone and fine sandstone, while the main roof consists of
medium coarse sandstone with a thickness of 14.7 m, as shown in Fig. 2. Panel 8211 is laid out along the floor of
the coal seam and adopts the FMTCM technology to extract the extra-thick coal seam. The mechanized mining
height is 3.9 m, with the caving height is approximately 11 m.
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Fig. 1. Location and mining condition of the Panel 8211.

Lithology Rock core | Thickness/m
Interbedding layer of sandy mudstone
and aluminous mudstone 34
Medium coarse sandstone 9.2
Interbedding layer of mudstone

and fine sandstone 56.9
Medium coarse sandstone 14.7
Fine sandstone 3.2
Mudstone 2.3
Coal seam - 15.1
Mudstone 5.3
Fine sandstone 14.5

Fig. 2. Stratigraphic column of coal-bearing strata.

The GSE of Panel 8211 is driven along the floor of the coal seam, with an 8 m coal pillar between the
GSE and the gob. The GSE cross-section measures 6 m x 4 m. In the original support design, the roof
is supported with bolts, channel steel beams combined with anchor cables, and cable truss structures.
The coal pillar rib is supported with bolts and anchor cables, where the anchor cables are arranged in a
staggered pattern with one per row. The virgin coal rib is supported with bolts and ladder beams. The
detailed support scheme and parameters are illustrated in Fig. 3.

Ground pressure behavior of GSE ribs in extra-thick coal seam

Deformation and failure characteristics of the GSE ribs
During the GSE development in the Panel 8211, intense ground pressure behavior was observed. As soon as
the GSE was excavated, the surrounding rock of the coal pillar rib exhibited extensive failure characteristics.
Bolt and cable drill holes were damaged and prone to collapse, making it difficult to install resin cartridges,
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Fig. 3. Original supports of the GSE.
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Fig. 4. Deformation and failure characteristics of the surrounding rock at the GSE ribs.

bolts, and cables. A period after GSE excavation, fractures in the coal ribs developed intensely and continued to
propagate and extend. The coal pillar rib was significantly displaced inward the GSE, and the virgin coal rib also
experienced severe convergence. The deformation and failure of the surrounding rock seriously compromised
the functionality of the GSE for ventilation, personnel passage, and transport, as well as the safe and eflicient
production during the mining, as shown in Fig. 4.

Two monitoring stations were established in the trial excavation section of the GSE to monitor the
deformation of the surrounding rock. The distances from Monitoring Station #1 and #2 to the excavation portal
are 15 m and 30 m, respectively. The monitoring results, shown in Fig. 5, indicate that in the early excavation
stage, the deformation of the coal pillar rib was greater than that of the virgin coal rib. However, after 30 days,
the deformation rate of the virgin coal rib increased significantly, and by approximately 50 days, its camulative
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Fig. 5. Surrounding rock deformation of ribs in the GSE: (1) Station #1; (2) Station #2.

Fig. 6. Depth and degree of the rib failure by borehole television.

deformation exceeded that of the coal pillar rib. Contrary to the traditional asymmetric deformation in GSEs
where the coal pillar rib deforms more than the virgin coal rib, the GSE of Panel 8211 exhibited the RDI.
Furthermore, under the original support conditions, the GSE continued to deform for two months without
showing signs of stabilization.

Failure degree of the GSE ribs

The Failure degree of the GSE ribs by borehole television results is shown in Fig. 6; Table 1. The results indicate
that the coal mass around the 6.5 m borehole in the coal pillar rib has suffered different degrees of damage. As
the coal pillar undergoes bidirectional deformation and damage on both the gob-side and the GSE side, this
indicates that the entire 8 m coal pillar is damaged. Meanwhile, the damage degree of the coal mass in the coal
pillar on the gob-side and the GSE side is more severe than that in the middle. The average range of the failure
zone in the virgin coal side is 4.29 m, and the failure degree of the shallow coal mass is greater than that of the
deep coal mass. The above results show that under the original support conditions, the surrounding rock of the
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Average failure
Surrounding rock | Fracture intensity | Failure degree | degree
Coal pillar rib Strong Overall failure | 8.00 m
Virgin coal rib Strong 3.91-4.64 m 429m

Table 1. Failure extent of surrounding rock in the ribs.
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Fig. 7. Abutment stress characteristics in the rib.

Abutment stress in

pillar/ MPa Abutment stress in virgin coal rib/ MPa

#1-1 | #1-2 | #1-3 | #1-4 | #1-5 | #1-6 | #1-7 | #1-8 | #1-9 | 1-10#
Station #1

2.1 52 / 2.5 179 | 156 |/ 15.0 |/ 12.2

#2—-1 | #2-2 | #2-3 | #2-4 | #2-5 | #2-6 | #2-7 | #2-8 | #2-9 | 2-10#
Station #2

2.5 4.7 2.1 2.8 / 169 |/ / 135 |/

Table 2. Abutment stresses of borehole meters.

GSE ribs with narrow coal pillars in the extra-thick coal seam under FMTCM has a large loose zone, a wide
damage range and a high damage degree.

Abutment stress in the coal rib

Due to missing abutment stress data from individual damaged stress meters at monitoring stations, the analysis
was performed by combining results from Station #1 and #2, as shown in Fig. 7; Table 2. The abutment stress
distribution exhibits a significantly asymmetric characteristic between the coal pillar and the virgin coal rib. The
abutment stress in the center of the 8 m coal pillar is greater than that on its two sides, with an average peak
value of 4.95 MPa. The peak abutment stress in the virgin coal rib is located in boreholes #1-5, at a distance of
6 m from the virgin coal rib surface. The stress gradually decreases with increasing distance from the virgin coal
rib. The abutment stress recorded in boreholes #1-10 is 12.2 MPa, a value close to the initial in-situ stress of
the coal seam. These findings indicate that in GSEs with narrow coal pillars under the condition of FMTCM in
extra-thick coal seams, both the coal pillars and the shallow virgin coal ribs have suffered severe damage, while
the deep zone of the virgin coal ribs bears higher stress.

RDI mechanism

Numerical models

A global numerical model was established using FLAC®P. The model dimensions are 900 m x 600 m x154 m.
The dip length of the mined-out Panel 8210 is 220 m, and the strike length is 800 m. Displacements were fixed
at the bottom. Four lateral boundaries of the model are roller supports, while an overburden load of 7.4 MPa
was applied to the top. Based on the engineering and geological condition of the Panel 8210 and 8211, a physical
model was built to determine the fracture parameters of the overlying strata. It can be observed from the results
in Fig. 8 that the overburden fracture height and angle are 77 m and 80°, respectively. The bulking factor of the
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Fig. 8. Physical model of the overlying strata fracture characteristics and parameters.
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Fig. 9. Simulation model: (a) Global model; (b) Model after upper panel and GSE excavation.

gangue is 1.1. In the numerical model, the GSE is supported by bolt-cables, with the support parameters identical
to those provided in Fig. 3. The numerical model is illustrated in Fig. 9.

The Mohr-Coulomb constitutive model was employed for the coal and rock masses in the numerical
model. The mechanical parameters listed in Table 3 were determined by calibrating the results from laboratory
mechanical tests on coal-rock samples. The modified method employs the Hoek-Brown (H-B) criterion, which
is expressed as follows*!:

01 =03+ 0¢ (mb Is +8) (1)

ct
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Density | Bulk modul Shear modul Cohesive | Friction
Lithology (Kg/m?) | (GPa) (GPa) (MPa) angle (°)
Interbedding layer of
sandy and aluminous | 2310 2.26 1.04 0.16 23
mudstone
Medium coarse 2540 | 1222 8.05 2.60 48
sandstone
Interbedding layer of
mudstone and fine 2450 7.23 3.20 1.55 31
sandstone
Medium coarse 2540|1222 8.05 2.60 48
sandstone
Fine sandstone 2180 9.53 5.72 1.87 42
Mudstone 2310 6.26 1.04 1.30 23
Coal seam 1450 2.13 6.46 1.01 19
Mudstone 2310 6.26 1.04 1.30 23
Fine sandstone 2180 9.53 5.72 1.87 42

Table 3. Mechanical parameters in the simulation model.

where ¢ is the uniaxial compressive strength of the intact rock; o, and ¢, are the maximum and minimum
principal stresses, respectively; and m,, s, and a are rock mass constants, which are obtained from the following
equations:

My = mye BT )

P ©

a*l—f—l(ex (—@>—ex (—@)) (4)
T2\ P\ P73

where mi is the intact rock parameter, D is the disturbance factor, and GSI denotes the geological strength index.
The strength parameters of the cohesion and internal friction angle of coal and rock mass are as follows:

-1 3ami(s+mig3n)”‘_l
p =sin )
(1+a)(2+ a) + 3ami(s + miosn) !
_ ocil(1 +2a)s + (1 — a)miosn](s + miosn)*”
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Herein, o, is given by the ratio o,
stress.

The elastic modulus, a key parameter characterizing rock mass deformation, is modified by the disturbance
coefficient D as follows:

/o, whereby g, corresponds to the upper limit of the minimum principal

max max

D Oci GSI1—-10
— I 40
Em (1 2 ) 100 0

(7)
By = (1 - %) 10550

Given the considerable influence of mining-induced stress on the coal-rock mass, D is assigned a value of 0.7.
The values for GSI and mi are adopted from the tables published by Hoek and Brown*2.

In the numerical model, the gangue was simulated using the Double-Yield model available in FLAC3D.
Based on the on-site measured abutment stress values in the virgin coal rib presented in Table 2 (Sect. 3.3), the
goaf gangue parameters were iteratively adjusted using the trial and error method until the abutment stress
of the coal seam matched the field-measured data (as shown in Fig. 10), yielding the goaf gangue simulation
parameters listed in Tables 4 and 5.

Meanwhile, it can be seen from Fig. 10 that the distribution characteristics of the abutment stress in the
virgin coal rib obtained from the numerical simulation agree well with the field measurements. Specifically, the
simulated and measured peak abutment stress values are 18.11 MPa and 17.90 MPa, respectively, with an error
of only 1.17%. The corresponding positions of the peak stress are 6.49 m and 6.00 m, yielding an error of 8.16%.
Additionally, at a distance of 11 m from the coal rib, the field-measured abutment stress is 15.60 MPa, while the
numerical simulation result is 16.11 MPa, corresponding to an error of 3.7%. These results demonstrate that the
parameters, constitution relations, and boundary conditions adopted in the numerical model are reasonable and
reliable.

Numerical simulation procedure is as follows:

Scientific Reports |

(2026) 16:5724 | https://doi.org/10.1038/s41598-026-35947-y

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

20
E 18 -
s |
216
= |
S 14
S0
Pt
S
S10F
g7
2 81
g .
2 6t @ Field-measured values of abutment stress
g - —=— Simulation results of abutment stress
4 +
2 |
< 2F @

1 L 1 L 1 " 1 L 1 " 1 " 1 L 1
0 5 10 15 20 25 30 35
Location of the coal seam (m)

Fig. 10. Numerical model parameters determination and verification.

Bulk Shear
Mechanical | modulus | modulus | Tensile Cohesion | Friction | Dilation
parameters | (GPa) (GPa) strength (MPa) | (MPa) angle (°) | angle (°)
Value 5.0 2.08 0.1 9.76 28 7

Table 4. Mechanical parameters of the gangue.

Strain 0.01 | 0.02 (0.05 | 0.1 |0.15 |0.18
Cap pressure (MPa) | 0.17 | 0.37 | 1.13 | 3.52 | 11.9 | 57.0

Table 5. Cap pressure in the gangue.

(a) Construct the model, divide the mesh, specify the constitutive relations, and assign material parameters.
(b) Run the global model until the rock strata subsidence stabilizes.

(c) Excavate the tailgate and headgate of Panel 8210, and achieve stress equilibrium.

(d) Mine the Panel 8210 until the specified calculation steps are completed.

(e) Develop the GSE of Panel 8211.

(f) Analyze the stress and deformation characteristics of the surrounding rock.

To investigate the influencing factors and mechanisms of the RDI observed at the coal ribs of the GSE in an
extra-thick coal seam with FMTCM, three distinct simulation schemes were established, as detailed in Table 6.

Scheme 1 focuses on the contact height of caved gangue with the gob-adjacent coal pillar rib. The coal pillar
width is 8 m, and the time interval between GSE excavation and the completion of mining in the upper panel is
2.0e4 calculation steps, i.e., the overlying strata of the upper panel have been stable. Five different contact heights
were simulated: 0 m (Group A-1), 10 m (Group A-2), 20 m (Group A-3), 30 m (Group A-4), and 40 m (Group
A-5).

Scheme 2 investigates the effect of coal pillar width. The contact height of the gangue is fixed at 30 m, and
the GSE is driven at 2.0e4 steps after mining the upper panel. Five different coal pillar widths were analyzed: 5 m
(Group B-1), 10 m (Group B-2), 20 m (Group B-3), 30 m (Group B-4), and 40 m (Group B-5).

Scheme 3 examines the timing of GSE development. The coal pillar width is fixed at 8 m and the gangue
contact height is fixed at 30 m. Five different excavation timing scenarios were studied, corresponding to
different calculation steps after the upper panel was mined: 5e3 steps (Group C-1), le4 steps (Group C-2), 1.5e4
steps (Group C-3), 2e4 steps (Group C-4), and 2.0e4 steps (Group C-5).

Scientific Reports |

(2026) 16:5724 | https://doi.org/10.1038/s41598-026-35947-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Group A-1 Group A-2 Group A-3

Plan 1

Group B-3 Group B-4 Group B-5

Group C-1 Group C-2 Group C-3 Group C-4 Group C-5

Plan3 The GSE is excavated at The GSE is excavated at The GSE is excavated at The GSE is excavated at The GSE is excavated at
1000 step after the upper 5000 step after the upper 10000 step after the upper 15000 step after the upper 20000 step after the upper
panel is completed panel is completed panel 1s complete panel 1s complete panel is complete

Table 6. Numerical study schemes.

Caved rock
and coal

Fig. 11. Contact characteristics between the gangue and the gob-side rib of the coal pillar: (a) No contact; (b)
In contact™.

Results analysis

Influence of gob gangue on RDI

Studies has revealed that under the conditions of FMTCM in extra-thick coal seams, the gangue significantly
influences the deformation of the coal ribs in GSEs*>. Based on the actual contact characteristics observed in
practical engineering, the conditions are categorized into two types depending on whether the caved gangue is in
contact with the gob-side rib of the coal pillar or not, as illustrated in Figs. 11(a) and 11(b), respectively.

Based on the simulation results of different gangue-to-rib contact heights as presented in Fig. 12, it is
observed that when the gangue is not in contact with the coal rib (Group A-1) or the contact height is low (Group
A-2), the deformation of the pillar rib in the GSE exceeds that of the virgin coal rib, exhibiting the traditional
asymmetric failure characteristics. However, when the contact height reaches 20 m or more (Group A-3, A-4,
and A-5), the deformation of the virgin coal rib becomes greater than that of the pillar rib, demonstrating the
RDI characteristic.

To quantitatively describe the degree of the RDI in the GSE, the RDI rate r is proposed, which is defined by
Eq. (8). When the gangue contact height is 20 m, the RDI value at the central axis position of ribs is 43 mm,
resulting in a RDI rate of 66.5%. When the contact height increases to 30 m, the RDI value at the central axis of
ribs reaches 49 mm, with a corresponding RDI rate of 84.1%. Furthermore, at a contact height of 40 m, the RDI
value is 53 mm, yielding an RDI rate of 83.0%.

dy —d
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where d_ is the deformation of the virgin coal rib, and d_ is the deformation of the coal pillar rib.

The above data indicate that the contact height of caved gangue with the coal rib is a key factor leading to the
RDI. A greater contact height results in a higher degree of RDI. However, the degree of RDI does not increase
indefinitely with the contact height; once the contact height reaches a certain value, the RDI degree remains

essentially constant.
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To investigate the mechanism of how gangue influences the deformation of the GSE, the abutment stress and
the lateral support force exerted by the gangue on the coal ribs were monitored at the model cross-section of
450 m along GSE strike direction, as shown in Fig. 13. When the contact height between the gangue and the rib is
low (10 m and 20 m), the lateral support force is high at the bottom of the rib but low at the top. In contrast, when
the contact height is high, the lateral support force is relatively high at both the top and bottom of the rib but
lower in the middle. The peak abutment stress values for the coal pillar rib in Groups A-1 to A-5 are 4.59 MPa,
7.46 MPa, 9.21 MPa, 8.85 MPa, and 9.01 MPa, respectively. The corresponding peak values for the virgin coal rib
are 10.7 MPa, 14.5 MPa, 17.75 MPa, 18.66 MPa, and 18.61 MPa.

Based on the data presented above, it can be concluded that when the gangue contact height is relatively low,
the abutment stress on both the coal pillar rib and the virgin coal rib increases with the gangue contact height.
However, when the gangue contact height exceeds 20 m, the abutment stress on the ribs shows little further
variation. This indicates that the load-bearing capacity of the coal ribs improves as the gangue contact height
increases, but ceases to grow further once the gangue contact height reaches a certain level.

Further investigation into the horizontal stress of the coal ribs in the GSE under different gangue contact
heights yielded the results shown in Fig. 14. Except for the low horizontal stress in the coal pillar rib observed
in Group A-1, the horizontal stress in the coal pillar rib is similar across the other study groups. However, the
horizontal stress in the virgin coal rib increases consistently with the contact height of the gangue.

To explore the relationship between the lateral support force of gangue and the abutment stress of the coal
seam as well as the horizontal stress, the lateral support force of the GSE is obtained by integrating Eq. (9).
Based on the results presented in Fig. 15, the lateral support force provided by the gangue to the gob-side rib of
the GSE increases with the height. Specifically, for each additional meter of gangue contact height, the average
lateral support force rises by 2.15 MN. Further investigation reveals that when the gangue contact height is
less than 20 m, the peak abutment stress in both the coal pillar and the virgin coal rib increases in response to
higher lateral support force from the gangue. Nevertheless, when the gangue contact height surpasses 20 m,
any additional increase in its lateral support force exerts minimal influence on the peak abutment stress in the
coal pillar rib and virgin coal rib. The above findings indicate that the lateral support force of gangue effectively
increases the bearing capacity of the GSE ribs, but this improvement plateaus beyond a certain threshold.

Regarding the relationship between the lateral support force of the gangue and the horizontal stress, except
for the case where the gangue is in contact with the coal pillar at a height of 0 m (Group 1), the horizontal stress

ive on
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Fig. 13. Abutment stress and lateral resistance of the coal pillar under different gangue contact height at
location of 450 m along strike direction: (a) Group A-1; (b) Group A-2; (c) Group A-3; (d) Group A-4; (e)
Group A-5.
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in the narrow coal pillar exhibits very low sensitivity to changes in the lateral support force from the gangue.
In contrast, the horizontal stress in the virgin coal rib increases significantly with higher gangue support force.
Specifically, when the lateral support force of the gangue increases from 59.22 MN to 88.82 MN, the horizontal
stress in the virgin coal rib rose by 2.72 MPa.

hy
F = / o1dh 9)
0

where F, denotes the lateral supporting force of gangue on the coal ribs; o, represents the lateral supporting stress
of gangue; h and h, are the gangue contact heights of the coal rib.

Based on the comprehensive analysis presented above, the influence mechanism of gangue on the RDI can
be summarized as follows (Fig. 16): The overlying strata of the GSE can be divided into a damaged zone and an
undamaged zone based on their damage degree. The gravity of the rock mass in the damaged zone, along with
the overburden load, is transmitted to the coal pillar side. In contrast, the intact rock plate in the undamaged
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zone bends under its own weight and the overburden load, compressing the underlying coal mass and inducing
deformation. The gangue provides effective lateral support force to the coal pillar, thereby significantly reducing
the damage of the coal pillar. This enhanced support enables the coal pillar to resist the ground pressure from
the overlying strata of the damaged zone. The virgin coal rib is situated at the position of maximum deflection
of the overlying rock plate, rendering it susceptible to significant deformation. Therefore, for GSEs with narrow
coal pillars under FMTCM in extra-thick coal seams, the overlying rock mass sustains extensive and severe
damage. The undamaged rock plate migrates toward the virgin coal rib, resulting in increased horizontal stress
and abutment stress in the virgin coal rib, subsequently leading to greater deformation of the virgin coal rib.
However, the convergence of the coal pillar towards the GSE decreases under the high lateral support force from
gangue. Thus, the RDI phenomenon is generated.

Influence of coal pillar width on RDI

Not only the lateral support force of the gangue but also the coal pillar width determines whether RDI occurs in
the GSE. As shown in Fig. 17, when the supporting height of the gangue against the rib is 30 m, GSEs with 5 m
and 10 m coal pillars exhibit RDI. The narrower the coal pillar, the greater the RDI magnitude. For a 20 m coal
pillar, the deformation of the pillar rib is 16.3 mm greater than that of the virgin coal rib, indicating that RDI
does not occur. However, when the pillar width increases to 30 m and 40 m, the deformations of the coal pillar
rib and the virgin coal rib tend to be similar.

The abutment stress on the ribs of a GSE comprehensively reflects the damage degree of the rib and the
ground pressure transfer characteristics of overlying strata, and directly influences rib deformation. Figure 18
shows the characteristics of the abutment stress in the ribs with different pillar widths at the model cross-section
of 450 m along GSE strike direction. The surrounding rock of the ribs in the GSE with the narrow coal pillar
suffers a severe damage, and the abutment stresses are primarily determined by the bearing capacity of the
damaged coal mass. Consequently, under the condition of a 5 m coal pillar, the peak abutment stress on the
coal pillar is only 7.2 MPa, indicating severe failure and large deformation of the coal pillar. As the pillar width
increases, the degree of damage to the pillar gradually decreases, and the abutment stress on the coal pillar rises.
The wider pillar shares part of the ground pressure originally borne by the virgin coal rib, leading to a reduction
in the abutment stress on the virgin coal rib. When the coal pillar width is relatively large (e.g., 30 m and 40 m),
the abutment stress and damage degree of the coal pillar rib and the virgin coal rib are close, so the deformation
of both ribs is similar (as shown in Fig. 17(c)).

Based on the influence mechanism analysis of the gangue on the deformation and failure of ribs, it is
understood that the coal pillars of the GSE with narrow coal pillars are mainly affected by the self-weight of
the overlying strata in the damaged zone and the overburden load on it, while the virgin coal rib is squeezed by
the flexural deformation of the undamaged overlying rock plate. Under the condition of the gangue height in
contact with the pillar rib is large while the width of the coal pillar is small, the RDI phenomenon of the GSEs
is likely to occur. In contrast, in a GSE with a wide coal pillar, both the coal pillar rib and the virgin coal rib are
located farther away from the influence zones associated with the overlying strata in the damaged zone and the
undamaged rock plane. Consequently, the abutment stress on the coal pillars and virgin coal ribs, as well as their
damage degrees, are similar, resulting in comparable deformation magnitudes for both ribs, as shown in Fig. 19.
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Influence of excavation timing on RDI

The GSE excavation timing refers to the lag time between the development of the GSE and the completion of
mining in the upper panel. As shown by the results in Fig. 20, under the conditions of an 8 m coal pillar width
and a 30 m gangue support height, when the GSE was excavated at 5e3 steps, the maximum deformations of the
coal pillar rib and the virgin coal rib were 38 mm and 240 mm respectively, resulting in an RDI value of 202 mm.
When the GSE excavation times were 1.5e4 steps, 2.0e4 steps, and 2.5e4 steps, the corresponding RDI values
were 56 mm, 52 mm, and 50 mm, respectively. From these results, it can be inferred that the more stable the
overlying rock strata are, the weaker the degree of RDI is. However, the RDI trend still exists. Even if the rock
strata above the gob are completely stable, the coal ribs will still show an RDI trend when the gangue support
height is great.

When the rock strata above the gob in the upper panel had not yet stabilized, they continued to subside.
The cantilevered overlying strata and the coal pillar moved together towards the gob, partially offsetting the
convergence of the coal pillar into the GSE. Consequently, when the GSE was excavated at 5e3 steps, the
convergence of the coal pillar rib into the GSE was only 38 mm, while the deformation of the virgin coal rib
reached 240 mm, resulting in a RDI of 202 mm, as shown in Fig. 21(a). In case where the overlying strata
are stable, such as at 2.5e4 steps, the gob-side rib of the coal pillar is difficult to deform towards the gob and
instead converges into the GSE. As a result, the RDI increment decreased to 93.3 mm, as shown in Fig. 21(b). In
summary, when the supporting height of the gangue is great and the coal pillar is narrow, the GSE excavation
time cannot reverse the RDI of the coal ribs, but it can affect the RDI value.

RDI control and engineering application

To address the RDI phenomenon caused by severe failure of coal pillars and virgin coal ribs in the GSE of Panel
8211 with an 8 m coal pillar, where the gangue support height is 30 m, four control schemes of coal ribs in GSE
are proposed to resist the intense ground pressure induced by FMTCM in extra-thick coal seams. Since the
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original support scheme has achieved good roof control effects, the roof in the surrounding rock control scheme
still adopts the original support design, while the four rib support schemes are detailed as follows:

Scheme 1: For both the coal pillar rib and the virgin coal rib, 2000 mm bolts are adopted with identical
support parameters for both ribs. The bolt spacing and row spacing are 1000 x 900 mm; the bolts adjacent to the
roof and floor on the rib sides are inclined at 15° toward the roof and floor, respectively, while all other bolts are
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perpendicular to the coal ribs. The bolt washers have dimensions of 120 x 120 x 10 mm, and a preload of 25 kN
is applied. The numerical support scheme is illustrated in Fig. 22(a).

Scheme 2: Both the coal pillar rib and the virgin coal rib are supported by 2600 mm bolts, with all other layout
parameters of the bolts identical to those in Scheme 1. The numerical support scheme is illustrated in Fig. 22(b).

Scheme 3: The bolt layout is identical to that in Scheme 2. Two cables are arranged per row on the coal pillar
rib: one is 1250 mm from the roof and inclined upward at 15°, while the other is 2300 mm from the roof and
perpendicular to the coal rib. The cable length is 5250 mm, with a spacing of 1050 mm between cables and a
row spacing of 900 mm. No cables are installed on the virgin coal rib. The cable washers have dimensions of
300 x 300 x 16 mm, and a prestress of 200 kN is applied. The numerical support scheme is illustrated in Fig. 22(c).

Scheme 4: Both the coal pillar rib and the virgin coal rib are supported by combined bolt and cable support.
The bolt layout parameters are identical for both coal ribs: the bolt length is 3100 mm, with a spacing and row
spacing of 1000 x 900 mm; the bolts adjacent to the roof and floor in the ribs are inclined at 15° toward the roof
and floor, respectively, while all other bolts are perpendicular to the coal ribs. The bolt washers have dimensions
0f 130 x 130 x 10 mm, and a preload of 30 kN is applied. Three cables are arranged per row on the coal pillar rib,
while two cables are arranged per row on the virgin coal rib. The cable length is 5250 mm, and the diameter is
21.8 mm; the cables adjacent to the roof and floor on the coal ribs are inclined at 15° toward the roof and floor,
respectively, and all other cables are perpendicular to the coal rib. The spacing between cables is 1050 mm with a
row spacing of 900 mm in the coal pillar ribs. For the virgin coal rib, spacing between cables is 2100 mm, with a
row spacing of 900 mm. The cable washers measure 300 x 300 x 16 mm, with a prestress of 200 kN applied. This
numerical support scheme is illustrated in Fig. 22(d).

The numerical simulation results of the deformation of the coal pillar rib and virgin coal rib as well as the RDI
under the four control schemes are illustrated in Fig. 23. During the excavation of the GSE, under Scheme 1, the
deformations of the virgin coal rib and coal pillar rib are 256 mm and 196 mm, respectively, exhibiting the largest
rib deformation among the four support schemes with a RDI rate of 30.6%. Compared with Scheme 1, Scheme 2
adopts longer bolts, which can reduce the rib deformation of the GSE but fails to reverse the RDI. Scheme 3 only
adds cables to the coal pillar rib, achieving a reduction in the deformation of both the coal pillar rib and virgin
coal rib; however, the GSE still exhibits the RDI. In contrast, under Scheme 4, where both the coal pillar rib and
virgin coal rib are subjected to high-strength combined bolt and cable support, not only are the deformations of
the virgin coal rib and coal pillar rib reduced to 114 mm and 149 mm, but the RDI is also successfully reversed.

During the mining of Panel 8211, the numerical results of rib deformation in the GSE under the four control
schemes demonstrated the following pattern: Scheme 1>Scheme 2 >Scheme 3>Scheme 4. Schemes 1 to 3 all
exhibited the RDI characteristic where deformation of the virgin coal rib was greater than that of the coal pillar
rib, whereas under Scheme 4, RDI was not pronounced. It can thus be concluded that under Scheme 4, the
deformation of the GSE is significantly reduced, and RDI is effectively controlled.

Based on the numerical simulation results, support scheme 4 was implemented in field practice to control the
surrounding rock stability of the GSE, with the support parameters illustrated in Fig. 24. Under the new support
scheme, the surrounding rock deformation rate of the GSE is relatively high in the early stage of excavation.
The surrounding rock deformation stabilizes approximately 28 days after GSE excavation. At Monitoring
Station S-1#, the stabilization deformations of the coal pillar rib and virgin coal rib are 155 mm and 140 mm,
respectively (Fig. 25(a)). At Monitoring Station S-2#, the corresponding deformations are 145 mm and 135 mm
respectively (Fig. 25(b)). These results indicate that the surrounding rock control technology has achieved the
goal of allowing ground pressure yielding of the surrounding rock at the early stage while realizing strong control

Fig. 22. RDI control schemes in the numerical model: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; (d) Scheme
4,
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Fig. 26. Ground pressure control effect of the GSE.

in the later stage, and enables the overall stability of the surrounding rock to be controllable. The overall control
effect is shown in Fig. 26.

Conclusion

This study conducted investigations on a special RDI phenomenon and its mechanisms in a GSE with 8 m narrow
coal pillar using FMTCM in an extra-thick coal seam of thickness 15 m and dip angle 2.5° under thick medium-
coarse sandy main roof and fine sandy main floor. The research focuses on the occurrence characteristics of
gangue, coal pillar width, and GSE excavation timing, while the evolution patterns of RDI under different
mining-induced dynamic pressures represent an important direction for future investigation. The conclusions
were drawn:

(1) In the early stage of the excavation of the GSE with a narrow coal pillar, the traditional asymmetric defor-
mation still occurs. Fifty days after the GSE excavation, the deformation rate of the virgin coal rib increases,
and the RDI phenomenon appears.

(2) The lateral support force of gangue to the coal pillar is the determining factor for the RDI. It leads to an
increase in the horizontal and abutment stresses of the virgin coal rib. RDI occurs only when the gangue
support height exceeds 20 m, and its severity plateaus above 30 m.

(3) The coal pillar width and excavation timing of the GSE only affect the degree of RDI, rather than being the
direct causes. An increase in pillar width can weaken the RDI, while the pillar width is greater than 30 m,
the deformation of the coal pillar rib and the virgin coal rib is close.

(4) A short time lag between GSE excavation and upper panel mining completion leads to instability in the
overlying strata. This results in the continuous overall movement of the coal pillar toward the gob, inducing
a pronounced RDI.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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