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Abstract

To address the insufficient bearing capacity and severe deformation of narrow coal pillars
in deep gob-side entries under the influence of residual dynamic loading and hydraulic
punching of the coal mass, this study investigates the plastic-damage evolution mechanism
of narrow pillars and proposes a novel “grip-anchoring (GA)” collaborative support system.
A physical model testing system for narrow coal pillars reinforced by double-pull cable
bolts was established based on similarity theory, and six support schemes were designed for
comparative experiments. Digital image correlation was employed to analyze the displace-
ment field and the evolution of plastic failure, and an industrial-scale field test was carried
out to verify the reliability of the proposed support technology. The results indicate that
the double-pull cable bolts, through a “dual-tensioning and synergistic locking” procedure,
can effectively solve the support challenges of narrow coal pillars under asynchronous
excavation. The dense double-row double-pull cable-bolt scheme maintained overall struc-
tural stability even under a 2.5p overload, with only localized damage occurring at the
roof- and floor-corner zones of the pillar. This scheme exhibited the smallest deformation
and the highest peak load among all tested configurations, demonstrating its significant
advantage in enhancing structural stability.

Keywords: bidirectional tension anchor cable; narrow coal pillar; similar simulation;
engineering application

1. Introduction

In recent years, the fully mechanized top-coal caving mining technology for thick
coal seams in China has developed rapidly. Through large-section and intensive min-
ing, production efficiency and resource recovery rate have been significantly improved.
However, this high-intensity mining method has also brought many technical challenges,
among which the stability control of deep gob-side roadways with narrow coal pillars is
particularly prominent [1,2]. Affected by mining-induced stress, a weak roof, and other
factors, the surrounding rock of roadways shows large deformation characteristics, and
traditional support methods make it difficult to meet the requirements [3-5].

In the research of traditional roadway support, many experts and scholars have
achieved remarkable results in narrow coal-pillar reinforcement, support optimization,
and surrounding rock deformation control, providing feasible technical schemes and
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theoretical basis for solving roadway stability problems under complex geological condi-
tions [6-10]. Li Ang et al. [11] addressed the deformation and failure of gob-side roadway
surrounding rocks under deep high-stress conditions, studied coal mechanical responses
and deformation laws, and verified the optimized scheme via field monitoring. He Fulian
et al. [12] addressed the asymmetric large deformation of gob-side roadway surrounding
rock in extra-thick coal seams, and proposed and validated a combined support system
via mechanical modeling and simulations at Tashan Mine. Gu Wei et al. [13], taking the
2109 double-roadway excavation of Qingwa Coal Mine as the background, via roof me-
chanical modeling and field tests, determined the optimal narrow coal pillar width of 8 m
and provided engineering references. Yang Hougiang et al. [14] studied narrow-pillar
gob-side roadway stability at Xinyi Coal Mine under alternate wide-narrow mining. Via
comprehensive methods, they clarified zoning-disturbance characteristics and proposed
collaborative control technology. Wu Xiaoyu et al. [15] analyzed multi-mining deviator
evolution and roadway failure at Fenxi Mine via numerical simulation, and proposed
optimal layout strategies for lower coal seam roadways. Wang Yuxuan et al. [16] studied
optimal layout and support of lower seam roadway in the residual coal pillar area of
Nanyangpo ECDCS via FEM, proposing a cooperative control scheme validated on-site.
Wang Rui et al. [17] studied coal pillar stress and roadway deformation at the Shiquan Coal
Mine via theoretical calculation and numerical simulation, determining minimum coal
pillar width and validating support schemes. Guo Shihao et al. [18] explored roof-cutting
pressure relief for gob-side entry in the Jinhuagong Mine via multi-methods, determined
optimal roof-cutting parameters, and validated a combined support scheme. Scholars
such as Shan Renliang [19-21] addressed the problems of floor-entry maintenance in deep
thick coal seams and surrounding rock control for gob-side entry retaining, and effectively
resolved the relevant roadway support issues in different scenarios by introducing mechan-
ical models, establishing support scheme models, and adopting comprehensive pressure
relief schemes.

Research on bidirectional opposite-pulling anchor cables for narrow coal pillars. Peng
Linjun et al. [22] optimized coal pillar dimensions via theoretical calculations and FLAC3D
simulations at the Jinjitan Coal Mine, and verified an NPR cable reinforcement scheme to en-
sure pillar stability. Gu Changwan et al. [23] developed expansion-locking opposite-pulling
anchor cable technology for gob-side entry retaining deformation, analyzed coal fracture
characteristics, and laid a foundation for narrow coal-pillar reinforcement theory. Wang Jun
et al. [24] studied narrow coal-pillar bearing deformation under different reinforcements
via similar model tests and verified the results through field practice.

In summary, remarkable progress has been made in existing research on the sur-
rounding rock stability of gob-side roadways and the bidirectional support technology
for narrow coal pillars. However, most studies focus on the condition of synchronous
construction of double roadways, while there are relatively few studies on the construction
time difference caused by asynchronous excavation. Traditional unidirectional constraints
are insufficiently adaptable to multiple mining disturbances and bilateral instability of
narrow coal pillars, making it difficult to effectively solve the stability control problem
of narrow coal pillars under complex deep geological conditions [25-27]. The No. 3 coal
seam in the Sangshuping Coal Mine has low inherent strength; hydraulic slotting results
in the formation of through-going damaged structures inside the coal pillars. Moreover,
the time difference between the asynchronous excavation of the two roadways is 3 months,
and the coal pillars have to withstand two mining disturbances, so traditional support
technologies make it difficult to meet the engineering requirements. Therefore, taking the
coal pillars retained in the gob-side roadways of the 3315 working face in the Sangshuping
Coal Mine of Hancheng as the engineering background, this paper establishes a similarity
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simulation test system for narrow coal-pillar reinforcement with opposite-pulling anchor
cables based on similarity theory. Multi-condition similarity simulation tests are carried out
to systematically investigate the bearing performance and failure characteristics of narrow
coal pillars under multi-stage loading. Through field-scale industrial tests, we propose
an innovative grip-anchoring (GA) support technology. In this manuscript, GA refers to
a stepwise bidirectional pull-cable method in which the cable is pre-embedded during
excavation of the first roadway and later gripped from the second roadway for cutting,
hardware installation, and secondary tensioning, thereby enabling two-stage tensioning
and collaborative locking before and after the adjacent roadways are connected.

The research results can provide a scientific basis for parameter optimization and
process design of the reinforcement technology for narrow coal pillars in gob-side roadways,
as well as an engineering practice reference for the reinforcement of narrow coal pillars
under similar complex working conditions.

2. Regional Engineering Background
2.1. Basic Conditions of Roadway

The Sangshuping Coal Mine, located in Hancheng City of Shaanxi Province, is a
subsidiary of Shaanxi Coal Hancheng Mining Co., Ltd. Geographically, it sits in Sangshup-
ing Town, Weinan City, at the northern extremity of the Hancheng Mining District in the
Weibei Coalfield and on the western bank of the Yellow River (Figure 1). As a pivotal coal
production base in Shaanxi Province, this area is endowed with abundant coal resources.
Currently, the primary mining seam of the Sangshuping Coal Mine is Seam No. 3, which
features an average dip angle of approximately 3.6°, an average thickness of 5.5 m, and
an average burial depth of 450 m. The immediate roof of the seam is dominated by weak
rock formations such as mudstone, with a thickness ranging from 2 to 5 m. Characterized
by a dark gray color, thin-bedded structure, susceptibility to fragmentation, underground
pressure loading, locally developed fractures, and poor integrity, this seam is categorized as
a “three-soft” coal seam. The 3315 working face is arranged in parallel with the 3317 work-
ing face, where the 3315 return air drift adjoins the 3317 haulage drift, with a 5 m-wide
narrow coal pillar retained between the two drifts. Mining operations are executed in a
sequential manner, commencing with the 3317 working face followed by the 3315 working
face. To mitigate the constraint of mining succession tension, the advance excavation of
the 3315 return air drift is imperative. Nevertheless, this drift is subjected to multiple
mining-induced disturbances arising from both the 3317 and 3315 working face extraction
activities. Consequently, it experiences intense ground pressure behavior and severe drift
deformation, which substantially elevates the challenges associated with surrounding
rock control.

2.2. Roadway Deformation Characteristics

Analysis of rock mass deformation in adjacent roadways (Figure 2) via field investiga-
tions revealed that the 3.5 m-long adaptive helical bolts deployed in the 3317-return drift
failed to provide adequate anchoring performance. This induced coal mass displacement
toward the clearance zone, thereby compromising the effective control of coal rib deforma-
tion. Although conventional bolts did not suffer tensile fractures, their efficacy in restricting
overall deformation remained limited. Furthermore, under the combined influence of
residual dynamic pressure and hydraulic coal punching, plastic failure was initiated at the
edges of the coal pillar, forming plastic softening zones. Subsequently, the failure zone
gradually propagated inward, which further impaired the load-bearing capacity of the
narrow coal pillar. These failure characteristics indicate that residual dynamic pressure,
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hydraulic coal punching, and suboptimal support schemes are the primary contributors to
the insufficient load-bearing capacity of narrow coal pillars.

(a)
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Figure 1. Geographic location of the Sangshuping Mine: (a) location of the Sangshuping Mine in
China; (b) lithology of the roof and floor in the Sangshuping Coal Mine; (c) location of the working
face; (d) position relationship of working faces 3315 and 3317.
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Figure 2. Deformation of the surrounding rock in adjacent roadways.

3. Simulation Experiment
3.1. Determination of Similarity Ratio

The similarity simulation test was carried out based on the 3315-return drift of the
Sangshuping Coal Mine. The dimensions of the narrow coal pillar in the 3315 working face
were simulated as follows: height 3 m and width 5 m. The main structure of the test model
frame was fabricated from 40 mm-thick acrylic panels. According to the actual size of the
in situ coal pillar, the dimensions of the similarity model frame were determined, and the
similarity ratios were established as follows:

(1) Geometric similarity ratio

The height of the coal pillar in the similarity simulation was approximately 3 m, and
the width was approximately 5 m; the usable simulation height and width of the test
platform were 0.12 m and 0.20 m, respectively. The geometric similarity ratio is as follows:
Yy, W, 1

=5 )

Cl:Tm_Wm 25

In the formula, Yy, and Yy represent the actual height and the model height, respec-
tively, and Wy, and W), represent the actual and model widths, respectively.

(2) Dynamic similarity ratio
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Based on the materials used in the similarity simulation and the measured bulk density
of the in situ coal, the bulk density similarity ratio is determined as the ratio of the model
material bulk density (1.75 g/cm?) to the in situ coal bulk density (1.35 g/cm?), as follows:

Ymi 1
Cy="=—
7 ')/yi 1.3

)

In the formula, ,;, 7v,; represent the bulk density of the i-th rock stratum in the model
and in situ, respectively.

(3) Motion similarity ratio

Kinematic similarity refers to the similarity that is based on geometric similarity, with
the additional inclusion of time similarity. The kinematic similarity ratio for this simulation

is determined as follows: 1

t
ngzqug 3)
P

In the formula, t,, t;, denote the mining time of the in situ working face and the model
working face, respectively.

(4) Elastic modulus and stress similarity ratios

According to the calculation formulas of similarity theory, the similarity ratios of
elastic modulus and stress are as follows:

1
CE—CU—CIXC'y—ﬁ 4)
In the formula, Cg, C, represent the similarity ratios of elastic modulus and stress,

respectively.

3.2. Selection of Similar Materials

3.2.1. Coal Seam Similarity Material

As the primary component of the comprehensive examination, the analogous com-
position of the rock stratum exerts a pivotal impact on the test outcomes, thereby directly
determining the success or failure of the examination. In previous studies, prefabricated
blocks or plastic materials were employed as analogous materials. It is widely acknowl-
edged that similar materials are blended with natural river sand, lime or gypsum, calcium
carbonate, and other constituents in accordance with specified ratios, owing to their avail-
ability, low cost, and satisfactory simulation performance. In this study, natural river sand
was selected as the aggregate, and calcium carbonate and gypsum were used as cementing
materials to prepare similar materials for the coal and rock strata. Based on the mea-
sured physical and mechanical properties of the in situ coal and rock, corresponding mix
codes for different lithologies were determined. Multiple standard cylindrical specimens
(P50 mm x 100 mm) were then prepared with different mix proportions and water-to-
binder ratios, and preliminary matching tests were conducted (Figure 3). Furthermore,
a series of standard cylinders with different mix proportions was subjected to uniaxial
compression tests. The final similar-material mix code “882” was selected because its
mechanical parameters, after conversion using the stress similarity ratio of 1:32.5, showed
the closest agreement with those of the prototype coal seam. The density of the selected
similar material is approximately 1.75 g/cm?, corresponding to a bulk density similarity
ratio of 1.3. In determining the mix proportions for different lithologies, the requirements
of the similarity theorem for bulk density and compressive strength were strictly followed.
The physical and mechanical parameters of the coal seam are listed in Table 1.
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Figure 3. Failure modes of similar materials.

Table 1. Physical and mechanical parameters of the coal seam.

Litholo Density Internal Friction Cohesion Poisson’s Ratio = Seam Thickness
8y kg/m3 Angle/° /MPa m /m
No. 3 coal seam 1469 26 0.9 0.32 3

The dosage of the similarity materials for the coal pillar in the test was calculated by
applying Equation (5) and incorporating the thickness parameter.

Gi _ M ivi (5)
8

In the formula, the total weight of the I-layer material of the G; model (kg), L is the
model length (m), M is the model width (m), H; is the bulk density of the first layer material
(kN/m?3), and g is the acceleration of gravity (m/s?).

The dosages of quartz fine sand, gypsum, and calcium carbonate were calculated
based on Equation (5) and the material mix proportion number. The ratio of natural river
sand to gypsum to calcium carbonate is expressed as a, b, (1 — b), and the quantity of each
raw material is as follows: .

Griversand = m (6)
G __b 7)
BYPSI T Gi(a+ 1)
1-b
Gealciumcarbonate = m 8
The mix proportion number and the raw material dosages of the similar materials for
the coal pillar were obtained via calculation, as presented in Table 2.
Table 2. Mixture proportions of similar material for the No. 3 coal seam.
Litholo Actual Simulated Mix Quartz Fine Gypsum Calcium
8y Thickness (m) Thickness (mm) Proportion No. Sand (kg) (kg) Carbonate (kg)
No. 3 3 120 882 6.62 0.67 0.17
coal seam

3.2.2. Support Structure Similarity Material

Based on the in situ support configuration and similarity-ratio calculations, and sup-
ported by physical and mechanical testing, 6 mm-diameter nylon threaded rods were selected
as surrogate elements to model the support members. In the physical model, both the anchor
cables and the anchor bolts were represented by the same nylon threaded rod; differences
among schemes were mainly realized through the installation mode (bidirectional twin-pull
versus one-side bolting), and the element length was scaled according to the geometric simi-
larity ratio of 1:25. To represent the anchorage sections, nylon gaskets and nuts were installed
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at the rod ends to secure the components and to simulate the field pre-tightening effect. The
corresponding specifications and parameters are summarized in Table 3.

Table 3. Specifications and parameters of anchor cables and nylon rods.

Component Diameter Cross-sectioznal Area  Ultimate Tensile Force Tensile Strength
(mm) (mm?) (kN) (MPa)
Anchor Cable 17.8 228.0 550 2400
Nylon Threaded Rod 6.0 28.3 2 71
3.3. Physical Simulation Experiment System
The experiment was conducted using a self-developed 3D test model frame by
the research team. To ensure the visibility of the test process, the main body of the
model frame was constructed from 40 mm-thick acrylic plates. The overall dimensions
of the test platform are 260 mm x 280 mm x 200 mm, with an inner chamber size
(height x width x thickness) of 200 mm X 200 mm X 120 mm. It mainly consists of
rigid loading plates, flexible loading plates, coal pillars, and a base plate. The similarity
simulation test system comprises a loading system and a monitoring system.
(1) A servo-controlled compression testing machine (WDW-100M, Jinan Zhongluchang
Testing Machine Manufacturing Co., Ltd., Jinan, China) was selected as the testing
equipment for the experiment, which consists of a loading mechanism, a servo control
system, and a data acquisition system. Owing to the height limitation of the test frame,
the similar materials employed could not achieve the theoretically calculated similarity
height. To ensure that the pressure was uniformly distributed over the upper part of
the model, loading plates in contact with the model were introduced in the experiment.
These loading plates were classified into two types: rigid and flexible. The flexible
loading plates, made of rubber material, were in direct contact with the test model.
(2) The entire experiment was monitored using a non-contact full-field strain measurement
system based on the digital image correlation (DIC) technique [28], which is mainly
composed of a CCD high-speed industrial camera, data recording software, and data
analysis software. Prior to the experiment, it was necessary to apply a dense, randomly
distributed speckle pattern on the surface of the test object to facilitate image tracking.
During the experiment, the data recording software controlled the high-speed camera
to continuously capture images at a preset frequency. After the experiment, the large
volume of collected images was analyzed using VIC-2D (version 7) software to obtain
the experimental data.
3.4. Test Scheme Design
In this experiment, the opposing tension anchor cable technology was adopted to
reinforce narrow coal pillars. Considering the main influencing factors such as spacing,
row spacing, number of anchor cables, and pre-tightening force, a variety of optimized
support schemes were designed. The specifications and parameters are shown in Table 4.
Table 4. Support schemes and factor settings for the test scheme design.
Scheme Support Type Suslzg;’(rst;e d Rows T%tlzlml\i(:t:f Within-RofvPicgﬁween-Row 1:;1:15 Locking
(mm) Washes
M1 None (unsupported) - 0 0 - - -
M2 Twin-pull anchor cables both ends 4 28 24 x 32 Yes locked
M3 Twin-pull anchor cables both ends 2 14 24 x 48 No Not locked
M4 Twin-pull anchor cables both ends 2 14 24 x 48 Yes locked
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Table 4. Cont.
Spacing Nuts
Scheme Support Type Sul?ported Rows Total No. of Within-Row x Between-Row and Locking
Side(s) Elements
(mm) Washes
M5 Twin-pull anchor cables both ends 2 8 48 x 48 Yes locked
M6 Conventional anchor bolts  one side only 2 14 24 x 48 Yes locked

3.5. Model Test Procedure

1)

(5)

(6)

(7)

(8)

©)

Weigh the similarity simulation materials according to the designed dosages. After
weighing, pour the materials into a mixing basin and add water for stirring. To
maintain the integrity of the model, the interior of the mold shall be coated with a
layer of solid grease before filling the model materials.

Attach strain gauges to the end and middle positions of the opposing tension anchor
cables, respectively. Pre-design the hole positions for the models where the opposing
tension anchor cables need to be arranged, and place the opposing tension anchor
cables at the designated hole positions.

Pour the uniformly mixed similarity simulation materials into the mold by adopting the
layered paving and compaction method until the mold is completely filled. Then, fill and
compact the surface of the model to make it conform to the designed dimensions.
After the model fabrication is completed, leave it to stand for solidification to en-
sure model integrity. After air-drying for 72 h, the model can be detached from the
mold base.

Upon the completion of model fabrication, arrange discrete speckles on the model
surface using small black iron nails to facilitate the monitoring of model strain and
displacement during the experiment via the digital image correlation (DIC) technique.
Place the flexible loading plate and rigid loading plate on top of the test model.
Assemble the test model frame and place the test model on the test bench, ensuring
that the loading system acts on the exact center of the model to avoid the eccentricity
of external loads.

Set up the video recorder and CCD high-speed industrial camera to conduct full
process monitoring of the deformation and displacement on both sides of the coal
pillar during the experiment. Connect the strain gauges to the receiving equipment
before starting the experiment.

Set the loading rate at 0.02 mm/min during the experiment. Based on the in situ virgin
rock stress of 10.5 MPa, the load to be applied on the top of the model is calculated
to be 12.9 kN. Continuously monitor the model throughout the experiment until the
overall failure of the coal pillar occurs.

Replace the model and repeat the above steps for testing until the entire experi-
ment is completed. The configuration of the analogous simulation test is illustrated
in Figure 4.

3.6. Test Results and Analysis

Based on previous research findings and field measurement data [29], it was found that

when driving roadways along the edge of goafs, the stress concentration degree can reach

2.5 times the virgin rock stress due to the combined action of lateral abutment pressure and

advanced abutment pressure. According to the in situ virgin rock stress of 10.5 MPa, the

simulated virgin rock stress p was calculated to be 0.323 MPa. Overloading of 1.3p was

adopted to simulate the stress concentration disturbance caused by the excavation of the

3317 haulage gateway; overloading of 1.7p to simulate the stress concentration disturbance

caused by the mining of the 3317 working face; overloading of 2.0p to simulate the stress

concentration effect on surrounding rocks caused by the excavation of the 3315 return
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gateway; and overloading of 2.5p to simulate the stress concentration disturbance on coal
pillars caused by the mining of the 3315 working face. In the experiment, a stepwise loading
method was adopted until the coal pillars completely lost their stability and failed.

e

P50 mm | Rigid loading plate
Flexible loading plate

[ Set the ratio w

m

2999999 2979907
29079909 29792707

l Lay the materials ‘

Tensioning anchor cable Anchor rod

\ Weighing ‘

| Select materials ‘

Figure 4. Overall arrangement of physical simulation experiments: (a) overall experimental setup di-
agram; (b) model fabrication process diagram; (c) arrangement of bidirectional tension anchor cables.

3.6.1. Analysis on the Evolution Law of Horizontal Displacement of Coal Pillars

Figures 5 and 6 illustrate the evolution law of horizontal displacement of coal pillar
models under 6 different support schemes, where the color scale represents the horizontal
displacement along the roadway direction. An analysis of the variation characteristics
of horizontal displacement of coal pillar models under different support schemes reveals

the following:

L3().00

M3

Figure 5. Evolution patterns of horizontal displacement of coal pillars in M1, M2, and M3 models.
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o | - 28.80

MS5

Figure 6. Evolution patterns of horizontal displacement of coal pillars in M4, M5, and M6 models.

When the loading stress level reaches 1.0p, the overall displacement of coal pillars
under all support schemes is relatively small, indicating that the support systems are in an
elastic working state under the virgin rock stress condition.

When overloaded to 1.3p, the coal pillars under Schemes M1 and M6 initially exhibit
compression-expansion deformation characteristics. In contrast, for the other support
schemes adopting opposing tension anchor cables, the degree of compressive deformation
of the models is relatively small due to the bilateral constraint effect of anchor cables, which
verifies that opposing tension anchor cables have a significant constraint effect on the
structural deformation of coal pillars.

When overloaded to 1.7p, the coal pillars under Schemes M1 and M6 undergo compres-
sive deformation, with rib spalling occurring on the coal pillar ribs. As the mining-induced
intensity increases, the deformation gradually intensifies, and the edge of the goaf expe-
riences severe squeezing deformation towards the spaces on both sides. The maximum
horizontal displacement appears at the ribs of the narrow coal pillars, reaching 9.5 mm and
7.6 mm, respectively. At this stage, the bolts in Scheme M6 do not exert an obvious effect
on stabilizing the coal pillar ribs.

When overloaded to 2.0p, the horizontal displacement of coal pillars under all different
support schemes increases to a certain extent. In particular, the coal pillars under Schemes
M1 and M6 suffer severe deformation, which accelerates the overall instability and failure
of the coal pillars. Compared with other support schemes using opposing tension anchor
cables, the horizontal displacement of Scheme M5 increases rapidly, indicating that the
small-spacing arrangement is more suitable for controlling the stability of narrow coal
pillars under mining-induced disturbance.

When overloaded to 2.5p, the horizontal displacement of coal pillars under Schemes
M1 and M6 increases sharply, with a large number of cracks appearing on the surface and
subsequent fragmentation and spalling. At this point, the coal pillars have completely
lost their load-bearing capacity. In comparison, the coal pillars under Schemes M2 and
M4 only experience local surface damage while maintaining good integrity inside. This
demonstrates that the small-spacing opposing tension anchor cable support can signifi-
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cantly enhance the deformation resistance and residual load-bearing capacity of narrow
coal pillars under strong mining-induced conditions.

3.6.2. Analysis on the Development Law of Plastic Failure Zones in Coal Pillars

Figures 7 and 8 illustrate the evolution law of plastic failure zones in coal pillar models
under six different support schemes. Based on the full-field strain tensor inverted via
DIC, the high-deformation zones and damage zones of coal pillars were identified for
engineering applications using the Von Mises equivalent strain field [30,31]. High ¢y m
values are concentrated in localized fractured or strain-localization regions and therefore
serve as an indicator of damage severity, rather than representing a uniform strain level of
the entire coal pillar.

Von Mises Strain| Von Mises Strain| Von Mises Strain
am(-) P — em(-)

0.012

Figure 7. Evolution patterns of plastic failure zones of coal pillars in M1, M2, and M3 models.

The analysis results are as follows:

When the load reached 1p, the increase in equivalent strain values was mainly con-
centrated in the obliquely upper part of the narrow coal pillars. After the applied load
attained the virgin rock stress level, the equivalent strain values started to rise on the goaf
side of the narrow coal pillars, and no significant plastic deformation was observed in any
of the models.

When the load reached 1.3p, the equivalent strain values of coal pillars under Schemes
M1 and M6 began to concentrate on the goaf side of the narrow coal pillars. This indicates
that certain plastic failure zones had initially emerged on the goaf side of the narrow
coal pillars, and as the disturbance intensity increased, the scope of these zones further
expanded toward the interior of the narrow coal pillars. No significant plastic deformation
occurred in the models under the other support schemes.

When overloaded to 1.7p, the equivalent strain values at the ribs of coal pillars under
Schemes M1 and M6 increased significantly. Obvious plastic failure zones appeared at
the ribs of narrow coal pillars at the initial stage of excavation, with the maximum failure
locations occurring at the top and bottom corners of the coal pillar ribs. For the other
support schemes, the degree of plastic failure at the coal pillar ribs further increased, but
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the failure zones tended to stabilize gradually after expanding to a certain extent. Although
a certain degree of deformation occurred at both ribs of the coal pillars, no large-area plastic
failure zones were formed.

Von Mises Strain Von Mises Strain Von Mises Strain]
om (=)

Figure 8. Evolution patterns of plastic failure zones of coal pillars in M4, M5, and M6 models.

When overloaded to 2.0p, the coal pillars under Schemes M1 and M6 basically lost
their overall stability and developed large-scale plastic failure zones, indicating that their
support systems were unable to maintain stability under high-stress conditions. In contrast,
for the coal pillars supported by opposing tension anchor cables, only small-scale tension-
shear failure occurred at the bottom corners of both ribs, and the failure zones gradually
shifted toward the roadway centerline. This demonstrates that opposing tension anchor
cables exert a distinct constraint and reinforcement effect on coal pillars.

When overloaded to 2.5p, the equivalent strain values of all parts of the coal pillars
increased, and the area of plastic zones expanded accordingly. In particular, the plastic
failure zone of the coal pillar under Scheme M5 expanded rapidly until the coal pillar
failed and lost its load-bearing capacity. However, for the coal pillars under Schemes M2
and M4, plastic failure only occurred in small areas at the top and bottom corners of the
ribs, while the interior of the coal pillars remained intact. This shows that the support
system can significantly inhibit the propagation of plastic failure and effectively enhance
the load-bearing capacity and stability of narrow coal pillars.

The above analysis reveals that the maximum load-bearing capacity of coal pillar
models reinforced by opposing tension anchor cables is significantly higher than that
of unreinforced models, and it is further improved with the increase in the number of
opposing tension anchor cables. Opposing tension anchor cables can remarkably reduce
the deformation level of the models before and after failure, especially when the anchor
cable spacing is reduced; both the vertical and horizontal displacements of the models
are effectively controlled. Under the action of the maximum external load, neither the
double-row nor four-row small-spacing opposing tension anchor cable models suffered
overall failure, indicating that such arrangement methods can significantly improve the
load-bearing capacity and stability of narrow coal pillars.
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3.7. Analysis of the Deformation Law of Test Specimens

Figure 9 shows the load-deformation curves of the test specimens. An analysis of
these curves reveals the following: At the initial stage of loading, the axial load at each
measuring point was relatively small, and the specimens were in the compaction stage. As
the load increased, the anchor cables were subjected to compression and bending, causing
the axial load to rise rapidly. At this stage, the deformation at the middle measuring points
of the anchor cables was slightly higher than that at the end measuring points overall. With
the gradual increase in external load, the deformation at the middle parts turned out to be
lower than that at the ends until the specimens entered the failure stage.

50 -
Mid-section of M2 anchor cable
End-section of M2 anchor cable
[—— Mid-section of M3 anchor cable
- - - - End-section of M3 anchor cable
40 —— Mid-section of M4 anchor cable
- = = - End-section of M4 anchor cable
N Mid-section of M5 anchor cable
Z End-section of M5 anchor cable
% 30
e
<
=}
—_—
—
820
<
10
0

Deformation /mm

Figure 9. Load-strain curve of bidirectional tension anchor cables.

An analysis of the loading behaviors of different test specimens reveals the following:

Specimen M5 featured a smaller number of anchor cable rows and larger spacing,
resulting in a relatively weak overall constraint effect, and its peak load was significantly
lower than that of the specimens with small-spacing opposing tension anchor cables. For
Specimen M3, where no nuts or gaskets were installed at both ends, the constraint effect
on the coal pillar was weak. At the initial stage of loading, the deformation increased
rapidly with the rise in axial load, and the peak load was reached at approximately 26.4 kN,
followed by immediate instability. Specimen M2 could stably withstand a load of about
0-10 kN at the initial loading stage, with the deformation increasing slowly as the load
rose; after reaching the peak load of 35.6 kN, it rapidly lost its load-bearing capacity. In
contrast, the deformation of Specimen M4 was consistently lower than that of other groups
under the same load level. It failed rapidly after reaching the peak load of 44.2 kN, with a
deformation of only 7.8 mm, which was 40.5% and 45.7% lower than that of Specimens M3
and M5, respectively. This fully demonstrates that the double-row small-spacing opposing
tension anchor cables combined with end-locking devices can significantly enhance the
axial load-bearing capacity of coal pillars.

In summary, the deformation of opposing tension anchor cables during loading is
jointly controlled by external load and coal compaction, exhibiting stage-specific charac-
teristics: the deformation at each measuring point is small at the initial loading stage; as
the load increases, the deformation at the middle part is slightly larger than that at the
ends; with the continuous increase in external load, the deformation at both ends gradually
exceeds that at the middle part. Different arrangement forms show distinct differences
in the constraint effect on coal pillars. Schemes M3 and M5 are associated with low peak
loads and fast deformation development rates, making them unable to resist the extreme
working conditions caused by the superposition of multiple mining activities; thus, their
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applicability is limited. Although Scheme M2 can improve the load-bearing capacity and
stability of narrow coal pillars to a certain extent, the dense arrangement of anchor cables
leads to substantially higher material consumption and installation demand, resulting in
poor economy and failing to meet engineering cost-control requirements. The material
consumption and material cost per meter of roadway for each scheme are shown in Table 5.

Table 5. Material consumption and material-only cost per meter of roadway.

Length Per Total Element Lockset

Elements Plates Locksets . Plate Cost Total

Scheme "\ jm) ~ FElement ';;:‘hgs‘ (pesim)  (sets/m) Mg{]‘;}ﬁ;’“ (CNY/m) (Cg‘;sfm) (CNY/m)
M2 5.00 6.50 32.50 5.00 5.00 518.4 148.4 253.4 920.2
M3 2.50 6.50 16.25 0.00 0.00 259.2 0.0 0.0 259.2
M4 2.50 6.50 16.25 2.50 2.50 259.2 74.2 126.7 460.1
M5 1.25 6.50 8.125 1.25 1.25 129.6 371 63.4 230.0
M6 (bolts) 2.50 2.00 5.00 - - 90.0 - - 90.0

From a cost-benefit perspective, a per-meter roadway comparison indicates that M2
requires approximately twice the reinforcement density and material input of M4, while
the performance gain is not proportional. In contrast, Scheme M4 achieves the lowest
deformation and the highest peak load under the same loading level, indicating superior
deformation control and load-bearing improvement under the test conditions at a moderate
material cost. Therefore, considering both mechanical performance and cost-effectiveness,
Scheme M4 provides the most balanced solution for field implementation. Based on this
multi-dimensional evaluation—including economy and adaptability to on-site application
scenarios—Scheme M4 is finally determined as the optimal opposing tension anchor cable
arrangement scheme for on-site construction.

4. Field Industrial Test
4.1. Subsection

The length of the opposing tension anchor cables exceeded the reserved width of the
coal pillars by 1.5 m, and flame-retardant and anti-static cable protection sleeves with a
certain wall thickness were pre-embedded at the ends of the anchor cables. This facilitated
the installation of locking devices after removing the sleeves during the excavation of
the 3317 haulage gateway, thus achieving one-time tension forming. Meanwhile, high-
strength extruded threaded collars were installed at preset intervals along the length
direction of the anchor cables to enhance the interfacial friction with the grouting anchoring
material, thereby effectively restraining the internal deformation of the coal pillars. After
the fabrication of the new-type opposing tension anchor cables (Figure 10), tension tests
were conducted synchronously with conventional anchor cables. The results showed that
their initial anchoring force reached more than three times that of conventional anchor
cables, and they could stably provide an anchoring force of not less than 350 kN.

High — strength extruded thread ferrule

.‘\ \\ \\

N SN

Flame — retardant and Antistatic casing

Figure 10. Structure of bidirectional tension anchor cable.
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4.2. Construction Process Flow

According to the production plan of the coal mine, the excavation of the 3315 return
gateway must be completed before the mining of the 3317 working face. To ensure the
support effect, an innovative step-by-step construction technology was adopted in the test,
whose core lies in realizing “two-stage tensioning and collaborative locking” before and
after the breakthrough of adjacent roadways. The enhanced section support scheme is
shown in Figure 11.

[
3315 3317 3315 E 3317
Return air Haulage Return air g Haulage
gateway Gateway gateway g Gateway
|

Phase1 (3315 Return air gateway driving) Phase2 (3317 Haulage gateway driving

Figure 11. Support design diagram for the reinforced cross-section.

In the first stage, horizontal boreholes with a designed length of 6 m were drilled on
the coal pillar rib at the side of the 3315 return gateway. The prefabricated 6.5 m-long anchor
cables with grouting pipes and slurry stoppers were inserted into the boreholes, with the
ends of the anchor cables reserved for the space to be penetrated by the 3317 haulage
gateway. Full-hole grouting was then performed; after the grout was initially set, the
primary tensioning of the anchor cables at the side of the 3315 return gateway was carried
out, followed by the installation of bearing plates and locking devices. In the second
stage, when the excavation of the 3317 haulage gateway advanced to the position of the
reserved ends of the anchor cables, the exposed cable ends were cut to the designed length.
Bearing plates and locking devices were installed at the side of the 3317 haulage gateway.
Tensioning equipment was used to conduct the secondary tensioning of the anchor cables,
thereby achieving the final bidirectional opposing tension locking of the coal pillars.

4.3. On-Site Monitoring Scheme and Result Analysis
Surface Displacement Monitoring of Roadway Surrounding Rock

A cross-point layout method was adopted to arrange one set of convergence obser-
vation points for the two ribs and one set of roof subsidence observation points at each
cross-section. Drill holes were made at the monitoring positions using a pneumatic drill,
followed by spray painting to mark the observation points.

Starting at 25 m away from the construction opening, a monitoring point was set every
50 m, resulting in a total of six monitoring stations at positions of 25 m, 50 m, 100 m, 150 m,
200 m, and 250 m. These stations were numbered 1# to 6# in the order from the closest to
the farthest relative to the construction opening. Observations were conducted, and data
were recorded every 3 days. The obtained convergence values of the two roadway ribs,
roof subsidence values, roof separation displacement, and anchor cable stress are shown
in Figure 12.

During the 30-day deformation monitoring period, the roadway deformation gradu-
ally stabilized. The maximum convergence value of the two roadway ribs reached 37.3 cm,
and the maximum roof subsidence was 21.6 cm. The monitoring results clearly indi-
cated that the reinforced roadway exhibited excellent stability and deformation control
performance, which improved the stability and safety of the project.

The roof separation displacement was extremely small, with the maximum value of
17.3 cm recorded at Monitoring Point 1. The variation trend of separation displacement
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showed a rapid increase at the initial stage, followed by a gradual stabilization. Com-
pared with the original support scheme, the roof separation displacement was effectively
controlled. This avoided the reduction in the effective roof-to-floor height caused by the
formation of a net-shaped structure due to roof subsidence, thus ensuring the normal
service of the roadway.
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Figure 12. On-site monitoring diagram. (a) Monitoring curve of roadway sides convergence; (b) mon-
itoring curve of roadway roof settlement; (c) monitoring curve of roof separation in roadway; (d) mon-
itoring curve of axial force in anchor cables.

The maximum axial force of the anchor cables installed on the coal pillar ribs was
approximately 145 kN, which was far below their ultimate breaking load. The analysis
showed that the difference between the initial axial force and the designed preload was
minimal, indicating that the construction quality of the opposing tension anchor cables
met the design expectations and the anchoring effect was reliable. At the initial stage of
roadway excavation, the axial force of the anchor cables rose rapidly, which demonstrated
that the anchor cables had quickly entered the working state, effectively exerted the active
support function, and significantly enhanced the surrounding rock control effect. This
verified the necessity of reinforcing the narrow coal pillar ribs with opposing tension
anchor cables.

After the completion of the airtight project for the 3315 return gateway, and following
the completion of mining in the 3317 working face along with a comprehensive evaluation,
the subsequent work of the 3315 return gateway was restarted, as shown in Figure 13.

After the airtight wall was opened, a second round of monitoring was conducted at the
original monitoring points for 30 days. The monitoring results indicated that the maximum
convergence of the two coal pillar ribs was 89 cm, the maximum roof subsidence was 56 cm,
and the maximum roof separation displacement was 55 cm—all significantly below the
limits specified in the technical requirements. In addition, the maximum axial force of the
anchor cables on the coal pillar ribs reached 325 kN; however, no obvious deformation was
observed on the roadway ribs, and the opposing tension anchor cables arranged on the
side adjacent to the coal pillar did not break or pull out throughout the monitoring period.
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A comparison of the monitoring data between the excavation period and the mining period
showed that the axial force of the anchor cables increased from 145 kN to 325 kN, while
the convergence of the two ribs increased from 37.3 cm to 89 cm during the same period.
This demonstrates that the bidirectional opposing-tension anchor cables can continuously
provide binding force in response to surrounding rock deformation, effectively exert the
“collaborative locking” effect, and prevent the instability and failure of the coal pillar ribs
caused by stress concentration.

Figure 13. The real picture of the 3315 return roadway after closed opening.

5. Discussion

The present discussion is based on the gob-side roadway narrow coal pillar reserved
for the 3315 working face in the Sangshuping Coal Mine. Using similarity theory, we
developed a physical simulation system for narrow coal pillars reinforced by bidirectional
opposing-tension anchor cables and conducted multi-condition staged-loading tests to
examine the bearing behavior and failure characteristics of the pillar. Together with field-
scale industrial verification, this work proposes a process-level GA support technology. The
following discussion interprets these findings in relation to previous studies, engineering
practice, and the limitations of the present work to provide a comprehensive understanding
of the results.

However, this study has several limitations that should be addressed in future work.
First, the comparative evaluation of the support schemes is still limited in quantitative
evidence; future work will adopt a more structured test design with repeat experiments
and refined quantitative indicators to strengthen statistical confidence. Second, the recom-
mendation of Scheme M4 is constrained by the specific geological and mining conditions
considered in this case; further validation under different stress levels, pillar widths,
roof/floor lithologies, and tectonic disturbance conditions will be carried out through
additional cases and targeted verification. Third, due to roadway closure after support
installation, field monitoring was performed only during two 30-day periods; when op-
portunities arise, long-term continuous monitoring will be implemented to better capture
time-dependent deformation evolution and to further demonstrate the sustained effect of
collaborative locking over time.

In summary, the present findings provide a practical basis for narrow coal pillar
support at the Sangshuping Coal Mine and offer a scientific reference for parameter op-
timization and process design of reinforcement technologies for narrow coal pillars in
gob-side roadways. The proposed approach also provides useful engineering guidance for
reinforcing narrow coal pillars under similar complex working conditions.
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6. Conclusions

(1) Aiming at the core problems of the 3315 return gateway, including the weak and
fractured immediate roof, the susceptibility of coal pillars to plastic degradation, and
the inability of the original support to effectively constrain the coal mass, an innovative
GA support technology was proposed from a technical perspective. By implementing
“two-stage tensioning and collaborative locking” before and after the breakthrough
of adjacent roadways, the problem of coordinated construction during asynchronous
operations was solved. Meanwhile, it enhanced the bearing capacity of coal pillars
and improved roadway stability.

(2) Taking the 3315 return gateway as the engineering background, a similarity simulation
test system for narrow coal pillar reinforcement with opposing tension anchor cables
was established based on the similarity principle. Six groups of comparative tests
yielded the following results: neither the double-row nor the four-row opposing
tension anchor cable models with small spacing suffered overall failure; only local
plastic failure occurred at the roof and floor corners of the ribs, while the internal
structure of the coal pillars remained intact. In the failure stage, the deformation
of the double-row opposing tension anchor cables with small spacing was reduced
by 40.5% and 45.7%, respectively, compared with the large-spacing layout and the
non-preloaded layout. Considering the requirements for improving coal pillar stability
and economic benefits, the double-row dense layout scheme of opposing tension
anchor cables is more reasonable, which provides practical reference for the selection
of engineering support schemes.

(3) The narrow coal pillars of the 3315 working face were reinforced by adopting the new
GA support technology, and the enhanced support system significantly improved the
stability of the roadway. Field monitoring data showed that during the excavation
period, the maximum convergence of the two roadway ribs was 37.3 cm, the maxi-
mum roof subsidence was 21.6 cm, and the maximum roof separation displacement
was 17.3 cm—representing a significant reduction in surrounding rock deformation
compared with the original support scheme. The results of the second monitoring
after mining disturbance indicated that the maximum convergence of the two ribs
was 89 cm, the maximum roof subsidence was 56 cm, the maximum roof separation
displacement was 55 cm, and the maximum axial force of the anchor cables was
325 kN, accounting for only 59% of the ultimate breaking load (550 kN). All indicators
were significantly superior to those of the conventional support scheme, which fully
verified the engineering applicability and reliability of this support technology.
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