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Abstract

This study addresses the major engineering challenges of leaving roadways along the
goaf in shallow-buried coal seam tunnels through water-bearing soft rock. It focuses
on three core issues: the mechanism of rock mass softening upon water exposure, large-
deformation control, and directional pressure relief technology. By integrating laboratory
testing, theoretical analysis, numerical simulation, and field testing methods, the evo-
lution of macro- and micro-mechanical properties of rock under water-rock interaction
can be studied. The research developed constant-resistance large-deformation rock bolts
with “yielding within resistance and resisting within yielding” characteristics, revealed
the mechanism of directional fracturing through shaped charge blasting, and proposed a
synergistic control technology for along-the-goal rib retention: “shaped charge blasting
for roof fracturing and pressure relief + reinforced rib support + debris retention devices.”
Research findings indicate: increased sandstone water content triggers dissolution of cal-
careous cement and expansion of clay minerals, leading to rock strength degradation and
accelerated deformation, yet the failure mode remains uniaxial shear failure. The devel-
oped constant-resistance large-deformation anchor core device maintains a stable working
resistance of approximately 350 kN within a 396—405 mm tensile deformation range, sig-
nificantly enhancing the support system’s crack-resistant capacity under pressure. The
focused jet directs cracks to penetrate along predetermined paths, forming planar damage
zones and effectively suppressing vertical damage to the surrounding rock. Based on field
monitoring, the tunnel was divided into advance support zones, temporary support zones,
and stable tunnel sections, enabling a differentiated support scheme. The engineering
application achieved stable tunnel retention and safe reuse. This study provides key theo-
retical foundations and technical approaches for controlling rock mass stability in similar
tunnel conditions.

Keywords: roof cutting; scanning electron microscopy; constant-resistance large-deformation
anchor cables; shaped charge blasting; pressure relief

1. Introduction

Top-cutting and pressure relief self-forming roadway technology, as an innovative
pillar-less mining method, offers an effective solution to issues in traditional longwall
mining, such as low resource recovery rates, high roadway maintenance costs, and the
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manifestation of strong dynamic pressure [1]. Its core concept involves actively intervening
in the fracturing and displacement processes of the overlying strata. By utilizing the
fragmented and expanded rock mass formed after roof rock failure and collapse to support
the goaf, it automatically creates reusable roadways along the longwall sidewall, enabling
safe, efficient, and environmentally sustainable continuous mining [1,2]. In recent years,
as shallow resources have been depleted, coal mining has increasingly expanded into
deeper, geologically complex conditions (such as extremely thin coal seams, thick hard roof
strata, soft rock, and steeply dipping coal seams). This has placed higher demands on the
adaptability, reliability, and precision control of roof cutting and pressure relief self-forming
roadway technology [3-5].

Currently, scholars worldwide have conducted extensive research on roof cutting for
self-forming roadways. In terms of technical principles and rock control mechanismes, it
is generally recognized that creating artificial weak surfaces through roof cutting alters
the structure of the overlying strata in the goaf, converting long cantilevers into short
ones or achieving directional fracture of key layers, thereby optimizing the stress envi-
ronment of the surrounding rock [6-8]. Successful roof cutting promotes timely caving
and fragmentation of the roof strata. The collapsed debris supports the overlying strata,
mitigating or even eliminating high abutment pressure at the working face, which is crucial
for the long-term stability of self-forming roadways [9-11]. Technologically, two main
methods have emerged: “Closely Spaced Drilling” (also known as Closed-Hole Roof Cut-
ting) and “Pre-splitting Blasting.” The former creates a weakened zone through dense
boreholes. It is relatively safe and causes minimal disturbance to the surrounding rock, but
its effectiveness depends heavily on parameter design [12-14]. The latter uses explosive
energy for directional rock fracturing, offering high efficiency and broad applicability,
especially under thick, hard roof conditions, though its impact on rock integrity and pre-
cision requires attention [15,16]. Research on applicable conditions has expanded from
conventional medium-thick, horizontal coal seams to extreme conditions such as ultra-thin
seams [17], thick-hard roofs [18], soft rock roadways [19], steeply dipping seams [20], and
deep high-stress environments [21,22], with corresponding parameter optimization and
control strategies proposed for different geological settings. Furthermore, methods like the
NOO mining technique, which integrates bilateral roof cutting with self-forming roadways,
have advanced the concept of pillarless mining [23,24].

However, applying roof cutting for self-forming roadways under complex geologi-
cal conditions remains challenging. First, the precise design and dynamic adjustment of
cutting parameters are critical. Different roof properties, thicknesses, and seam conditions
impose specific requirements on cutting height, angle, and drilling/blasting parameters.
Existing theoretical models and design methods still lack sufficient universality and pre-
cision [12,14,25]. Second, under challenging conditions such as strong dynamic pressure,
deep high-stress zones, or composite roofs, controlling large deformations and ensuring
long-term stability of self-forming roadways become prominent issues, necessitating inte-
grated optimization of roof-cutting and high-strength support systems [26,27]. Moreover,
in cases where thick, hard roofs resist timely caving, achieving directional, timely, and
complete fracturing to release accumulated elastic energy is key to preventing dynamic
hazards like rock bursts [18,28]. Additionally, existing research focuses primarily on roof
control, with relatively less attention given to floor damage mechanisms and prevention,
especially regarding water ingress issues [29].

In the current research, the primary challenges facing the roof-cutting and self-forming
roadway technology can be summarized as follows: the precise design and dynamic
control mechanisms for roof-cutting parameters under complex geological conditions
remain unclear; achieving timely, directional fracturing of thick, hard roof strata and
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controlling energy release still pose difficulties; and existing studies predominantly focus
on roof control while paying insufficient attention to the prevention and control of water-
hazard-affected rock mass strength.

Under the directives for green and safe mining as well as the project’s alignment with
sustainable development goals, this study is conducted against the engineering background
of self-forming roadways via roof cutting and pressure relief in shallow-buried thick coal
seams. By integrating theoretical analysis, numerical simulation, and field testing, it
systematically investigates the macro- and micro-scale evolution of water-bearing strata,
the mechanical performance of novel constant-resistance large-deformation rock bolts, and
the damage characteristics of blast-induced rock fracture. The research further proposes key
technical parameters for the coordinated control of roof cutting and pressure relief coupled
with high-resistance support. The outcomes aim to provide a theoretical foundation and
technical reference for the safe, efficient, and sustainable application of roof-cutting self-
forming roadway technology under similar geological conditions, thereby supporting the
transition toward cleaner and safer mining practices.

2. Background

The 51,112 working face is located in the western section of Jintong Coal Mine. The
51,112 intake drift has a designed length of 660 m, as shown in Figure 1a. To the east lies
the 51,113 working face, to the west the 51,111 working face, to the south the West Wing
Rubber Conveyor Main Road, and to the north the 51,117 working face. The primary coal
seam mined is the 5-1 seam, which exhibits stable occurrence. Its average burial depth
is approximately 55 m, with thicknesses ranging from 0.94 m to 5.41 m and an average
thickness of 2.86 m. The seam position is relatively stable, featuring predominantly simple
structures, with well-developed coal seam bedding and joints. The roof strata consist of
fine-grained sandstone, mudstone, and sandy mudstone, while the floor strata comprise
siltstone and sandy mudstone. The lithology of the coal seam and its roof/floor strata is
illustrated in Figure 1b. This is a low-gas mine. The working face is located in a low-lying
area prone to water accumulation. Once the roof strata are affected by water, their strength
weakens significantly.
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Figure 1. The 51,112 working face underground production geological conditions: (a) underground
layout; (b) columnar diagram of the roof layer.

Based on borehole exposures documented in the Jintong Coal Mine exploration report
and previous geological exploration findings, the strata sequence from oldest to youngest
is as follows: Triassic Upper Series Yanchang Formation (T3y), Jurassic Middle-Lower
Series Yan'an Formation (J1-2ya), Jurassic Middle Series Zhilo Formation (J2z), Quaternary
Upper Pleistocene Series (Q3), and Holocene Series (Q4). The hydrogeological conditions
are classified as a simple type dominated by pore and fracture recharge. Groundwater
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recharge and discharge flow from northwest to southeast. However, as mining operations
expand and depths increase, particularly near drill holes where poor plugging quality
causes hydraulic connectivity between aquifers, water inflow rates will correspondingly
rise. Based on data provided by the mine, the measured normal water inflow rate for the
5-1 coal seam fully mechanized mining face is 192 m3/d, with a maximum recorded inflow
rate of 1560 m3/d.

3. Materials and Methods
3.1. Materials
3.1.1. Specimens with Different Water Saturation Levels

To investigate the damage mechanics and rock failure characteristics of the direct roof
sandy mudstone at Jintong Coal Mine under varying water saturation conditions, rock
failure tests were conducted at different water saturation levels. Based on experimental
requirements, water saturation test specimens (WSTCs) were prepared at 0%, 25%, 50%,
75%, and 100% (five specimens per group) saturation for uniaxial compression testing. To
investigate the internal softening mechanism of specimens under water-saturated condi-
tions, SEM scanning electron microscopy was performed on specimens with different water
saturations. Changes in microstructure were analyzed to explain the softening mechanism
of micro-minerals, pores, and fractures within the composite structure due to water.

3.1.2. Constant-Resistance Large-Deformation Cable Structure

Constant-resistance large-deformation rock bolts (cables) achieve a constant support
resistance of 350 kN with maximum deformations reaching 1000 mm. The constant-
resistance large-deformation anchor cable comprises a constant-resistance device, an anchor
cable body, a support plate, and a nut. The constant-resistance device is fitted at the tail
end of the anchor cable body (steel strand), with the support plate and nut sequentially
mounted at the tail end of the constant-resistance device. The specific structure is shown in
Figure 2.
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Anchor Cable Tray Constant Resistance Large Anchor Cable Body
Deformation Device
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Locking Mechanism

Steel Strand
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Figure 2. Schematic of constant-resistance large-deformation anchor cable structure: (a) schematic;
(b) structural diagram.
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3.2. Methods
3.2.1. Static Characteristic Testing of Constant-Resistance High-Deformation Anchor Cable

To evaluate the constant-resistance mechanical properties, constant-resistance value,
and maximum static tensile elongation of the anchor cable while investigating its deforma-
tion characteristics, static tensile experiments were conducted. The horizontal tensile testing
machine used was model LW-1000, comprising a mainframe, control cabinet, measurement
and control system, and servo hydraulic power unit. The machine has a maximum test
force capacity of 1000 kN, with a force measurement range of 2% to 100%. It provides
a maximum tensile space of 4000 mm, and test results are controlled within a 1% error
margin. Details are shown in Figure 3. Static tensile tests were performed on three constant-
resistance large-deformation anchor cables: MS3-2-1, MS3-2-2, and MS3-2-3. Test data were
recorded for each cable.

Y

Figure 3. Horizontal tensile testing machine: (a) control cabinet; (b) tensile instrument.

3.2.2. Numerical Simulation of Directional Pre-Fracturing Energy-Concentrated Blasting

The LS-DYNA modeling in this study selected the RHT material type to simulate
rock blasting, accounting for strain rate during compression and tension, strain hardening
during material damage, and damage softening during compression. The strength criteria
of the RHT model are expressed through three stress limit surfaces: the initial elastic yield
surface, the failure surface, and the residual friction surface, which simulate blast-induced
rock fracture. Within the RHT model, pressure is represented using the Mie-Greisen
form, employing a polynomial Hugoniot curve and a p-o compaction relationship. This
model enables precise prediction of crack initiation and propagation in rock under dynamic
loading [11,12].

This study primarily investigates rock damage and failure under combined stress
and shaped charge blasting effects. Therefore, the model is developed based on actual
shaped charge blasting engineering practices. The shaped charge blasting employs shaped
charge tubes loaded with explosives. The drill hole spacing is 500 mm, the shaped charge
tube length is 1500 mm, the inner diameter is 38 mm, and the outer diameter is 46 mm.
The explosive used is a secondary emulsion explosive with dimensions of ®32 x 300 mm.
During blasting, two explosive charges are installed in each shaped charge tube. The
computational model replicates the actual project with a 1000 mm cube. A 50 mm diameter
borehole is drilled at the model’s center, reaching 800 mm depth. The explosive length
matches the shaped charge tube at 600 mm, with a 200 mm sealing clay section. The air
chamber dimensions are 500 x 500 x 1000 mm?. The shaped charge blasting computational
model is shown in Figure 4. In subsequent modeling, the explosive was ignited at its center.
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Figure 4. Modeling of concentrated-energy blasting.

3.2.3. Force Analysis of Constant-Resistance Large-Deformation Anchor Cables

This study employs a combined approach of qualitative analysis based on mechanical
principles, simplified construction of fundamental physical models, and validation of key
material parameters. Engineering deployment diagrams identified the critical support
positions of constant-resistance large-deformation rock bolts in the roof of the goaf on
the working face side. The support mechanism was systematically explained: enhancing
roof bending resistance to suppress delamination and rotation, absorbing energy through
large-deformation characteristics to mitigate blast impacts, and preventing sudden failure
via the constant-resistance mechanism. Based on the structural schematic diagram, a
simplified cylindrical mechanical model of the core friction assembly was established.
The force equilibrium equations were derived using the principle of limit equilibrium,
emphasizing key design criteria for achieving stable, constant-resistance performance
through pre-engineered friction pairs and optimized creep [3,9,13,18].

4. Results and Analysis
4.1. Changes in Mechanical Properties and Failure Characteristics of WSTCs

Figure 5a demonstrates a negative correlation between the water saturation of the coal-
rock composite and its uniaxial compressive strength. The uniaxial compression process
exhibited typical stages of compaction, linear elasticity, yield, and failure. At 0% water
saturation, the maximum uniaxial compressive strength reached 19.95 MPa. This strength
progressively decreased to 14.60 MPa at 25% saturation, 10.86 MPa at 50% saturation,
4.51 MPa at 75% saturation, and a minimum of only 2.06 MPa at full saturation (100%).

It is widely recognized that the strength of rock specimens is governed by the initiation
and propagation of cracks during loading. Figure 5b illustrates the corresponding failure
modes of the coal-rock assemblies under uniaxial compression at different saturation levels.
Due to the presence of angled bedding planes in the sandstone, failure primarily manifested
as monoclinic shear. At 0% saturation, failure resulted in a single fracture plane. As water
saturation increased to 25%, the failure released substantial energy, forming two primary
fracture planes that propagated downward and interconnected within the coal matrix,
resulting in a tensile—shear failure mode. At 50% saturation, conjugate-plane shear failure
was observed. At 75% and 100% saturation, the specimens failed via single-plane shear.
Analysis of the uniaxial stress—strain curves indicates that while water content does not
alter the fundamental type of crack propagation, it significantly accelerates the rate of
rock failure.

Microstructural analysis (Figure 5b) provides further insight into the water-rock
interaction mechanism. In the dry state (0% moisture), mineral surfaces appeared smooth
with grains tightly bound by cementation material, and pores/cracks were relatively
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distinct. With increasing moisture content, dissolution of calcareous cement occurred,
leading to the development and interconnection of micro-pores and micro-cracks. Clay
minerals exhibited noticeable swelling, resulting in grain loosening. At saturation, the
microstructure transitioned from a dense, pore-cemented fabric to an irregular, honeycomb-
like structure. This evolution featured fewer particles on pore walls, the closure of some
micro-pores, and the development of larger, better-connected pores. Macroscopically, these
changes correspond to the observed strength deterioration and increased deformation.

The combined macro- and micro-scale evidence confirms that the water-induced
softening of rock is fundamentally a process of cumulative structural damage driven by
physicochemical interactions [30,31].

(@g0 | — 0%
— 25%
—— 50%
—— 75%

100%
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Figure 5. Mechanical properties and microstructural changes diagram: (a) stress—strain curve;
(b) failure mode of coal-rock assembly and SEM test results.

4.2. Constant-Resistance Anchor Cable Support Technology
4.2.1. Mechanism of Constant-Resistance Large-Deformation Anchor Cable Support

Traditional prestressed anchor cables exhibit low elongation, rendering them un-
suitable for accommodating the large-deformation failure characteristics of surrounding
rock in underground engineering. When significant deformation occurs, the initial de-
formation energy exceeds the reserve capacity of the anchor rod, causing failure of the
prestressed anchor cable support system. A key distinction between constant-resistance
large-deformation anchors (cables) and conventional prestressed anchors lies in their “yield-
ing with resistance, resisting with yielding, and preventing breakage while maintaining
constant resistance” characteristic. A core component enabling this feature is the design
of a novel constant-resistance device. Integrating this device into traditional prestressed
anchors achieves constant-resistance large-deformation functionality. This addresses the
limitations of conventional prestressed anchorage systems, such as low elongation rates
that fail to accommodate significant rock mass deformation.

4.2.2. Working Principle of Constant-Resistance High-Deformation Anchors (Cables) for
Rock Mass Pressure Control

(a)

Pre-deformation stage—Installation of new anchor cables

After excavation of underground structures, the originally stable rock mass is dis-
rupted. On one hand, stress redistribution leads to stress concentration where the rock’s
inherent mechanical properties cannot withstand the load, creating plastic zones or tension
zones. On the other hand, construction induces rock mass relaxation, compounded by
geological structures, reducing overall stability. Therefore, before significant deformation or
failure occurs, constant-resistance large-deformation anchor rods (cables) must be installed
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according to the underground engineering support design requirements, using traditional
prestressed anchor cable construction techniques.

(b) During Rock Mass Deformation—Absorbing Deformation Energy

During the initial stage of large-deformation failure in underground engineering
rock mass, the energy is substantial. When the deformation energy exceeds the constant-
resistance range of the anchor cable, the constant-resistance body slips within the constant-
resistance sleeve. This means the constant-resistance large-deformation anchor rod (cable)
undergoes large radial stretching deformation in response to the rock mass’s large deforma-
tion, thereby absorbing deformation energy and preventing anchor cable failure or rupture
caused by significant rock mass deformation.

(c) Post-Rock Mass Deformation—Tunnel Stability

After the surrounding rock undergoes large deformation, the internal stress within
the rock mass reaches a new equilibrium, releasing its stored energy. The deformation
energy of the surrounding rock becomes less than the designed constant-resistance T of the
constant-resistance device. The axial force P of the anchor cable is less than the frictional
resistance between the constant-resistance device and the constant-resistance sleeve. With
the support of the constant resistance of the large-deformation anchor rod (cable), the
surrounding rock returns to a stable state. Details are shown in Figure 6.

| Constant Resistance Device |

Constant Resistance Large
Deformation Range

Constant Resistance
Tension Absorbs Rock
Mass Deformation Energy

WA

£ T Seh

Figure 6. Support the principle of constant-resistance large-deformation anchor bolts (cables).

4.2.3. Mechanical Characteristics of Constant-Resistance Large-Deformation Cable

Static tensile test results (Table 1) indicate: under tensile force, the working resis-
tance of the constant-resistance large-deformation cable rises rapidly, representing the
elastic resistance increase phase. Once the working resistance reaches a certain level,
the constant-resistance device begins to slip and deform, entering a state of essentially
constant resistance—the constant-resistance deformation phase. The elongation of constant-
resistance large-deformation anchor cables ranges from 396 to 405 mm. During tensile
deformation, the working resistance remains stable at approximately 350 kN, meeting
design requirements. Details are shown in Figure 7.

Table 1. Static tensile test data for constant-resistance large-deformation anchor cables.

No Specimen Length Constant-Resistance Final Elongation Constant-Resistance R ”

) (mm) Device Length (mm) (mm) Range (kN) emarks
MS3-2-1 1502 400 405 349-359 Pulled out
MS3-2-2 1500 400 399 319-340 Pulled out
MS3-2-3 1503 400 396 308-359 Pulled out
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Figure 7. Static tension test curve for constant-resistance large-deformation anchor cable.

4.2.4. Key Support Areas for Constant-Resistance Large-Deformation Anchor Cables

The roof of the goaf adjacent to the longwall face represents a critical failure zone
for roadway deformation. Before longwall mining, constant-resistance large-deformation
anchor cables were deployed to reinforce this goaf roof section, as illustrated in Figure 8.

Constant-Resistance Large-Deformation Anchor Cable
A

A

Critical areas

Direct roof

Roadway
sides

Figure 8. Position of constant-resistance large-deformation anchor cable support.

|

—

M=

Reinforcing the side roof of the goaf with constant-resistance large-deformation an-
chors enhances the bending moment resistance capacity of the roof strata on the solid coal
side. This effectively prevents roof separation and displacement; the increased bending
moment resistance of the roof rock layer limits the rotation of the main roof toward the
goaf, reducing the compressive force exerted by the main roof on the goaf side’s immediate
roof. This prevents the crushing and fragmentation of the immediate roof rock mass on
the goaf side, thereby avoiding roof collapse and leakage. Resisting the blasting impact
disturbance from pre-splitting blasting on the side roof of the goaf, absorbing blasting
energy, ensuring the integrity and stability of critical roof sections, thereby preventing
structural failure and achieving the objective of stabilizing the surrounding rock in deep
roof cutting and pressure relief with roadway retention along the goaf. Constant-resistance
large-deformation rock bolts (cables) maintain resistance even when axial force exceeds
constant resistance, preventing sudden failure and surrounding rock destruction. In under-
ground engineering projects utilizing this novel anchor cable as support material, when
the surrounding rock undergoes deformation, the cable stretches accordingly to release
deformation energy. Even after elongation, the cable maintains constant working resistance,
stabilizing the surrounding rock and eliminating safety hazards such as roof falls, cave-ins,
rib buckling, and severe floor heaving. The structural diagram of the constant-resistance
device is shown in Figure 9.
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(a)
= IConstant-resistance element, |—»

Constant-resistance sleeve

After deformation

Figure 9. Mechanical model of constant-resistance device support: (a) schematic diagram; (b) me-
chanical model.

Based on the working principle of a constant-resistance large-deformation anchor rod
(cable) support, prior to installing the new anchor cable, drill holes at appropriate locations
according to the design plan. Then insert the constant-resistance large-deformation anchor
rod (cable) into the drilled holes. Inject cement mortar or resin grout between the constant-
resistance device and the drilled hole to tightly bond the constant-resistance device with
the surrounding rock, forming the anchoring segment. The constant-resistance function
is achieved through pre-designed friction between the constant-resistance body and the
constant-resistance casing. Since the stability of constant-resistance directly impacts the
overall performance of the constant-resistance large-deformation anchor rod (cable), the
selection of the constant-resistance body, constant-resistance casing, and new constant-
resistance filling material is critical. It is essential to maximize the mitigation of material
creep and relaxation. When calculating shear stress at the contact surface between the
constant-resistance body and sleeve, the calculation originates from the base of the frustum
(Point A) and extends to its apex (Point B).

Since the radii of the upper and lower bases of the constant-resistance body’s frustum
are nearly identical, it can be simplified as a cylinder. Based on this simplified mechanical
model, select a differential segment dz on the cylinder. Let T denote the shear stress
around this segment. Considering the minimal contact area between the cylinder and
the constant-resistance sleeve, stress distribution across this cross-section is approximated
as uniform. The stress at the cross-section is ¢, and the stress at the z + dz cross-section
is o-do. Assuming the radius of the cylindrical cross-section is R, the principle of limit
equilibrium yields:

Rdz = —27dz (1)

Therefore, the shear stress around the differential segment can be expressed as:

R do
TS @

The derivation process of Equation (3) is referenced in Appendix A. Comprehensive
Equation (A1) to Equation (A5):
N

€= = F3 ®3)

Ml
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The physical meaning of Equation (3) is: when the constant-resistance large-
deformation anchor rod (cable) reaches ultimate mechanical equilibrium, i.e., when the
axial force equals the constant-resistance force, the strain incurred by the constant-resistance
body’s conical head provides 350 kN of constant-resistance force.

4.3. Blasting Cutting Simulation Analysis

To balance computational accuracy and time, after mesh convergence testing, a 10 mm
cubic element was used for modeling. The model employed fluid—structure interaction sim-
ulation, where air shared nodes with rock, explosives, shaped charge tubes, and plugging
materials. Testing utilized the same algorithm as the model validation. The simulation
concluded when existing cracks ceased propagation and no new cracks formed, with a
simulation duration of 1000 ps. Shaped charge blasting plays a crucial role in both mining
and tunnel excavation. To investigate rock mass damage and crack development under
uniaxial stress during shaped charge blasting, research was conducted based on prior
studies of loosening blasting. Explosives are placed inside the shaped charge tube, which is
designed as a tubular structure using specific materials. Shaping grooves are positioned on
both sides of the tube to form the shaped charge. When explosive energy is released, these
grooves concentrate the energy, directing the explosion stress wave to propagate along the
tube’s axis. The shaping grooves are oriented parallel to the x-direction. The results are
shown in Figure 10.

140pis 180yis 10001

e N ——

0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1.0

Figure 10. Stress wave attenuation.

Upon initiation of the blasting sequence, an ellipsoidal stress wave first forms around
the explosives. This wave induces intense compression on the shaped charge tube, creating
a fragmentation zone near the tube and generating concentrated tensile stress along the
shaping direction. When the explosive stress radiates to the surface of the shaped charge,
part of the energy forms a shaped jet along the direction of energy concentration. In the non-
concentration direction, the stress wave reflects, and the reflected stress wave ultimately
radiates along the direction of energy concentration. The gas jet contacts the surrounding
pressure, partially compressing the rock. When the pressure generated by the explosive
stress wave exceeds the rock’s compressive strength, tensile cracks form in the surrounding
rock. The stress wave primarily radiates along the uniaxial stress direction, while stress
waves perpendicular to the stress direction are suppressed. As shown in Figure 11, damage
parallel to the focusing direction is fully penetrated, while damage perpendicular to the
focusing direction is only about 50 mm. Figure 12 indicates that cracks primarily develop
along the focusing direction. The damage level inside the model gradually decreases, and
the damage area progressively forms a surface. This effectively protects the integrity of the
surrounding rock, achieving the effect of focused cutting.
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5. Gob-Side Entry Retaining Plan and Monitoring
5.1. Blasting Roof Cutting and Pressure Relief Plan

Bidirectional energy-focusing tubes utilize specially manufactured tubes. These tubes
feature an outer diameter of 42 mm, an inner diameter of 36.5 mm, and a length of 1500 mm.
The focused blasting employs Grade II emulsion explosives for coal mines, with the pro-
posed charge specifications being ®32 mm x 300 mm per roll. During field trials, the
focused charge tubes are installed within the blast holes. Based on field trial results, the
charge structure and quantity are adjusted on time. The blast hole openings are sealed
with gunning paste using specialized equipment. During field trials, the blasting structure
and method must be determined and adjusted based on the rock properties of the roof, as
confirmed through prior working face mining conditions. Shotcords were installed within
the blast holes, with charge configuration and quantity adjusted promptly based on field
test results. The blast hole openings were sealed using specialized equipment and shotcrete.
The roof of the 51,112 intake drift is classified as weak. Tests were conducted specifically
for this condition, and post-blast inspections of the drilled holes were performed using an
intrinsically safe borehole imaging device. Based on field test results, the optimal charge
configuration for the hard roof section is 2-2-1-1 (6 rounds), with a hole spacing of 550 mm,
four shaped charge tubes per hole, and an optimal sealing clay length of 3 m. Details are
shown in Figure 13.
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Figure 13. Slot drilling design diagram: (a) cross-section; (b) plan view; (c) slot charging parameters.

5.2. Support Scheme for Leaving Galleries Along the Goaf

During face advancement, galleries at different locations experience varying degrees
of mining-induced deformation. The advanced section of the face is subjected to advanced
pressure. After face extraction, the roof begins to collapse, and a certain period is required
for the collapse to stabilize. During this interval, the gallery is affected by dynamic pressures
such as fracturing stresses and collapse impacts. Therefore, the area behind the supports
near the working face requires not only roof support but also rock-blocking support. As the
working face advances further, when the roadway is farther from the face, roof movement
generally stabilizes. At this point, the equipment used for temporary support behind
the supports can be removed, and only rock-blocking support is necessary. Based on
historical field monitoring data, the roadway near the working face is divided into three
zones: advance support zone, temporary support zone behind the roof, and stable roadway
zone. The temporary support zone behind the roof is designed to be 130 m to 150 m long
according to site conditions and engineering experience, with the actual length determined
by mine pressure monitoring results. Different support measures are adopted for each zone
as needed, with the zoning shown in Figure 14.

cutting seam thread

—51,112 Intake airway|
51,112 working face

Advance support zome

T 3 G2

Temporary support

% Gob area ¢ area behind the frame)

oA

130m~150m

Stable zone

Figure 14. Design zoning diagram for temporary tunnel support.

5.2.1. Temporary Support Area Behind the Frame

This roadway segment lies within the advanced influence zone of the working face.
Rock falls from the goaf roof exert frictional forces on the roadway roof, subjecting it to
significant dynamic pressure with high roof stress. Consequently, temporary reinforcement
is required for the roof. Based on engineering experience and site conditions, the temporary
support distance within the roadway is preliminarily set at 130 m to 150 m, with the actual
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distance determined by roadway rock pressure monitoring data. The proposed design
solution is as follows [18,20]:

The roadway roof shall be supported using a “single hydraulic prop + 7-shaped steel
beam + unit support” configuration. Unit supports shall be installed at 2.4 m intervals,
totaling 63 units. Each unit support shall be equipped with two single props and a 7-shaped
steel beam, with a row spacing of 1 m. The roadway cross-section design calls for single-row
single props (DWX35/4.0-300), which must be fitted with shoe plates and caps. Once the
surrounding rock stress and deformation in the retained roadway stabilize, the temporary
single pillars and m-shaped steel beams can be progressively removed. After removal,
the roadway roof will primarily rely on constant-resistance rock bolts for support. The
temporary roof support design is illustrated in Figure 15.
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Figure 15. Temporary support for longwall mining: (a) cross-section; (b) plan view.

5.2.2. Stable Zone

“Dense Single-Pillar” technique along the tunnel: immediately after face extraction,
arrange one or more rows of densely spaced single pillars along the blasted pre-split line.
The upper ends of the pillars are connected to the roof using wooden blocks as a flexible
cushion layer. Individual props offer rapid resistance increase and high stiffness, promptly
providing substantial roof-cutting resistance. This facilitates controlled roof collapse along
the pre-split line in the goaf while simultaneously supporting the roadway roof, preventing
rapid subsidence during the initial roadway retention phase. Single pillars near the cutting
seam are supplemented with I-beams and metal mesh for rock support. I-beams are spaced
between pillars, while metal mesh is securely fastened to I-beams with wire ties. After the
working face advances, this effectively prevents waste rock from the goaf from flooding into
the roadway, achieving excellent rib formation. After the roof in the goaf fully collapsed
and compacted, the single pillars could be gradually withdrawn. The side walls of the goaf
side road were then sprayed with concrete to seal the goaf and isolate harmful gases.

During actual application, it was found that the limited space at the 51,112 working
face cut-off section precluded the use of unit supports. Therefore, a “single hydraulic prop
+ m-shaped steel beam” configuration—substituting a single beam with four props for
unit support—was employed for approximately 10 m of the cut-off section. Additionally,
after advancing 100 m, the supply of unit support temporarily could not keep pace with
the mining speed. Therefore, it is planned to replace the original support configuration
with “single hydraulic props + m-shaped steel beams.” Once unit supports are regularly
supplied, the original support design “single hydraulic props + 7-shaped steel beams + unit
supports” will be reinstated for roadway roof support.
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The support design is as follows: employ “single hydraulic props + 7-shaped steel
beams” for roadway roof support, with a row spacing of 0.8 m. The roadway cross-
section design utilizes single-row single props (DWX35/4.0-300), which must be fitted
with shoe plates and caps. Temporary support beyond the 130-150 m range after tunnel
framing may be determined based on monitoring results. Once the surrounding rock stress
and deformation in the retained tunnel section stabilize, temporary support components
(individual pillars and 7-shaped steel beams) within the tunnel may be progressively
withdrawn. After complete withdrawal, the roof of the retained roadway is primarily
supported by constant-resistance rock bolts and similar measures. For roadway rib support:
employ retractable 29U-shaped steel beams combined with steel mesh reinforcement,
arranged along the cutting line at 800 mm intervals. Adjacent retractable U-shaped steel
beams are connected using clamping cables and connecting rods. The temporary roof
support design is illustrated in Figure 16.
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Figure 16. Temporary support for roadway retention along goaf (single pillar): (a) cross-section;
(b) plan view.

The reinforcement mesh consists of welded steel mesh with 6.0 mm diameter bars,
sized 2600 mm x 1100 mm. Each mesh panel overlaps adjacent panels by 100 mm and is
secured with galvanized iron wire (No. 14). The mesh overlaps with the existing metal
mesh support. A ventilation duct fabric is hung behind the mesh to prevent air leakage. For
severe debris leakage, diamond-shaped metal mesh can be added inside the reinforcement
mesh to enhance debris containment support.

5.2.3. Construction Process of Constant-Resistance Large-Deformation Anchor Cables

The construction of constant-resistance large-deformation anchor cables is shown in
Figure 17. The construction process is as follows: conduct constant-resistance anchor cable
reinforcement support construction according to design requirements. First, rigorously
inspect the roadway cross-section dimensions against the centerline and waistline. Any
deviations from the work procedure requirements must be addressed before proceeding.
Before drilling, conduct a rock-wall inspection to carefully assess the condition of the
roof and sidewall rock mass, removing loose debris and unstable rocks. Work may only
commence after confirming safety. Anchor cable positioning must be precise, with hole
location errors not exceeding 100 mm and hole orientation errors not exceeding 2°. The
process flow is: Tap the sides and top — Determine hole positions — Prepare drilling
tools — Mark anchor holes — Drill anchor holes — Enlarge constant-resistance device
installation holes — Install grout and steel strands — Thoroughly mix grout to anchor
cables — Install W-shaped steel bands — Install anchor trays — Install constant-resistance
devices — Install locking devices — Apply pre-tension — Clean the site.
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Figure 17. Construction process of constant-resistance anchor cable.

Integrating research findings, the following parameters were determined: roof cutting
and pressure relief scheme, length of temporary support behind roof supports, and en-
hanced support scheme parameters. These improvements enhance the stability and safety
of longwall roadways.

5.3. Mine Pressure Monitoring Plan During Roadway Retention
5.3.1. Monitoring Content

Monitoring points shall be established primarily to track the stress and deformation of
constant-resistance anchor cables and temporary single pillars within the roadway, while
also monitoring asymmetric deformation on the roadway rock surface. Starting from the
tunnel retention point—within the first 150 m—install one monitoring station every 20 m,
totaling 7 stations. Each station must simultaneously house: constant-resistance cable
stress monitoring equipment—hydraulic single-column stress monitoring equipment—unit
support stress monitoring equipment—shrinkage monitoring equipment—tunnel surface
asymmetric deformation observation points. Beyond 150 m: install one monitoring station
every 50 m, totaling 10 stations. A total of 17 monitoring stations were deployed to track
rock pressure and its manifestation patterns during the initial tunnel excavation phase, as il-
lustrated in Figure 18. Monitoring parameters included: support pressure monitoring at the
working face—load and deformation monitoring of constant-resistance large-deformation
anchor cables—asymmetric deformation monitoring at the tunnel surface—load monitoring
of hydraulic single-cylinder props—roof separation monitoring.
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Figure 18. Schematic diagram of the monitoring station layout and monitoring content.
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5.3.2. Analysis of Rock Pressure Monitoring Data
(1) Hydraulic Support Load Monitoring in the Working Face

The first column on the left of the working face rock pressure pattern cloud diagram
indicates the monitoring station number, while the second column denotes the unit support
number in the working face. The diagram reveals that the average pressure on the non-
slitting side of the working face is 36 MPa, the average pressure in the central area is
39 MPa, and the average pressure on the slitting side is 29 MPa. Compared to the non-
slitting side, the pressure on the slitting side decreased by 19.44%. Compared to the center
of the working face, the pressure on the cut side decreased by 25.64%. The rock pressure
distribution pattern of the working face is illustrated in Figure 19.

4.13 4.19 4.22 4.25
Time/d MPa

0 6 13 19 25 3 3 44 50

Figure 19. Analysis of mining pressure patterns at the working face.

(2) Stress Behavior of Constant-Resistance Large-Deformation Anchor Cables

Based on the advancement status of the working face and the layout of anchor cable
stress gauges, stress monitoring data from constant-resistance anchor cables at the following
measurement points were selected for analysis. The stress variation curve of the anchor
cable located 250 m from the cut-off face is shown in Figure 20. Analysis reveals: (a) The
concentrated advance stress generated by the working face advancement exerts a slight
influence on anchor cable loading. The advanced influence distance of the working face
is approximately 17 m, but the constant-resistance anchor cables exhibit no significant
response. The primary reason is the intact and hard roof conditions, where pre-split cuts
have severed part of the stress transmission, resulting in an inconspicuous advance pressure
manifestation in the roadway. (b) Within the 20-80 m range behind the working face, the
pressure in constant-resistance anchor cables in the retained roadway section shows a
marked increase. This indicates that the old roof strata behind the working face have
exerted a significant influence on the constant-resistance anchor cables. Therefore, special
attention should be paid to support measures approximately 50 m behind the working face.
(c) The cables at monitored stress points in the reserved roadway section have reached
constant resistance. Analysis of constant-resistance cable stress trends reveals two primary
patterns of stress increase: gradual increase over a distance behind the working face,
and sudden increase over a distance behind the working face. Analysis of causes: for
the gradual increase type, constant-resistance anchor cables are positioned between the
advancing pressure and the fracture step. As the distance from the working face increases,
the distance to the basic roof suspension increases, causing pressure to rise gradually.
For the sudden change type, constant-resistance anchor cables are affected by advancing
pressure, causing the roof rock mass to fracture and resulting in an instantaneous increase
in stress.
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Figure 20. Stress conditions of tunnel anchors.

(3) Patterns of Roof, Floor, and Both Sides Displacement in the Roadway

To monitor surrounding rock deformation, laser distance measurement was employed
to track changes in roof and floor displacement. Analysis of these displacement data
yielded the following conclusions: when the trailing working face distance ranges between
100 and 180 m, surrounding rock deformation increases rapidly. The average roof and floor
displacement eventually stabilizes at 300 mm, while the sidewall displacement generally
remains below 40 mm. Details are shown in Figure 21.
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Figure 21. Surrounding rock deformation.

5.4. Study on the Manifestation Patterns of Mine Pressure During Reuse of Retained Roadways

To understand the stress variation patterns in the surrounding rock during the sec-
ondary reuse of self-formed roadways, mine pressure monitoring was conducted in the
advance section of the roadway. This primarily included stress monitoring and surrounding
rock deformation monitoring.

5.4.1. Analysis of Advanced Stress Monitoring During Secondary Reuse

Real-time online monitoring of mining pressure was employed to collect field data
and monitor individual rock blocks. Results are shown in Figure 22. The monitoring
revealed that during the secondary reuse of the self-formed roadway, the influence zone of
advance stress on the advance rock blocks extended approximately 43 m. The maximum
support pressure within the roadway reached 24 MPa at a distance of 10 m from the
working face. Based on the relationship between stress variation patterns and distance
from the working face, the zone is divided into four regions: no significant influence
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zone (distance > 43 m)—slow growth zone (distance 2040 m)—accelerated growth zone
(distance 11-20 m)—stable fluctuation zone (distance 0-10 m). As the distance from the
working face decreases, the coal body ahead of the face develops plastic deformation,
reducing its load-bearing capacity. At this stage, the stability of the roadway roof primarily
relies on the internal support measures.
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Figure 22. Rock pressure manifestation characteristics during the reuse period: (a) individual
pressure; (b) rock mass deformation.

5.4.2. Monitoring of Secondary Reused Tunnel Rock Mass Deformation

During the 51,111 working face mining period, displacement of the roof and floor
in the monitored tunnel sections was tracked, with results shown in Figure 22. The data
indicate that during secondary reuse, the sidewall deformation was significant, followed
by roof subsidence. This demonstrates that constant-resistance rock bolts effectively control
roof settlement. Based on the relationship between rock mass deformation and distance
from the working face, the deformation zone is divided into three regions. Slow deforma-
tion zone (>40 m from the working face): the deformation curve increases slowly, with
minimal rock mass movement and a deformation rate of 3-5 mm/day. Accelerated defor-
mation zone (10—40 m from the working face): the deformation curve increases rapidly,
deformation curvature increases significantly, and rock mass movement becomes intense;
Intense deformation zone (0-10 m from the working face): the deformation curve and de-
formation rate increase sharply, with the maximum deformation rate exceeding 40 mm/d,
indicating intense rock mass movement.

5.4.3. Actual Results of Roadway Formation

The 51,112 working face commenced coal extraction in February 2023. Utilizing the
roof cutting and pressure relief technology for automatic roadway formation without coal
pillars, the conveyor roadway was formed automatically along the goaf. By 29 June 2023,
the working face had completed extraction and successfully formed 650 m of roadway. The
overall roof subsidence in the tunneling area was minimal. The maximum roof subsidence
on the cutting-off side was approximately 300 mm, with an average subsidence of about
274 mm. No significant lateral bulging was observed in the rubble-filled tunnel walls,
and no noticeable rib spalling occurred in the solid coal walls. These results fully meet
safety and operational requirements while satisfying design specifications, demonstrating
excellent application outcomes. The roadway results are illustrated in Figure 23.
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Figure 23. Actual photo of the retained roadway.

6. Discussion

The computational model simplifies infinite rock masses into finite cubes and ap-
plies non-reflective boundary conditions on the outer surfaces to simulate far-field effects.
While this assumption effectively suppresses artificial reflections of stress waves, it may
marginally affect the details of near-field damage distribution. Furthermore, the model
does not account for geological structures (such as joints and bedding planes) or the initial
anisotropy of the in situ stress field. Their influence requires correction through field
calibration in practical engineering applications.

Although this coal pillar-free longwall mining technique involves increased expendi-
tures for new constant-resistance large-deformation rock bolts and roof caving construction,
it maximizes coal resource recovery, thereby yielding significant economic benefits. The pil-
larless longwall mining with roof caving (roof caving for self-forming roadways) technique
is a “selective” technology sensitive to geological-mechanical conditions. It demonstrates
significant advantages in shallow-to-medium depths, medium-hard or softer rock strata,
and coal seams with simple structures, representing an efficient, economical, and environ-
mentally friendly mining method. However, under conditions of extremely hard roof strata
or deep burial with high in situ stress (accompanied by strong rheological properties), its
core logic of “active roof cutting-stress transfer-rock support” faces severe challenges of

“inability to cut, collapse resistance, and stability maintenance.” Technical risks and costs

surge dramatically, fundamentally limiting its applicability.

7. Conclusions

This study systematically analyzed water-rock interactions, support materials, and
blasting damage characteristics in roof-cutting self-forming roadway projects for shallow-
buried thick coal seams. It revealed the micro-mechanisms of strength degradation in
water-bearing sandstone (calcareous cement dissolution, clay mineral expansion, and pore
structure deterioration). It developed a novel large-deformation anchor capable of sustain-
ing approximately 350 kN of constant resistance within a 396-405 mm deformation range,
and validated the feasibility of using shaped charge blasting to create a directional tensile
stress field, thereby achieving the dual objectives of roof caving and rock mass support.
Based on the dynamic response characteristics of the surrounding rock, an integrated
method for longwall mining with roadway retention was proposed: “energy-focused
blasting for roof cutting and pressure relief + reinforced roadway support + rock-cutting
device,” along with a zoned support system (advance support zone, temporary support
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zone, and stable roadway section). Field application demonstrates that this technical system
maintains reasonable stress distribution and controllable rock mass deformation during
roadway retention, with minimal mine pressure observed during reuse phases, indicating
excellent engineering applicability and stability.
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Appendix A. Derivation of Equation (3)

After simplification to a cylindrical body, the contact surface becomes relatively regular,
allowing representation through simple mechanical forms. Based on the constitutive
equation of the constant-resistance sleeve:

T=N-tan¢ (A1)

where

N—Constant-resistance casing pressure on the constant-resistance body, kN;
T—TFrictional resistance between the constant-resistance casing and the constant-resistance
body, kN;

p—Internal friction angle between the constant-resistance casing and the constant-
resistance body, kN.

From the force analysis:
P=2T (A2)

where P is constant-resistance support force, kN.
P =2N-tang (A3)

From the constitutive equation of the constant-resistance sleeve:

=Y (A4)
€
Furthermore:
N
o= (A5)
Shemicylinclrical body
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