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Study on static expansive
fracturing for pressure relief and
rockburst prevention in coal seam
boreholes
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Addressing the insufficient pressure relief in the deep coal mass and the deterioration of the
surrounding rock bearing structure due to increased borehole diameter in conventional borehole
pressure relief techniques, a static expansive fracturing method for pressure relief in coal seam
boreholes is proposed. A critical stress model for static expansive fracturing in coal seam boreholes is
established through theoretical analysis, and numerical simulations are conducted to compare and
analyze the differences between this method and conventional borehole pressure relief techniques in
terms of roadway pressure relief effect and surrounding rock stability control. The results indicate that
using a 150 mm borehole with a 75 MPa expansive stress achieves a comparable state of full pressure
relief in the rib coal as a 250 mm borehole, while increasing the pressure relief range in the deep coal
mass by a factor of approximately 3.6. Although conventional borehole pressure relief methods can
enhance pressure relief by increasing the borehole diameter, they significantly expand the plastic
zone in the shallow surrounding rock, aggravating surrounding rock deformation. In contrast, the
static expansive fracturing method for pressure relief in coal seam boreholes actively directs fractures
in the deep high-stress coal mass, promoting the expansion and interconnection of its plastic zone to
form a deep structural weakening zone, while markedly reducing the disturbance and damage to the
shallow surrounding rock. This method breaks through the limitations of passive borehole for pressure
relief, offering dual advantages of efficient deep pressure relief and shallow surrounding rock stability
protection, and providing a new approach for rockburst prevention.

Keywords Conventional borehole pressure relief, Static expansive fracturing, Deep coal seam pressure relief,
Surrounding rock stability control, Rockburst prevention

As the depth and intensity of coal mining continue to increase, the issue of rockburst has become increasingly
severe, posing a significant threat to safe production' . Common rockburst prevention technologies include coal
seam borehole pressure relief, coal mass blasting pressure relief, and coal seam water injection. Among these,
coal seam borehole pressure relief is widely used due to its simple process, low cost, and strong adaptability®~.
However, due to current technical limitations, the diameter of pressure relief boreholes typically does not exceed
150 mm, resulting in insufficient pressure relief capacity and failure to effectively curb rockbursts. Simply
increasing the borehole diameter or reducing the borehole spacing to improve the pressure relief effect can easily
lead to excessive damage to the shallow surrounding rock and a decrease in support strength, highlighting the
contradiction between roadway pressure relief and surrounding rock stability control!%-15.

To address the issues of roadway pressure relief and surrounding rock stability control, scholars have proposed
various new pressure relief technologies. Yao et al.’o, Hao et al.'’, and Gu et al.'® developed a segmented borehole
enlargement pressure relief technology that constructs small-diameter boreholes in the shallow surrounding
rock to reduce disturbance while enlarging the borehole diameter in the deep high-stress coal mass to enhance
the pressure relief effect. Chen et al.'” and Xie et al.?’ proposed a synergistic support technology combining
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anchoring and pressure relief, which focuses on strengthening the anchoring support of the shallow surrounding
rock to improve its bearing capacity and stability while implementing large-diameter borehole pressure relief
in the deep high-stress coal mass to effectively release and transfer high stress. Wen et al.?! used high-pressure
water jet slotting technology to treat high-stress coal mass in the roadway rib, utilizing high-pressure water to
create slots in the deep coal mass to form pressure relief spaces, effectively reducing stress concentration in the
coal mass while ensuring the stability of the shallow support structure of the roadway. Jiang et al.?? put forward a
coordinated control method for borehole pressure relief and energy-absorbing support in high-stress roadways
to comprehensively ensure the safety and stability of roadways. These studies provide innovative ideas for solving
the problem of coordinated control of roadway pressure relief and surrounding rock stability and have important
guiding significance for rockburst prevention practices.

However, these methods still belong to the category of passive pressure relief techniques, which rely on
expanding the excavation space to passively release stress and enhance the pressure relief effect. Techniques
such as borehole enlargement and hydraulic slotting, on the one hand, impose high demands on equipment
capability, and on the other hand, the strong disturbances induced during construction increase safety risks in
field operations.

Static expansive fracturing technology, as a non-explosive rock fragmentation method, demonstrates
unique advantages in coal and rock mass fracturing. This technology utilizes the volumetric expansive pressure
generated by the reaction between expansive agents and water to fracture and crush the surrounding rock mass in
boreholes. Compared to explosive blasting, it has the advantages of no noise, no dust, minimal disturbance, and
high safety®*?%. Zhao et al>> developed a dense linear multi-hole static expansive directional fracturing method
that injects static expansive agents into densely linear boreholes to guide crack propagation along the borehole
connection line, achieving directional fracture of rock masses. Tang et al.?® proposed using silent expansive
agents (SCDAs) to pre-split and weaken hard roofs to address the problem of gas accumulation caused by the
difficulty of roof caving, and they studied the influence of borehole angles on roof weakening effects. Shi et al.>”
presented a controllable directional roof caving method through static stress intervention, utilizing borehole
groups filled with expansive agents to form stress concentration zones and superimpose mining-induced stress,
promoting tensile failure of the roof at predetermined locations to achieve directional roof caving. Zhai et
al.?8 studied the fracture behavior of specimens under different lateral stresses using non-explosive expansive
methods, pointing out that crack formation originates from the coupling effect of expansive force and heat
release, with the aim of applying this method to coal seam fracturing. Wang et al.* focused on the challenge of
gas extraction from low-permeability thick coal seams, employing static fracturing technology to enhance coal
seam permeability. They analyzed the evolution laws of coal seam stress, plastic zones, permeability, and gas
pressure during the fracturing process, confirming that it can significantly improve gas extraction. Gu et al.*
applied non-explosive expansive methods to rockburst prevention, verifying their pressure relief and rockburst
prevention effects through rock expansive fracturing experiments and field borehole expansive fracturing tests.
In addition, static expansive fracturing technology has been extensively researched and applied in fields such as
the petroleum industry, rock fragmentation, and reinforced concrete structure demolition®!-3°.

In summary, static expansive agents exhibit significant fracturing capabilities and have been proven suitable
for fracturing and weakening coal and rock masses in underground coal mines. However, research on applying
static expansive fracturing technology to rockburst prevention in coal mines remains insufficient. Based on an
analysis of the limitations of conventional borehole pressure relief technology, this paper proposes a method of
static expansive fracturing for pressure relief in coal seam boreholes to address the issue of coordinated control of
roadway pressure relief and surrounding rock stability. A multi-angle comparison and analysis of the differences
between this method and conventional borehole pressure relief technology in terms of roadway pressure relief
and surrounding rock control effects are conducted, aiming to provide a new and effective approach for rockburst
prevention in coal mines.

Principle and limitation analysis of coal seam borehole pressure relief

Principle of coal seam borehole pressure relief

According to the dynamic and static load superposition principle of rockburst’®, rockburst disasters are induced
when the superposition of dynamic and static loads exceeds the critical load for impact failure of coal and rock
masses. The critical condition for rockburst occurrence can be expressed as:

t36

0j + 0d 2 Obmin (1)

where o; is the static load in the coal and rock mass,oq is the dynamic load induced by mine earthquakes, and
Obmin is the critical load for rockburst occurrence.

Equation (1) indicates that the core of rockburst prevention lies in reducing the degree of static stress
concentration in the coal and rock mass, weakening the dynamic strength and its induced dynamic effects, and
increasing the critical stress level of the coal and rock mass to resist impact failure, making it less prone to impact
failure.

Coal seam borehole pressure relief technology is a commonly used engineering measure for rockburst
prevention. Its principle of pressure relief and rockburst prevention is show in Fig. 1. Roadway excavation
disrupts the original in-situ stress equilibrium state of the coal and rock mass, leading to an increase in
tangential stress on both sides of the roadway and the formation of an abutment pressure zone, as shown by the
red stress curve in Fig. 1. Within this zone, the surrounding rock of the roadway experiences a high degree of
stress concentration, and the peak stress position is close to the roadway surface, making it prone to inducing
rockburst. By drilling boreholes in the rib coal mass of the roadway, the stress concentration effect around
the boreholes is utilized to induce failure in the surrounding coal mass. When the failure zones of multiple
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Fig. 1. Schematic diagram of coal seam borehole pressure relief principle.
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Fig. 2. Schematic diagram of surrounding rock zoning under roadway excavation disturbance.

boreholes interconnect, a large-scale low-stress pressure relief zone is formed within the coal mass. The stress
distribution after pressure relief is shown by the blue curve in Fig. 1, the stress concentration degree of the
roadway surrounding rock is reduced, and the peak stress is transferred deeper into the coal mass, thereby
lowering the risk of rockburst occurrence. The boreholes can also disrupt the original structure of the coal mass,
dissipate the accumulated strain energy within the coal mass, and reduce its energy storage capacity, thereby
increasing the critical stress level for rockburst occurrence in the coal mass. Additionally, the weakened coal
mass structure formed by the boreholes can provide a certain impedance effect and absorb part of the impact
energy, which is beneficial for weakening the dynamic effects induced by impact loads. In summary, coal seam
borehole pressure relief technology achieves effective rockburst prevention and control through the synergistic
effects of “stress regulation, energy dissipation, resistance enhancement, and shock absorption”

Limitation analysis of coal seam borehole pressure relief

Although coal seam borehole pressure relief technology is widely used in rockburst prevention in mines, the
borehole diameters commonly used do not exceed 150 mm, with borehole spacings of 1-3 m. In practical
applications, there is an issue of insufficient pressure relief capacity'’. As evidenced by rockburst accidents such
as the “6.9” incident at Longjiabao Coal Mine, the “5.24” incident at Mengcun Coal Mine, and the “1.1” incident
at Liuvhuanggou Coal Mine, even after adopting coal seam borehole pressure relief measures, they failed to
effectively play a role in pressure relief and rockburst prevention®’.

Research shows!! ! that increasing the borehole diameter or reducing the borehole spacing can help improve
the pressure relief and rockburst prevention effects of boreholes. After the excavation of a coal seam roadway,
the surrounding rock sequentially forms, from the surface inward, a crushed zone, a plastic zone, an elastic
zone, and the original rock stress zone. The stress state and energy accumulation characteristics of the coal and
rock mass in each zone are shown in Fig. 2. Crushed Zone: The stress and energy in the coal and rock mass
have been fully released, and the surrounding rock structure is relatively loose. Support should be strengthened
to control surrounding rock deformation. Plastic Zone and Elastic Zone: The coal and rock mass experience a
high degree of stress concentration and accumulate a large amount of strain energy, making them potential risk
zones for rockburst. Original Rock Stress Zone: The coal and rock mass remain unaffected by the excavation
disturbance and are still under the original rock stress state. Due to the differing stress and energy accumulation
states in the various zones, their requirements for pressure relief also differ significantly. Increasing the borehole
diameter or reducing the borehole spacing in the plastic and elastic zones can aggravate the damage and failure
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of the high-stress coal mass, promote the dissipation of strain energy, and thereby enhance the pressure relief
and rockburst prevention effect. However, adopting the same measures in the crushed zone may damage the
synergistic bearing structure formed by the roadway surrounding rock and the anchor support, weaken the
support strength, and increase the difficulty of controlling surrounding rock stability. Therefore, conventional
borehole pressure relief methods struggle to effectively reconcile the contradiction between the demand for
pressure relief and the control of surrounding rock stability. Furthermore, increasing the borehole diameter
not only requires higher drilling rig capabilities but also increases on-site construction risks, such as inducing
borehole bursts*. Reducing the borehole spacing also increases drilling workload and economic costs.

In summary, due to the comprehensive constraints of roadway surrounding rock stability control, drilling
rig equipment capabilities, construction safety risks, and economic costs, the selection space for key parameters
such as the borehole diameter and spacing of conventional borehole pressure relief measures is limited, resulting
in pressure relief effects that are difficult to meet actual needs. There are obvious limitations in rockburst
prevention, making it difficult to effectively reduce rockburst risks.

Method of static expansive fracturing for pressure relief and rockburst prevention in
coal seam boreholes

Principle of static expansive fracturing by expansive agents

The main component of commonly used static expansive agents is CaO. Its core mechanism is the hydration
reaction of CaO with water, generating Ca(OH), and releasing heat, as shown in Eq. (2). The principle of static
expansive fracturing by expansive agents is illustrated in Fig. 32%. The black spheres in the figure represent CaO
particles, which react with water to form Ca(OH), with a larger volume. As the hydration products continuously
increase, volumetric expansive occurs, and the expanded volume can reach 2-4 times the original volume
of the expansive agent***°. The expansive behavior of static expansive agents varies depending on the spatial
confinement conditions. In a free space, the hydration product Ca(OH), can expand freely without volume
constraints. However, within the confined space of a borehole, the volumetric expansive of Ca(OH), is restricted
by the borehole wall. The mutual squeezing and deformation between molecules generate a continuously
increasing expansive pressure on the borehole wall. When this pressure reaches the failure threshold of the
coal and rock mass, it induces fracturing and crushing of the coal and rock mass. Research shows**41:42 that
the expansive pressure generated by current commercial expansive agents can reach 100-120 MPa, which is
much higher than the tensile strength of coal and rock materials. Additionally, the hydration reaction product
Ca(OH), of expansive agents is powdery and has good fluidity, effectively avoiding the induction of secondary
stress concentration in the roadway coal mass.

CaO + H,0 = Ca (OH), + 64.9 kJ @)

Method of static expansive fracturing for pressure relief and rockburst prevention in coal
seam boreholes

Addressing the contradiction between the pressure relief requirements of deep roadway surrounding rock and
the stability control of shallow surrounding rock, this paper proposes a method of static expansive fracturing for
pressure relief and rockburst prevention in coal seam boreholes. This method is based on conventional pressure
relief boreholes and uses expansive agents to induce fracturing and enhanced pressure relief in deep high-stress
coal masses, as shown in Fig. 4.

After constructing boreholes in the roadway rib, expansive agents are filled into the boreholes, ensuring
that the charging section covers the high-stress zone of the roadway rib and is located outside the roadway
anchorage zone to avoid damaging the anchorage bearing structure of the shallow surrounding rock. The rest
of the borehole is sealed. The expansive agents expand within the confined space of the borehole, compressing
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Fig. 3. Schematic diagram of the principle of static expansive fracturing by expansive agents?*.
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Fig. 4. Schematic diagram of the method of static expansive fracturing for pressure relief and rockburst
prevention in coal seam boreholes.
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Fig. 5. Model of static expansive fracturing in coal seam boreholes.

the borehole wall to generate expansive stress. When the expansive stress exceeds the critical stress for coal mass
fracturing, fractures are induced in the surrounding coal mass. As the expansive stress continues to increase,
cracks in the coal mass between multiple boreholes propagate and connect, ultimately forming a large-scale
low-stress pressure relief zone within the roadway rib coal mass, effectively reducing stress concentration in the
surrounding rock. Meanwhile, static expansive fracturing in boreholes not only disrupts the coal mass structure,
dissipates the accumulated elastic energy within the coal mass, and weakens its energy storage capacity but also
forms a weakened coal mass structure with a certain shock absorption and energy dissipation effect, thereby
comprehensively playing a role in rockburst prevention.

Compared to conventional borehole pressure relief methods, this method utilizes expansive agents to induce
fracturing in deep high-stress coal masses for pressure relief, minimizing the disturbance to the anchorage
bearing structure of the shallow surrounding rock and maintaining its good bearing capacity. This is conducive
to achieving the dual goals of efficient deep pressure relief and shallow surrounding rock stability control in
roadways.

Critical stress for static expansive fracturing in coal seam boreholes

During static expansive fracturing in coal seam boreholes, the expansive stress and in-situ stress jointly promote
crack propagation and connection in the coal mass. To determine the critical expansive stress required for this
process, a model of static expansive fracturing in coal seam boreholes is established, as shown in Fig. 5.

Based on the theory of elastic mechanics*>**, the problem of static expansive fracturing in coal seam boreholes
can be simplified into an analytically tractable elastic mechanics model. In this model, the coal mass is assumed
to be a linear elastic, isotropic, and homogeneous material, and the borehole axis is aligned with the direction
of the minimum horizontal principal stress ¢;,. Considering that the depth of large-diameter pressure relief
boreholes in coal seams is typically much greater than their diameter, the stress variation along the borehole
axis can be neglected compared to the radial and tangential stresses around the borehole. Therefore, the stress
distribution around the borehole can be approximated as a plane strain problem. The coal seam is treated as an
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infinite plate, the borehole as a circular hole within the plate, the inner wall of the hole is a free surface with zero
radial stress, and the stress at infinity equals the original in-situ stresses.

The borehole radius is a, subjected to vertical principal stress o, and maximum horizontal principal stress
o . The stress state at any point M outside the borehole is:

oH + ou a? O — Oy 4a? 3a*
GT—2<1‘7«2)+2(1‘7~2+T4 0020 ©
oH + ou a? O — Oy 3a*
Ue:2<1+7’2)2(1+7’4> cos20 (4)
OH — Oy 2a2 3a* .
Tro == <1 +—5 - 7“4) sin20 (5

where o is the radial stress, oy is the tangential stress, ¢ is the shear stress, and r is the distance from point
M to the borehole center.

When r = a, point M is located on the borehole wall. At this time, the radial stress o, and shear stress 7,9
are both 0, and the tangential stress oy is:

o9 = (o +0v) —2 (o — ov) cos20 (6)

When the direction angles 6 are 0 and 90°, the tangential stresses at points A, B, C, and D on the borehole wall
are:

oA =0c =30, —0H (7)

0B =0p =30H — Oy (8)

Whenog > 0., thenoa < op,indicating that the tangential stress at points A and C on the borehole wall is the
minimum. Conversely, when g < 0., then o4 > o, indicating that the tangential stress at points B and D on
the borehole wall is the minimum. If the expansive stress P applied within the borehole is greater than the stress
that the borehole wall can withstand, tensile fracture will occur at the location with the minimum tangential
stress. The minimum additional expansive stress P required to cause initial tensile failure of the borehole wall is
the critical stress for static expansive fracturing in coal seam boreholes, and its value is equal to the tangential
stress value at the tensile failure point plus the tensile strength T of the coal mass.

The critical stress P for static expansive fracturing in coal seam boreholes is determined by the following
equation:

P=min{30y —ou+7T,3cm —ou+T} 9)

Equation (9) shows that the critical stress P depends on the stress environment of the coal mass around the
borehole and the tensile strength of the coal mass itself. It should be emphasized that the P value is the theoretical
critical value under plane strain conditions. However, in actual engineering, the redistribution of coal and rock
mass stress after roadway excavation forms a complex disturbed stress field around it, and the stress states of
coal masses at different locations are significantly different. Additionally, during the expansive fracturing process
of the coal mass, crack initiation, propagation, and connection are dynamic evolution processes. Therefore, to
ensure effective fracturing and the formation of a connected pressure relief zone, the actual applied expansive
stress must be greater than the theoretical critical stress.

Effectiveness of static expansive fracturing for pressure relief and rockburst
prevention in coal seam boreholes

Numerical model

To verify the effectiveness of the method of static expansive fracturing for pressure relief and rockburst
prevention in coal seam boreholes, a numerical model was established using FLAC® software, as shown in
Fig. 6. A comparative analysis was conducted between conventional borehole pressure relief and borehole static
expansive fracturing pressure relief methods. The model dimensions are 45 m in length, 20 m in width, and
20 m in height. The thickness of the roof and floor strata is 7.5 m each, and the coal seam thickness is 5 m. The
roadway is located in the middle of the model, arranged along the bottom of the coal seam, with a cross-sectional
size of 5.0 m in width and 4.0 m in height. The upper surface of the model is a free boundary, and the remaining
surfaces adopt fixed boundary conditions. The simulated burial depth is 600 m, with a vertical stress of 15 MPa
applied to the top of the model and a lateral pressure coefficient of 1.2. To accurately characterize the post-peak
softening characteristics of the coal mass, the coal seam adopts a strain-softening constitutive model, while the
roof and floor strata adopt a Mohr-Coulomb constitutive model*®. The physical and mechanical parameters of
the coal seam and roof and floor strata are detailed in Table 1%.

Numerical simulation scheme

To investigate the differences between conventional coal seam borehole pressure relief and static expansive
fracturing pressure relief in coal seam boreholes regarding the pressure relief effect of the rib coal mass and the
control of surrounding rock stability, a numerical simulation scheme was designed as shown in Table 2.

Scientific Reports |

(2025) 15:39602 | https://doi.org/10.1038/s41598-025-23374-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

woz

Borehole

Monitoring line

Fig. 6. Numerical model.

Stratum Density (Kg/m?) | Elastic modulus (GPa) | Poisson’s ratio | Cohesion (MPa) | Internal friction angle (°) | Tensile strength (MPa)
Roof 2700 7.78 0.25 3.98 32 3.34

Coal Seam | 1300 1.35 0.35 2.0 25 1.0

Floor 2700 7.78 0.25 3.98 32 3.34

Table 1. Physical and mechanical parameters of the coal seam and roof and floor strata®.

Conventional large-diameter borehole
Scheme name pressure relief

Borehole diameter (mm) | 150 ‘ 175 ‘200 ‘225 ‘250 ‘275 ‘300

Static expansive fracturing pressure
Scheme name relief in coal seam boreholes

Expansive stress (MPa) |0 [35 |45 |55 |65 |75 |85

Table 2. Numerical simulation scheme.

In the conventional borehole pressure relief simulation scheme, boreholes were arranged on both sides of the
roadway. The boreholes were 20 m in length, spaced 1 m apart, and their centers were located 1.5 m above the
roadway floor. By varying the borehole diameter, the influence of different diameters on the pressure relief effect
of the rib coal mass and the stability of the surrounding rock was analyzed.

In the simulation scheme for static expansive fracturing pressure relief in coal seam boreholes, assuming
a tensile strength of 1 MPa for coal, combined with Eq. (9), the critical stress for static expansive fracturing
in coal seam boreholes is calculated to be approximately 28 MPa. To ensure effective fracturing, the applied
expansive stress needed to be higher than this critical value. Based on the numerical model with a 150 mm
borehole diameter, normal stress was applied to the borehole wall to equivalently simulate the expansive stress
generated by the expansive agent?. Considering the actual bolt length of 2.4 m in the field and preliminary
simulation results indicating that the peak stress after roadway excavation was about 4.04 m from the rib surface,
the application range of the normal stress was limited to the borehole depth interval of 3-20 m to minimize
disturbance to the bolted zone of the roadway rib. By varying the magnitude of the expansive stress, the influence
of different expansive stresses on the pressure relief effect of the rib coal mass and the stability of the surrounding
rock was studied.

Simulation results and analysis

Distribution characteristics of vertical stress in the roadway rib coal mass

The vertical stress nephograms of the roadway rib coal mass under different pressure relief methods are shown
in Fig. 7. Fig.7a shows the vertical stress distribution in the rib coal mass with coal seam borehole pressure relief.
As seen in Fig. 7a, with conventional coal seam borehole pressure relief, the stress evolution of the roadway
rib coal mass exhibits two-stage characteristics. When the borehole diameters are 150 mm and 200 mm, stress
concentration occurs in the coal mass between adjacent boreholes, indicating that smaller borehole diameters

Scientific Reports |

(2025) 15:39602 | https://doi.org/10.1038/s41598-025-23374-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Vertical stress/MPa Vertical stress/MPa Vertical stress/MPa Vertical stress/MPa
Mmoo mdameag TTANTTSAaFSL—minge 2RLTASSaSCHr = =
— — 01 Ol O enoenoen <t - Y O 00 == == = = - Lo B o B ot I o) e W) P O\ e e e e e ol
: ragaeeay T XTI TR T aA

=

mh:le

Borehole diameters200mm

AsBERAEL

|
f

Expansive stress 55MPa

Vertical stress/MPa Vertical stress/MPa
woownmownnownonono cooococococoocm
SUS LA~ 8 ST SS2 %~ =S e
LY TTARRTIITIIY I A AR ]

Roadway

ole

Borehole diameters250mm Borehole diameters300mm Expansive stress 75SMPa Expansive stress 85MPa

(a) Coal seam borehole pressure relief (b) Static expansive fracturing pressure relief

Fig. 7. Vertical stress nephograms of the roadway rib coal mass under different pressure relief methods.
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Fig. 8. Vertical stress variation curves of the roadway rib coal mass under different pressure relief methods.

fail to achieve a pressure relief effect. When the borehole diameter increases to 250 mm and 300 mm, a large-scale
continuous low-stress pressure relief zone appears in the roadway rib coal mass, with high stress transferring to
the outside of the pressure relief zone, indicating that increasing the borehole diameter disrupts the integrity of
the roadway rib coal mass, realizing stress release and transfer, and the pressure relief effect is significant.
Fig.7b shows the vertical stress distribution in the roadway rib coal mass under static expansive fracturing
pressure relief in coal seam boreholes. As seen in Fig. 7b, with static expansive fracturing for pressure reliefin coal
seam boreholes, the stress evolution of the roadway rib coal mass exhibits a gradual change characteristic. When
the expansive stress is 35 MPa, stress concentration is evident in the coal mass between adjacent boreholes, and
the coal mass structure remains largely undamaged. When the expansive stress increases to 55 MPa, although
stress concentration still exists in the coal mass between adjacent boreholes, the range of stress concentration is
significantly reduced, indicating that the expansive stress effectively weakens the stress concentration. When the
expansive stress increases to 75 MPa and 85 MPa, fractures occur in the coal mass structure between adjacent
boreholes, forming a large-scale continuous low-stress pressure relief zone with a significant pressure relief effect.
Measurement lines are arranged axially between adjacent boreholes on the right side of the roadway. The
vertical stress variation curves of the roadway rib coal mass under different pressure relief methods are shown in
Fig. 8. Based on the characteristics of the vertical stress curves of the roadway rib coal mass, feature parameters
are extracted to analyze the pressure relief and rockburst prevention effects, as detailed in Tables 3 and 4. The
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Borehole diameter (mm) 150 175 200 225 250 275 300

Peak stress in shallow coal mass (MPa) 27.08 | 31.02 | 40.04 | 19.87 | 14.62 | 11.55 | 9.92
Peak stress in deep coal mass (MPa) - - - 38.13 | 32.73 | 30.00 |28.92
Distance of peak stress transfer (m) 0 0 0 12.47 | 16.18 | 16.86 | 16.86
Proportion of deep coal mass pressure relief zone (%) | 0 0 0 0 18.55 | 42.15 | 62.40

Table 3. Feature parameters of vertical stress in the roadway rib coal mass with borehole pressure relief.

Expansive stress (MPa) 0 35 45 55 65 75 85

Peak stress in shallow coal mass (MPa) 27.08 |23.97 | 22.49 | 20.70 | 18.62 | 15.18 | 9.18
Position of peak stress (m) 3.71 371 | 371 | 371 | 337 | 3.03| 270
Proportion of deep coal mass pressure relief zone (%) | 0 10.65 | 29.25 | 44.40 | 59.55 | 84.85 | 86.50

Table 4. Feature parameters of vertical stress in the roadway rib coal mass with static expansive fracturing
pressure relief in coal seam boreholes.

proportion of the deep coal mass pressure relief zone is defined as the ratio of the zone length with stress below
the original rock stress to the borehole length after the peak stress.

The original rock stress in the coal mass is 15.24 MPa. After roadway excavation, the peak stress in the
roadway rib coal mass reaches 21.79 MPa, with the peak position 4.04 m from the roadway rib. Combining
Fig. 8a and Table 2, it can be seen that when the borehole diameters are 150-200 mm, the vertical stress curves
exhibit a “single-peak” distribution. Compared to the no-pressure-relief state, the vertical stress in the roadway
rib coal mass significantly increases, indicating that smaller borehole diameters fail to achieve a pressure relief
effect. As the borehole diameter increases, the vertical stress curves transition to a “double-peak” distribution,
with the peak stress in the shallow coal mass gradually decreasing and high stress transferring to the deep coal
mass, resulting in a gradual increase in the proportion of the deep pressure relief zone. When the borehole
diameter is 225 mm, the peak stress in the shallow coal mass decreases by 8.81%, and the peak stress transfers
12.47 m to the deep coal mass. Although it exhibits a certain pressure relief effect, the stress in the deep coal mass
is still higher than the original rock stress, indicating that the roadway rib coal mass is in a non-fully pressure-
relieved state. When the borehole diameter is 250 mm, the peak stress in the shallow coal mass decreases by
32.91% and approaches the original rock stress level, with the peak stress transferring 16.18 m to the deep
coal mass and the proportion of the deep pressure relief zone increasing to 18.55%, significantly enhancing the
borehole pressure relief effect. When the borehole diameter further increases to 275 mm and 300 mm, the stress
in the shallow coal mass continues to decrease and is significantly lower than the original rock stress, indicating
that excessive borehole diameters lead to over-pressure relief in the shallow coal mass.

Combining Fig. 8b and Table 3, it can be seen that with static expansive fracturing for pressure relief in coal
seam boreholes, when the expansive stress is 35 and 45 MPa, compared to the no-pressure-relief state, the vertical
stress in the roadway rib coal mass actually increases, indicating that smaller expansive stresses are insufficient
for fracturing the coal mass between boreholes and the pressure relief effect is poor. When the expansive stress
is 55 and 65 MPa, the peak stress in the shallow coal mass decreases by 5.00 and 14.55%, respectively, compared
to the no-pressure-relief state, and the proportion of the deep coal mass pressure relief zone reaches 44.40% and
59.55%, respectively, indicating that as the expansive stress increases, the fracturing and pressure relief effects
gradually emerge. When the expansive stress reaches 75 MPa, the peak stress in the shallow coal mass decreases
by 30.34% and approaches the original rock stress level, with the proportion of the deep coal mass pressure relief
zone increasing to 84.85%, indicating a significant fracturing and pressure relief effect. When the expansive
stress further increases to 85 MPa, the proportion of the deep coal mass pressure relief zone increases to 86.50%,
but the stress in the shallow coal mass continues to decrease and is significantly lower than the original rock
stress, indicating that excessive expansive stress leads to over-pressure relief in the shallow coal mass.

From the above analysis, it can be seen that regardless of conventional borehole pressure relief or borehole
static expansive fracturing pressure relief, the stress state of the roadway rib coal mass exhibits a regular
evolution from “non-fully pressure-relieved - fully pressure-relieved -> over-pressure-relieved” as the borehole
diameter increases or the expansive stress rises. When the borehole diameter increases to 250 mm, the peak
stress in the shallow part of the rib coal mass approaches the original rock stress level, and the proportion of the
deep pressure relief zone reaches 18.55%, essentially achieving effective pressure relief. However, this method
is inherently passive. Its enhanced pressure relief effect relies on increasing the borehole diameter, which forces
the high stress to transfer deeper into the coal mass by damaging the integrity of the shallow surrounding rock.
Consequently, it struggles to simultaneously meet the dual requirements of shallow surrounding rock stability
and deep coal mass pressure relief. In contrast, applying a 75 MPa expansive stress within 150 mm diameter
boreholes for expansive fracturing can achieve a low-stress state in the shallow surrounding rock equivalent
to that achieved by 250 mm boreholes. Furthermore, the proportion of the deep pressure relief zone in the rib
increases significantly to 84.85%. This method is inherently active. It employs high expansive stress to actively
promote the propagation and connection of fractures within the deep coal mass, forming a large-scale low-stress
pressure relief zone. This approach significantly increases the pressure relief range in the deep coal mass while
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maintaining the stability of the shallow surrounding rock, thereby resolving the contradiction between deep coal
mass pressure relief and shallow surrounding rock stability. Therefore, the static expansive fracturing pressure
relief method in coal seam boreholes overcomes the limitations of conventional borehole pressure relief, which
depends solely on increasing the borehole diameter, and demonstrates unique advantages in regulating the stress
within roadway surrounding rock.

Distribution characteristics of the plastic zone in the roadway rib coal mass

The distribution characteristics of the plastic zone in the roadway rib coal mass under different pressure relief
methods are shown in Fig. 9. It can be observed that regardless of whether large-diameter borehole pressure
relief or static expansive fracturing pressure relief is used, the failure mode of the roadway and the surrounding
rock around the boreholes is predominantly shear failure. When using borehole pressure relief, the radial stress
around the borehole reduces to zero, and the concentration of tangential stress leads to an increase in shear
stress. When this exceeds the shear strength of the coal mass, shear cracks initiate at the borehole wall and
gradually propagate and connect, ultimately forming a macroscopic shear failure zone. In contrast, during
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Fig. 9. Evolution laws of plastic zones in the roadway rib coal mass under different pressure relief methods.
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static expansive fracturing pressure relief, the expansive agent applies radial compressive stress to the borehole
wall, which interacts with the tangential stress to create high shear stress, similarly inducing shear failure in the
coal mass. Therefore, although large-diameter borehole pressure relief is a passive method and static expansive
fracturing is an active method, both essentially promote shear failure in the coal mass through shear stress,
thereby achieving stress release and energy dissipation.

Fig. 9a shows the distribution of the plastic zone in the roadway rib coal mass under different pressure relief
borehole diameters. As seen in Fig. 9a, when the borehole diameters are 150 and 200 mm, most areas around
the boreholes remain undamaged, indicating that poor pressure relief effects with smaller borehole diameters.
When the borehole diameter increases to 250 and 300 mm, the plastic zones around the boreholes are largely
connected, forming a continuous strength-weakened coal mass structure zone, significantly enhancing the
pressure relief effect. However, as the borehole diameter increases, the original plastic zone range of the roadway
surrounding rock exhibits a sharp expansion. Fig. 9b shows the distribution of the plastic zone in the roadway rib
coal mass under different expansive stresses. As seen in Fig. 9b, when the expansive stresses are 35 and 55 MPa,
the plastic damage range around the boreholes is also small, and the pressure relief effect is not obvious. When
the expansive stress increases to 75 and 85 MPa, the plastic zones around the boreholes are largely connected,
forming a continuous strength-weakened coal mass structure zone and significantly enhancing the pressure relief
effect. However, the original plastic zone range of the roadway surrounding rock does not exhibit a synchronous
expansion trend as the expansive stress increases.

The volumes of plastic zones under different pressure relief methods are calculated using the FISH language,
as shown in Fig. 10. After roadway excavation, the initial plastic zone volume of the model is 968.44 m>.

As seen in Fig. 10a, the plastic zone volume of the model exhibits non-linear growth as the borehole diameter
increases. When the borehole diameter exceeds 200 mm, the plastic zone volume exhibits a sharp upward trend.
Combined with Fig. 9a, it can be analyzed that increasing the borehole diameter not only expands the plastic
zone range around the boreholes but also significantly expands the plastic zone of the shallow surrounding rock,
both effects contributing to a sharp increase in the plastic zone volume of the model.

As seen in Fig. 10b, the plastic zone volume of the model also exhibits non-linear growth as the expansive
stress increases. However, compared to borehole pressure relief, the increase in plastic zone volume is relatively
small. Combined with Fig. 9b, it can be analyzed that static expansive fracturing for pressure relief in coal seam
boreholes primarily acts on the coal mass within the 3-20 m depth range of the roadway, preferentially inducing
plastic damage to the surrounding rock around the boreholes, while having limited disturbance and damage
effects on the structure of the shallow surrounding rock. Therefore, the plastic zone volume of the model does
not exhibit a sharp increase.

From the above analysis, it can be seen that although conventional borehole pressure relief methods can
improve the pressure relief effect of the roadway rib coal mass by increasing the borehole diameter, they easily
induce excessive expansion of the plastic zone in the shallow surrounding rock, leading to deterioration of
the bearing structure and reduced stability of the roadway surrounding rock. In contrast, the method of static
expansive fracturing for pressure relief in coal seam boreholes induces fracturing in the deep high-stress coal mass
within the 3-20 m range of the roadway through expansive agents, forming a continuous strength-weakened coal
mass structure zone in the deep coal mass. While ensuring the pressure relief effect, this method minimizes the
disturbance and damage to the structure of the shallow surrounding rock, combining the advantages of efficient
pressure relief and shallow surrounding rock protection, which is more conducive to achieving the coordinated
control of effective pressure relief in the deep coal mass and stability of the shallow surrounding rock.
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Fig. 10. Evolution of model plastic zone volume under different pressure relief methods.
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Fig. 11. Deformation characteristics of roadway surrounding rock under different pressure relief methods.

Evolution law of roadway surrounding rock deformation

After roadway excavation, the maximum roof subsidence is 84.4 mm, and the maximum horizontal deformation
of the roadway rib is 81.4 mm. The deformation law of roadway surrounding rock under different pressure relief
methods is shown in Fig. 11.

Figure 11a shows that as the borehole diameter increases, the deformation of the roadway surrounding rock
exhibits two stages of change. When the borehole diameter is between 150 and 200 mm, the variation in the
maximum roof subsidence and the maximum horizontal deformation of the roadway rib is small, indicating that
the borehole has a slight impact on the deformation of the roadway surrounding rock within this diameter range.
When the borehole diameter is greater than 200 mm, the deformation of the roadway surrounding rock begins
to increase sharply, showing an obvious abrupt change. This indicates that increasing the borehole diameter can
enhance the pressure relief effect but will also aggravate the deformation of the shallow surrounding rock of the
roadway, which is not conducive to the stability control of the roadway surrounding rock.

Figure 11b shows that as the expansive stress increases, the deformation of the roadway surrounding rock
exhibits a smooth and gradual change. When the expansive stress is between 0 and 75 MPa, the roof subsidence
and the roadway rib deformation remain stable, indicating that within this stress range, the expansive stress
has a slight impact on the deformation of the shallow surrounding rock of the roadway, and the deformation is
controllable. When the expansive stress exceeds 75 MPa, the roof subsidence and the roadway rib deformation
increase significantly, indicating that the further increase in expansive stress gradually has a more pronounced
impact on the deformation of the roadway rib.

When the borehole diameter is 250 mm, the increments in the maximum roof subsidence and the maximum
horizontal deformation of the roadway rib are 109.12 and 94.47%, respectively. When the expansive stress is
75 MPa, the increments in the maximum roof subsidence and the maximum horizontal deformation of the
roadway rib are 7.46 and 9.09%, respectively. Although a 250 mm borehole for pressure relief and a 150 mm
borehole with 75 MPa expansive stress for fracture-induced pressure relief achieve an equivalent low stress
state in the shallow part of the roadway rib, the static expansive fracturing method has less disturbance to the
deformation of the roadway surrounding rock.

The above analysis indicates that for conventional borehole pressure relief methods, increasing the borehole
diameter significantly increases the deformation of the shallow surrounding rock, which is detrimental to the
stability of the roadway surrounding rock. In contrast, under appropriate expansive stress, the method of static
expansive fracturing for pressure relief in coal seam boreholes not only effectively achieves pressure relief in the
deep coal mass but also has a smaller impact on the deformation of the shallow surrounding rock. This method
can effectively balance the conflict between the demand for pressure relief in the deep coal mass of the rib and
the need for stability control in the shallow surrounding rock of the rib.

Discussion

This study demonstrates that compared with conventional borehole pressure relief methods, the static expansive
fracturing pressure relief method in coal seam boreholes shows significant advantages in roadway pressure relief
and surrounding rock stability control. Using 150 mm boreholes with 75 MPa expansive stress in roadway ribs
can achieve pressure relief effects similar to 250 mm boreholes, while increasing the pressure relief range in deep
coal mass by about 3.6 times. This method utilizes expansive stress to directionally fracture deep high-stress
coal mass for pressure relief, while the plastic zone of shallow surrounding rock does not expand significantly,
maintaining stable surrounding rock deformation. The fundamental reason lies in the essential difference in
pressure relief mechanisms between the two methods. Conventional borehole pressure relief is a passive method
that relies on borehole deformation to provide yielding space for stress release and transfer, but the boreholes
also damage the bearing structure of shallow surrounding rock, weakening its bearing capacity and leading
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to significant expansion of plastic zone in shallow surrounding rock and substantial increase in roadway
deformation. In contrast, the static expansive fracturing pressure relief method in coal seam boreholes is an active
method that directionally fractures and weakens deep high-stress coal mass through expansive stress, achieving
larger pressure relief range while minimizing the deterioration of bearing structure in shallow surrounding rock,
thereby realizing the coordinated goals of efficient deep pressure relief and shallow surrounding rock stability
control.

It should be noted that this study is based on FLAC?P numerical simulation, simplifying coal and rock
mass as homogeneous continuous media and simplifying the expansive process of expansive agent as constant
pressure loading on borehole wall without considering time effects. These simplifications may affect the accuracy
of quantitative results, but they have certain reference value for qualitative patterns and comparative conclusions.
In future research, more refined models considering discontinuous medium characteristics and time-varying
properties of expansive agent can be established, and sensitivity analysis of parameters such as expansive
pressure, borehole diameter and spacing on expansive fracturing pressure relief effects can be conducted, along
with field industrial tests to verify the pressure relief and rockburst prevention effects of this method.

In summary, the static expansive fracturing pressure relief and rockburst prevention method in coal seam
boreholes proposed in this study significantly improves the pressure relief effect of deep coal mass while ensuring
the stability of shallow surrounding rock. This method breaks through the limitations of conventional borehole
pressure relief relying on increasing borehole diameter, providing new ideas for solving the coordinated control
problem of roadway pressure relief and surrounding rock stability. Subsequent research needs to further verify
its applicability by optimizing numerical models and conducting field tests.

Conclusions

Aiming at the limitations of conventional borehole pressure relief technology in practical applications, this paper
proposes a static expansive fracturing pressure relief and rockburst prevention method in coal seam boreholes,
and comparatively analyzes the differences between the two methods in terms of roadway pressure relief effect
and surrounding rock stability control. The main conclusions are as follows:

(1) Conventional large-diameter borehole pressure relief methods are constrained by factors such as surround-
ing rock stability control, drilling rig equipment capacity, construction safety risks, and economic costs.
These constraints result in a limited selection range for key parameters, making it difficult for the pressure
relief effect to meet the requirements of rockburst prevention, thereby demonstrating significant technical
limitations.

(2) Pressure relief effect and stress state evolution: As the borehole diameter increases or the expansive stress
rises, the stress state of roadway rib coal mass shows a regular evolution from “non-fully pressure-re-
lieved > fully pressure-relieved > over-pressure-relieved”. The study shows that using 150 mm boreholes
with 75 MPa expansive stress in static expansive fracturing scheme can achieve a fully pressure-relieved
state of roadway rib coal mass similar to 250 mm boreholes, with the proportion of the deep pressure relief
zone increased by about 3.6 times.

(3) Surrounding rock stability control: Conventional borehole pressure relief causes significant disturbance and
damage to shallow roadway surrounding rock, manifested as dramatic expansion of plastic zone in shal-
low surrounding rock and substantial increase in roadway deformation with increasing borehole diameter.
In contrast, the disturbance and damage effects of static expansive fracturing pressure relief in coal seam
boreholes on shallow roadway surrounding rock are markedly reduced, manifested as limited expansion
amplitude of plastic zone in shallow surrounding rock and minimal increment of roadway deformation
with increasing expansive stress, maximizing the protection of integrity of bearing structure in shallow
surrounding rock.

(4) Pressure relief mechanism and advantages: Through expansive agents, the static expansive fracturing pres-
sure relief method in coal seam boreholes directionally fractures deep high-stress coal mass, promoting the
expansion and connection of plastic zone in deep coal mass to form strength-weakening zone, achieving
efficient deep pressure relief while effectively avoiding excessive damage to shallow surrounding rock. This
method breaks through the inherent limitations of conventional borehole pressure relief relying on increas-
ing borehole diameter, transforming passive pressure relief into an active pressure relief method, which
is conducive to achieving the coordinated goals of roadway pressure relief and surrounding rock stability
control, providing a new effective approach for rockburst prevention.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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