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Background
With increasing coal mining depth, underground geological conditions grow more complex. Surrounding rock stability control has become a critical bottleneck for safe coal mining. Thus, there is an urgent need to develop more reliable support theories for optimizing engineering support parameters.
Methods
Based on the surrounding rock strength enhancement theory, this study constructs a coupling support model integrating pre-tightening force reinforcement and composite arch support principles. Through single-factor variable analysis, we investigate the influence of bolt support parameters on anchorage body strength.
Results
Bolt length correlates positively with anchorage body support strength, enabling effective reinforcement through adjusting the thickness of the composite arch. Bolt spacing correlates negatively with support strength. Excessive spacing hinders effective superposition of conical compressive stress zones from individual bolts, impeding continuous composite arch structures formation. Pre-tightening force consistently enhances surrounding rock mechanical properties, steadily increasing anchorage body support strength.
Conclusion
Comparative calculations on actual coal mine roadway bolt support designs verify the effectiveness of this coupling support model.
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1 INTRODUCTION
As China’s mineral resource extraction extends beyond 1,000 m, underground construction projects face growing complex conditions defined by “high ground stress, strong unloading, large deformation and dynamic disturbance” (Xie, 2017; Chu et al., 2023; He et al., 2024). Under these complex geological conditions, surrounding rock is prone to fissure propagation and plastic flow, and severe cases may even cause collapse accidents (Zhao et al., 2022; Hou et al., 2022). As a core active support technology, bolt-supported rockfill is fundamentally distinct from traditional support methods. Internationally, Panek (1952) pioneered the suspension theory, illustrating how bolts can suspend weak rock layers above stable overburden to provide support. However, conventional support methods (e.g., U-shaped steel frames) rely on passive resistance induced by surrounding rock deformation, often exhibiting structural inefficiency and low working resistance. Such systems are prone to yielding and fracturing under high stress, and cannot effectively control early-stage crack propagation in high-stress environments (Zhou et al., 2023; Xie et al., 2025). In contrast, the international scientific community has widely acknowledged the advantages of bolts in actively applying prestress to reinforce rock masses. The maximum horizontal stress theory, proposed by Australian scholars Gale (1991), further establishes that bolts can effectively constrain axial expansion and shear displacement in rock layers—laying a theoretical foundation for high-strength bolt systems. Despite the widespread acceptance of active support principles, challenges remain in soft fractured rock environments, such as bolt loosening and shotcrete cracking. These issues ultimately result in support failure, loss of rock mass control, and impaired load-bearing capacity—making it difficult to meet the requirements for deformation control and long-term stability. This underscores the need for theoretical innovation and technological breakthroughs grounded in active support concepts.
To address roadway support shortcomings, pre-tightening support technology has been developed. Pre-tightening support technologies—including pre-tightening force rock bolts and high pre-tightening bolt cables—enhance surrounding rock by active initial tension. This tension pre-compresses surrounding rock fissures, suppresses plastic zone development in surrounding rock, and significantly improves its self-supporting capacity (Kang, 2021; Chen et al., 2021; Ranjbarnia et al., 2022; Wu et al., 2024; Wang et al., 2024). However, standalone pre-tightening support tends to develop “stress blind zones” due to uneven pre-tightening force distribution—e.g., excessive bolt spacing. This makes forming an overall load-bearing structure in surrounding rock difficult and still risks local instability in large-span roadways (Wei and Li, 2013; Ranjbarnia et al., 2016). Thus, the composite arch theory has also gained widespread attention and use in support design. The composite arch theory was first proposed by Lang (1961) and validated by two-dimensional photoelastic experiments. The theory posits that rock bolts form conical compression zones at their ends in surrounding rock, and the overlap of adjacent bolt compression zones construct a load-bearing composite arch, which serves as an important reference for practical applications. The composite arch bears radial loads from upper fractured rocks, placing surrounding rock in a triaxial stress state and effectively improving its stability and support capacity. However, most existing composite arch designs overlook the “active regulatory effect” of prestress. Insufficient prestress renders composite arches prone to cracking induced by surrounding rock deformation. Tao et al. (2024) demonstrated via monitoring that moderate prestress significantly reduces rock displacement, whereas inadequate prestress leads to rapid rock deformation and elevates the risk of arch crown cracking. Excessive prestress may induce stress concentration within arch structures. Bednarek et al. (2024) demonstrated via experiments and numerical simulations on prestressed fully grouted bolts that excessive pre-tightening force can form a compression beam at the arch crown, potentially resulting in localized stress concentration and structural failure. A systematic coupling design between pre-tightening force reinforcement and composite arch support is lacking.
Regarding the current status and limitations of research on surrounding rock pre-tightening force reinforcement and composite arch support, many scholars have conducted relevant investigations (Yang et al., 2020; Lei et al., 2024). As a core branch of active support systems, the surrounding rock pre-tightening force reinforcement theory has driven extensive scholarly research on pre-tightening force transmission mechanisms, bolt structure optimization, and long-term stability assessment. Zhang et al. (2024) proposed a surrounding rock reinforcement mechanical model accounting for pre-tightening force effects, based on the stress superposition principle, and investigated how rock bolt parameters influence surrounding rock reinforcement. Zhao et al. (2024) proposed a thick bolting and high pre-tightening force roof support reinforcement technology, which reduced surrounding rock deformation by 40%–50% and increased the speed of roadway excavation by 33%. Meanwhile, applying the composite arch support theory has significantly improved the load-bearing capacity and anti-deformation performance of support systems. Yang et al. (2020) proposed rock bolt length selection rules based on the composite arch support theory through experiments and numerical simulations. Wang et al. (2024) proposed the model of bolt anchorage and anchorage effect angle, established the calculation model of bolt anchorage, and calculated the optimal anchorage parameters. Oliveira et al. (2016) discussed the arching effect of prestressed bolts in layered rock masses and proposed an equivalent rock beam model.
In summary, while research on rock mass pre-tightening force reinforcement and composite arch support has made significant progress, several limitations persist. At the model level, existing support models mainly treat pre-tightening force and composite arches as “decoupled” components, failing to quantify their coupled interactions (e.g., how pre-tightening force magnitude influences composite arch radius and stiffness). In practical applications, engineering parameter design remains overly dependent on empirical methods, lacking optimization approaches for pre-tightening force-composite arch parameters (e.g., bolt spacing, pre-tightening force value) based on coupling models.
To address these challenges, this study aims to clarify the coupling mechanism between rock mass pre-tightening force reinforcement and composite arch support, analyze pre-tightening force influence during composite arch formation in depth, and explore how pre-tightening force reduces plastic zones and enhances bearing stiffness. This study establishes a coupling support model to quantify their synergistic effects and derives quantitative relationships between composite arch bearing capacity, pre-tightening force magnitude, and bolt parameters by parametric analysis. Using deep mine roadway engineering cases, this study optimizes support parameters by the coupling model to verify its engineering applicability, providing a theoretical basis for optimizing support parameters in underground projects with complex geological conditions.
2 THEORETICAL ANALYSIS OF THE COUPLING SUPPORT MODEL
Figure 1 is a schematic of rock bolt support in a coal mine roadway, where D denotes the spacing of bolts and w represents the span of the composite arch. In the rock bolt reinforcement zone, surrounding rock undergoes compressive deformation under rock bolt action. For a group rock bolt arrangement, compressive zones formed by individual rock bolts overlap to form a continuous compressive zone, termed the “composite arch”. The confining pressure increment caused by pre-tightening force is introduced into the strength strengthening model of surrounding rock, and the mechanical parameters of surrounding rock after anchorage body strengthening can be obtained. This section performs a mechanical stability analysis of the composite arch structure, derives its stability calculation formula, and accounts for the effect of confining pressure increment caused by pre-tightening force on the strength reinforcement of anchorage body.
[image: Cross-sectional diagram of a tunnel showing a roadway with width labeled "w." Above the roadway, multiple red-striped diamond shapes indicate "Anchor compression zones," spaced evenly with distance "D." The surrounding area is labeled "Surrounding rock." The height above the roadway is marked "L."]FIGURE 1 | Roadway bolt support.After roadway excavation, bolt support is applied. When bolt arrangement density in the loose, fractured rock layer meets a certain requirement, conical compressive stress zones from individual bolts overlap to create a uniform, continuous compression zone in the rock mass. This compression zone can provide a support effect similar to that of a compressive arch. Conical reinforcement zones from individual bolts are spaced at certain intervals. The resulting continuous compression zone constitutes a composite arch (as shown in Figure 2).
[image: Diagram of a structural truss with a red shaded area representing load distribution. Each segment is labeled with length D, forming a total length L. The diagram includes parameters like angle θ, height h, and distributed load q.]FIGURE 2 | A stress analysis model for three hinged arches.From the geometric relationship in Figure 2, the relationship between the thickness of the composite arch and the bolt length and spacing is shown in Equation 1:
h=L⁡tan⁡θ−Dtan⁡θ(1)
where: h is the composite arch thickness, L is the bolt length, D is the bolt spacing, θ is the reinforcement angle (approximately 30° in loose rock, reaching 48°–66° in coal, but the commonly accepted reinforcement angle for bolts in surrounding rock is 45° (Hobst and Zajic, 1977; Foote, 1964)).
The load-bearing arch forms by mutual compression of the bolted structure in broken rock mass, relying on bolt-provided bolting constraint reactions. Its tensile strength is relatively low. Under overburden load, tensile cracks first form in the upper regions at both arch ends due to tensile stress. Rotation of the composite arch causes the upper middle part to bear higher horizontal compressive stress, while the lower part is in tension, this ultimately forms a balanced three-hinged arch structure between anchorage body. The following analyzes the arching conditions of the three-hinged arch and the post-formation arch strength.
If friction provided by the composite arch at the support resists shear force, the structure remains stable, otherwise, shear slip instability occurs. Based on the Mohr-Coulomb strength criterion, the arch deflection condition for a three-hinged arch is ultimately derived as shown in Equation 2:
q≤qcr=8c4wh−wh2tan⁡φ(2)
where: q is the actual roof load, qcr is the critical load for roof failure under composite arch shear, c is the cohesion, w is the span of the composite arch, h is the thickness of the composite arch, φ is the friction angle of the surrounding rock.
According to the strength calculation Equation 3 for reinforced arch proposed by Chunlin (2006):
σmax=kσchw2(3)
where: σmax represents the maximum uniaxial compressive strength of the reinforced anchorage rock mass. k is the coefficient related to the reinforced arch force arm, typically taken as 1.5, σc is the uniaxial compressive strength of the anchorage rock mass.
Substituting Equation 1 into the above Equation 3 gives the strength calculation Equation 4 for the composite arch as:
σmax=kσcL⁡tan⁡θ−Dw⁡tan⁡θ2(4)
To systematically evaluate the reinforcement mechanism of bolt bar support, numerous scholars have investigated changes in the mechanical parameters of the anchorage body before and after reinforcement. For surrounding rock strength enhancement, early studies focused on shallow, non-mining-influenced hydraulic, roadway, and slope engineering, and identified the reinforcing effect of bolt bars on rock cohesion, internal friction angle, and pre-peak elastic modulus. A systematic analytical framework for this field was not established until Hou and Gou. (2000) proposed the surrounding rock strength reinforcement theory for deep coal mine roadways. Subsequently, further studies examined the reinforcing effect of anchorage body parameters, with relatively consistent conclusions: bolt bar support significantly increases rock mass cohesion but has a negligible effect on internal friction angle (Wei and Gou, 2012).
However, the aforementioned studies focus primarily on the additional cohesion provided by bolt bars themselves—they simply superimpose the cohesion between bolt bars and surrounding rock physically, without fully accounting for the key role of pre-tightening force in surrounding rock reinforcement. A study shows that the primary manifestation of increased surrounding rock strength post-bolt bar installation is that internal friction angle remains essentially unchanged, whereas cohesion is significantly enhanced. This enhanced cohesion arises from two mechanisms: (1) bolt bar materials typically have higher inherent cohesion than surrounding rock, leading the anchorage body’s overall cohesion to appear as the area-weighted average of the two, (2) pre-tightening force induces additional stress in surrounding rock, enhancing its shear resistance—this contribution can be equivalently expressed as increased cohesion (Kang et al., 2007). Chen et al. introduced a pre-tightening force factor based on existing surrounding rock strength reinforcement theory, further refining the anchorage body’s strength theory Equation 5 that accounts for pre-tightening force effects (Cheng et al., 2025).
c=cr+nScb−cr+L3PπD24+L242tan⁡φ(5)
where: cb is the cohesion of the bolt, cr is the cohesion of the surrounding rock, n is the density of bolt arrangement, S is the cross-sectional area of the bolt, P is the pre-tightening force.
In Equation 5, the cohesion reinforcement considers the cohesion of the bolt itself and the additional stress generated by the bolt, but compared to the actual reinforcement effect of bolt support in the field, the reinforcement effect is relatively weak. To improve the bolt reinforcement mechanism and make it more consistent with the actual engineering conditions in the field, this paper, based on previous research, considers the confining pressure effect of bolt pre-tightening force on the surrounding rock mass.
Pretensioned bolts apply confining pressure to surrounding rock, converting its uniaxial and biaxial stress states to biaxial and triaxial states, and thus enhancing surrounding rock stability. As shown in Figure 3, when the confining pressure is 0 MPa, the residual strength approaches 0 MPa. When the confining pressure is 1 MPa, the residual strength is approximately 10 MPa. With increasing confining pressure, rock strain softening degree decreases and residual strength increases gradually (Lu et al., 1998). Notably, residual strength is highly sensitive to confining pressure when it ranges from 0 to 1 MPa: a slight increase in confining pressure induces a rapid rise in residual strength. Under low confining pressure, residual strength is highly sensitive to it due to the relatively rough rock failure surface. For fractured rocks under sustained loading, their deformation mainly occurs in two modes: sliding along fracture planes and breaking through protrusions on fracture surfaces. At 0 confining pressure, rock deformation is entirely sliding along fracture planes. As confining pressure increases gradually from 0, deformation mode shifts from sliding to breaking through protrusions on fracture planes, and residual strength rises rapidly. This characteristic of fractured rocks under post-peak confining pressure is highly important for roadway support system research.
[image: A stress-strain graph shows the relationship between axial stress (σ1-σ3) in megapascals (MPa) and strain (e) in percentage. The curves represent different confining pressures: 0, 0.5, 1, 3, 5, 7, and 9 MPa, labeled accordingly. The graph indicates increasing stress levels with higher confining pressures.]FIGURE 3 | Relationship between residual strength and confining pressure (Lu et al., 1998).For rock bolt support with surface protection components (e.g., steel mesh, steel strips), radial pre-tightening force can be uniformly distributed over the unit area of rock mass in the bolting zone. Under 2D analysis, the confining pressure increment for the unit area of bolted rock mass is P/D (for 3D analysis, this value is P/D2). In this study, the enhancement of rock mass strength is converted into an increase in cohesion c. The study considers that the pre-tightening force increases the confining pressure, thereby improving the overall stability of the surrounding rock. A pre-tightening force reinforcement coefficient a is added to the pre-tightening force component in Equation 5, yielding Equation 6. The confining pressure increment induced by pre-tightening force typically falls within the low-range interval of 0.1–0.5 MPa. As shown in Figure 3, this corresponds to an increase in residual strength of 1.2–4.0 MPa. The preliminary determined range of coefficient a is 8–12.
c=cr+nScb−cr+L3PπD24+L242tan⁡φ+aPD(6)
where: a is the pre-tightening force reinforcement coefficient.
Assuming that the failure of the anchorage body follows the criterion, the uniaxial compressive strength of the anchorage body is given by Equation 7:
σc=2c⁡cos⁡φ1−sin⁡φ(7)
Substituting Equation 6 into Equation 7, the uniaxial compressive strength of the reinforced anchorage body is obtained as Equation 8:
σc=2cr+nScb−cr+L3PπD24+L242tan⁡φ+aPDcos⁡φ1−sin⁡φ(8)
Substituting Equations 1 and 6 into Equation 2, the composite arch condition is obtained as Equation 9:
qcr=8cr+nScb−cr+L3PπD24+L242tan⁡φ+aPD4wL⁡tan⁡θ−Dtan⁡θ−wL⁡tan⁡θ−Dtan⁡θ2tan⁡φ(9)
Substituting Equation 8 into Equation 4, the ultimate bearing strength of the composite arch is obtained as Equation 10:
σmax=k2cr+nScb−cr+L3PπD24+L242tan⁡φ+aPDcos⁡φ1−sin⁡φL⁡tan⁡θ−Dw⁡tan⁡θ2(10)
Through trial calculations based on the actual conditions of numerous coal mine roadways (e.g., Guotun Coal Mine, Lilou Coal Mine, and Tangkou Coal Mine), the pre-tightening force reinforcement coefficient a was finally determined to be 10. At this value, the actual design value of roadway bolt spacing is closest to the trial calculation value, as presented in Table 1.
TABLE 1 | Actual design value and trial value of bolt spacing in different coal mine roadway.	Coal mine name	Actual bolt spacing design value (m)	Bolt spacing trial value (m)
	Guotun	0.9	1.21
	Lilou	0.75	1.15
	Tangkou	1.0	1.16
	Xinjing	0.9	1.05
	Tashan	1.0	1.09


3 PARAMETER ANALYSIS OF THE COUPLING SUPPORT MODEL
In studies on the pre-tightening force rock reinforcement and coupling arch support model, the regulation of support strength is affected by the combined action of multiple parameters, and different parameters have distinctly different effects on the mechanical properties of the anchorage body. To clarify the influence degree of each parameter on anchorage body strength and its intrinsic action mechanism, this study uses a single-factor variable analysis method. It focuses on exploring the quantitative correlation and variation law between the three key parameters of pre-tightening force, bolt spacing and bolt length and the strength of anchorage body. Table 2 shows the basic values of each variable. When using these values, the support strength is 2.79 × 105 Pa, where σs represents the yield strength of the bolt and d denotes its diameter. The value range of the basic parameters of bolt support is based on Technical Specifications for Rock Bolting in Coal Mine Roadways. The row spacing between bolts is 0.6 ∼ 1.5 m, the length of bolt is 1.6 ∼ 3.0 m, and the pre-tightening force of bolt is 30% ∼ 60% of the yield force of bolt.
TABLE 2 | Basic values for bolt support design.	σs/MPa	d/mm	L/m	w/m	φ/°	c/MPa	P/kN	D/m
	600	22	2.4	6.33	27.05	0.5	50	1.0


The numerical simulation in this study adopted two tunnel cross-sectional configurations: rectangular and semi-circular arch. The semi-circular arch tunnel has a wall height of 2 m and an arch height of 3.15 m, whereas the rectangular tunnel has dimensions (length × width) of 5.2 m × 4 m, as presented in Figure 4. The tunnel model was built in FLAC3D using solid modeling techniques and the Mohr-Coulomb material model, with dimensions of 60 m (length) × 10 m (width) × 60 m (height). Cable bolts were modeled using cable elements. To clearly illustrate the support effect of prestressed bolts, no in-situ rock stress was applied to the surrounding rock during the simulation.
[image: Two graphical illustrations featuring geometric patterns on red backgrounds. Image (a) shows a central arch-shaped white area, while image (b) features a central square white area. Both designs have grid lines creating a tunnel effect.]FIGURE 4 | Tunnel numerical model. (a) Semi-circular arch roadway; (b) rectangular roadway.Figure 5 presents the curve of anchorage body support strength versus bolt spacing. As shown in Figure 5, anchorage body support strength decreases gradually with increasing bolt spacing. Specifically, increasing bolt spacing from 0.5 m to 1.5 m reduces anchorage body support strength from 7.91 × 105 Pa to 9.37 × 104 Pa. This confirms that bolt spacing has a significant impact on anchorage body support strength. Figures 6, 7 present the additional stress field distribution under a 50 kN preload at bolt spacings of 0.6 m, 0.8 m, 1.0 m, and 1.5 m. As presented in the figures, with increasing bolt spacing, the variation law of the prestress field remains consistent for both rectangular and semi-circular arch roadways. The compressive stress is the highest at the beginning of the bol, followed by the middle of the bolt’s free section; the bolt end exhibits a state of near-zero stress and slight tensile stress. Excessively large bolt spacing results in independent conical compressive stress zones for each bolt, which fail to form an effective composite arch structure. With decreasing bolt spacing, the conical compressive stress zones of each bolt gradually approach, overlap, and merge into a complete, effective composite arch. When the number of bolts reaches a certain threshold, further increasing support density has a negligible effect on expanding the effective compressive stress zone or enhancing the diffusion of bolt pre-tightening force.
[image: Line graph showing the relationship between bolt spacing (D) in meters and support strength in pascals. The curve descends from 8.0 x 10^5 to near 2.0 x 10^5 pascals as the distance increases from 0.5 to 1.5 meters.]FIGURE 5 | Relationship between the support strength of the anchorage body and the bolt spacing.[image: Four contour plots display stress or strain distributions around a semicircular cavity. Each plot features a color gradient from red to blue, representing varying values. Plot (a) shows the most uniform distribution, while plot (d) appears more localized. Each plot includes a color scale on the left.]FIGURE 6 | Effect of different bolt spacings on prestress field distribution in semi-circular roadway. (a) Bolt spacing 0.6 m; (b) Bolt spacing 0.8 m; (c) Bolt spacing 1.0 m; (d) Bolt spacing 1.5 m.[image: Four heat maps labeled a, b, c, and d depict the distribution of a scalar field around a central white rectangle. Each map uses a color scale on the left, ranging from red to blue, indicating values from around 1.67E3 to -9.42E4. The maps show symmetrical variations in color intensity, with predominance of red at the edges and transitions through yellow, green, and blue towards the center. The maps illustrate varying intensity distributions, possibly representing stress or temperature fields, with each exhibiting slightly different patterns.]FIGURE 7 | Effect of different bolt spacings on prestress field distribution in rectangular roadway. (a) Bolt spacing 0.6 m; (b) Bolt spacing 0.8 m; (c) Bolt spacing 1.0 m; (d) Bolt spacing 1.5 m.Figure 8 presents the curve of anchorage body support strength versus bolt length. As shown in Figure 8, anchorage body support strength increases gradually with increasing bolt length. Specifically, increasing bolt length from 1.5 m to 3.0 m raises anchorage body support strength from 3.56 × 104 Pa to 5.67 × 105 Pa. Figures 9, 10 present the additional stress field distribution under a 50 kN preload for bolts with lengths of 1.6 m, 2.0 m, 2.4 m, and 3.0 m. As shown in the figure, increasing bolt length increases the range and thickness of the effective compressive stress zone and expands the bolt’s action range. However, compressive stress decreases in the upper-middle section of the bolt and in the surrounding rock between two bolts. Compared with rectangular roadway cross-sections, the prestress field in semi-circular arch roadway cross-sections exhibits more pronounced variations with changes in bolt length. This is because bolts in semi-circular arch roadways are arranged in a fan-shaped pattern. As bolts lengthen, the vertical distance between them increases accordingly—weakening the superposition effect of compressive stress and leading to a more significant decrease in compressive stress magnitude. Under a fixed pre-tightening force, longer bolts result in less obvious pretension effects and poorer active support performance. Thus, longer bolts require a higher applied pre-tightening force. Conversely, increasing pre-tightening force allows for appropriate reduction in bolt length.
[image: Line graph showing the relationship between bolt length in meters and support strength in pascals. The curve rises from approximately 200,000 pascals at 1.5 meters to 600,000 pascals at 3.0 meters, indicating a positive correlation.]FIGURE 8 | Relationship between bolt body support strength and bolt length.[image: Four contour plots labeled (a) to (d), each displaying a semicircular area. Each plot utilizes a color gradient from blue to red, representing varying data values. The data value range is shown on the left of each plot. Differences in color distribution around the semicircle suggest variations in data at each step.]FIGURE 9 | Effect of different bolt lengths on prestress field distribution in semi-circular roadway. (a) Bolt length 1.6 m; (b) Bolt length 2.0 m; (c) Bolt length 2.4 m; (d) Bolt length 3.0 m.[image: Four contour plots labeled (a), (b), (c), and (d) display color variations around a central white rectangle, indicating data value distributions. The color scale ranges from blue through green and yellow to red, with numerical values on the side indicating the range of each plot. Each plot shows different patterns and intensity levels, demonstrating changes in data values.]FIGURE 10 | Effect of different bolt lengths on prestress field distribution in rectangular roadway. (a) Bolt length 1.6 m; (b) Bolt length 2.0 m; (c) Bolt length 2.4 m; (d) Bolt length 3.0 m.Figure 11 presents the curve of anchorage body support strength versus bolt pre-tightening force. As shown in Figure 11, anchorage body support strength increases monotonically with increasing bolt pre-tightening force. Specifically, increasing the bolt pre-tightening force from 0 kN to 150 kN increases the support strength of the anchorage body from 1.48 × 105 Pa to 5.40 × 105 Pa. To visually compare changes in prestress distribution, preload forces of 20 kN, 50 kN, 100 kN, and 150 kN were applied to bolts with a spacing of 1.0 m, length of 2.4 m, and diameter of 22 mm. The resulting ranges and values of the prestress field under different preload conditions are presented in Figures 12, 13. The figures demonstrate that preload is the decisive parameter of the anchor support system, and stress values in the prestress field increase significantly with increasing preload. After preload application, a pronounced compressive stress concentration occurs at the bolt’s initial section; this concentration gradually diffuses and diminishes toward the surrounding rock, leading to a distinct layered prestress distribution in the rock mass. Further analysis of prestress distribution under different preload conditions shows that as preload increases, both the compressive stress range and the effective compressive stress zone expand. This indicates that increasing the bolt preload can fully leverage the active support function of the bolts.
[image: Line graph showing a linear relationship between pretightening force (kN) on the x-axis and support strength (Pa) on the y-axis, ranging from twenty thousand to fifty thousand Pascals as the force increases to one hundred fifty kilonewtons.]FIGURE 11 | Relationship between support strength of anchorage body and pre-tightening force.[image: Four contour plots labeled (a), (b), (c), and (d), display semi-circular shapes with color gradients ranging from red to blue, indicating different value intensities. Each plot has a distinct scale on the left. The semi-circular areas in plots have varying patterns and densities of color, illustrating changes in values.]FIGURE 12 | Effect of different bolt pre-tightening force on prestress field distribution in semi-circular roadway. (a) Pre-tightening force 20 kN; (b) Pre-tightening force 50 kN; (c) Pre-tightening force 100 kN; (d) Pre-tightening force 150 kN.[image: Four contour plots labeled (a), (b), (c), and (d) show stress distributions around a central square void. Each plot uses a color gradient from red to blue, indicating stress levels, with corresponding numerical scales on the left. The plots demonstrate different stress magnitudes and patterns surrounding the void.]FIGURE 13 | Effect of different bolt pre-tightening force on prestress field distribution in rectangular roadway. (a) Pre-tightening force 20 kN; (b) Pre-tightening force 50 kN; (c) Pre-tightening force 100 kN; (d) Pre-tightening force 150 kN.The pre-tightening force of bolt and its diffusion play a decisive role in roadway support. Determining a reasonable pre-tightening force based on roadway conditions and ensuring effective pre-tightening force diffusion are key to support design. The effective range of pre-tightening force for a single bolt is very limited and must be diffused to surrounding rock far from the bolt by components (e.g., pallets, steel strips and metal mesh). Notably, even a small support force on the roadway surface can significantly suppress surrounding rock deformation and failure, while preserving roof integrity. Surface protection components play a critical role in the pre-tightening force support system.
Figure 14 presents the bolt spacing variation curve under different pre-tightening force for the coupling support model in this study and Cheng’s model (Cheng et al., 2025). As shown in Figure 14, increasing bolt pre-tightening force allows an increase in bolt spacing, while reducing bolt support density. Specifically, the model in this study exhibits a significant growth rate: bolt spacing increases from 1.24 m at P = 0 kN to 1.36 m at P = 100 kN, showing a clear linear trend. In contrast, Cheng’s model shows a smaller growth rate: bolt spacing increases from 1.24 m at P = 0 kN to 1.26 m at P = 100 kN, exhibiting a gentle trend. Cheng et al. (2025) argue that pre-tightening force has a weak effect on bolt spacing, and bolt spacing is insensitive to pre-tightening force changes. In contrast, the model in this study suggests that pre-tightening force has a significant, linearly correlated effect on bolt spacing: increasing pre-tightening force significantly increases the reasonable bolt spacing. Practical engineering cases confirm that pre-tightening force is a key control factor for bolt support. Increasing pre-tightening force expands the bolt’s active constraint range on surrounding rock. To ensure support effectiveness, bolt spacing must be adjusted accordingly to match the pre-tightening force influence range. The significant linear increase in bolt spacing with pre-tightening force in this study’s model is more consistent with the engineering design logic: “the higher the pre-tightening force, the larger the reasonable bolt spacing can be, thereby optimizing support density.”
[image: Line graph comparing two coupling support models. The x-axis is pre-tightening force in kilonewtons, ranging from 0 to 100. The y-axis is bolt spacing in meters, ranging from 1.24 to 1.40. The model from this paper, shown in gray, increases steadily, while Cheng et al.'s model, shown in red, remains relatively constant.]FIGURE 14 | Relationship between bolt spacing and pre-tightening force.4 APPLICATION IN ENGINEERING PROJECTS
4.1 Project overview
The main auxiliary transport roadway of Xingjulong Coal Mine (Shandong, China) has a span of 6,330 mm. Surface elevation ranges from +42.38 m to +43.65 m, and roadway elevation ranges from −966.9 m to −938.9 m. The length of the mine roadway is 2,606.5 m, which meets the requirements of auxiliary transportation and ventilation for mine production. Its service life is 60 years, as shown in Figure 15. The lithologic characters in the roadway excavation area are mainly fine sandstone and siltstone, with most layers relatively small. In the roadway excavation area, the southern and northern permeable zones are coal seam composite zones. Within these zones, the 3rd coal seam has a thickness of 5.63–9.26 m, with 0–2 interlayers in its middle-lower section (mostly mudstone and carbonaceous mudstone). The central section is a layered zone, where the 3 (3 Upper) coal seam has a thickness of ∼1.47–2.52 m. The 3 Lower coal seam has a thickness of ∼2.26–5.21 m. The interlayers have an average thickness of 2 m and are composed of mudstone. The 3rd coal seam in this area is stable but has a complex structure.
[image: Tunnel interior with dim lighting and visible pipes running along the right side. The tunnel extends into the distance with evenly spaced lights on the ceiling illuminating the rough, curved walls.]FIGURE 15 | Coal mine auxiliary transport main roadway.Roof and roadway side bolts are fine-threaded steel resin bolts (Model: MSGLD(X)-600/Φ22 × 2,400 mm) with an inter-row spacing of 1,000 × 1,000 mm. The bolts require a pre-tightening torque of 400–550 N·m. Roof cables are pre-tightening force steel wire ropes (Specification: Φ21.8 × 6,300 mm), paired with large anchor cable support plates and arranged in a “3-0-3″ layout, with an inter-row spacing of 1800 × 1,000 mm. All cables are installed perpendicular to the roadway roof and tensioned to 240 kN. The current support scheme for the main auxiliary transport roadway is presented in Figure 16.
[image: Diagram showing a circular structure with labeled measurements. Left-handed full-threaded bolts are indicated on the left with a specification of 22-2400, and anchor cables are mentioned on the right with a dimension of 21.8-6300. Various length labels, such as 1800 and 1000, are marked around the circumference.]FIGURE 16 | Current support scheme for auxiliary transport main roadway (Unit: mm).4.2 Application of coupling support model
The original design scheme for the main auxiliary transport roadway of Xingjulong Coal Mine (Shandong, China) was developed based on the suspension theory, incorporating the roadway’s geological conditions. Bolt length was determined as 2.4 m, and diameter as 22 mm. Bolt spacing was calculated using Equation 11:
D1=Q/KHγ(11)
Where: D1 is the bolt spacing (unit: m), Q is the designed bolting force of the rock bolt (228 kN/rod), Per the Technical Specification for Rock Bolting Support of Coal Mine Roadways, the bolting force must meet the standard value of the bolt yield force, H is the bolt effective length (1.05 m), γ is the unit weight of the suspended coal (13.6 kN/m3), K is the safety factor (K = 2). By substituting the aforementioned values into Equation 11, the maximum spacing of bolts is derived, as presented in Equation 12.
D1=228/2×1.05×13.6=2.82m(12)
Based on the rock pre-tightening force reinforcement and composite arch coupling support theory proposed in this study, the maximum spacing of bolts in Equation 14 can be derived by combining Equations 9, 10 and 13.
q≤4σrq≤σmax(13)
Dmax=fq,p,w,L,cr,φ,cb,s,θ,⋯k(14)
Where: Dmax is the maximum spacing of bolts.
Figure 17 shows the design calculation flowchart for roadway bolt support, which consists of three parts: parameter input, formula system, and result output. The program utilizes Excel’s Goal Seek function to solve implicit solutions. Surrounding rock cohesion is 3.05 MPa, and internal friction angle is 35°. Bolts selected have a yield strength of 600 MPa, diameter of 22 mm, and pre-tightening force of 50 kN. Based on roadway roof and floor parameters, the minimum support force is 304.51 kN/m, and the engineering safety factor is set to 2. In the formula, coefficient k is set to 1.5, and the pre-tightening force reinforcement coefficient is set to 10. The selected bolt length is 2.4 m. Based on the rock pre-tightening force reinforcement and composite arch coupling support model, the maximum bolt spacing on the roadway roof is 1.31 m. In contrast, the traditional suspension theory yields a calculated value of 2.82 m. The method proposed in this study is closer to the actual design value (1.0 m), with an accuracy improvement of nearly 6-fold, which validates the rationality of the coupling theory. Figure 18 shows the force measurement data of bolts at the site after the optimized support scheme. As observed from the diagram, the force of bolts on the roof and right side increases significantly within 50 m of the working face, ranging from 20 kN to 100 kN. Beyond this range, the force increase is minimal and gradually stabilizes. The stress of bolts on the left side increases sharply within 130 m of the working face, ranging from 60 kN to 230 kN. Beyond this range, the bolt stress remains basically stable, which fully meets the stability control requirements for coal mine roadways.
[image: Flowchart depicting a three-step process for bolt spacing calculations. Step 1 outlines parameter input: parameter classification, surrounding rock mechanics, bolt design, and engineering constraints via Excel. Step 2 involves computational logic: embedding formulas for composite arch thickness, cohesion, arch forming, and support strength verification, with target values set to zero to meet balance conditions. Step 3 describes the iterative calculation: accessing data, performing simulation analysis, setting target cells to zero in dialog boxes, and verifying solutions through execution and manual calibration.]FIGURE 17 | Roadway bolt support design calculation flow chart.[image: Line graph showing bolt force versus distance between measuring point and excavation face, ranging from zero to two hundred meters. Different colored lines represent various rock bolts: top-left (red), top-center (black), top-right (green), upper-left (cyan), upper-right (blue), bottom-left (orange), and bottom-right (purple). The bolt forces range from zero to three hundred kilonewtons. Each line demonstrates different force behavior over the distance, with upper-left and bottom-left bolts showing higher forces.]FIGURE 18 | Optimized roadway bolt force measurement data.The currently developed coupling support model for rock mass prestress enhancement and composite arch, though validated via theoretical derivations and engineering case studies, still has limitations due to research constraints and assumptions. During model development, the homogenization assumption was applied to the physical and mechanical properties of the rock mass, ignoring key geological features such as stratification development and non-uniform fracture distribution in deep roadway sections. Future research should focus on developing a coupled computational model for heterogeneous rock masses. By using geophysical radar and borehole imaging technologies to acquire 3D geological parameters (including fracture distribution and bedding orientation), the goal is to establish a coupled numerical model that integrates the Discrete Element Method (UDEC) and the Finite Element Method (FLAC3D), thus improving the model’s adaptability to complex geological conditions.
5 CONCLUSION
This study addresses the stability challenges in deep coal mine excavation by integrating the theory of rock strength enhancement with the principles of composite arch support. The key conclusions are as follows.
	A theoretical model of support was established with cohesion as the coupling mechanism. This model reveals how pre-tightening force regulates the formation of composite arches and derives quantitative formulas for the load-bearing capacity of composite arches based on pre-tightening force parameters and bolt specifications (i.e., length and spacing). These results provide a theoretical basis for parameter design in mining engineering.
	The influence patterns of key support parameters were identified. Bolt length positively enhances support strength by increasing the thickness of composite arches. Bolt spacing exhibits a negative correlation with support strength, as excessive spacing prevents the overlap of compressive stress zones. Pre-tightening force can monotonically improve the mechanical properties of rock masses.
	A bolt spacing optimization method based on the coupling model was proposed. It is verified that there is a significant linear correlation between prestress and reasonable bolt spacing. Increasing pre-tightening force can significantly expand the reasonable bolt spacing, which provides a new approach to reducing support costs and improving construction efficiency.
	Taking the auxiliary transport roadway of Shandong Xinjulong Coal Mine as a case study, the model’s calculation accuracy was improved by nearly 6 times. This fully verifies the model’s applicability and superiority in underground engineering under complex geological conditions.
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