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The segment lining is a new type of support structure for mining tunnels. The disturbance of coal excavation leads to the deformation of segment lining and has great hazards to the safety of the tunnels. Based on the tunnel boring machine (TBM) inclined tunnels in Xinjie mine, the ultimate span L0 of the rock beam on the top slab of the coal seam was calculated according to the bending (tension) damage theory. A numerical model was built to simulate the bottom area of the inclined tunnels. During the coal mining, the additional displacements and additional stresses of the segment lining were analyzed, and then the safety factors of the support structure were calculated. Finally, the width of the coal pillar to protect the inclined tunnels was determined. The results showed that the ultimate span of the rock beam on the top of the coal seam is 31.7 m, the deformation of the inclined tunnel has a fish-belly shape, and the deformation leads to the increase of maximum axial force and bending moment. For the inclined tunnels in Xinjie coalmine, a total width of 91.3 m of coal pillar must be reserved to keep the safety factor of the structure higher than 2.0 and prevent the inclined tunnels from the mining hazards.
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INTRODUCTION
The tunnel boring machine (TBM) has been widely used to build transportation and hydraulic tunnels, but its application in mining engineering is still limited (Liu et al., 2013). A TBM was first used in a coal mine in 1971 in Germany (Handewith 1983). In 1978, a 5.1-m-diameter TBM was used to excavate a 1.6-km-long decline for coal cliff collieries in the southern coalfields of New South Wales (White, 1978). In Germany, five sections of a total 13-km roadway tunnel in the Rheinland and Friedrich Heinrich collieries were excavated using a 6-m-diameter TBM between 1973 and 1980 (Boldt and Henneke, 1981). A TBM was used to excavate two drifts (762 and 933 m long) at Anglo American’s Grosvenor Mine in Moranbah, Queensland, Australia, in 2013 (Donnelly et al., 2014). Xinjie coalmine, Ordos, China, has planned to construct two inclined tunnels by TBM method, which will face technical difficulties because of the lack of relevant design experience (Yang et al., 2016). In the process of coal excavation, the movement of the overlying strata and the distribution of ground stress have a severe impact on the safety of the support structures, a problem that has not been encountered in the traditional design of segment lining support. Kulatilake et al. (2013) studied the stability of a tunnel in a deep coal mine in China. Xu et al. studied the mining-induced strata movement and roof behavior in an underground coal mine. Shi et al. (2016) and Shi et al. (2017) studied the influence of coal mining on the safety of the tunnels by using physical model test and Three-Dimension Distinct Element Code (3DEC) numerical simulation method. Qi et al. (2021) used 2D model tests and numerical simulation methods to optimize the design method of the width of the coal pillar to protect the tunnels. However, these studies mainly focus on the stress and deformation of the whole area caused by coal mining activities from the surface to the coal seam, rather than the most intense area at the bottom part of the tunnel near the coal seam, which has the largest additional stress and deformation. In this paper, the displacement and stress changes of the support structure are studied in detail for the most dangerous area, the safety factor is calculated, and the coal pillar calculation method is proposed.
PROJECT OVERVIEW
Xinjie coalmine is located in the south-central part of Ordos city, the planned area of the mine is 737.8 km2, and the coal resource is 13,884.46 Mt. The planned TBM tunnels go down from the surface to a depth of 660 m with 6° inclined angle. With the increase of the depth, the load on the surrounding rock of the support structure increases, and the disturbance of coal excavation on the tunnels is the most serious, so the bottom area is considered to be the most dangerous area, as shown in Figure 1. The support structure is a segment lining with a thickness of 0.35 m and an outer radius of 3.65 m, using a staggered assembly structure. The material of the lining is C40 reinforced concrete. The tunnels cross coarse-grained sandstone, mudstone, and fine-grained sandstone up to 2-1 coal seam, and the lower part is mudstone, 2-2 coal seam, and sandy mudstone. The layer thickness and properties are shown in Table 1.
[image: Figure 1]FIGURE 1 | Overview of the TBM inclined shaft in Xinjie coalmine. TBM, tunnel boring machine.
TABLE 1 | Properties of the strata in the bottom region.
[image: Table 1]THEORETICAL ANALYSIS OF COAL ROOF DAMAGE
In the process of coal excavation, the coal seam roof collapse will induce overlying strata movement and stress redistribution, which leads to the additional stress and deformation of the lining structure (Liu et al., 1981; Yang et al., 2012). The coal excavation causes bending deformation of the roof strata, and both sides of the working face are coal seams to provide reaction force and bending moment to the roof structure, which can be regarded as a fixed beam structure at both ends. When the roof suspension span gradually increases, the roof will be the first to rupture above both sides of the working face, at which time the original beam structure constraints change, and the original fixed beam structure at both ends evolves into a simply supported beam structure as shown in Figure 2 (Zhao et al., 2009).
[image: Figure 2]FIGURE 2 | Supporting conditions and bending moments of rock beams. (A) Fixed beam structure at two ends. (B) Simple beam structure at two ends.
The rock beam in Figure 2 is subjected to the overlying ground load q1 and the self-weight q2. Based on the calculation method of the solid-supported beam at both ends of the beam, the bending moments at both ends (MA) and the middle (Mo) of the fixed beam (Figure 2A) can be obtained as
[image: image]
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By comparing Eq. (Boldt and Henneke, 1981). and Eq. (Donnelly et al., 2014), it can be seen that the maximum bending moment occurs at the edge of the beam structure. In addition, since the rock is a brittle material, the tensile strength that it can withstand is low, so the maximum tensile strength criterion is used as the strength criterion for the destruction of the roof.
[image: image]
where σ0 is the tensile stress; W is the section modulus of the rock beam; MA is the section bending moment at the end of the rock beam; and [σt] is the maximum tensile stress of the roof rock.
When σ0 > [σt], the rock beam will rupture and form a simply supported beam structure (Figure 2B), and the bending moments are
[image: image]
[image: image]
Comparing the bending moments of the two types of beams, it can be found that the sum of the bending moments at both ends and the middle of the fixed beam is equal to the bending moment in the middle of the simply supported beam. So in the coal excavation process, the roof rock beam changes from the fixed beam to the simply supported beam, and the bending moment transfers from the two ends to the middle (Huang, 2002). Therefore, the mechanical process and conditions of the gradual development of the coal roof from bending to damage can be divided into two stages, as follows.
1) The working face advances forward, and when the rock beam overhanging span reaches the limit value L0, the tensile stress σA at the end of the beam is
[image: image]
If the overlying stratum has a hard layer, when the roof rock is bent and deformed, the overlying strata are delaminated and the rock beam is subjected to self-weight only, and the tensile stress σA at the end of the beam is damaged, as follows:
[image: image]
If the overlying stratum has a soft layer, it forms a combined rock beam with a hard bottom and a soft top, and the tensile stress σA at the end of the beam breaks is
[image: image]
where h is the thickness of the support layer of the roof and hi is the thickness of each layer of the overlying strata.
2) After the damage occurs at the end of the beam, the constraint condition gradually transforms from a super-stationary beam to a simply supported beam, and the bending moment gradually decreases, regardless of whether the bending moment in the middle of the beam increases. When the damage occurs in the middle of the beam, the bending moment is
[image: image]
At this stage, the central part of the roof will be cracked, and the rock beam will fall or reach the state of “pseudo plastic rock beam” (Zhai, 2002). The ultimate span of rock beam overhang L0 is
[image: image]
When bending damage occurs in a single rock formation, ∑hi = 0, the ultimate span is
[image: image]
Based on the geological survey data of Xinjie coalmine, the overlying ground pressure of the coal seam is 14.4 MPa, and the coal roof is fine-grained sandstone with a thickness of 10 m, density of 2.47 × 103 kg/m3, and tensile strength of 1.24 MPa. According to Eq. (Shi et al., 2017), the ultimate span of the rock beam can be obtained as L0 = 31.7 m.
NUMERICAL SIMULATION ANALYSIS
Numerical Model Setup
In order to study the effect of coal mining on the deformation and stress of the inclined shaft, numerical simulation was carried out using the finite element numerical analysis software MIDAS/GTS. As shown in Figure 3, the model dimensions are 140 × 84 × 70 m, and the width of the working face of the simulated coal seam excavation is 100 m. The stratigraphic parameters are shown in Table 1. The material of segment lining is C40 concrete. The Mohr–Coulomb criterion is used as the yield criterion, the load of the overlying strata is simulated by applying a loading of 14.4 MPa on the top, and the displacement boundary conditions are used around and at the bottom of the model with zero displacement perpendicular to the direction of the face.
[image: Figure 3]FIGURE 3 | Numerical simulation model. (A) MIDAS/GTS model. (B) Mining process diagram.
MIDAS/GTS has the operation of “replicate grid group,” which is used to replicate each excavated seam at each step, set its elastic modulus to 0.01 kN/m2, “blunt” each section of the excavated seam, and “activate” the set replica “activation,” so as to simulate the bulk after a collapse. There is little influence when the coal seam is excavated far from the inclined tunnels. According to the calculated ultimate span L0 = 31.7 m, the change rules of the lining displacement, axial force, and bending moment with the advance distance of the working face are recorded at 32, 36, 40, and 44 m respectively.
Additional Deformation of the Segment Lining
The coal excavation causes the deformation of the segment lining. Considering the position of the coal seam, the deformation mainly happens in the X direction and the Z direction. Figure 4 shows the displacement at the top of the lining at each step in the X direction and the Z direction.
[image: Figure 4]FIGURE 4 | Deformation of the segment lining caused by mining (m). (A) In the X direction. (B) In the Z direction.
During the excavation of the coal seam, the vertical displacements of the monitoring sites gradually increase, and the rate accelerates, indicating that the strata are becoming more and more unstable. Along the axis direction, the displacement increases and then decreases, and the middle part has the largest displacement. The deformation of the tunnel has a fish-belly shape. The maximum vertical settlement was 5.59 mm when the excavation reached 44 m.
Additional Stress in the Segment Lining
After the excavation of the coal seam, the additional stresses of the lining are expressed in the numerical software mainly as two results of axial force and bending moment. Figure 5 shows the bending moment in the X direction and the axial force in the Y direction for an excavation of 44 m. In each step, the maximum bending moment in the X direction and the axial force in the Y direction are shown in Table 2.
[image: Figure 5]FIGURE 5 | Bending moment in the X direction and axial force in the Y direction after excavating 44 m. (A) Bending moment in the X direction. (B) Axial force in the Y direction.
TABLE 2 | Maximum axial force and bending moment.
[image: Table 2]Calculation of Safety Factor
For concrete segment lining structures, the safety factor could be calculated based on the maximum compressive stress in the compressed area and the design strength of concrete material (Vogel et al., 2000). According to the provisions in the Code for the Design of Concrete Structures, the maximum compressive stress and strength criterion for concrete eccentric compressive structures can be expressed by the Eq. (Vogel and Rast, 2000).
[image: image]
Converting the Eq. (Vogel and Rast, 2000), the safety factor is calculated as follows.
[image: image]
where K is the safety factor of structural bearing capacity, and K ≥ 2; fc is the design value of concrete axial compressive strength (MPa); b is the cross-sectional width of segment lining (m), and b = 1.5 m; h0 is the cross-sectional height of segment lining (m), and h0 = 0.35 m; γ0 is the important factor of structure, and γ0 = 1.1; γs is the load sub-factor, and γs = 1.35; N is the maximum axial force value (kN) in the lining; M is the maximum bending moment value (kN m) in the lining; and the design value of axial compressive strength of C40 concrete is fc = 19.1 MPa.
By substituting the maximum axial force and bending moment in Table 2 into Equation (Shi et al., 2017), the change of safety coefficient of the lining structure during the coal seam excavation can be calculated as shown in Table 3. Figure 6 shows the change rule of safety factor with the excavation distance. The empirical equation is as (Eq. 14).
[image: image]
where y is the safety factor and x is the excavation distance, m.
TABLE 3 | Safety factor of the most dangerous section.
[image: Table 3][image: Figure 6]FIGURE 6 | Change rule of safety factor of the segment lining with the excavation distance.
Reasonable Coal Pillar Width Theoretical Calculation
Xinjie coalmine has two inclined tunnels, and the distance between the two tunnels is 60 mm. According to the code for coal pillar design (Hu et al., 2017), the calculation of the width of the protective coal pillar is shown in Figure 7, and the width of the coal pillar L is
[image: image]
where a is the radius of the inclined tunnel and S1 is the width of the coal pillar protected on one side.
[image: Figure 7]FIGURE 7 | Schematic diagram of theoretical calculation.
In Figure 7, β is the angle of strata movement, φ is the angle of internal friction of the rock, and β = π/4 + φ/2. According to the geometric triangulation, it could be obtained as
[image: image]
[image: image]
And then
[image: image]
where φ = 34.4° is the internal friction angle for the fine-grained sandstone; h1 = 14.7 m is the maximum distance from the coal seam to the bottom of the inclined tunnel in the numerical model; a = 3.65 m is the outer diameter of the tunnel.
S1 is calculated to be 13.78 m, and substitute the parameters into Eq. 14, and the width of the coal pillar is calculated to be 94.86 mm.
In the numerical simulation, the safety factor when the concrete reaches the ultimate compressive strength is required to be greater than 2.0, so the reasonable excavation distance is 40 m, and the corresponding S1 is 12 mm. The width of the coal pillar for the two inclined tunnels is about 91.3 mm. The theoretical calculation results have high consistency with the numerical simulation, and the error is within a reasonable range, so it shows that the numerical simulation results are accurate and valid.
CONCLUSION
The segment lining is a new type of support structure for mine tunnels. In this paper, the behavior of the structure under the influence of coal excavation was studied using theoretical analysis and numerical simulation. It was proposed that the coal pillar with reasonable width must be reserved to prevent the tunnels from mining hazards. The main conclusions are as follows (Liu and Zhong, 1981; Handewith, 1983; Huang, 2002; Kulatilake et al., 2013; Liu et al., 2013; Shi et al., 2016; Hu et al., 2017; Qi et al., 2021; White, 1978; Zhai, 2002; Zhao et al., 2009; Yang et al., 2012; Yang and Xia, 2016):
1) According to the theory of bending (tension) damage, the limit span of rock beam at the top of the coal seam is L0 = 31.7 m for the coal seam in Xinjie coalmine.
2) During the excavation of the coal seam, the vertical displacement of the inclined tunnel gradually increases, and the rate accelerates with the excavation process, indicating that the excavation of the coal seam causes the stratum to be increasingly unstable. In the axial direction of the tunnel, the middle part has the largest displacement, so the deformation of the inclined tunnel has a fish-belly shape.
3) During the excavation of the coal seam, the deformation leads to the increase of the maximum axial force and bending moment of the structure. And the safety of the segment lining is gradually reduced.
4) The width of the single-side protection coal pillar of the inclined tunnel is 13.78 mm calculated according to the theory, while in the numerical simulation, the width is 12 mm when the safety factor is 2, which has a high consistency, and the error is within a reasonable range, so it shows that the numerical simulation results are accurate and effective.
5) For the inclined tunnels in Xinjie coalmine, a total width of 91.3 m of coal pillar must be reserved to keep the safety factor of the structure higher than 2 and prevent the inclined tunnels from mining hazards.
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