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Underground construction will have more or less adverse effects on adjacent existing buildings with more and more existing buildings above ground. However, this situation has only been reported by a small number of researchers. In view of this, this article takes the existing airport line shaft and horizontal passage project in the western suburb of Beijing Metro Line 12 as the background to study the impact of the construction of subway station and shaft passage on the adjacent existing railway. Based on the above project reality, under the action of pavement load, the effects of different parameters (the distance between the surface measuring point and the middle line of the transverse passage and the substep of construction loading sup step) on the surface settlement and track deformation of the shaft and cross-passage through the existing railway are studied by numerical analysis method. The calculation results show that the construction method of shaft and cross passage is reasonable. The comprehensive reinforcement measures of subgrade, rail and hole are effective, effectively controlling the deformation of subgrade and rail within the standard value (surface settlement ≤60 mm, rail deformation ≤6 mm). In addition, the numerical simulation data can better represent the actual situation as a whole.
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1 INTRODUCTION
Traffic congestion in big cities is becoming more and more serious with the development of urbanization. The development of rail transit has become the main means to solve urban traffic congestion to alleviate urban traffic pressure (Jin et al., 2018; Yang and Wang, 2020; Chang et al., 2021; Dong et al., 2021; Zhang, 2022). With the development of urban construction and the construction of underground engineering, especially in the urban central areas with dense surface buildings and complex underground pipelines, underground construction will inevitably disturb the rock and soil mass and cause stratum deformation (Huang et al., 2020a; Huang et al., 2020b; Chang et al., 2020; Huang et al., 2020c). When the deformation reaches a certain degree, it will cause the surface buildings to settle, tilt and even crack. In serious cases, it will also affect the life safety of relevant personnel and the normal use of buildings, resulting in a very bad social impact (Chen et al., 2015; Qian et al., 2019; Chang et al., 2021; Ramadan et al., 2021). In order to minimize the adverse effects of shaft and tunnel excavation on strata and buildings, the surface settlement, deformation and shaft tunnel excavation must be deeply studied and effectively predicted (Zhang et al., 2019; Tu et al., 2020; Wang, 2021; Zhou et al., 2021; Lan et al., 2022). When necessary, measures such as grouting reinforcement (Hu et al., 2021), large pipe shed and small pipe advance support (Zhang et al., 2018a) are adopted to reasonably control the surface settlement and deformation caused by subway construction. The environmental impact caused by underground construction has become a hot issue in the field of underground engineering in recent years. However, the cases of underground construction on adjacent existing railways are generally rare, and are only reported by a few researchers (Yang, 2019; Yang et al., 2020; Wu et al., 2022) Nowadays, some researchers not only control the impact of the construction itself, but also from strengthening existing buildings to reduce deformation and settlement (Liu, 2014; Zhang et al., 2018; Tao and Rao, 2022). This “two-pronged” approach has been paid attention to and affirmed in many aspects. Therefore, it is worth studying how to reduce the influence of the cross-passage of the underground shaft and the construction of the station on the adjacent existing railway, avoid the risk and make the cross-passage of the underground shaft and the station safer and more efficient in the process of construction.
Based on the background of Sijiqing Station of Beijing Metro Line 12, which is adjacent to the existing Xijiao Airport Railway, this paper designs the construction scheme and technical measures for the shaft and horizontal passage of Sijiqing Station to pass through the existing Xijiao Airport Railway. Based on the above project reality, the effects of different parameters (the distance from the surface measuring point to the middle line of the cross-passage and the distance of the construction loading sup step) on the surface settlement and rail deformation of the existing railway shaft and cross-passage are studied by means of numerical simulation, model test and theoretical calculation. The variation law of differential settlement between reinforced and unreinforced areas of the subway station main structure is studied during the construction of the shaft transverse passage and station main structure. It also reveals the trend characteristics of the vertical settlement curve of the left and right rail of the subway station during the construction of the horizontal passage of the shaft and the main structure of the station. In addition, through the comparative analysis of the corresponding numerical simulation and on-site monitoring data during the construction of the shaft and cross passage, this paper examines the consistency between the simulation results of the project and the actual settlement by ANSYS finite element software.
2 STUDY AREA AND MATERIALS
2.1 Engineering background
Sijiqing Station of Beijing Metro Line 12 is located on the south side of the intersection of West Fourth Ring Road and Zizhuyuan Road (Xingshikou Road). It is arranged in the north-south direction along the west side of West Sihuan Auxiliary Road, which is an underground double-layer single-column double-crossing island station. The plan is shown in Figure 1. The effective platform width of Sijiqing Station is 12 m, and the main structure is 309 m long and 21.30 m wide. The absolute elevation of the rail roof at the mileage in the center of the station is 30.788 m, and the buried depth of the station is 8.3 m.
[image: Figure 1]FIGURE 1 | Plane sketch map of Sijiqing Station.
The PBA underground excavation method is adopted in the construction of the main body of the station, with a total of four temporary construction shafts and transverse passageways (Figure 1, Figure 2). There are 3 entrances and exits, 2 wind pavilions, 2 safety exits, 1 barrier-free entrance, and 1 cooling tower attached to the station. Both ends of the station are in the section of mining law. From the engineering geological map of the station and the transverse passage (Figure 3), it can be seen that the ground elevation of the shaft and the transverse passage is 53.3–54.3 m, and the buried depth of the vault of the horizontal passage is 5.6–6.5 m. The base bearing layer of the shaft and transverse passage are on pebble ⑦, and the eigenvalue of foundation bearing capacity is 400 kPa. The shafts are all located on the west side of the station. Between the shaft and the main body of the station, there is the airport railway in the western suburbs, and the horizontal passageway goes through the airport railway in the western suburbs. Among them, the airport railway in the western suburbs is a single-rail non-electrified railway, roughly running from north to south. The railway is 43 kg/m rail, jointed line, concrete pillow, ballast thickness is about 0.4 m.
[image: Figure 2]FIGURE 2 | Relationship between the new structure and existing railway line.
[image: Figure 3]FIGURE 3 | Geological condition of Sijiqing Station, shaft, and cross passage.
The cross-passage is to be shallowly buried through the western suburb airport railway (the buried depth of the cross-passage is 5.6–7.1 m) due to the construction shaft is very close to the existing western suburban airport railway (the distance between the sideline of the shaft and the center line of the railway is 9.5–11.6 m). In the process of tunnel construction under the existing railway, the maximum stratum deformation caused by construction generally occurs in the middle line of the tunnel. The ground deformation is transmitted upward, and the roadbed, and rail are deformed together (Figure 4) (He et al., 2015). The construction of the shaft and cross-passage of Sijiqing Station will certainly affect the normal use of the airport railway in the western suburbs. Therefore, to meet the requirements of the existing railway roadbed and rail deformation control values (Table 1) (China Railway Cooperation, 2014; China Railway Cooperation, 2019), the technical measures of line reinforcement and stratum reinforcement (Wang et al., 2019; Li et al., 2022; Nakajima et al., 2022), as well as reasonable construction methods of shafts and cross-passageways should be adopted (Song et al., 2018; Lu et al., 2019; Wu et al., 2019; Zhang et al., 2021; Ma et al., 2022).
[image: Figure 4]FIGURE 4 | Ground deformation transfer path during tunnel excavation under-passing railway line.
TABLE 1 | Control value index of roadbed and rail of existing railway line.
[image: Table 1]2.2 Existing railway reinforcement measures
According to the risk grade of the project, past experience, actual site conditions, and relevant technical literature (Feng and Wang, 2000), the track, roadbed, and roof strata are strengthened with the idea of “reinforcement before construction, integral reinforcement of track roadbed, advance support of shaft transverse hole.”
2.2.1 Spubgrade grouting
Firstly, drill holes with a drill, and insert the hot rolled seamless steel pipe with an outer diameter of 42 mm and a thickness of 3.25 mm. The length of the steel pipe was adjusted according to the grouting depth, and then the pipe was arranged and drained at a distance of 2 m along the road direction. Small catheters can be used in reverse with each other, and no grouting is required within 2 m of the subgrade height. The roadbed reinforcement is shown in Figure 5. In this study, the No. 1 and No. 2 shafts and cross-passage (the shafts and cross-passage are collectively referred to as passages, the same below) were reinforced 50 m along the direction of the railway line. Passageways 3 and 4 were reinforced for 45 m along the railway line. Along the direction of the vertical railway line, the railway centerline is reinforced by 6 m on each side (Table 2).
[image: Figure 5]FIGURE 5 | Railway subgrade strengthening cross-section.
TABLE 2 | Subgrade grouting scope (m).
[image: Table 2]2.2.2 Rail
The four construction passageways of Sijiqing Station all need to be reinforced by roadbed and rail. Rail reinforcement is discussed by taking the construction area of channel 1 as an example (channels 2, 3, and 4 are similar). Rail reinforcement sets up supporting piles with a diameter of 1.25 m on both sides of the construction channel. The distance between the edge of the pile and the outer edge of the channel structure is about 2 m, and a total of four supporting piles are arranged at each channel. A crown beam is arranged on the supporting pile, and an I40b I-steel beam is arranged on the crown beam (that is, the crossbeam is supported on the crown beam). Along the direction of the line, the crossbeam is cyclically interspersed between the existing sleepers with a spacing of 0.6 and 1.2 m, with an average spacing of 0.9 m I45b I-steel longitudinal beams are arranged along both sides of the line on the crossbeam, which are arranged in a bundle and connected with the crossbeam with U-shaped bolts. The track reinforcement layout in the construction area of Channel 1 is shown in Figure 6 and Figure 7.
[image: Figure 6]FIGURE 6 | Rail reinforcement arrangement plane layout of No.1 passageway construction area.
[image: Figure 7]FIGURE 7 | Rail reinforcement arrangement longitudinal section of No.1 passageway construction area.
2.2.3 Tunnel
The roof arch of the first floor of each transverse passage is reinforced by deep hole grouting. A total of 14 holes are arranged along the arch (the distance between the holes is about 60 cm), the angle between the hole and the excavation direction of the transverse channel is 6°–27°, and the longitudinal length is 10–12 m. The range of grouting is 1.5 m on the outside of the primary branch and 0.5 m on the inside. The deep-hole grouting pressure is controlled at around 0.5–0.8 MPa according to the formation conditions, and the arch deep-hole grouting reinforcement profile is shown in Figure 8. The side of the shaft near the Xijiao railway is reinforced by advanced grouting with a small conduit.
[image: Figure 8]FIGURE 8 | Cross section of cross passage deep-hole grouting strengthening.
2.3 Construction of shaft and cross-passage
Sijiqing Station is excavated from four horizontal channels in two directions, with a total of six small pilot holes. In the process of underground excavation construction, it is carried out strictly in accordance with the eighteen-character principle of “pipe advance, strict grouting, short excavation, strong support, early closure, and diligent measurement,” so as to achieve advanced technology, safe adaptation, reasonable economy, convenient construction and ensuring quality. The structural design meets the requirements of strength, stiffness, stability, durability, and so on (Li et al., 2005; Ponomarev and Zakharov, 2015).
2.3.1 Shaft
Shaft construction is carried out by the inverted hanging shaft wall method (Liu et al., 2015) in accordance with the principle of “partial excavation, excavation with support.” The contour of the shaft is 5.3 × 7.6 m, and the headroom is 4.6 × 6.9 m. The initial support adopts C25 concrete with hanging net injection. The initial support thickness is 0.35 m, during which one pin of the grid steel frame is erected every 0.75 m. A small pipe grouting is set at a horizontal spacing of 0.5 m on the side of the well wall near the railway to reinforce the stratum. Shaft construction in strict compliance with the principle of “digging eighteen characters” policy, timely grouting behind the initial support, to ensure construction safety. The earthwork of the shaft is excavated by manual excavation. The shaft is excavated by manual dig, part ① is firstly excavated, steel mesh toward soil is set after excavation completion, the lattice steel frame of part ① is erected, the connecting steel in quincunx layout (1 × 1 m spacing) is laid, steel mesh back to the soil is set. The lap joint length of steel mesh is 15 cm. Then, shotcreting was carried out to close primary support. Part ② of the shaft is excavated, and the primary support of part ② is the same as part ①. When the primary support of part ② is closed the next cycle of excavation will be carried out. The partial excavation procedure is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Construction procedure of shaft excavation.
2.3.2 Cross-passage
Pilots and steps are adopted to excavate cross-passage (Tan et al., 2021; Xu et al., 2021). Temporary bottom sealing is done when the shaft is excavated to 1.5 m below the inverted arch of each pilot. The horse head gate lattice steel frame will be chiseled out when the arch advanced small pipe grouting and deep hole grouting at the first layer pilot are completed. The first layer pilot is excavated by the bench step method, and the corresponding primary support is carried out till to sealing the end of the first pilot. Then, the other four pilots are constructed. Stagger back and forth 8 m for each pilot till to the fifth pilot end sealing. The construction procedure of shaft and cross-passage is listed in Table 3.
TABLE 3 | The construction procedure of shaft and cross-passage.
[image: Table 3]3 METHODS
3.1 Calculation model
Aiming at the construction of the No.1 shaft and cross passage of Sijiqing Station through the airport railway, according to the relevant basic data, the ANSYS finite element analysis software is used to establish a three-dimensional construction model to simulate different construction conditions. The initial condition of three-dimensional calculation is that the new project has not yet been constructed, and it is considered that the existing airport railway in the western suburbs and its ancillary structure and stratum are in a state of deformation and stability. Considering the spatial effect in the construction process, three-dimensional calculation and analysis are used to model the excavation area of the new section and the structure of the existing line. The three-dimensional structural model is shown in Figure 10. The range of the model is limited in this calculation in order to ensure the sufficient calculation accuracy of the three-dimensional model and minimize the convergence time. The upper boundary of the model is taken from the surface, and the lower boundary is 40.0 m below the surface. The width of the model is 40 m (8D ∼ D is the width of the horizontal channel) and the longitudinal length is 60 m. The distance between the bottom of the shaft and the lowest edge of the model is 13 m, the buried depth of the cross-passage is 7.1 m, and the vertical distance between the edge of the shaft and the center line of the track is 9.5 m. The cross-section of the shaft is 5.3 × 7.6 m, and the depth is 29 m.The origin of the model coordinates is located at the upper left corner of the shaft edge. The positive direction of the X-axis of the coordinate is the transverse channel excavation direction, the negative direction of the Y-axis is the shaft excavation direction, and the Z-axis direction is the cross-passage width. The model adopts lateral constraints around and vertical constraints at the bottom, and the surface is a free surface. The unit type is Solid185. The primary support of the shaft is C25 with 0.35 m thickness, and small pipe grouting is carried out 2 m below the ground surface to strengthen the ground soil at the side close to the existing railway. The cross-passage is excavated dividing into five layers. Arch top strengthening soil is simulated as an equivalent soil with 1.5 m thickness along 180° scope. In this paper the artifacts deformation is studied as small deformation, and it is considered that there is no separation between components, so it is considered as continuum model. The railway strengthening, small pipe grouting strengthening, and deep hole grouting strengthening are realized by increasing material physical and mechanical parameters.
[image: Figure 10]FIGURE 10 | Calculation model of shaft and cross passage. (A) is a model for whole ground soil; (B) is the shaft, cross-passage under-passing existing railway.
3.2 Parameter determination and excavation process simulation
The stratum element filling layer, round gravel layer, and pebble layer are divided based on the geological prospecting report and related technical data. The corresponding physical and mechanical parameters are shown in Table 4, and the parameters of shafts, horizontal channels, and solid materials are shown in Table 5.
TABLE 4 | Ground soil parameters.
[image: Table 4]TABLE 5 | Shaft and passage structure material parameters.
[image: Table 5]The software numerical simulation stage is divided into 18 stages and 109 load sub-steps according to the construction plan. There is footage for every 2 m of the cross-passage for excavation, and a cycle for the advance of the small conduit and deep hole grouting every 8 m. The specific steps of each construction stage are shown in Table 6.
TABLE 6 | Construction procedures in numerical simulation.
[image: Table 6]4 RESULTS AND DISCUSSION
4.1 Stratum subsidence
Combined with the characteristics of the project, five typical steps are analyzed in the numerical calculation results of the stratum, which are: 1) the construction of the first level guide tunnel runs from below through the airport railway, 2) the construction of the second level guide tunnel runs from below through the airport railway, 3) the construction of the third-floor level guide tunnel runs from below through the airport railway, 4) the construction of the fourth-floor level guide tunnel runs from below through the airport railway 5) the construction of the fifth-floor level guide tunnel runs from below through the airport railway.
The ANSYS finite element simulation results were extracted to obtain the stratum vertical displacement cloud map (Figure 11) when the vertical shaft and cross-passage pass through the guide tunnel at each layer of the existing railway after railway reinforcement. According to the cloud image analysis, the maximum vertical displacement of surface settlement caused by the construction process is the area on both sides of the track at the midline position of the cross-passage when the transverse passage passes under the existing line. With the increase in the horizontal distance between the two sides of the cross-passage, the settlement amount becomes smaller and smaller, and the maximum surface settlement amount is -7.3 mm. The settlement deformation of the strengthened area is small, while the settlement of the unstrengthened area is obvious in the surface settlement cloud diagram of the area where the midline track of the transverse passage is located. On both sides of the rail boundary, the settlement is basically unchanged. There is an upward uplift state on the left side, which is affected by the boundary and can be ignored. There is a large amount of surface settlement in the area under the middle line of the cross-passage, and the settlement gradually decreases with the increase of the distance between the two sides of the middle line of the cross-passage (Guo et al., 2018; Jiang et al., 2018; Zhang et al., 2018a; Yu and Geng, 2019). When the second layer guide tunnel is excavated through the existing line, it has little influence on the surface settlement and track settlement. The settlement produced at this time is basically the settlement caused by the surface and rail when the first layer of the guide tunnel is excavated through the existing line. The cloud map of the ground settlement is caused by the cross-passage passing through.
[image: Figure 11]FIGURE 11 | Ground surface settlement cloud chart of pilots under-passing existing railway line.
In a word, the vertical displacement cloud images of steps 1–5 are symmetrically distributed relative to the center line of the cross-passage. The surface settlement is getting larger and larger with the construction and excavation of the cross-passage. The maximum vertical displacement values of steps 1 to 5 are −7.3, −33.44, −33.129, −36.533, and −40.866 mm, respectively, which do not exceed the standard values of monitoring and measurement (surface subsidence ≤60 mm). It shows that the construction is safe after taking reinforcement measures.
4.2 Surface subsidence curve
The surface settlement curve of monitoring section Ⅱ (Figure 12) is shown in Figure 13 when the guide tunnel of each layer is constructed through the existing line. It can be seen from the figure that the surface subsidence of monitoring section Ⅱ caused by the excavation of each layer is an axisymmetric distribution across the middle line of the channel. The surface subsidence is larger in the range of 0–15 m on both sides of the centerline of the cross-passage, which is about 3–4 times the width of the transverse channel, and the settlement curve is similar to the typical Peck settlement curve. When the guide tunnel of each layer is excavated through the existing line, the maximum settlement position of the monitoring section Ⅱ occurs at the middle line of the cross-passage, and the maximum settlement and settlement of each step are shown in Table 7. It can be seen from the table that the surface subsidence of monitoring section Ⅱ accounts for the largest proportion in the stage of excavation and sealing of the first layer guide tunnel, followed by the excavation of the second layer guide tunnel. The excavation of a three-layer guide tunnel to five-layer guide tunnel has little influence on the surface. Figure 12 instantaneous subsidence curves of DB-08-01 and DB-08-02 surface survey points at the middle line of the cross-passage are shown in Figure 14. The surface monitoring point is in a state of uplift when the palm face of the cross-passage excavation does not pass through the existing line. The reason for this is that the deep hole grouting (pressure 0.5–0.8 MPa) is carried out before the t cross-passage is excavated, which makes the surface uplift (Zhang et al., 2018a; Zhao et al., 2021). When the guide hole of the first layer of the cross-passage is excavated through the existing line (that is, step 1), the settlement value of the DB-08-01 monitoring point is −4.56 mm, accounting for about 76.305% of the total settlement. The settlement value of the DBMI 08-02 monitoring point is −5.361 mm, accounting for about 53.87% of the total settlement. The sudden change of settlement will occur at the monitoring point of step 1 and step 2, and the change of the settlement curve of the monitoring point from step 3 to step 5 is not obvious.
[image: Figure 12]FIGURE 12 | Points arrangement of site ground surface settlement monitoring for 1# shaft and passage.
[image: Figure 13]FIGURE 13 | Ground surface settlement curve of cross Section 2 during pilots under-passing existed railway line.
TABLE 7 | Statistic value of ground surface settlement of monitoring Section 2.
[image: Table 7][image: Figure 14]FIGURE 14 | Settlement curve of monitoring points.
4.3 Rail settlement deformation
Through the numerical simulation of the shaft and cross passage construction, the final settlement monitoring curve simulation results of the left and right tracks of the Xijiao airport railway are obtained as shown in Figure 15. The maximum settlement values of the left and right rails caused by the shaft and the cross-passage passing through the airport railway are located in the center of the cross-passage. The maximum height difference between the left and right rails is 0.1955 mm, which does not exceed the allowable limit (≤6 mm). Figure 16 shows the settlement curve produced by the left rail during the construction of each cross-passage through the existing line. It can be seen from the diagram that when each layer of the guide tunnel is constructed under the existing line, the main settlement occurs in the excavation of the first layer guide tunnel, and the settlement value is -3.98 mm. The maximum difference between the settlement value generated by steps 2 to 5 and that generated by step 1 is 0.33 mm. To sum up, the track settlement mainly occurs in the excavation of the first layer guide tunnel during the excavation of the shaft and transverse passage, and the settlement is symmetrically distributed on both sides of the middle line of the transverse channel (Gao et al., 2022; Faustin et al., 2018; Auvinet-Guichard, G et al., 2010). This result may be due to the settlement caused by the excavation of the first and second-floor guide tunnel, and the reverse support force on the surface after the support reduces the influence of subsequent guide tunnel excavation.
[image: Figure 15]FIGURE 15 | Rail settlement curve.
[image: Figure 16]FIGURE 16 | Left rail settlement curve during pilots under-passing existed railway line.
Cloud diagram of track and subgrade settlement after reinforcement of existing line, as shown in Figure 17. The maximum settlement value of the track and subgrade after the reinforcement of the existing line appears at the position where the cross passage passes through the track of the existing line, and the farther from the two sides of the cross passage, the smaller the settlement of the track and subgrade. However, the total settlement did not exceed the allowable deformation of the track. The maximum settlement occurred at the center line of the right rail cross passage of the track, with a value of -5.10 mm.
[image: Figure 17]FIGURE 17 | Cloud chart of track and subgrade settlement after reinforcement.
4.4 Comparison of numerical simulation results with field monitoring data
The simulation results of monitoring section Ⅰ, monitoring section Ⅱ, and monitoring point DB-08-02 are compared with the field monitoring data. The corresponding numerical simulation and field monitoring data are shown in Figure 18, Figure 19, and Figure 20 respectively. The measured and numerical simulation values of the final surface settlement of section Ⅰ and section Ⅱ are the largest in the center of the transverse passage, and the settlement is larger in the range of 0–15 m on both sides of the center of the transverse passage. The trend of the field monitoring result is similar to that of the numerical simulation settlement curve. In the process of construction, the construction plan will be adjusted in time according to monitoring data and feedback. Therefore, the measured data will fluctuate slightly. But on the whole, the numerical simulation data are in good agreement with the field monitoring data. The numerical simulation of the monitoring point DB-08-02 and the maximum settlement value of the field monitoring occurred after the completion of the excavation of the transverse passage. The maximum settlement value of numerical simulation is -9.352 mm and the maximum settlement value of on-site monitoring is -9.68 mm, which all meet the requirements of settlement monitoring and control standards. In addition, the two curves have a sudden change of settlement when the excavation face passes under the monitoring point. The changing trend of the two curves in the construction process of the shaft and transverse passage is roughly similar.
[image: Figure 18]FIGURE 18 | Comparison of ground surface settlement values between numerical analysis and site monitoring for Section 1.
[image: Figure 19]FIGURE 19 | Comparison of ground surface settlement values between numerical analysis and site monitoring for Section 2.
[image: Figure 20]FIGURE 20 | Comparison of settlement values between numerical analysis and site monitoring for point DB-08-02.
5 CONCLUSION
Through the numerical simulation analysis, it is verified that the construction scheme of the shaft and transverse passage under the existing railway of Beijing Metro Line 12 Sijiqing Station and the reinforcement measures for the existing railway are reasonable. Some revelations can be obtained from it for reference for similar projects in the future.
1) The overall construction of “reinforcement before construction, integral reinforcement of track roadbed and advance support of shaft transverse hole” is feasible. The calculation results show that construction scheme has little disturbance to the stratum and the existing railway, and the effect is good. Chang et al., 2021, Feng and Wang, 2000, He, 2015, Huang et al., 2020, Railway Cooperation, 2014, Railway Cooperation, 2019, Zhang et al., 2018b, Zhang et al., 2018c.
2) The stratum subsidence is mainly caused by the construction of the first-layer guide tunnel of the cross-passage (about 54% of the total settlement) and the construction of the second-layer guide tunnel (about 41% of the total settlement). The influence of the construction of the third to fifth-floor guide tunnel is relatively small. This may be due to the settlement caused by the excavation of the first and second floor guide tunnel, and the reverse supporting force on the surface after the support reduces the impact of the subsequent excavation of the guide tunnel.
3) The surface subsidence of monitoring section II caused by excavation of each layer is axisymmetric distribution across the middle line of the channel. The surface subsidence is larger in the range of 0 — 15 m on both sides of the centerline of the cross-passage, which is about 3 - 4 times the width of the transverse channel. The settlement curve is similar to the typical Peck settlement curve. In addition, the subsidence curve of Xijiao Airport Railway track is similar to the ground subsidence curve, but the settlement value is smaller.
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Shaft excavated to 1.5 m below the inverted arc of the 2nd layer pilot

‘The 2nd layer pilot excavated 0-8 m
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