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Abstract

:

It is hard to grasp the deformation law of the surrounding rock and the force characteristics of the support structure during the construction of ultra-small clearance tunnels in upper soil and lower rock composite strata. Based on the ultra-small clearance tunnel in Li Shuping, Tongxin Expressway, Guizhou, this paper adopted a combination of numerical simulation and field monitoring to analyze the influence of different burial depths and soil-rock interface positions on the deformation of the surrounding rock and the internal forces of the support structure of the ultra-small clearance tunnel. The conclusions are: (1) the monitoring data show that the stress in the steel frame of the leading tunnel increases first by the influence of proximity construction, and then decreases and reaches a stable value after the secondary lining is applied, and the stress at the arch waist of the soft soil layer furtherest from the side of the middle rock column is greater than that in the rock layer on the side of the middle rock column; (2) the position of the soil-rock interface has a significant influence on the initial support force of the first tunnel, and the bending moment of the structure increases with the downward movement of the soil-rock interface and the increase in the burial depth; (3) the influence of the soil-rock interface position on the initial support moment of the first tunnel is greater than the influence of proximity construction, a point to which attention should be paid during construction; and (4) when the soil-rock interface is located below the foot of the arch, the deformation of the surrounding rock of the following tunnel will be larger than that of the first tunnel. The results can provide a reference for the design and construction of ultra-small clearance tunnels in upper soil and lower rock composite soft strata and soil strata.
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1. Introduction


In southwest China, small clearance tunnels have greater demand and application prospects due to topographic and geological conditions, as well as the difficulty of spreading and occupying land due to tunnel sub-construction. A Small Clearance Tunnel is a tunnel structure form where the thickness of the rock column between tunnels is less than the allowable value of the specification, which has the characteristics of close spacing between two tunnels, a weak rock column and poor stability, but also has the advantages of meeting the specific conditions of bridge-tunnel connection and highway alignment optimization. The bearing state of the tunnel support structure is a key issue for the success or failure of ultra-small clearances in soft rock conditions. When the opening section of many tunnels is built, it is usually constructed from rock (soil) to soil (rock), in which it goes through the upper soil and lower rock strata. When the tunnel crosses the upper soil and weak lower rock stratum, the change of soil-rock interface will challenge the bearing capacity of the support structure; when the tunnel spacing is 0.6 m~1 m, the support structure of the leading tunnel will be significantly affected by the proximity construction, and safety during the construction process is difficult to guarantee. Where the tunnel construction is faced with the above two situations at the same time, the relevant theoretical research and engineering practices are less thoroughly developed. Nevertheless, the research results of many scholars in recent years have still accumulated a lot of experience for the design and construction of ultra-small clearance tunnels.



In the study of parallel tunnel theory, scholars [1,2] reduced the Twin Tunneling Problem to a two-tunnel problem on an infinite plane. Lu et al. [3] and Zeng et al. [4] built on this with a special mapping that turns the infinite plane into a toroidal region. Wang et al. [5], on the other hand, proposed a viscoelastic solution for the stress and displacement fields of a deeply buried twin tunnel excavation. Chen et al. [6] studied the stress and displacement solutions for deeply buried twin tunnels, considering liners and surrounding rock interactions. Liu et al. [7] studied the mechanical state of the first ultra-small clearance parallel tunnel in China during construction. Other scholars [8,9,10] have studied the method of calculating the pressure in the surrounding rock of ultra-small clearance tunnels with different surrounding rock and clearances. In terms of experiments and numerical simulations, numerous scholars [11,12,13,14,15,16] have conducted a large number of numerical analyses on construction method optimization, surrounding rock destabilization mechanisms, and control techniques for parallel tunnels. Costamagna et al. [17] illustrated the damage mechanism of the surrounding rock with case studies and described the current models used to measure induced damage and the corresponding suitable indicators used to determine the quality of the profile. Some scholars [18,19] have studied the safety and stability of twin tunnels under static and dynamic (seismic) loads through numerical simulations. Many scholars [20,21,22] have revealed the deformation law of the surrounding rock and the force characteristics of the support structure during the excavation of small clearance tunnels by numerical simulation. Some [23,24,25], meanwhile, have studied the damage and reinforcement schemes of the middle rock pillar in small clearance tunnels. In the field monitoring of small clearance tunnels, Li et al. [26] studied the effect of tunnel spacing on rockburst risk. Fu et al. [27], on the other hand, studied the effect of small clearance tunnel excavation on the upper cross tunnel through a combination of field measurements and numerical simulations. Zhou et al. [28] combined engineering monitoring data and proposed a prediction model for surface settlement caused by small clearance tunnel excavation. Some scholars [29,30,31] have studied the mechanical behavior of small clearance tunnel support structures and the deformation and stress variation characteristics of the surrounding rock during different construction stages. Zhang et al. [32] monitored the deformation of soil surrounding rocks in the small clearance tunnel opening section and derived the tunnel-surrounding rock deformation law. Li et al. [33] conducted field measurements on the reinforcement effect of pillar-reinforcing bolts in small clearance tunnels and elucidated the mode of action and control mechanism for reinforcing the middle rock pillar.



In summary, on the one hand, the above research investigates the mechanical characteristics of tunnel construction in small clearance tunnels under single homogeneous strata with different rock grades and clearances by means of theoretical studies, numerical simulations, model tests and field monitoring; on the other hand, in order to better study the deformation and force characteristics of tunnels, some scholars [34] also use the back analysis method to calibrate the surrounding rock parameters based on actual projects. However, up to now, there have been few research materials available on ultra-small clearances for tunnels with grade V weak surrounding rock containing soil-rock interfaces and tunnel clearance of less than 1 m.



Based on the Tongxin Expressway Li Shuping Tunnel in Zunyi City, Guizhou Province (minimum clearance 0.6 m), this paper uses a combination of numerical simulation and field monitoring to address the following issues: the law of tunnel rock deformation and the corresponding support structure force changes due to the location of the soil-rock interface when the ultra-small clearance tunnel crosses the upper soil and lower rock weak surrounding rock strata; and, based on numerical simulation and field measurement data, compare the influence of soil-rock interface and proximity construction on the safety of leading tunnel support structures. The research results can provide a basis for the design and construction of ultra-small clearance tunnels in upper soil and lower rock composite soft strata, and provide a reference for similar projects in the future.




2. Research Background and Automated Monitoring Program


2.1. Project Background


Guizhou Tongxin Expressway Li Shuping Tunnel is a two-line separated tunnel, with a total length of about 1402 m and a maximum burial depth of about 197 m. The location of the tunnel and the topography of the tunnel entrance are shown in Figure 1. The tunnel was excavated in one direction with a distance of 22.3 m at the exit end and 4.9 m at the entrance, and the minimum thickness of the middle rock pillar was 0.6 m. The tunnel entrance section is a composite weak stratum of upper soil and lower rock, with brownish-yellow plasticized powdery silty clay and strongly weathered silty mudstone in the upper part, and grayish-white and brown medium-weathered silty mudstone in the lower part, as shown in Figure 2. When the left line tunnel (leading tunnel) was constructed to near section A-A (ZK0+730), the soil-rock interface was completely revealed, as shown in Figure 3. The rock layer on the palm face gradually changes from light-colored and tawny silty clay on the right side to strongly weathered silty mudstone on the side of the middle rock column, and the soil-rock interface on the right side extends to the foot of the arch.




2.2. Construction and Automation Monitoring Program


2.2.1. Construction and Support Parameters


The tunnel was excavated by the three-step method, with a single tunnel span of 14.1 m. The section of ZK0+705~ZK0+880 of the leading tunnel belongs to the section with super-small clear distance, and the profile clear distance of 2.5 m was gradually reduced to 0.6 m. During construction, grouting was used to reinforce the middle rock column when its thickness was 2.5~1.0 m. C25 shotcrete was used to replace the middle rock column when the thickness of the column was 1.0~0.6 m. The initial support adopted an I20 steel frame with 50 cm spacing, double-layer φ6 steel mesh, C25 shotcrete with 28 cm thickness, and φ42 grouted anchors with 4 m length; C30 reinforced concrete with a thickness of 65 cm was used for the secondary lining, and encryption of hooked reinforcement on the side of the middle rock column of the tunnel was excavated before the setting of anti-cracking reinforcement mesh. The arch waist and inverted arch on the middle rock column side of the tunnel excavated first were reinforced by 6 m-long φ42 grouting pipes, as shown in Figure 4.




2.2.2. Automated Monitoring and Acquisition System


The automated monitoring and acquisition system is used to monitor the bearing status of the tunnel support structure, so as to evaluate whether the tunnel structure is safe or not. A stress monitoring system has been installed in four cross-sections of the Li Shuping tunnel to understand the safety and long-term stability of the support structure during tunnel construction and operation. The acquisition system consists of sensors, automated acquisition modules, signal transmission systems, power supply systems and server terminals, and the workflow of measurement point locations and automated acquisition equipment is shown in Figure 5.




2.2.3. Deformation and Stress Test Program


Considering the structural force characteristics and geological conditions of the ultra-small clearance tunnel, typical sections were selected in the leading tunnel for the internal force of the steel frame, vault settlement and ground settlement field tests. The section mileages were as follows: ZK0+730 for monitoring the internal force of the primary steel arch; ZK0+719 near the soil-rock interface of the tunnel entrance for monitoring the deformation of the surrounding rock inside the tunnel; ZK0+710 at the section of the tunnel entrance for monitoring the ground settlement.



Primary steel arch strain: monitoring section mileage ZK0+730, burial depth of about 14.0 m, thickness of the middle rock column 0.85 m. The geology of the palm face was complex: brownish-yellow silty mudstone at the arch waist near the medium rock column, and brownish-yellow strongly weathered silty mudstone at the arch foot and inverted arch; light and brownish-yellow powdery silty clay layers far from the lateral arch waist of the middle rock column (see Figure 3).



Vault settlement: the monitoring section is ZK0+719, the burial depth was about 7.0 m, and the thickness of the middle rock column was 0.72 m. The actual soil-rock interface was located at the invert-arch, where the tunnel superstructure crossed the soil stratum and the invert-arch crossed the rock stratum.



Ground settlement: monitoring section mileage ZK0+710, burial depth of about 5.0 m, thickness of the middle rock column 0.6 m. The actual soil-rock interface was located underneath the tunnel, and the tunnel completely crossed the soil stratum.






3. Field Test


3.1. Ground Settlement


Figure 6 shows the settlement time curve of ground measurement points. The settlement process is roughly divided into four stages: advanced support, leading tunnel excavation, continuous growth, and following tunnel excavation. There was a rapid increase in ground settlement in the early period (0~3 d) due to the influence of advanced pipe shed construction; in the excavation stage of the leading tunnel (20~42 d), when the palm surface was close to the test section, the ground settlement of the first tunnel kept growing; as the palm face of the back row cave approached the test section, it entered the continuous growth section and the section affected by the construction of the following tunnel (42~82 d). In addition, the construction of the following tunnel exacerbated the ground settlement. The final displacement of measurement points DB03 and 04 was greater than DB01 and 02, and the final average settlement of the ground of the following tunnel was about 20.3 mm, which was greater than the average settlement of the first tunnel of 18.3 mm.




3.2. Time Variation of Stress in Primary Support Steel Frame


The stress-time curves of the measured points at the inner (outer) flanges of the primary supported steel arch are shown in Figure 7. From the outer flange (Figure 7a), it can be seen that the stress underwent a process of increasing and decreasing. As an example, the compressive stress on the outer side of the left arch waist (near the middle rock column) increased from 54.5 MPa to 136.6 MPa when the palm surface of the following tunnel approached the test section, an increase of about 1.5 times; after the reinforcement of the middle rock column and the application of the secondary lining, the stress was stabilized at 102.0 MPa, with a reduction of about 25% from the peak stress. There are two reasons why the curve increases and decreases: on the one hand, the weak surrounding rock and the weak middle rock column in this section led to the left arch waist being greatly affected by the excavation of the following tunnel, while on the other hand, the secondary lining of the first tunnel and the support of the later tunnel improved the stress on the primary steel frame and provided radial restraint, so the stabilizing stress of the left arch waist was much lower than the peak stress.



In addition, the stability of the surrounding rock also has a more obvious effect on the primary support force. At the right arch waist (further away from the middle rock column) of the outer flange (Figure 7a), the compressive stress increased from 56.4 MPa to about 109.0 MPa when the palm surface of the post-excavation tunnel approached the test section, an increase of about 1.9 times. This measurement point is located in a powdery clay soil, and the strength and stability of the surrounding rock is poor, resulting in a large increase in stress. The left sidewall and the foot of the left arch are affected by the weak blasting excavation of the following tunnel with brief fluctuations, and then return to stability, while the rest of the points are affected by the excavation of the following tunnel with a small increase to a stable value.



The stress variation of the measurement points in the soil layer is the main one. It can also be seen from Figure 7 that the locations with larger stress stability values of the steel arch in this test section are the vault and the left and right arch waist, and the size order is the right arch waist located in the soil layer and far from the side of the middle rock column, the left arch waist located in the middle rock column side of the rock layer, followed by the vault located in the rock layer. The magnitude of stress values shows that during the construction of tunnels containing soil-rock interface, the arch waist located in the soil layer far from the middle rock column side is more dangerous than the arch waist in the rock layer on the middle rock column side, and the construction should pay attention to the reinforcement of the soil layer side.




3.3. Measured Bending Moment Distribution of Primary Support Steel Frame


The measured bending moment of each section is calculated by Equation (1) for the stresses on the inner and outer flanges of the stabilized steel arch in Figure 7:


  M =   (  σ 1  −  σ 2  ) I   2 y    



(1)




where: M is the measured bending moment; σ1 and σ2 are the stresses on the outer and inner flanges of the steel arch, respectively; I is the I20 steel frame moment of inertia; and y is the distance of the measurement point from the neutral axis of the steel arch.



The primary support bending moment diagram is shown in Figure 8. The moment diagram is basically symmetrically distributed, with both sides of the arch waist to bear the slip load on both sides of the shallow buried tunnel; the vault is extruded by both sides of the arch waist and bent outward. Due to the weak soil on the side furtherest away from the middle rock column, the force on this side of the arch waist is also greater.





4. Analysis of the Influence of Soil-Rock Partition Location on Tunnel Structure


This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.



4.1. Numerical Model


Since the failure mechanisms of complex strata are different from those observed for a single lithology, it is necessary to study composite strata [35] to observe the effect of the soil-rock interface on the deformation of the surrounding rock and the initial support force of the tunnel. Combined with the geological situation of the Li Shuping tunnel, according to the relative relationship between the soil-rock interface and the tunnel, it can be divided into four positions: the interface above the tunnel (characteristic section 1), the interface inside the tunnel (characteristic section 2), the interface inside the tunnel (characteristic section 3) and the interface below the tunnel (characteristic section 4), as shown in Figure 2. The finite element model for the four positions is shown in Figure 9. The model was built using DIANA, which is a finite element software. The model length is 142.4 m, width is 69.2 m, the soil-rock interface in the model is assumed to be horizontal, and the thickness of the middle rock column is taken as 1.0 m. The rock and soil follow the Mohr-Coulomb strength criterion, the I20 steel arch follows the von Mises yield criterion, and the concrete follows the Total Strain crack model. The lower boundary range of the model is taken as three times the diameter of the tunnel, the upper surface is free, and the rest of the boundary is taken as normal constraint. Geotechnical material calculation parameters are shown in Table 1.




4.2. Numerical Simulation of Working Conditions


The specific simulations of the construction stages are as follows: initial ground stress equilibrium under self-weight; excavation and support of the upper step of the left tunnel; excavation and support of the middle step of the left tunnel; excavation and support of the lower step of the left tunnel; application of the secondary lining of the left tunnel. The right tunnel is excavated in the same way and the steps will not be repeated.



According to the four relative positions of soil-rock interface and tunnel in Figure 9 and the actual burial depth, 20 working conditions are set (see Table 2). Position 1~4 distributions are expressed as: soil-rock interface located 2 m above the vault, arch waist, arch foot, and 2 m below the tunnel bottom, containing the change of interface position of the tunnel from the rock construction to the soil layer. The four positions correspond exactly to the four characteristic sections in Figure 2. According to the burial depth range in Figure 2, the five burial depth cases are 5.0 m, 8.0 m, 10.0 m, 12.0 m and 14.0 m. For example, Case 8 can indicate a burial depth of 8 m and the tunnel crossing a soil stratum.




4.3. Model Reasonableness Verification


Section ZK0+719 is buried at a depth of 8 m, and the actual soil-rock interface is located at the bottom of the inverted arch, which is consistent with the numerical calculation of working condition 8. Therefore, the settlement time curve of the vault of the left tunnel (leading tunnel) in working condition 8 is selected for comparison with this section, as shown in Figure 10. As can be seen from Figure 10, the time course curve trends of numerical simulation and field monitoring data are basically consistent, and the settlement of the vault of the leading tunnel experiences three stages of rapid growth in the early stage, slow growth in the middle stage, and basic stability in the late stage. After the completion of the backline cave support, the numerical simulation and the field measurement of the vault settlement are −19.8254 mm and −18.1 mm, respectively, and the difference between the vault settlement after the completion of the following tunnel support and the vault settlement after the completion of the first tunnel support in the two cases are −3.093 mm and −2.6 mm, respectively, which account for 15.6% and 14.36% of the vault settlement of the first cave after the completion of the following tunnel support, respectively. It can be considered that under the numerical simulation and the field measurement, the influence of the rear tunnel on the settlement of the vault of the first tunnel is comparable, which verifies the reasonableness of the numerical simulation. The ZK0+710 section is consistent with the working condition 4, and the final value of the ground settlement of the working condition 4 is selected to compare with this section, as shown in Table 3. The errors of the left and right tunnels are 0.7% and 7.39%, which further verifies the reasonableness of the numerical simulation.




4.4. Analysis of Calculation Results


4.4.1. Primary Support Force Characteristics


In the case of shallow burial, the burial depth has a greater influence on the bending moment of the tunnel structure. Take the soil-rock interface position 2, which is most affected by the burial depth—as an example, see Figure 11. It shows that at the same soil-rock interface position, the bending moment of the vault and arch waist of the first tunnel increases with the increase in burial depth, and the value and growth rate of the bending moment of the arch waist on the side close to the middle rock pillar are higher than those away from the middle rock pillar, and the increases are 277%, 175.8%, and 176.9%, respectively. The reason for this, with reference to the theory of Karl von Terzaghi, is that the pressure acting on the top of the tunnel and the slip load on both sides increases with the depth of burial.



The position of the soil-rock interface has a significant effect on the initial support bending moment, and the shallower the burial depth, the greater the effect. Taking Figure 12 of the bending moment at different soil-rock interface positions at a burial depth of 5 m as an example, it shows that as the soil-rock interface moves down from position 1 at the top of the tunnel to position 4 at the bottom of the tunnel, the bending moment values of the vault, and the left and right arch waist, increase due to the vertical load of the overlying soil and the sliding load on both sides, with increases of 325%, 313%, and 325.5%, respectively. The construction direction of the Li Shuping tunnel is exactly the process of changing position 1 to position 4. The analysis of the change of the initial support moment with the position of the soil-rock interface indicates that special attention should be paid to the reinforcement and strengthening of the vault and the left and right arch waist during the construction process.



The effect of the soil-rock interface position on the initial support moment is greater than the effect of proximity construction. The monitoring section (ZK0+730) is more consistent with working condition 20, so the working condition 20 bending moment is compared with the measured bending moment map (see Figure 13). As can be seen from Figure 13, the two bending moments are basically symmetrically distributed. Under the numerical simulation conditions, it is known from von Terzaghi’s theory that the shallow buried tunnel vault and arch waist are subjected to larger soil vertical pressure and slip load, respectively, and the overall inward bending, and the middle rock pillar side, is affected by the proximity construction; the bending moment value is also slightly larger than that away from the middle rock pillar side. Due to the fact that the vault and arch waist on the side of the actual palm face of the middle rock pillar are rock, and the arch waist away from the side of the middle rock pillar is soil, which bends outward under the action of the slip load on both sides of the arch waist, and the vault bends outward, the measured moment of the arch waist in the soil is larger than that of the arch waist in the rock affected by the proximity construction on the side of the rock pillar, and the comprehensive geology of the palm surface and numerical simulation show that the position of the soil-rock interface has a greater influence on the force of the support structure than that of the proximity construction.




4.4.2. Variation of the Plastic Zone in the Middle Rock Pillar


The soil-rock interface and the rock pillar in the soil are the main damaged parts. Take the plastic zone of the middle rock pillar under the position of each soil-rock interface at the burial depth of 14 m as an example, as shown in Figure 14. Figure 14 shows that with the downward movement of the soil-rock interface, the plastic zone of the middle rock pillar is mainly located near the soil-rock interface and part of the soil middle rock pillar, until the plastic zone of the soil middle rock column is penetrated; at the same time, the area of the plastic zone of the middle rock pillar and the percentage of the plastic zone of the middle rock pillar also increase with the downward shift of the soil-rock interface position. Therefore, the construction of the Li Shuping tunnel uses C25 shotcrete to replace the soil in the rock pillar after expansion, and uses shotcrete to replace the broken part of the rock pillar at the bottom and arch foot grouting to supplement the reinforcement.




4.4.3. Effect of Burial Depth on Surrounding Rock Deformation


When the tunnel crosses the soil stratum, the settlement of the vault of the first tunnel is affected by the excavation of the later cave and increases with the depth of burial. When the soil-rock interface is located at position 4, the settlement curve of the tunnel vault of the first tunnel under different burial depths is analyzed for the influence law of proximity construction, as shown in Figure 15. From Figure 15, it can be seen that the settlement values of the vault after the completion of the support of the following tunnel under each burial depth increase with the depth of burial, which are −20.83 mm, −27.76 mm, −33.15 mm, −38.33 mm, and −43.55 mm, respectively. Excavation of the following tunnel will cause an increase in the settlement of the vault of the first tunnel. The difference in the vault of the first tunnel after the completion of the support of the following cave and the first cave is called the proximity construction influence value of the second cave, and the ratio of the proximity construction influence value to the vault settlement of the first cave after the completion of the support of the second cave is called the proximity construction influence degree. The proximity construction influence values and proximity construction influence degrees for the five burial depths are −3.09 mm, −5.80 mm, −7.63 mm, −9.60 mm, −11.62 mm and 14.85%, 20.90%, 23.01%, 25.05%, and 26.29%, respectively.



The variation of vault settlement with burial depth after the completion of left and right tunnel supports under different soil-rock interface positions is shown in Figure 16. The soil-rock interface is located in positions 1 and 2, and the final vault settlement of the first tunnel is greater than that of the second tunnel under each burial depth condition, but the difference between the two is small, so the construction should focus on the impact of the excavation of the second cave on the first cave. When the soil-rock interface is located in two cases, positions 3 and 4, the final arch settlement value of the backward cave is larger than the first cave under each burial depth condition, and the difference increases with the increase in burial depth, indicating that when the tunnel superstructure or tunnel structure is all located in the soil stratum, the construction should pay attention to the control of excavation deformation of the following tunnel, in addition to the influence of the first tunnel by the proximity construction.






5. Discussion


When the soil-rock interface moves from the top of the tunnel (position 1) to the bottom of the tunnel (position 4), especially when the soil-rock interface is at position 3 and position 4, the final vault settlement of the first tunnel will be smaller than the vault settlement of the second tunnel. The reason is that the soil strength is weak, so the excavation of the first tunnel will immediately cause the soil at the second tunnel to slide to the side of the first tunnel, and when the second tunnel is excavated, the soil is disturbed again, which intensifies the settlement.



It is generally believed that when a double tunnel structure is located in a single homogeneous stratum, the side of the first tunnel near the middle pillar will be affected by the proximity construction and is the more dangerous area. This is confirmed by the fact that the bending moment on the side near the middle pillar (6.33 kNm) in the numerical simulation for Case 20 is greater than that on the other side (5.892 kNm). However, the monitoring data showed that the bending moment on the side near the middle rock pillar (5.705 kNm) was smaller than that on the side away from the middle rock pillar (8.013 kNm). The reason is that the side near the middle rock column is rock, which still has a certain strength and stability even if it is affected by the proximity construction. The side away from the middle rock column is soil, which has poor strength and stability and is susceptible to slippage by excavation.




6. Conclusions


(1) The field measurement shows that the stress change of the steel arch frame of the first tunnel is affected by both the proximity construction and the stability of the surrounding rock.



(2) The numerical simulation results show that the position of the soil-rock interface has a significant influence on the initial support force of the first tunnel, and the bending moment increases with the downward movement of the soil-rock interface. The downward movement of the soil-rock interface at the same burial depth will lead to an increase in the bending moment of the vault and the arch waist of the first tunnel, and the value and growth of the arch waist bending moment on the side close to the middle rock pillar are higher than the arch waist on the side furtherest from the middle rock pillar.



(3) The impact of soil-rock interface location on the initial support moment of the first tunnel is greater than the impact of tunnel proximity construction. Numerical simulation and field monitoring of the bending moment results show that the position of the soil-rock interface has a greater effect on the force of the initial support structure than that of the proximity construction.



(4) Vault settlement and ground settlement are more sensitive deformation features. Numerical simulation and field measurement results show that when the soil-rock interface is located below the foot of the arch, the vault settlement and the surface settlement of the lateral cave will be larger than that of the first cave, so monitoring should be strengthened during construction.



Due to the assumption in this paper that the soil-rock interface is horizontal, it does not exactly match with the complex geological conditions in engineering practice. To make the study more representative, a combination of theoretical study and numerical simulation will be used in the future to study more complex situations when the soil-rock interface is inclined.
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Figure 1. Location of the tunnel and topographic map of the tunnel entrance. 
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Figure 2. Longitudinal view of the soil-rock interface at the tunnel entrance. 
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Figure 3. Soil-rock interface of A-A face. 
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Figure 4. Cross-sectional parameters (unit: cm). 






Figure 4. Cross-sectional parameters (unit: cm).



[image: Buildings 13 00559 g004]







[image: Buildings 13 00559 g005 550] 





Figure 5. Monitoring points and automation system workflow. 
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Figure 6. ZK0+710 surface subsidence time history graph. 
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Figure 7. Stress-time curve of the steel arch at section ZK0+730: (a) Outer flange; (b) Inner flange. 
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Figure 8. ZK0+730 measured bending moment (unit: kN·m). 
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Figure 9. Position of soil-rock interface and finite element model of ultra-small clearance tunnel. 
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Figure 10. Vault settlement time history curve. 
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Figure 11. The bending moment of the leading tunnel in position 2 varies with the burial depth. 
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Figure 12. Bending moment of different soil-rock interface positions at a buried depth of 5 m. 
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Figure 13. Comparison of measured bending moment with numerical simulation (unit: kN·m). 
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Figure 14. Plastic zone of the middle rock column at four soil-rock interface positions (depth: 14 m). 
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Figure 15. Vault settlement of the leading tunnel at position 4 of the soil-rock interface with construction steps. 
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Figure 16. Vault settlement at different soil-rock interface positions varies with burial depth. 
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Table 1. Calculation material parameters.
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	Materials
	Density

(kg·m−3)
	Elastic Modulus (GPa)
	Poisson Ratio
	Cohesion

(Mpa)
	Friction Angle (°)





	Surrounding rock
	1800
	1.2
	0.35
	0.16
	27



	Silty clay
	1800
	0.03
	0.35
	0.016
	20



	C25
	2200
	28
	0.2
	/
	/



	Secondary lining
	2500
	30
	0.2
	/
	/
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Table 2. Numerical simulation case table.
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	Depth/m
	Position 1
	Position 2
	Position 3
	Position 4





	5.0
	1
	2
	3
	4



	8.0
	5
	6
	7
	8



	10.0
	9
	10
	11
	12



	12.0
	13
	14
	15
	16



	14.0
	17
	18
	19
	20










[image: Table] 





Table 3. Case 4 and ZK0+710 measured surface settlement.
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	Case 4
	Field Test





	Left tunnel
	18.3454 mm
	18.2 mm



	Right tunnel
	19.6324 mm
	21.2 mm
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