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In the process of constructing double-track subway tunnels in shallow buried loess areas, the interaction of double-track tunnels is significantly influenced by the net distance and the cross-section size, which is challenging to control the surface settlement. Therefore, the surface settlement prediction is essential while constructing double-track subway tunnels in shallow buried loess areas. The paper analyzed the surface settlement law of shallow buried double-track tunnels in loess areas through theoretical research and numerical simulation. The research results show that with the decrease of the net distance, the surface settlement superimposed curve was double V shape -W shape - single V shape. When the superimposed curve is double V shape and W shape, the Peck formula was used to calculate the surface settlement curve of the single-track tunnel, then superimposed to obtain the final surface settlement curve. When the superimposed surface settlement curve was V shape, based on the Peck formula, the formula for predicting the surface settlement suitable for symmetry and asymmetry was established. The net distance ratio and the area ratio were defined, and considering the tunnel’s interaction, the value and position of the maximum were corrected. Then numerical tests were carried out 16 times with different net distance ratios and area ratios, to determine the parameters of increments and position offsets of the maximum regarding the net distance ratio and the area ratio. Finally, two engineering were conducted for verifying the rationality and applicability exhibited by the prediction formula. The prediction formula served for predicting the surface settlement of double-track subway tunnels in shallow buried loess areas. Which can reduce construction risks and assure the safety of buildings above the ground.
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1 INTRODUCTION
Loess can be broadly found in western China (He et al., 2013; Song et al., 2021; Xue et al., 2023a), during the implementation of the Western Development Strategy, the number of subway tunnels has increased in loess areas. Subway tunnels in loess areas are generally in the form of double-track (Ding, 2019; Song et al., 2020; Su et al., 2020; Xue et al., 2023b), affected by the occupied space and adjacent buildings, the forms of loess subway tunnels are gradually increasing. The double-track subway tunnel in shallow buried loess areas is affected by the tunnel burial depth, tunnel clearance and surrounding rock, and the construction is difficult to carry out (Chapman et al., 2004; Feng and Yu, 2019; Fan et al., 2021). The original equilibrium state of the stratum will be changed during the excavation, which brings risks to the safety of buildings above the ground (Zhou et al., 2021; Cao et al., 2023; Chen et al., 2023; Xue et al., 2023c).
A lot of previous studies focus on the laws of surface settlement resulting from the excavation of double-track tunnels (DTT) in loess areas. Based on the modified random medium theory, Han and Su (2022) used the standard transformation principle to obtain the polar coordinate expression of the analytical formula, and the research results could serve for predicting the surface settlement resulting from the construction of loess tunnels with arbitrary cross-section. She et al. (2015) summarized the characteristics exhibited by the surface longitudinal settlement trough resulting from the subway tunnel excavation, analyzed the surface displacement release rate and the largest slope of the surface longitudinal settlement, and proposed a prediction method for surface longitudinal settlement. Han and Wang (2012) analyzed the monitoring data of the Chaoyang Gate—KangFu Road tunnel of Xi’an subway Line 1, and studied the longitudinal and transverse surface settlement laws of tunnel excavation in loess areas, then the Peck formula served for establishing the surface settlement prediction model of the excavation of subway tunnels. Zhang et al. (2017) built a 3D elastoplastic model and studied the surface settlement law of DTT in loess areas under different net distances, the research results will serve for optimizing the net distance of double-track subway tunnels in loess areas. He et al. (2012) summarized the monitoring data of the surface settlement in the process of constructing DTT in saturated soft loess areas, and studied the laws regarding the maximum settlement as well as the ground loss rate. Suwansawat and Einstein (2007) calculated the surface settlement resulting from the single-track tunnel (STT) excavation using the Gaussian formula, and superimposed two curves to obtain the final surface settlement curve. Since the interaction between tunnels is not considered, the calculation results are largely different from the monitoring data. Oack (2014) calculated the ground settlement of the first excavation tunnel by using the Peck formula, and calculated the surface settlement of the second excavation tunnel by using the modified Gaussian curve, followed by superimposing the surface settlement of the above two tunnels for obtaining the final surface settlement. Mahmutoğlu (2011) analyzed factors affecting the surface settlement of double-track symmetric tunnels in shallow buried areas, and found the association of the settlement trough change with the surrounding rock disturbance. Hunt (2005) studied the law of surface settlement resulting from DTT excavation through numerical simulation, considering the impact of the second excavation tunnel construction, and corrected the surface settlement curve. Zhou et al. (2021) studied the influencing mechanism regarding DTT excavation by using the Peck formula, for the disturbance resulting from the first excavation tunnel, the disturbance correction factor was input for deriving the prediction formula for the surface settlement resulting from DTT construction. Li (2014) analyzed the factors that caused the surface settlement by tunnel excavation in loess areas, and established a calculation model for surface settlement by using random medium theory. Song et al. (2022) conducted a study on the construction sequence of shallow buried tunnels with small spacing asymmetric section in loess areas, to control the surface settlement, the large-section tunnel should be excavated first. Jiang (2022) optimized the construction parameters of the double side heading method in shallow buried loess subway tunnels, and the result shows that increasing the spacing between the tunnel faces can reduce surface settlement, and the surface settlement curve is a single V-shape after excavation.
Taken together, there are more studies on the surface settlement resulting from double-track subway tunnel excavation in loess areas, but there is a lack of comprehensive research on the symmetry and net distance on the effect of the surface settlement. The paper first analyzes the mechanism of the surface settlement in double-track subway tunnels in shallow buried loess areas, then establishes a surface settlement prediction formula suitable for symmetric and asymmetric double-track subway tunnels in shallow buried loess areas, determines the parameters of increment and position offset of the maximum on surface settlement regarding the net distance ratio and the area ratio. Finally, the reliability of the prediction formula is proved through the application and monitoring comparison of actual projects, and the application sphere of the prediction formula is discussed.
2 SURFACE SETTLEMENT MECHANISMS AND PREDICTION FORMULA FOR DOUBLE-TRACK SUBWAY TUNNELS
2.1 Peck formula
The Peck formula and the random medium theory are commonly used methods for predicting surface settlement, the Peck formula is simpler and easier to calculate than the random medium theory, in order to increase the practicality of the prediction formula, the paper studied the surface settlement based on the Peck formula, the Peck formula is Eqs 1, 2.
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Where S(x) is the surface settlement value at any point of the surface settlement curve, Smax is the maximum of the surface settlement, x is the horizontal distance between the calculated point and the origin, i is the settlement trough width, R is the tunnel diameter, η is the ground loss rate.
2.2 Analysis of surface settlement mechanism
Figure 1 displays the surface settlement curves with the net distance of double-track subway tunnels in shallow buried loess areas, where Di is the tunnel diameter (the value of i is 1, 2) and Lj is the net distance of the tunnel (the value of j is 1, 2, 3, 4, 5, and 6). According to Figure 1A, when the tunnel section is symmetric, two settlement curves do not affect each other when the tunnel net distance is L1, the surface settlement curve is a double V shape, and the Peck formula can serve for calculating the curve and obtaining the maximum of settlement.
[image: Figure 1]FIGURE 1 | Surface settlement mechanism: (A) The net distance of the tunnel is L1, (B) The net distance of the tunnel is L2, (C) The net distance of the tunnel is L3, (D) The net distance of the tunnel is L4, (E) The net distance of the tunnel is L5, (F) The net distance of the tunnel is L6.
According to the research on the law of the surface settlement regarding DTT influenced by the net distance (Chen et al., 2014; Lu et al., 2019), as Lj decreases, the superimposed surface settlement curve is a W shape and the tunnel interaction is small, which is displayed in Figure 1B. The superimposed part has no influence on the value and the position of the maximum, so the surface settlement curve can be obtained by the superposition of the Peck formula. In Figure 1C, when Lj continues to decrease, the tunnel exhibits a large interaction, which changes the value and position of the maximum, the superimposed surface settlement curve is a single V shape, and the surface settlement curve conforms to the normal distribution. Therefore, for double-track symmetric subway tunnels in shallow buried loess areas, with the decrease of Lj, the surface settlement superimposed curve is double V shape -W shape - single V shape. From Figures 1D–F, the surface settlement mechanism of double-track asymmetric subway tunnels is the same as that of double-track symmetric subway tunnels in shallow buried loess areas. When the surface settlement curve is double V shape and W shape, the Peck formula can be used to calculate the single-track tunnel settlement curve and superimposed to obtain the final surface settlement curve. When the surface settlement curve is a single V shape, the surface settlement is normally distributed.
2.3 Establishment of the prediction formula
From the results in Section 2.2, the surface settlement curve can be superimposed by the Peck formula when it is double V shape and W shape. The tunnel center is the coordinate origin when calculating the surface settlement, so the surface settlement curve from the STT cannot be superimposed directly (Song et al., 2018; Yin et al., 2022). In Figure 2A, the formula for the surface settlement in single-track tunnels is Eqs 3, 4.
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[image: Figure 2]FIGURE 2 | Translation of coordinate axis: (A) Before translation, (B) After translation.
Where SL(x) is the value at any point of the surface settlement curve of the left tunnel, Smaxl is the maximum of the surface settlement result of the left tunnel, x1 is the horizontal distance between the calculated point and the origin in the left tunnel coordinate system, iL is the settlement trough width of the left tunnel.
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Where SR(x) is the value at any point of the surface settlement curve of the right tunnel, SmaxR is the maximum of the surface settlement result of the right tunnel, x2 is the horizontal distance between the calculated point and the origin in the right tunnel coordinate system, and iR is the settlement trough width of the right tunnel.
In Figure 2B, taking the intersection of the tunnel circle center line and the central axis as the origin, a new coordinate system is established. Translate and superimpose the coordinate axis of Eqs 3, 4 to obtain Eq. 5. When both a and b are 0.5, Eq. 5 can superimpose the surface settlement curve for the double-track symmetric tunnel, when a ≠ b, Eq. 5 can superimpose the surface settlement curve for the double-track asymmetric tunnel.
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Where S(x) is the value at any point of the superimposed surface settlement curve, a is the LL/L, b is the LR/L, L denotes the horizontal distance between the center of the left and right tunnels, LL denotes the horizontal distance between the central axis of the new coordinate system and the central axis of the left tunnel, LR denotes the horizontal distance between the central axis of the new coordinate system and the central axis of the right tunnel.
When the superimposed surface settlement curve is a single V shape, the maximum of the surface settlement is resulting from the superimposed settlement curve, and the interaction cannot be neglected. Since the surface settlement curve exhibits a normal distribution, it is assumed that the superimposed surface settlement curve is a modified form of Peck formula, and Eq. 5 is rewritten as Eq. 6.
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Where [image: image] is the modified maximum of the surface settlement curve, x is the horizontal distance between the calculation point and the origin, [image: image] is the horizontal distance between the maximum position and the origin, [image: image] is the modified settlement trough width.
When the surface settlement superimposed curve is a single V shape, the value and position of the maximum will be changed by the tunnel interaction. Specific to DTT, the area difference and the net distance are important factors affecting the surface settlement, so m is defined as the net distance of the tunnel/small section tunnel diameter, and n is the area of the large section tunnel/small section tunnel area. Using [image: image] to correct the maximum value and [image: image] to correct the maximum position, the final surface settlement expression is Eq. (7).
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Where [image: image] is the modified expression of the maximum value, [image: image] is the modified expression of the maximum position.
It is necessary to obtain the surface settlement value resulting from the STT excavation before the surface settlement curve is superimposed (Ou et al., 2019). According to Figure 3, the surface settlement during the excavation of DTT falls into five stages: the initial stage of excavation (I)—the stage of the first excavation near the characteristic surface (II)—the stage of the first excavation away from the characteristic surface, the second excavation near the characteristic surface (III)—the stage of the second excavation near the characteristic surface (Ⅳ)—the stage of the second excavation away from the characteristic surface (Ⅴ). Since the second tunnel is not yet excavated upon the excavation of the first tunnel, the surface settlement value at the upper extent of the first tunnel at the end of Stage II is taken as the value of surface settlement resulting from the separate excavation regarding the first tunnel. As the excavation of the first tunnel affected the surface settlement in the second tunnel’s upper part, the variation in the surface settlement in the part at the end of Stage IV and Stage II is taken as the value of surface settlement resulting from the separate excavation regarding the second tunnel.
[image: Figure 3]FIGURE 3 | Surface settlement in the upper part of the tunnel.
3 PARAMETERS ANALYSIS OF PREDICTION FORMULA
3.1 Scheme of numerical simulation
In order to determine f(m,n) and w(m,n) in Eq. (7), the paper compares the surface settlement curve after superposition and completion of excavation through the numerical test, and establishes the equation for increment and position offset of the surface settlement maximum at different m and n, the control variables method is used for the 16 tests, with only m and n changed during the simulation. m is taken as 1, 2, 3, and 4, and n is taken as 1, 2, 3, and 4 for each value of m. In order to control the surface settlement (Wang, 2017; Lu et al., 2019; Zheng and Wu, 2019), the large section tunnel was excavated first in the numerical test, and the results of the numerical test are valid when the superimposed surface settlement curve is a single V shape.
3.2 Finite element mesh and model parameters
The paper used MIDAS/GTS software to establish a 3D numerical model, the majority of single-track subway tunnels are around 6 m in diameter (Yang, 2017), so the diameter of the small cross-section tunnel is taken as 6 m. Figure 4 illustrates the model (with m is 2 and n is 2), the large section tunnel has a diameter of 8.80 m. Given to which degree the tunnel excavation influences the surrounding rock (Yang, 2017; Lu et al., 2019; Yu et al., 2019), the lengths of the X, Y, and Z direction are 96 m, 120 m, and 60 m respectively, where the Y direction stands for the tunnel excavation direction. The small section tunnel has a burial depth of 20 m. The distance between the excavation faces is 36 m and the step method is adopted for tunnel excavation. The surrounding boundaries of the model are set as horizontal constraints, and the bottom boundary is set as horizontal and vertical constraints.
[image: Figure 4]FIGURE 4 | Three-Dimensional model.
For eliminating the way the model boundary influences the simulation results (Li et al., 2020; Wei et al., 2023), 100 m away from the initial excavation face is selected as the characteristic face. The soil parameters, the burial depth of the small section tunnel, the construction method, the support measures, and the distance between the excavation faces are kept consistent during the 16 tests.
The surrounding rock adopts the Mohr-Coulomb model and is simulated with 3 D solid element (Xiang et al., 2020; Zhang et al., 2021; Hu et al., 2023), the initial support adopts elastic model and is simulated with 2 D plate element. Table 1 lists the material parameters.
TABLE 1 | Model material parameters.
[image: Table 1]3.3 Simulation process
The excavation footage in the simulation process is 2 m, the upper step of the right tunnel is excavated first, then applying the initial support for the upper step. The distance between the upper and lower steps is 6 m, and then excavating the lower step and applying the initial support for the lower step, the left tunnel undergoes the same excavation process as the right tunnel, and the distance between the upper steps of the left and right tunnels is always 36 m.
3.4 Analysis of simulation results
Figure 5 shows the surface settlement change curve in the process of excavation (with m is 2 and n is 1). From Figure 5, there is a symmetric surface settlement curve regarding STT excavation at the tunnel center. The surface settlement maximum after superposition is 12.91 mm, located 4.4 m to the right of the central axis. After excavation, the maximum value is 21.58 mm, which is 3.8 m on the right of the central axis. The increment is 8.67 mm and the position offset is 0.5 m of maximum on the surface settlement, which shows the interaction of tunnels has a greater influence on the value of the maximum and a smaller influence on the position of the maximum.
[image: Figure 5]FIGURE 5 | The variation on the surface settlement at the characteristic face.
The simulation is continued according to the method in Figure 5, the final settlement curve and the superimposed settlement curve are compared to obtain all the maximum increments and position offsets, the simulation results are shown in Tables 2, 3.
TABLE 2 | Value increments of the maximum (mm).
[image: Table 2]TABLE 3 | Position offsets of the maximum (m).
[image: Table 3]Figure 6 shows the results of data fitting in Tables 2, 3, the value increments and position offsets of surface settlement maximum regarding different m and n are fitted. Figure 6A shows the surface after fitting the 16 maximum value increments, the value increment of the maximum increases with the increase in n for a certain m, as n becomes larger, the effect of large section tunnel on small section tunnel becomes more pronounced. For a given n, the weakened interaction between the left and right tunnels, the increment of the maximum decreases with the increase in m. When n is fixed, the largest change in the maximum increment is 14.28 mm, when m is fixed, the Largest change in the maximum increment is 10.38 mm, which shows that the maximum increment is greatly influenced by m and n. The increments are fitted and the fitted expression is f(m,n)=−0.1706m2−0.0844n2−0.0993 m n+2.3651 m−3.2524 n−3.8213, the fitting degree is 0.9721 and the fit is good.
[image: Figure 6]FIGURE 6 | Fitting of the surface settlement maximum: (A) Increment of the value, (B) Offset of the position.
Figure 6B shows the surface after fitting the 16 maximum position offsets. From Figure 6B, when n is 1 and 2, the maximum position offset can be influenced by m in the same way as the maximum increment change law, when n belongs to 3–4 and m belongs to 1–4, the position offset is 0. When n is 1 and m is 1, the position offset is 0.7 m, which indicates that the maximum position offset is slightly influenced by m and n. The position offsets of the maximum are fitted and the fitted expression is w(m,n)=−0.0313m2−0.0063n2−0.0590 m n+0.4113 m+0.3313 n−1.4125, the fitting degree is 0.9120 and the fit is good.
4 VERIFICATION OF ENGINEERING
4.1 Double-track symmetric subway tunnel
A double-track symmetric subway tunnel of Xi’an Subway Line 3 is located underground on Jinhua North Road, Xi’an, The mileage of the left tunnel is ZDK31+443.908 to ZDK31+503.908, and the mileage of the right tunnel is YDK31+443.965 to YDK31+503.965. The dimension is 8.08 m [image: image] 8.67 m, the burial depth is 9.8 m and the net distance is 2.05–4.75 m. The net distance is simplified to 2.05 m (Wei, 2018), where m is 0.25 and n is 1. The geological conditions are miscellaneous fill, plain fill, new loess, and old loess from top to bottom. Figure 7 displays the tunnel cross-section.
[image: Figure 7]FIGURE 7 | Cross-Section of the double-track symmetric tunnel.
The tunnel radius, internal friction angle, and tunnel burial depth are substituted into the Peck formula. The internal friction angle of various geology is calculated by the weighted average method (Hu et al., 2012), and the surface loss rate is taken as 4% for acquiring the surface settlement curve regarding the STT excavation (Han et al., 2007). The two surface settlement curves are superimposed and fitted, then the value of the maximum is corrected by using f(0.25,1) = −12.41 mm, and the position offset of the maximum is corrected by using w(0.25,1) = −0.53 m.
The distance between adjacent monitoring sections along the excavation direction is 5 m, and the lateral arrangement of the monitoring sections is shown in Figure 8, the distance between the monitoring points of the main influence area is 5 m, and the distance between the monitoring points of the secondary influence area is 3.35 m.
[image: Figure 8]FIGURE 8 | Monitoring points layout of Double-track symmetric subway tunnel.
Comparing the superposed surface settlement curve with the monitoring data (DK31 + 480), the results displayed in Figure 9, the surface settlement maximum after superposition is 11.94 mm, which is located at 2.05 m to the right of the central axis. The corrected surface settlement curve and the monitoring data are both single V shape, and the largest values are 24.35 mm and 21.35 mm respectively, with a difference of 3 mm. The maximum is located at 1.52 m and 3 m on the right side of the central axis, and the difference is 1.48 m, which proves the reliability exhibited by the formula in predicting the surface settlement regarding double-track symmetric subway tunnels in shallow buried loess areas.
[image: Figure 9]FIGURE 9 | Surface settlement of the shallow-buried symmetric subway tunnel.
4.2 Double-track asymmetric subway tunnel
Xi’an Subway Line 4 Yannan Fourth Road Station ∼ Datang Furongyuan Fourth Road Station is mainly along the Furong West Road in Yanta District. A 246-meter double-track asymmetric subway tunnel in shallow buried loess areas is built at the southern end of Datang Furongyuan. The mileage is CK9 + 358.100 to CK9 + 619.325, the geological conditions are miscellaneous fill, new loess, and old loess from top to bottom. The sizes of the right and left tunnels are 12.2 m [image: image] 10.0 m and 6.4 m [image: image] 6.7 m respectively, and the maximum buried depth is 22.1 m. The right tunnel is 4.1 m away from the left tunnel, then m is 0.68, and n is 2.72. Figure 10 displays the tunnel cross-section.
[image: Figure 10]FIGURE 10 | Cross-Section of the double-track asymmetric tunnel.
The surface settlement curve regarding the STT can be obtained according to the method in Section 4.1. After fitting the superimposed settlement curve, f(0.68,2.72)= −10.70 mm is used to correct the fitted maximum value, and w(0.68,2.72)= −0.40 m is used to correct the fitted maximum position. Surface settlement monitoring points are arranged as shown in Figure 11, the distance between adjacent monitoring sections along the excavation direction is 10 m. Most of the monitoring sections are set up with 2 points and a few with 11 points. In order to fully reflect the final surface settlement caused by the tunnel excavation, the monitoring sections CK9+430 and CK9+530 are selected for analysis.
[image: Figure 11]FIGURE 11 | Monitoring points layout of double-track asymmetric subway tunnel.
Compare the final surface settlement curve and the monitoring data to get Figure 12. In Figure 12, the maximum value of the superimposed surface settlement is 14.52 mm, located at 5.19 m to the right of the central axis. The corrected surface settlement prediction curve and the monitoring data are single V shape, and the largest corrected surface settlement is 25.22 mm, with an increment of 73.69%, the maximum is located at 4.73 m to the right of the tunnel central axis. The largest surface settlements are 20.66 mm and 20.23 mm in the two monitoring sections respectively, and the locations are 2.05 m and 5.05 m. The corrected surface settlement prediction curve is slightly different from the maximum monitoring data, and the maximum location is in the middle of the maximum locations in the two monitoring sections, which proves the reliability of the prediction formula for predicting surface settlement in double-track asymmetric subway tunnels in shallow buried loess areas.
[image: Figure 12]FIGURE 12 | Surface settlement of the shallow-buried asymmetrical subway tunnel.
5 DISCUSSION
Based on the International Tunneling Association (ITA) classification criteria for the tunnel section area, when the left tunnel has a diameter of 6 m and n of 4, the right tunnel is an extra large section tunnel. Thus, in this section, only m is analyzed and studied to determine the applicable range of m when n is 1–4. From the discussion in Section 2.3, the prediction formula is applicable to double-track subway tunnels in shallow buried loess areas where the superimposed surface settlement curve is a single V shape, Therefore, the applicable standard of the formula is that the surface settlement superimposed curve is a single V shape.
Figure 13 shows the variation of the superimposed surface settlement curve with increasing m for different n. For double-track symmetric subway tunnels in shallow buried loess areas, it can be seen from Figure 13A that the superimposed curve is a single V shape when m is 1, 2, 3, 4, W shape when m is 5, and double V shape when m is 6. This indicates that for double-track symmetric subway tunnels in shallow buried loess areas, the applicable range of m is 1–4.
[image: Figure 13]FIGURE 13 | Superimposed curves of surface settlement: (A) n = 1, (B) n = 2, (C) n = 3, (D) n = 4.
For double-track asymmetric subway tunnels in shallow buried loess areas, Figures 13B–D show that when n is 2, 3 and m is 1,2,3,4, the superimposed curve is a single V shape, the superimposed curve is a W shape when m is 5, and the superimposed curve is a double V shape when m is 6. When n is 4, m is 1–5, the superimposed curve is single a V shape, when m is 6, the superimposed curve is a W shape, when m is 7, the superimposed curve is a double V shape. The application range of the formula is that when n is 2–3, m is 1–4, and when n is 4, m is 1–5.
The results of the analysis in Figure 13 show that for a certain n, as m increases, the surface settlement superimposed curve changes in a single V shape—W shape—double V shape trend, this indicates the surface settlement mechanism in loess areas is the same for double-track symmetric subway tunnels and double-track asymmetric subway tunnels, which validates the conclusions in Section 2.2.
The prediction formula proposed in the paper is simple in form and easy to take values, and can predict the surface settlement for shallow buried double-track tunnels in loess areas, which is more practical. However, the diameter, the burial depth, and the section shape of the small cross-section tunnel are fixed, which limits the applicability of the prediction formula. Therefore, in the future, the tunnel diameter, the burial depth, and the cross-section shape should be considered to increase the applicability of the prediction formula.
6 CONCLUSION
The paper examines the surface settlement mechanism regarding double-track subway tunnels in shallow buried loess areas, and divides the superimposed curve of surface settlement into double V shape, W shape, and single V shape. Then the prediction formula is built and relevant parameters are determined by using numerical tests. Finally, the prediction formula is applied to shallow buried double-track subway tunnels project in shallow loess areas. Data monitoring serves for verifying the prediction formula’s reliability and the application range of the prediction formula is discussed. The study has four main four conclusions.
(1) The surface settlement mechanism in loess areas is the same for double-track symmetric subway tunnels and double-track asymmetric subway tunnels. When the superimposed curve of the surface settlement regarding double-track subway tunnels in shallow buried loess areas is double V shape and W shape, the interaction between the left and right tunnels can be ignored, and the Peck formula serves for calculating the surface settlement curve resulted from the single-track tunnel excavation, and then superimposing the surface settlement curve to obtain the final surface settlement curve.
(2) When the superimposed surface settlement curve of double-track subway tunnels in shallow buried loess areas is a single V shape, the net distance ratio and the area ratio are defined. According to the Peck formula, the value and position of the maximum are corrected by considering the interaction of the tunnel, and the final surface settlement expression of double-track subway tunnels in shallow buried loess areas is obtained. Through 16 numerical tests, the parameters on the surface settlement regarding the net distance ratio and the area ratio in the expression are determined.
(3) The formula is applied in symmetric and asymmetric subway tunnels in shallow buried loess areas, which verifies the formula’s rationality and the accuracy of the parameters. Then the scope of application of the formula is discussed. The research results show that when the area ratio is 1 and the net distance ratio is 1–3, the prediction formula is suitable for double-track symmetric subway tunnels in shallow buried loess areas. When the area ratio is 2–3, the net distance ratio is 1–4, the area ratio is 4 and the net distance ratio is 1–5, the prediction formula is suitable for double-track asymmetric subway tunnels in shallow buried loess areas.
(4) The prediction formula served for predicting the surface settlement of double-track subway tunnels in shallow buried loess areas, which can reduce construction risks and ensure the safety of buildings above ground. However, the diameter, the burial depth, and the cross-section shape of the small-section tunnel are fixed. In actual engineering, there has a major difference in terms of the diameter, the burial depth, and the cross-section shape of the tunnel, the predictions in the paper have some limitations. Therefore, the variation of the diameter, the burial depth, and the cross-section shape of the tunnel should be considered, which will be the focus of the prediction modification.
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