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Abstract

:

Due to soil disturbance during the construction of metro stations, the initial stress of the stratum is modified, leading to ground settlement within a particular range, fracturing the surrounding buildings and even causing significant ground deformation and building collapse. This paper employed the Pile-Beam-Arch method to assemble the Daguanying Station of Beijing Metro Line 7 as the engineering background. The numerical calculation method was used to study the regulations of ground settlement and structural deformation throughout the construction stage. Meanwhile, the effect of surface loading was taken into account and surface settlement control strategies were suggested. Finally, the Stochastic medium theory was used to predict surface settlement. It was evident from the study’s findings that the pilot tunnels excavation and the arches installation accounted for 67% and 23.1% of the total surface settlement, respectively, and produced the most surface settlement. Surface settlement can be significantly reduced by utilizing grouting reinforcement technology and the pilot tunnels excavation approach of “upper first, then lower and side first, then middle”. The structure was much less stressed during the pre-construction stage, with the maximum principal stress ranging from 1 to 5 MPa; after construction was finalized, the maximum principal stress reached 14.203 MPa, concentrating mostly in the middle column part, which was the consequence of the combined action of the upper load and the lower soil uplift. Additionally, there was a linear relationship between the surface load and ground settlement. The bottom slab and the middle column were situated where the structure’s most unfavorable components were concentrated. The conclusions of the surface settlement prediction demonstrated that there were discrepancies between the theoretical calculation and the simulated; thus, the prediction results were more conservative. The study results can serve as a reference for construction sites.
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1. Introduction


Experts and scholars from home and abroad have increasingly focused on the development of underground space in order to accommodate the traffic demand brought on by the expanding urban population, with the construction of subway stations and tunnels being one of the highest priorities [1,2,3,4]. Urban subway stations and tunnels are expanding at a rapidly increasing rate, but this presents a variety of issues, including complicated geological conditions and the consequences of structural features. The three most commonly used conventional construction techniques are the open-cut method, the underground excavation method, and the shield method. Engineers have explored and developed a range of subway tunnel construction methods in conjunction with engineering practice to address these issues [5,6,7]. The PBA method has gained popularity by combining the advantages of open-cut and underground excavation methods. It is frequently utilized to construct metropolitan metro stations with substantial ground traffic due to its extensive applicability and minimal environmental impact, as well as several engineering practices, that have demonstrated its vast application prospects [8,9,10].



Many scholars have studied the effects bobbing up by the construction method and the use of the PBA method, with the most detailed understanding concerning the excavation stage of the pilot tunnels [11]. The excavation of the pilot tunnels is the key stage of surface settlement. The results of a large variety of studies suggested that the excavation sequence of the pilot tunnels had a significant effect on the development of the surface settlement. In addition, the number of pilot tunnels can also have an effect on the surface settlement [12,13]. The Stratigraphic deformation is precipitated by way of the soil disturbance caused by excavation, which leads to the redistribution of stresses and varies from location to location. In addition, the excavation of multiple adjacent pilot tunnels will result in a “group tunnel effect”, and the ultimate surface settlement will be greater than the superimposed impact of individual settlement [14,15,16]. In addition to the deformation influence regulation of the soil during construction, an evaluation of the structural deformation and stress of the station itself exhibited that growing the pile diameter is an effective solution when the deformation manipulation of the side piles is required [17,18].



During the construction of subway stations, in addition to the deformation caused by the disturbance of the soil around the station, the deformation of the station structure cannot be ignored. It has been found that during the construction process [19,20,21,22,23], the top arch of the primary lining and the center column of the subway station is subjected to large axial forces, and the side piles are subjected to more obvious lateral forces. Many scholars have studied the structural optimization of subway stations to make the structural arrangement more reasonable. However, due to practical reasons, the data obtained from the field and test are always limited. With the rapid development of computers, numerical computation is widely used in engineering practice [24,25,26,27,28,29] and the use of the finite element method to study engineering problems has become indispensable. A considerable number of scholars have achieved good results by using the numerical computation method to study engineering problems.



Considering the hazards of surface settlement caused by subway tunnel construction, it is necessary to predict the surface settlement in order to minimize their negative effects. Initially, empirical methods were typically used to predict surface settlement [30]; however, their origin is partly from engineering practice and their accuracy is more influenced by geological conditions. This led to another theoretical prediction method of surface settlement, the stochastic medium theory, which is one of the most widely used and effective methods. Later scholars established the theory on the basis of not affecting the final prediction results, thus simplifying the process without affecting the final prediction results [31]. The theory provides an approximate prediction of surface settlement, which allows construction to proceed safely and effectively.



So far, most of the studies on the PBA construction method are still focused on a specific stage, and there are limited analyses on the deformation law of ground and structure during the whole construction stages, and even fewer studies on the influence of surface load on the deformation of ground and structure. However, in the actual project, the importance of surface load is self-evident. Therefore, this paper conducts research on the basis of reference [32], which takes Beijing Metro Line 7 as the engineering background, establishes a numerical analysis model by FLAC3D software, and studies the ground and structural deformation law of the subway station constructed by the PBA method in different stages, considering the influence of surface load and structural deformation, respectively. Finally, it uses the stochastic medium theory to predict the ground settlement and horizontal displacement. The conclusions obtained can be used to guide similar construction in the future.




2. Project Overview


2.1. Engineering Background


Daguanying station is an interchange station between Beijing Metro Line 7 and Beijing Metro Line 16, which is located at the intersection of Guang’anmenwai Avenue and the planned Sanlihe Road South Extension. (Figure 1a) The station of Beijing Metro Line 7 is located on the east side of the intersection and is arranged in an east–west direction, while the station of Line 16 is on the north side and in a north–south direction. Due to the complex geological environment, busy ground traffic, and many environmental risks such as pipelines and rivers, the PBA method was finally adopted for concealed excavation construction after considering various factors.



Daguangying station is an underground double-decker three-span station with an island platform design. The station size is long × wide × high = 236 m × 22.9 m × 15.15 m, with an overburden thickness of about 9 m. The station mainly traverses four soil layers, which are artificial filled soil, pebble bed 1, pebble bed 2, and strongly weathered mudstone and shale, (Figure 1b) and the mechanical parameters of the rock and soil are shown in Table 1. In this work, the construction process of this station is chosen as the engineering background for analysis, and the deformation of the strata and station structure at some stage in the construction process is analyzed.




2.2. Introduction to the PBA Method


The PBA method, additionally acknowledged as the hole-pile method, is an organic combination of the typical ground frame structure and underground excavation method. Firstly, pilot tunnels are dug in advance underground, and then structural supports such as side piles, middle columns, bottom beams, top beams, and an arch are installed in the pilot tunnels to structure a pile, beam, and arch support frame system to bear the external load all through construction. Protected by means of the arch and side piles, the soil is the excavated layer with the aid layer from top to bottom to shape the inner structure. Finally, a system of permanent bearing is formed (Figure 2a).



The PBA method of construction can reduce ground settlement, a smaller workload of removing temporary support, safer excavation of the main cavern, higher work efficiency, and mechanical excavation can be implemented. However, the process of conversion is complicated and is mainly divided into four stages, as shown in Figure 2b, and each stage contains several steps. Due to the high requirements for the connection and organization of each process, it is very important to master the ground and structural deformation of each stage node for safe construction.





3. Ground and Structure Deformation Analysis


3.1. Establishment of Numerical Model


According to the geological conditions and structural dimensions of the subway station provided by the construction site, a three-dimensional numerical calculation model was established using the finite element software FLAC3D, as shown in Figure 3a. In order to reduce the influence of boundary conditions, and improve the efficiency of numerical calculation, the model was built with a length × width × height = 180 m × 40 m × 65 m. The thickness of each soil layer was 9 m, 4 m, 7 m, and 45 m from top to bottom, and all soil layers were assumed to be horizontal. To make the calculation results more accurate, the grid of the key study area is encrypted. At the same time, displacement boundary conditions need to be imposed on the model: the model is fixed with roller supports around the perimeter, pinned supports at the bottom of the model, and the ground is set as a free surface. (Figure 3b) In the numerical calculation, the ground is considered as the ideal elastoplastic material, and the Mohr–Coulomb constitutive model is used; the required parameters are shown in Table 1. For the structural part of the subway station, the linear elastic constitutive model is used, and the required parameters are shown in Table 2. In addition, the effect of applying different magnitudes of surface loads on the construction of the metro station can be considered in the subsequent simulation of excavation.



Since the complicated construction method of the PBA method, in the technique of performing numerical calculations, this paper solely studies the consequences of the predominant construction approaches of the subway station on the deformation of the ground and the station structure, i.e., the 12 specific steps in Figure 2b can be simplified into 4 stages: stage I with the excavation of the pilot tunnels; stage II with the installation of piles and beams; stage III with the installation of the arch; and stage IV with the excavation of the interior soil of the station and the construction of the inside structures.




3.2. Stratigraphic Deformation Pattern Analysis


The monitoring point (x = 80 m, y = 20 m, z = 65 m) was set in the middle of the ground surface to acquire the settlement records curve throughout construction, as shown in Figure 4. Plastic deformation of the stratum occurred during construction, and the ground settlement was divided into 4 stages: stage I included the excavation of eight pilot tunnels, and the surface settlement at this time reached 19.7 mm; stage II included the construction of side piles and central columns, a smaller settlement of 2.9 mm was produced; and stage III included the primary and secondary linings of the arch construction, and the settlement at this stage was 6.8 mm. After the completion of the first three stages of construction, the station shape was initially formed, and at some points during the excavation of the inner soil of the station in the stage IV, the surface settlement used to be minimal due to the support of the outer structure, and in the late stage of construction, the surface settlement seemed to “rebound” with a rebound value of 1.6 mm. The ultimate settlement for the ground surface used to be 27.8 mm.



The displacement statistics of all monitoring points at the surface y = 20 m and z = 65 m have been extracted, and the surface displacement curves have been drawn as shown in Figure 5. Among them, Figure 5a indicates the surface vertical settlement trough, and Figure 5b indicates the surface horizontal displacement.



From Figure 5a, it can be viewed that the surface settlement troughs have the same form at specific construction stages and are allotted axially symmetrically alongside the center of the surface, which is approximately Gaussian distribution. The settlement value at the surface center is the largest, and step by step decreases as the distance from the center increases, and the affected range of surface settlement reaches 80 m, which is about four times the width of the station. With the continuous construction, the width of the surface settlement trough and the surface settlement gradually increased, and the maximum settlement values of every stage corresponded to Figure 4. It is noteworthy that after the fourth stage, the surface settlement seems to “rebound”, and the last surface settlement and the width of the settlement trough are smaller than the 3rd stage.



From Figure 5b, it can be viewed that, unlike the distribution of the surface settlement trough curve, the horizontal displacement curve of the surface has an antisymmetric distribution alongside the center point of the surface during the special construction stages. With the traits of double-peaked curve distribution, the horizontal displacement of the center point of the surface is 0, and with the increase in the distance from the center point, its horizontal displacement increased first and then decreased, and the peak seemed at about 15 m from the center point of the surface, and its impact on the range was about 80 m. During construction, horizontal displacement of the surface typically occurs in the first three stages, and the last horizontal displacements produced are 7 mm, 7.9 mm, and 10.0 mm, respectively. Furthermore, nearly no new horizontal displacements are produced in the fourth stage; however, it does decrease.



The vertical displacement distribution of the strata at different construction stages is shown in Figure 6. From the figure, it can be seen that taking the floor of the station structure as the boundary, above the floor, the strata produce downward displacement, i.e., “settlement”, and below the floor, the strata produce upward displacement, i.e., “uplift”. symmetrical distribution along the center of the model. The final settlement value in the first stage is 44.4 mm and the augmentation value is 24.8 mm; the second stage is 43.7 mm and 30.3 mm; the third stage is 43.3 mm and 35.3 mm; and the fourth stage is 49.1 mm and 41.7 mm. It can be seen that the settlement and the augmentation produced in the first stage are larger.



The vertical displacement data of all monitoring points at the vertical center point of the model (x = 80 m, y = 20 m) were extracted, and the vertical displacement curves at different construction stages were drawn, as shown in Figure 7. It can be seen that the vertical displacement curves are different for the four stages. Above the base slab, the ground displacement has a negative value, i.e., “settlement”, and below the base slab, the ground displacement has a positive value, i.e., “uplift”. The largest displacements occurred near the station floor. During the first three stages of construction, the ground settlement above the base slab gradually increased as the construction progressed, while the ground displacement below the base slab remained almost constant. In the fourth stage, the ground displacement above the bottom slab decreased, while the ground displacement below the bottom slab began to increase.



The maximum displacement of the ground surface determines the ground building’s safety. From the above study, it can be determined that the surface settlement mostly takes place in stages I, II, and III, and the settlement in these three stages accounts for 67%, 9.9%, and 23.1% of the maximum settlement, respectively. The horizontal displacement of the surface likewise commonly takes place in stages I, II and III, and the horizontal displacement in these three stages accounts for 70%, 9% and 21% of the most horizontal displacement, respectively. It can be viewed that surface settlement and horizontal displacement account for the biggest percentage in stages I and III, so the excavation of the pilot tunnels and the installation stage of the arch are the key hyperlinks of surface displacement control.



In addition, it can be observed that the ground displacement rebounded after the completion of the fourth stage of construction. The important reason is that after the completion of the arch in stage III, the frame system of “pile-beam-column-arch” is formed, which bears the stress between the inside and exterior soil and forms a common system of “structure-soil” with the interior soil. However, with the further excavation of the station, the interior soil decreases and the self-weight of the “structure-soil” system decreases, which leads to the “rebound” of the surface settlement. The rebound mechanism is proven in Figure 8.




3.3. Structural Deformation Pattern Analysis


During the construction process, the station structure can be affected by the surrounding soil pressure in addition to its own load, resulting in stress concentration in a certain part of the structure, which is very unfavorable to the structural stability. The maximum principal stress distribution of the station structure in different construction stages is shown in Figure 9. In the first stage of excavation, the maximum principal stress was mainly distributed in the footing and arch waist of the pilot tunnels, and the maximum principal stress value was 1.283 MPa (compressive stress). The maximum principal stress distribution in the second stage was similar to that in the first stage, with the maximum principal stress value of 1.287 MPa. In the third stage, the maximum principal stress was mainly distributed above the primary lining of the arch, crown beam, and center column, and the maximum principal stress value is 4.530 MPa. In the fourth stage, the maximum principal stress was mainly distributed in the middle column; under the middle column especially, the maximum principal stress value reached 14.203 MPa. It can be seen that in different construction stages, the maximum principal stress distribution was different and the value was also different; in the fourth stage especially, the maximum principal stress value increased significantly, so in the construction stage, reinforcement measures should be taken in the obvious parts of the stress concentration.





4. Ground and Structure Deformation Analysis Considering Surface Load


This section analyzes the fourth stage of the PBA construction method in addition to the impact of surface loading. In fact, in true engineering, the impact of surface loading is inevitable; in dense traffic areas especially, the impact of surface loading is particularly obvious. Therefore, it is integral to study the deformation traits of the ground and structure under the motion of surface load.



4.1. Ground Deformation Law under Surface Load


The surface center settlement history curves under different surface loads are shown in Figure 10. As can be seen in the figure, the surface center settlement trend under the action of the surface load is the same as the distribution of the no-load case, and the surface center settlement value increases gradually with the increase in surface load, which has good regularity. In addition, as shown in Figure 11, which compares the surface displacement curves after construction completion under different surface loads, it can be seen that the surface displacement curves have the same distribution form and the same width of settlement trough, and their maximum settlement and maximum displacement increase with the increase in surface load. Moreover, for every 10 kPa increase in surface load, the surface settlement increases about 1.76 mm and the horizontal displacement of the surface increases about 0.5 mm.



As shown in Figure 12, the relationship between the surface load and the surface displacement at different construction stages is linearly correlated, with a correlation of R2 > 0.9. The surface displacement changes with the surface load can be divided into two parts. The first part is the first and second stages, at which the surface displacement changes with the load at the same rate, and the amount of displacement increase by different loads is also the same. The second part is the third and fourth stages; compared with the first and second stages, the rate of change in surface displacement with load is larger in this stage, and with the increase in load, the amount of change in displacement in the third and fourth stages gradually decreases. It can be seen that the surface load has an influence on the surface displacement of different stages of construction, and it has a greater influence on the construction of the third and fourth stages, and the difference in the surface displacement produced by different stages becomes more and more obvious with the increase in the load.



The vertical displacement curves under different loads are proven in Figure 13. It can be considered that with the increase in surface load, the settlement value above the station vault will increase gradually, whilst the ground displacement below the station floor will stay nearly unchanged. It is indicated that the surface load has a higher impact on the settlement at the top of the station vault and has little effect on the floor displacement below the bottom slab.




4.2. Structure Deformation Law under Surface Load


The maximum principal stress distribution of the station structure under different surface loads is shown in Figure 14. It can be seen that the maximum principal stress increases gradually with the increase in the surface load, and the maximum principal stress values generated by the four surface loads are 14.951 MPa, 15.849 MPa, 16.632 MPa, and 17.455 MPa, which are all mainly concentrated in the middle column part. It can be found that with the increase in the surface load, tensile stresses appear at the bottom plate of the structure, and the values of tensile stresses corresponding to the four surface loads are 1.567 MPa, 1.722 MPa, 1.721 MPa, and 1.787 MPa, respectively. For the structure, its compressive strength is much larger than the tensile strength; therefore, during the construction, when the overlying load changes, the bottom plate of the structure as the most unfavorable location should take effective preventive measures in time.



The construction of an underground station makes the settlement of the ground surface uneven and forms a settlement trough. The influence of various factors on the surface displacement should be considered during the construction of subway stations so as to minimize the surface displacement and ensure the safety of the third building. For the station structure itself, the stress concentration area should be reinforced in time to optimize the structural arrangement and ensure the safety of the construction process.




4.3. Key Measures for Stratigraphic Deformation Control


From Figure 4 and Figure 10, it can be found that the surface settlement and horizontal displacement mainly occur in the first and third stages, so in order to control the ground deformation, the excavation of the pilot tunnels and the arch installation are the key links. For the excavation stage of the pilot tunnels, in addition to measures such as reducing the number and strengthening the support of pilot tunnels, the influence of a reasonable excavation sequence of pilot tunnels on ground deformation cannot be ignored. Taking the surface load P = 20 kPa as an example, four pilot tunnel excavation schemes are designed as follows:




	
Plan 1: 1&4 → 2&3 → 5&8 → 6&7



	
Plan 2: 2&3 → 1&4 → 6&7 → 5&8



	
Plan 3: 5&8 → 6&7 → 1&4 → 2&3



	
Plan 4: 6&7 → 5&8 → 2&3 → 1&4








The surface displacement curves obtained according to different pilot tunnel excavation schemes are shown in Figure 15. For surface settlement, different excavation sequences produced different settlement trough curves when other conditions were the same. The smallest surface settlement is 21.9 mm for plan 1, 24.5 mm for plan 2, and 31.2 and 30.7 mm for plans 3 and 4, respectively. Similarly, for the horizontal surface displacement, the smallest horizontal surface displacement of 7.7 mm is produced by using plan 1, while the other plans are 8.6 mm, 10 mm and 10.1 mm, respectively. The excavation plan of “upper first and then lower, sides first and then middle” was considered the best construction plan, as it can effectively reduce the surface displacement.





5. Settlement Prediction Based on Stochastic Medium Theory


5.1. Stochastic Medium Theory Analysis


The stochastic medium theory (SM method) was once proposed by Polish scholar J. Litwiniszyn to determine the movement of rock strata and surface prompted by coal mining. This theory was then improved by Chinese scholars to gradually make this concept mature. The theory is to think about the rock and soil as a stochastic medium, and the ground movement process as a random system obeying the statistical law, which can be used to study the surface movement through the probability integral method. According to the stochastic medium theory, the influence of tunnel excavation on the surface can be equated to the sum of the effect of every microelement excavation that constitutes this excavation. As proven in Figure 16, the preliminary part of the tunnel excavation is Ω, and after finishing, the excavation area shrinks from Ω to w. According to the superposition principle, it is recognized that the actual amount of surface subsidence W(x) is equal to the difference between the subsidence caused by the excavation range Ω and the subsidence caused by the excavation range w, that is


  W ( x ) =  W Ω  ( x ) −  W ω  ( x ) =    ∬  Ω − ω      tan β  η     exp  {  −   π   tan  2  β    η  2      ( x − ξ )   2   }   d ξ   d η   



(1)







Similarly, the surface horizontal displacement U(x) caused by the tunnel construction should be equal to the difference between the horizontal displacement caused by the excavation range Ω and the horizontal displacement caused by the excavation range w, i.e.,


  U ( x ) =  U Ω  ( x ) −  U ω  ( x ) =    ∬  Ω − ω      ( x − ξ ) tan β    η  2       exp  {  −   π   tan  2  β    η  2      ( x − ξ )   2   }   d ξ   d η   



(2)




where Ω is the initial tunnel cross-section, w is the tunnel cross-section after deformation, and β is the ground settlement influence angle determined by the ground conditions. It can be obtained from the following equation.


  tan β = H / 2.5 i  



(3)






  i =  H    2 π   tan ( 45 ° −  ϕ ¯  / 2 )    



(4)




where i is the width coefficient of the settlement trough, which is the distance between the inverse bend and the origin of the ground settlement curve,    ϕ ¯    represents the weighted average of the ground friction angle, and H represents the burial depth from the ground surface to the center of the tunnel.



According to the above equations, the surface displacement of a tunnel with an arbitrary shape area can be calculated. However, it can be considered from Equations (1) and (2) that the quadratic integration is challenging to achieve the original function, and the integration place is complicated and difficult to calculate. Yang and Wang [33] proposed a simplified formula for predicting settlement in circular tunnel excavation based on a uniform convergence displacement model under plane strain conditions.


  W ( x ) ≈   2 π R Δ A tan β  H  exp  {  −   π   tan  2  β    H  2     x  2   }   



(5)






  U ( x ) ≈   2 π R Δ A tan β x    H  2    exp  {  −   π   tan  2  β    H  2     x  2   }   



(6)







In Equations (5) and (6), it can be assumed that the convergence of the tunnel radial displacements is the same and the convergence value   Δ A   = Ω − w is a constant. where R is the initial radius of the tunnel.



Due to the large difference in the structure of the upper and lower pilot tunnels, it is more difficult to choose a uniform convergence. Therefore, the upper and lower pilot tunnels are equated as circular tunnels based on the area where the center of the upper and lower pilot tunnels is the center of the circular tunnel, as shown in Figure 17.



The radius RA, RB, RC, and RD of the equivalent circular tunnel can be obtained from Equations (7) and (8).


   S A  =  S B  =  S C  =  S D  = 2 S  



(7)






   R A  =  R B  =  R C  =  R D  =      S A   π    =      S B   π    =      S C   π    =      S D   π     



(8)




where SA, SB, SC, and SD are the areas of the circular tunnel after equivalence, and S is the area of the original pilot tunnel.



Based on the simplified formula for circular tunnel excavation and the superposition principle, the formula for surface settlement due to the excavation of multiple pilot tunnels is given as


    W ( x ) =  W A  ( x ) +  W B  ( x ) +  W C  ( x ) +  W D  ( x )     =   2 π  R A  Δ A tan β  H  exp  {  −   π   tan  2  β    H  2      ( x −  L 2  )   2   }  +   2 π  R B  Δ B tan β  H  exp  {  −   π   tan  2  β    H  2      ( x −  L 6  )   2   }  +       2 π  R C  Δ C tan β  H  exp  {  −   π   tan  2  β    H  2      ( x +  L 6  )   2   }  +   2 π  R D  Δ D tan β  H  exp  {  −   π   tan  2  β    H  2      ( x +  L 2  )   2   }     



(9)







Surface horizontal displacement is given as


    U ( x ) =  U A  ( x ) +  U B  ( x ) +  U C  ( x ) +  U D  ( x )     =   2 π  R A  Δ A tan β ( x −  L 2  )    H  2    exp  {  −   π   tan  2  β    H  2      ( x −  L 2  )   2   }  +   2 π  R B  Δ B tan β ( x −  L 6  )    H  2    exp  {  −   π   tan  2  β    H  2      ( x −  L 6  )   2   }  +       2 π  R C  Δ C tan β ( x +  L 6  )    H  2    exp  {  −   π   tan  2  β    H  2      ( x +  L 6  )   2   }  +   2 π  R D  Δ D tan β ( x +  L 2  )    H  2    exp  {  −   π   tan  2  β    H  2      ( x +  L 2  )   2   }     



(10)








5.2. Prediction Results Analysis


According to the stochastic medium theory, combined with the construction data of similar projects in Beijing Metro Line 7, the average convergence value between the top and bottom of the tunnel vault is taken as 0.020 m, which are assigned as ΔA, ΔB, ΔC, and ΔD. Then, the maximum surface settlement is calculated as 32.7 mm, and the maximum horizontal displacement is 12.73 mm. The calculated surface displacement trough is shown in Figure 18.



From the figure, it can be seen that the effects of different pilot tunnel excavation schemes on surface settlement vary without considering surface load. The surface displacements predicted by stochastic media theory are larger than the simulation results, both the width of the settlement trough and the maximum displacement. For surface settlement, the predicted values are higher than 68.0%, 49.7%, 14.9%, and 16.9% of the four scenarios, respectively. For surface horizontal displacement, the predicted values are higher than 79.0%, 59.2%, 34.6%, and 34.8% of the four scenarios, respectively. It can be seen that the error magnitude varies with different excavation sequences of the pilot tunnel. The prediction results are on the conservative side but still have a guiding effect on the construction site.





6. Discussion


In general, this paper has studied the characteristics of ground and structural deformation during construction using the PBA method, and the results of the study are useful as a guide for a construction site. However, in the process of construction using the PBA method, there were many steps and complex structural force transformations, so there is still a need for further research in the future.



As the excavation of pilot tunnels causes soil loss and thus large ground deformation, in addition to changing the order of excavation of pilot tunnels, the number of pilot tunnels will also have a greater effect on the ground deformation. It was found that the excavation of eight pilot tunnels results in more displacement than six. Therefore, choosing the right number of pilot tunnels and excavation sequence may effectively reduce ground deformation.



In the third stage, the side piles and the column mainly bear the load transferred from the arch and the top longitudinal beam, which are the bearing structures of the station, and their bearing capacity determines the stability of the whole metro station structure, so the design of the side piles and the column is extremely important. In the subsequent study, the dimensions of the pile-column system, such as spacing and cross-sectional area, can be optimized to meet the premise of safety, while also taking into account the economic needs.



There are currently two main calculation methods for surface settlement prediction. One is the Peck empirical formula method, and the other is the stochastic medium theory method used in this paper. From the research of this paper, it can be seen that the surface settlement formula derived by using the stochastic medium theory is affected by several parameters. The variation in the parameters affects the accuracy of the prediction results. Taking the effect of different surface loads on surface displacements studied in this paper as an example, the surface displacements changed when the surface loads were changed when other conditions were the same. Therefore, in subsequent research, a sensitivity analysis of the parameters in the stochastic medium theory should be carried out to establish the connection between different influencing factors and the parameters in the theory, and to make the prediction results more accurate by improving the formula of the stochastic medium theory.



In addition, the problem of the accumulation and growth of track settlements is typical for transportation objects such as tunnels and bridges. These areas are characterized by intensive differential settlement due to dynamic interactions before, during, and after construction [34,35]. The accumulation and growth of track settlements in the station operation phase after construction should be equally considered, and this is the focus of the author’s research in the next phase of work.




7. Conclusions


In this paper, the ground and structural deformation patterns of metro stations constructed by the PBA method in different stages are studied using the numerical calculation method, and the influence of the presence of surface load on the ground and structural deformation is focused on. Finally, for the surface displacement law, the ground settlement and horizontal displacement were predicted by using the stochastic medium theory, and finally, a comparison between theoretical and numerical calculations was made, which is of guiding significance for on-site construction. For the above study, the following conclusions were obtained:




	(a)

	
The construction of subway stations using the PBA method can usually be divided into four stages. The ground deformation mainly occurs in the excavation of the pilot tunnels and the arch installation. For the ground settlement, the settlement in these two stages accounts for 67% and 23.1% of the maximum settlement, respectively; the horizontal displacement of the ground surface in these two stages accounts for 70% and 21% of the maximum horizontal displacement, respectively. The excavation of the pilot tunnels and the arch installation stage are key to ground surface displacement control.




	(b)

	
During the construction process, structural deformation is also an important part that cannot be ignored. In stage I, the maximum principal stress is mainly distributed in the footing and arch waist of the pilot tunnels. In the installation stage of the arch, the maximum principal stress is mainly distributed in the primary lining, crown beam, and the part above the column. In the fourth stage, the maximum principal stress is mainly distributed in the middle column part, and the maximum principal stress value reaches 14.203 MPa, and the maximum principal stress increases obviously. In different construction stages, attention should be paid to the possible deformation damage of the key parts and obvious stress concentration and appropriate reinforcement measures should be taken.




	(c)

	
When considering the surface load, with the increase in surface load, the ground displacement also increases gradually, and the two are positively correlated and well correlated. In view of the ground deformation law, the excavation plan of “upper first then lower and first side then middle” can effectively reduce the surface settlement. The maximum principal stress of the station structure increases with the increase in the surface load. In addition, tensile stress appears in the bottom plate of the structure, which has a negative impact on the structure and should be considered to strengthen the support.




	(d)

	
In the excavation stage of the pilot tunnels, the prediction results of surface displacement based on the stochastic medium theory are large compared with the numerical calculation results, the error size varies for different excavation schemes, and the prediction results are conservative. The results show that there is some significance for the prediction of surface displacement in the construction site.









In general, the results of this paper are useful as a guide for field construction, but there is still room for further research based on this paper. In addition to considering the influence of surface load, it should be noted that using the PBA method for construction results in more construction nodes and the nodes are relatively weak and therefore more likely to produce damage and affect the stability of the structure under earthquake action. Therefore, the effect of seismic action on the station structure should be considered in future research.
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Figure 1. Daguanying subway station: (a) Location; (b) Structure profile. 
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Figure 2. PBA method introduction: (a) structure composition; (b) Construction process. 
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Figure 3. Numerical model: (a) Finite element mesh; (b) Boundary conditions. 
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Figure 4. Surface center settlement process. 
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Figure 5. Surface displacement curves: (a)surface settlement; (b) surface horizontal displacement. 
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Figure 6. Vertical displacement of strata in different stages: (a) Stage I; (b) Stage II; (c) Stage III; and (d) Stage IV. 
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Figure 7. Vertical displacement of model center in different stages. 
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Figure 8. Strata displacement rebound mechanism. 
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Figure 9. The maximum principal stress distribution of structure in different stages: (a) Stage I; (b) Stage II (c); Stage III; and (d) Stage IV. 
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Figure 10. Surface center settlement process under different loads. 
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Figure 11. Surface displacement curves under different loads: (a)surface settlement; and (b) surface horizontal displacement. 
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Figure 12. Fitting curves of surface displacement under different loads: (a) surface settlement; and (b) surface horizontal displacement. 
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Figure 13. Vertical displacement of the model center under different loads. 
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Figure 14. The maximum principal stress distribution of structure under different loads: (a) P = 20 kPa; (b) P = 40 kPa; (c) P = 60 kPa; and (d) P = 80 kPa. 
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Figure 15. Surface displacement curves in different plans: (a) surface settlement; and (b) surface horizontal displacement. 
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Figure 16. Analysis of ground deformation and section shrinkage in tunnel excavation. 
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Figure 17. Equivalent pilot tunnels to circular tunnels. 
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Figure 18. Surface Displacement Curves Caused by pilot tunnel excavation: (a) surface settlement, and (b) surface horizontal displacement. 
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Table 1. Material properties of the stratum.
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	Items
	Elastic Modulus

(MPa)
	Poisson’s Ratio
	Cohesion

(kPa)
	Internal Friction Angle

(°)
	Density

(kg·m−3)





	Artificial soil
	23
	0.3
	10
	18
	1950



	Pebble bed 1
	63
	0.25
	0.5
	40
	2070



	Pebble bed 2
	75
	0.23
	0.8
	32
	2000



	weathered mudstone and shale
	105
	0.26
	0
	35
	2150
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Table 2. Material properties of structures.
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	Structures
	Bulk Modulus

(GPa)
	Shear Modulus

(GPa)
	Density

(kg·m−3)





	Pilot tunnels lining
	2300
	11.1
	7.14



	Primary lining
	2300
	11.1
	7.14



	Second lining
	2500
	19.17
	12.32



	Pile
	2500
	16.7
	12.5



	Beam
	2500
	18.5
	12



	Column
	4600
	19.5
	14.58



	Middle plate
	2500
	19.5
	14.58



	Concrete filling
	2440
	21.67
	10.83
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