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Underground excavation techniques are frequently used in subway stations during the construction of urban rail transit. The current study analyzes and investigates the surface settlement and deformation laws of large-span shallow buried underground excavated stations depending on a vast quantity of measured data from the Qingdao Metro Line 3. According to the comprehensive study, obtained results show that: 1) the excavation of pilot tunnels on both sides will result in the longitudinal settlement at the ground surface; however, the settlement will be quite minor, within −10 mm. During the excavation of the middle part of the pilot tunnel, large surface settlement may occur, and the settlement may reach −30 mm, while during the excavation of the lower soil and construction of the station structure, the surface settlement changes insignificantly, and some monitoring points show a sinking trend. 2) Data fitting reveals that regression analysis with a one variable cubic polynomial produces excellent fitting results. In addition, the analysis based on statistical methods reveals that the conditions of the surrounding rock are poor (Class that the arch, and the overall buried depth of the station is not larger than 10 m. 3) Since the surface settlement control standard for large-span boring tunnels is −60 mm, using −48 mm as the warning value is more reasonable. The test conducted in the current study has helped accumulate a large amount of ground settlement monitoring data, which can provide a particular reference for the subsequent design of similar lines.
Keywords: subway tunnel, shallow buried excavation, surface settlement, settlement law, fitting analysis
INTRODUCTION
Subway stations are generally constructed at intersections with complex surrounding environments during the construction of urban rail transit, and some stations must be constructed underground according to circumstances such as road diversion and pipeline relocation (Colvile et al., 2004; Huang and Zhang, 2004; Jakimavičius, 2013). However, since subway stations are typically buried in shallow zones and in poor geological conditions, the underground excavation technique is prone to exhibit significant surface settlement, which can lead to rupture of the pipeline, collapse of the road/tunnel, and other issues (Prasad et al., 2011; Elshafie et al., 2013; Bai et al., 2021). A similar situation was experienced in the construction of the Qingdao subway; the surface layout of most underground stations exceeded the standard, which brought obstacles to construction and management and caused the construction period to be prolonged (Attewell et al., 1986; Peck, 2017).
In the current literature, there are numerous studies conducted by scientific researchers on the surface settlement deformation caused by tunnel excavation, and several more mature methods were developed, including the empirical formula method (Yang et al., 2019; Yang et al., 2021a), numerical simulation method (Zheng et al., 2019; Yang et al., 2020a; Yang et al., 2020b; Yang et al., 2021b), stochastic environment theory, and statistical analysis method. Zhang (Zhang, 2013) investigated the effect of varying step lengths on surface settlement using finite element modeling software. A comparison of the actual monitoring data revealed that excavation to ground surface subsidence influences significantly; smaller footage leads the smaller settlement. In addition, the steps method during the construction of the surface subsidence has mainly resulted in excavation steps with a total settlement of more than 90%. In another study, Zhang et al. (Zhang et al., 2012) reported that arch cover construction technology is particularly appropriate for large-span tunnel excavation in the “upper soft, lower hard” stratum. Total surface settlement can be effectively reduced if construction control measures are taken, and it is recommended to keep the left and right guide holes at 2.5 times the diameter. Meng et al. (Meng et al., 2012) compared and analyzed the surface settlement characteristics caused by large-span shallow buried tunnel construction by applying the Peck method and random medium theory. Zhou (Zhou, 2012) analyzed the field measured data and concluded that the final surface settlement was not directly related to the construction sequence, time and schedule, etc.; the geological conditions, construction method, and surrounding environment were the major parameters to determine the final settlement at the monitoring point. Xu (Liu et al., 2018), who combined the basic principle of the BP neural network with the field measured data to establish an analysis model, stated that geological conditions have a decisive role in surface deformation. In addition, they stated that the higher the level of the surrounding rocks, the greater the subsidence deformation, and the greater the influence of the surrounding rocks and groundwater level on surface subsidence deformation. In the study performed by Ji (Liu et al., 2015), the finite element analysis software ABAQUS was used to simulate the dynamic excavation process of the tunnel; it was concluded that the length of the open tunnel affected the displacement release rate of the surrounding rock, which can also reflect the stress release rate of the surrounding rock. Wang (Wei et al., 2017), who used finite element software and integrated it with actual monitoring data to conduct a comparative evaluation of Jiangxi Road Station’s surface settlement, stated that the cumulative surface settlement caused by the CRD method was greater than that caused by the double-wall guide pit method in the case of the cover-to-span ratio being less than 0.62.
Tunneling has a significant impact on the settlement; in the case of the monitoring point being 1.0–1.5 times the tunnel diameter from the tunnel surface, the tunnel excavation has a remarkable effect on the surface of some unexcavated sections, which can also be defined as early settlement. The early settlement can constitute 15–20% of the final cumulative settlement. The surface settlement rate increases dramatically as the excavation face advances, and the increment of cumulative settlement can reach 1–3 times the hole diameter from the measuring point behind the face. The section’s settlement amount constitutes about 50–60% of the final settlement value. In the case that the back distance of the excavation face is 3–5 times the hole diameter of the measuring point, the settlement rate decelerates; hence, the rate of increase in settlement variation reduces. In this stage, the settlement constitutes about 15–20% of the final cumulative settlement. After the excavation face progresses five times the hole diameter of the measuring point, the surface settlement exhibits slow increment. Thereby, the settlement curve tends to become smoother, which constitutes about 10% of the final cumulative settlement value.
In the studies presented above, the empirical formula method, stochastic media theory, and numerical simulation method are generally used; the numerical simulation method is the most used among all methods. Metro Line 3 is Qingdao’s first subway line, which may be utilized as a model and provides significant knowledge for subsequent line design, construction, and risk management. In the current study, relevant theoretical knowledge of tunnel construction, mathematical statistics, construction monitoring, and so on was used to analyze the surface deformation mechanism of an underground tunnel at first. Based on the existing monitoring data and relevant knowledge of mathematical statistics, the longitudinal surface subsidence deformation caused by the excavation of the long-span underground tunnel in Qingdao metro was summarized, and reasonable control indexes were analyzed.
PROJECT OVERVIEW
Design Overview
The subway line 3 is the first rail transit line under construction in Qingdao, with a total length of about 25 km and 22 stations and one depot, as shown in Figure 1. Specific parameters are shown in Table 1. Seven stations were built through shallow buried excavation under the influence of road traffic and the surrounding environment. The general situation of the three stations that are the subject of the targeted research is shown in Table 2. The underground station is mainly located below the main road of the city; because of the heavy road traffic flow and numerous surrounding structures, the tunnel construction requirements are strict. Visuals of relevant rock drilling sampling to represent the geological structure of the region at various railway stations are shown in Figure 2.
[image: Figure 1]FIGURE 1 | Route diagram of Metro Line 3.
TABLE 1 | Engineering geological parameters of the test site.
[image: Table 1]TABLE 2 | Basic information table of each underground station.
[image: Table 2][image: Figure 2]FIGURE 2 | Rock drilling and sampling. (A) Zhongshan Park Station; (B) Fushansuo Road Station.
Engineering Geological Overview
According to the engineering geological survey data of each underground excavation station of subway line 3, the overburden of the station mainly constitutes an artificially filled soil layer, clay layer, and weathered rock layer, while the main penetrating rock layer of the station is mainly strong, medium, and breeze granite; granite porphyry; and lamprophyre in some parts. Considering the engineering properties of various kinds of rocks and soil, the geological conditions of each underground excavation station have typical characteristics of “soft on the top and hard on the bottom”, which are manifested explicitly as soft soil above the arch, with properties as increased water seepage, significant disturbance of blasting and excavation, and easy instability in the absence of support. The station’s main body has excellent geological characteristics, and the surrounding rock grade is typically Class III to IV, which necessitates blasting and excavation, and it takes a long time to stabilize after excavation. The soil profile and topology to present are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Soil profile and topology to present.
Hydrogeology Overview
According to the different occurrence medium and burial conditions, the groundwater in the related area can be divided into quaternary pore water, weathered fissure water, and structural fissure water. Quaternary pore water is present primarily in the sand layer and is significantly influenced by atmospheric precipitation. Weathered fissure water is present primarily in weathered rock and is distributed in a layer-like pattern in the relatively low-lying terrain. Generally, it is replenished by atmospheric precipitation and overlying pore water. The tectonic fissure water mainly occurs in the tectonic belt on both sides of the fault zone and the intrusive dike positioned behind. Moreover, it is replenished primarily by atmospheric precipitation and weathered fissure water, and the local water volume is relatively large. The overall hydrogeological conditions in each station site are reasonable as per the detailed examination of the construction process and geological exploration data; however, water seepage persisted on the palm and first branch surface after excavation. If preventive treatment is not applied in time or in place, it will not be conducive to controlling the upper stratum settlement.
Main Construction Methods of Long-Span Underground Tunnels
Increment in the excavation section size gradually causes increment in construction difficulty; thus, the available construction methods become insufficient in such cases. In the current state, the main excavation methods of long-span underground tunnels in China consist of the full-section method, step method, double-wall pit guide method, CRD method, arch cover method, etc. (Sharifzadeh et al., 2013). In the metro, which is the subject of the present study, the selection of the wide span underground tunnel construction method was carried out entirely by utilizing the experiences of other regions, and each construction method was combined according to the specific characteristics of each station to take full advantage of the benefits of each method (as presented in Table 3).
TABLE 3 | Main construction methods of underground excavation station of subway line 3.
[image: Table 3]MONITORING AND DATA ANALYSIS
Construction monitoring should be undertaken throughout the construction process of urban rail transit engineering, according to the technical specification for Urban Rail Transit Engineering Monitoring (GB50911-2013) (Ministry of Housing and Urban-Rural Development, 2013). Throughout subway construction, the construction unit selects the construction party’s monitoring unit to monitor the main body of the tunnel and the surrounding environment in accordance with the design criteria; in addition, the construction unit selects the third-party monitoring unit as a complement to the construction party’s monitoring through bidding. Examining the surface settlement monitoring data, which is an important monitoring element in tunnel construction, can provide some reference for relevant investigations of the long-span underground tunnel.
Monitoring Method
The majority of the surface settlement monitoring methods adopts precision leveling measurement (Touhei et al., 2013; Shen et al., 2021; Zhang et al., 2021). The Topcon GM-52 high-precision total station instrument is used in this monitoring process. All data are automatically read by the total station, which greatly improves the accuracy of data. The standard reference point is determined by choosing a fixed point. Then, its height is measured (H), monitoring is performed by measuring the elevation difference (ΔH) between the base and of the monitoring, and then the actual height of the monitoring (ΔHt) is calculated. At last, the site of the sedimentation value change (ΔH) is determined based on comparison with the last measured elevation. Calculations are performed by the presented equation as follows:
[image: image]
Monitoring Distribution Points
Surface settlement evaluation is vital for tunnel excavation and can directly reflect the soil change above the tunnel. Since direct drilling and coring on the road surface for point distribution is difficult to accomplish and is frequently subject to artificial damage, the distribution point of the surface settlement this time is mainly to directly drive the spike into the road surface as the monitoring point. The locations where the local circumstances are met and the locations with higher risks should be cored in accordance with the specification requirements.
Consequently, the measuring points of tunnel surface settlement were arranged before the tunnel face reached the monitoring section with a diameter of 3–5 times. The longitudinal spacing of surface settlement in the underground excavation stations was 10–20 m, with a row of local encryption points of 5 m; in addition, the transverse distance was 2–5 m, and the middle line was encrypted. In this monitoring process, the monitoring period of all monitoring points was 24 h. In principle, the monitoring range on both sides of the middle line should not be less than H0+B (H0 is the buried depth of the tunnel, and B is the width of the tunnel). In case the ground conditions are limited, the monitoring range can be appropriately reduced; however, the measuring range should be broadened appropriately in the presence of controlled structures on the surface. However, the ground environment often affects the distribution points mainly concentrated directly above the main body, and the two sides extend slightly outward.
Monitoring Data Analysis Methods
Analysis methods for monitoring data can be listed as statistical analysis, finite element, boundary element, and reverse analysis methods, etc., in general (Liu et al., 2019; Elbaz et al., 2020). The nonlinear regression analysis was used in the current study for the statistical analysis method to analyze the law of surface subsidence deformation.
If the relationship between two variables is not linear, then the relationship between them is called nonlinear, that is, to nonlinear regression analysis. The primary strategy for nonlinear regression problems is to first transform the variables into linear regression and then cope with them using the linear regression method. Nonlinear regression analysis techniques typically used in monitoring data processing include numerous unary equations, exponential functions, logarithmic functions, hyperbolic functions, etc.
LAW OF LONGITUDINAL SURFACE SETTLEMENT
Entire Process Surface Settlement Analysis
According to the on-site construction process, the monitoring distribution points and data change curves of each monitoring point, 2–3 monitoring sections from each station, and 2–6 representative measuring points of each monitoring section were selected to plot the whole process. Afterward, the obtained process change curve and a total of 25 surface settlement change curves were summed. Figure 4 shows the surface subsidence change curve of Zhongshan Park Station.
[image: Figure 4]FIGURE 4 | Settlement change curve of Zhongshan Park Station. (A) DC001-103, DC001-104; (B) DC001-107, DC001-108; (C) DC001-116, DC001-119.
It has been observed in Figure 4 that the entire process change curve of the surface settlement monitoring point was consistent, and the obtained curve change can be divided into four stages according to the different curvatures of the curve change. In the first stage, from the beginning of the monitoring until mid-April 2012, the curve first decreased significantly and then gradually changed. The cumulative settlement was between −5 and 15 mm, and the variation was 5–15 mm. The corresponding construction stage to the mentioned value was the excavation of the upper and left guide holes on both sides. In the second stage, from the middle of April 2012 to the middle of October 2012, the curve settlement changed significantly, with the cumulative settlement between −25 and 35 mm and the variation between 10 and 25 mm. The cumulative settlement value of some monitoring points in this stage exceeded 30 mm, and the minimum exceeded 20 mm. The construction process corresponding to mentioned values was in excavating the upper–middle guide hole and manual digging pile. In the third stage, from mid-October 2012 to mid-October 2013, the settlement changes of all measuring points were generally flat on the whole, without obvious fluctuations. The accumulated settlement was fundamentally the same as that at the end of the second stage, and the change was approximately 5 mm. However, at the beginning of this stage, an obvious uplift was observed. Compared with the on-site construction process, it was found that the arch grouting reinforcement was carried out in this stage, followed by the arch second lining construction, which lasted for about one year. In the fourth stage, from mid-October 2013 to August 2014, the change curve of all measuring points fluctuated to some extent, yet the law was quite different. In addition, some measuring points showed minor settlement, while some measuring points showed slight uplift or remained unchanged. Through in-depth comparison, it is found that the measuring points with slight uplift or unchanged in this stage were located outside the main body’s edge line, however, quite close to the edge line, while the points with settlement were found inside the main body’s edge line. The analysis showed that the settlement trend within the edge line was average during the middle and lower part of the main body excavation and secondary lining construction. The edge line position was not significantly changed due to the internal support of the pile body and beam. The corresponding construction process of this stage was the earthwork excavation and structure construction of the middle and lower part of the main body. Figure 5 shows the whole process change curve of Zhanshan Station surface subsidence.
[image: Figure 5]FIGURE 5 | Settlement change curve of Zhanshan Road Station. (A) DC04-04‐DC04-07; (B) DC07-05‐DC07-08; (C) DC10-05‐DC10-08.
According to the monitoring section of DC04-04–DC04-07, from the beginning of the first stage to the early April of 2012, the variation trend of the surface settlement was obvious. Nevertheless, the accumulated seating value did not exceed the standard and also 20 mm. The corresponding construction stage was the excavation of the guide hole on both sides of the upper part. In the second stage, from early April to early June 2012, it continued to sink; however, the change rate was significantly slower than that in the first stage, and the accumulated settlement reached about −30 mm. The corresponding construction stage was the excavation of the front palm face, which exceeded 40 m by June, and connecting the upper guide holes on both sides. In the third stage, from early June 2012 to early August 2012, the surface subsidence deformation trend increased again, and the cumulative surface subsidence value reached between −45 and 55 mm. The corresponding construction stage was the guide hole excavation on both sides of the central part. In the fourth stage, from August 2012 to early January 2013, the surface settlement experienced the third significant settlement change, and the cumulative settlement value reached −60–75 mm. The corresponding construction stage was the excavation of the lower two sides guide hole and the upper–middle guide hole. In the fifth stage, from early January 2013 to late February 2014, the change of surface settlement was generally flat, but slight uplift was caused by grouting reinforcement. The corresponding construction stage was mainly secondary construction. Similarly, the monitoring sections of DC07-05–DC07-08 and DC10-05–DC10-08 can be basically divided into five stages. Figure 6 shows the whole process change curve of Fushansuo Station surface subsidence.
[image: Figure 6]FIGURE 6 | Settlement change curve of Fushansuo Road Station. (A) DC50∼DC53; (B) DC55∼DC57.
According to the change curve of Fushansuo Station, the change process of surface subsidence can be divided into four stages. In the first stage, from the beginning to the end of June 2011, there was a small amount of settlement in the monitoring data of this stage, but the cumulative settlement was small, with a maximum between −5 and 10 mm. The corresponding construction stage was the excavation of both sides of the guide hole. In the second stage, from late June to mid-August 2011, the settlement changed significantly, and the accumulated settlement reached −30–40 mm. The corresponding construction stage was the middle guide hole excavation. In the third stage, from mid-August 2011 to early January 2012, the surface continued to sink; however, the trend was slow. The cumulative settlement was between −35 and 50 mm, and the cumulative change was basically within 10 mm, lasting for more than 4 months. The corresponding construction stage did not include any construction phase under the monitored section. The fourth stage was from early January 2012 to August 2012. The monitoring data changed steadily without significant fluctuations in this stage, and the accumulated settlement remained unchanged. The corresponding construction stage was the middle and lower guide hole excavation. Owing to the stable change of monitoring data in the later period, no continuous monitoring was performed during the construction of the main structure.
Fitting Analysis of Surface Settlement Change Curve
Zhongshan Park Station
Based on the experiences of underground tunnel construction in the past, it can be said that tunnel collapse and surrounding environment accidents occurred primarily in the excavation of the upper part of the main body. In the construction of the Qingdao metro underground station, it has been noted that local collapse, leakage of pipelines, excessive ground settlement, and other accidents often occurred in the excavation of the upper guide hole of the station main body. Consequently, it is necessary to strengthen the construction control of the upper guide hole. In the current research, surface settlement change curves during upper or middle Earth excavation were analyzed in depth, and curve fitting was performed with the help of OriginPro software.
The construction progress of Zhongshan Park Station can be divided into Phases I and II. Based on the monitoring values and curves of Phase I of Zhongshan Park Station (Table 4; Figure 4), the results fitted by OriginPro software are shown in Figure 7.
TABLE 4 | Comparison of construction progress and monitoring data of Zhongshan Park Station.
[image: Table 4][image: Figure 7]FIGURE 7 | Data change curve in the first stage.
According to the relationship between the data change curve and construction progress, before the pilot face of the left and right lines went down through the monitoring points, the data tended to sink (it can be seen from Table 3 and Figure 8). Still, the accumulated settlement was small, at about 5 mm. After the left and right guide holes passed through the measuring points, the surface continued to sink. It was not until the left guide hole passed through the monitoring points for nearly 60 m, that was until the data changes became stable after the tunnel diameter was more than three times (tunnel span is 20 m), and the tunnel depth was six times. In the meantime, the cumulative surface settlement was −10.09 mm. When the horizontal distance between the pilot face of the middle guide hole and monitoring point was less than 10 m, the settlement trend of the monitoring point started to increase again and entered the second stage. According to the monitoring data in Table 4, scatter plots are drawn, and curve fitting is carried out, as shown in Figure 9.
[image: Figure 8]FIGURE 8 | Data change curve fitting diagram. (A) phases I; (B) phases II.
[image: Figure 9]FIGURE 9 | Data change curve fitting diagram of the first stage.
The fitting formula was obtained as [image: image]. With a strong correlation, the correlation coefficient reached 0.956, near to 1, and the fitting effect was close to the actual change curve.
According to the first stage data processing method, the second stage monitoring data of the monitoring point were fitted and analyzed, and the curve is shown in Figure 7.
The fitting formula was obtained as [image: image]. With a strong correlation, the correlation coefficient reached 0.96 with a high correlation, and the fitting effect was near to the actual change curve.
Zhanshan Station
According to the construction schedule, the Zhanshan Station can be divided into two phases (Phases I and II). Based on the monitoring values of Phase I (Table 5), the results fitted by OriginPro software are shown in Figure 8.
TABLE 5 | The first stage monitoring values of a measuring point in Zhanshan Station.
[image: Table 5]The fitting formula was obtained as [image: image]. The correlation coefficient reached 0.99, with a high correlation, and the fitting effect was close to the actual change curve.
According to the first stage data processing method, the second stage monitoring data of the monitoring point (Table 6) were fitted and analyzed. The curve is shown in Figure 10.
TABLE 6 | Second-stage monitoring values of a measuring point in Zhanshan Station.
[image: Table 6][image: Figure 10]FIGURE 10 | Data change curve fitting diagram of the second stage.
The fitting formula was obtained as [image: image]. The correlation coefficient reached 0.98, with a high correlation, and the fitting effect was quite near to the actual change curve.
Fushansuo Station
Based on the monitoring values of the Fushansuo station (Table 7), the results of an OriginPro software fitting are presented in Figure 11.
TABLE 7 | The monitoring values of a measuring point in Fushansuo Station.
[image: Table 7][image: Figure 11]FIGURE 11 | Data change curve fitting diagram.
The fitting formula was obtained as [image: image]. With a high correlation, the correlation coefficient reached 0.99, and the fitting effect was close to the actual change curve.
Analysis of Surface Settlement Control Standards
The control standard of surface subsidence caused by urban subway tunnel excavation has been a hot research topic in recent years. The surface settlement caused by tunnel excavation is affected by geological conditions, tunnel burial depth, construction method, support parameters, and other factors, so it is difficult to describe the settlement’s changing process and final deformation value accurately. Despite this, a huge number of engineering practices and scientific investigations reveal that the surface subsidence deformation caused by tunnel excavation is regular. Through statistical analysis of a huge number of measured data, a more reasonable surface subsidence control standard value can be obtained to guide other line tunnel excavation processes.
Data selection should first assure data consistency and, in general, comply with the actual construction process on-site. Due to the failure of some station monitoring to be carried on continuously after the end of the excavation and based on previous construction experience, the overall settlement amount between the end of excavation and construction is generally minor. Furthermore, the impact on the structure itself and the surrounding environment is much reduced compared to the excavation stage. Therefore, the current study on the cumulative settlement control index mainly focused on the surface cumulative settlement control value after the excavation.
243 effective surface settlement measuring points in each station were selected. Statistical analysis showed that the maximum settlement value was −81.11 mm, the minimum settlement value was −1.46 mm, and the mean value was −36.06 mm. The specific data are presented in Table 8.
TABLE 8 | Statistics of surface settlement data.
[image: Table 8]In the current situation, the surface subsidence control standards adopted by Qingdao metro long-span underground excavation stations are mostly based on −30 mm. In this study, the measurement points with settlements exceeding 30 mm accounted for more than 61%, and no evident damage occurred to the road surface and underground pipelines throughout the construction process. The area around the monitoring point where the cumulative settlement value reached −81.11 mm did not appear abnormal, and the site was generally safe and controllable. This implies that the control value of cumulative surface settlement set at −30 mm is too conservative, causing a lot of hassles for site construction, management, and wasting additional resources. Therefore, it is necessary to adjust the control index.
The proportion of surface settlement between −10 and 60 mm reached 81%, as shown in Table 8, and the number of surface settlement points in each section was not significantly different. The measurement points above −60.00 mm constituted for a relatively small percentage, only 10%. According to the abovementioned analysis, the arch of the surrounding rock conditions was poor (V, VI level), and the overall station depth under the condition was lesser than 10 m. The ground settlement after the end of the large-span underground tunnel excavation stability with −60 mm was more reasonable according to the final settlement control standard. The warning value was 80% of the final settlement value with −48 mm.
It was found that utilizing a cubic polynomial of one variable improved the fitting impact of the surface settlement deformation curves of each station during earthwork excavation, and the correlation coefficient was essentially above 0.95. The cubic polynomial of one variable was relatively simple compared to other functions, and the calculation was rapid. However, the formula coefficients derived from the curve fitting of each station’s surface settlement change were quite different. Therefore, the surface settlement change curve during the excavation of large-span underground tunnels was impacted by a variety of factors, and only a certain analysis and judgment can be made from the overall change law.
CONCLUSION

1) The data changes of each underground station were analyzed by comparing the surface subsidence curve of each station. Surface settlement occurred when excavation took place on either side of the guide hole, but the overall settlement was relatively small, basically within 10 mm of the foundation. The large surface settlement will occur during the middle or middle guide hole excavation. The larger settlement potentially can reach over 30 mm depending on geological conditions. The change in the surface settlement was not evident throughout the excavation of the lower soil and building of the station structure, and some sites had a certain subsiding tendency owing to the effect of geological circumstances.
2) The surface settlement variation throughout the excavation of the station’s main body was analyzed via fitting. It was revealed through data fitting that regression analysis utilizing a cubic polynomial of one degree could be advantageous for a superior fitting effect; however, the parameters of the findings were significantly different. Therefore, only through the overall change law can we analyze and guide other excavation station construction.
3) For the arch with surrounded weak rock (V, VI level), the overall depth was lower than 10 m, large-span underground running tunnel surface subsidence control standards used to 60 mm, and warning value of—48 mm was more reasonable. For station arches with surrounded relatively better rock (IV level and below), it was more acceptable to be performed as per the specification and design documents.
4) According to fitting data analysis, the surface settlement changes per underground station were still incredibly diverse, which may be attributed to geological conditions and environmental variables. Therefore, in case of increasing data volume, it is necessary to summarize the surface settlement rules of other stations comprehensively to obtain directions with a broader range of adaptability.
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