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The number of special-shaped foundation pits is increasing fast because of the continuous utilization of underground spaces in urban areas. Based on the deep foundation pit of Maluan North Station of Xiamen Metro Line 2 in Xiamen, China, the deformation characteristics of the supporting structure of special-shaped foundation pits are researched by field observation and numerical simulation. Meanwhile, the depth of the concrete supports and steel supports is considered, respectively. The results show that the lateral deformation of the diaphragm wall at the corner of the pit shows obvious corner effect, and the maximum lateral displacement of the long-side diaphragm wall is slightly larger than the short-side diaphragm wall. Changing the position of the second layer of steel support has almost no effect on the lateral deformation of the corner diaphragm wall. Changing the position of the second layer of concrete support has a greater impact on the lateral displacement of the diaphragm wall, but the path of the maximum lateral displacement of the diaphragm wall and the depth of the point of maximum lateral displacement remain unchanged.
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INTRODUCTION
With the development of economy and the acceleration of urbanization, urban traffic congestion has become an increasingly serious problem. More and more engineering constructions are turning to underground space such as subways, highway tunnels, underground parking lots, and underground shopping malls. The foundation pits of most subway stations are generally deep and long with different shapes. In order to reduce the impact on the surrounding environment, diaphragm walls and internal support systems are used for the enclosure structure. Furthermore, it is rather necessary to carry out long-term tracking monitoring to ensure the safety and stability of the foundation pit, but the number of monitoring points is limited, and numerical simulation methods are usually used to supplement the on-site monitoring.
As early as the 1990s, the existence of the pit corner effect was verified by scholars; then, the corner effect of foundation pit excavation was studied through site monitoring and finite element methods (FEM) (Ou et al., 1996; Lee et al., 1998). Ou et al. (2000) studied the three-dimensional movement of soil and walls through field monitoring and finite element analysis and found that the settlement of the soil at the corner of the pit was less than the settlement of the soil at the center. Taking a certain foundation pit in London as an example, Zdravkovic et al. (2005) compared three-dimensional finite element calculation with two-dimensional plane strain analysis (rectangular foundation pit), and pointed out that the use of plane strain analysis for rectangular foundation pits cannot account for the spatial distribution of its deformation, and the calculation results have large errors. According to the study of Finno et al. (2007), the influence range of the pit corner effect is approximately 3 times the depth of the excavation of the foundation pit. When the side length of the foundation pit is greater than 6 times the excavation depth, the soil displacement in the middle of the foundation pit between the results of the plane strain simulation and the results of the three-dimensional simulation is the same, indicating that the influence of the pit corner effect can be ignored at this time. Zheng and Li (2012) studied the influence of the pit corner effect on the surrounding buildings of the foundation pit and found that the buildings near the corner of the foundation pit were twisted and deformed due to the uneven settlement of the soil outside the pit, which seriously endangered the building. Jia et al. (2016) found through indoor model test and FLAC3D numerical simulation that the influence range of the earth pressure corner effect in the horizontal direction is within 0.2 times the excavation depth from the corner. Hsiung et al. (2016); Hsiung et al. (2018), carrying out parameter inversion and model verification based on the foundation pit monitoring data and field and indoor geotechnical test data, discussed the influence of different sizes of foundation pits on the pit angle effect and drew a PSR experience chart. Fan (2016) studied the influence of the support structure on the deformation of the deep foundation pit and obtained the functional relationship between the deformation of the inner and outer corner walls and the distance of the foundation pit corner. Zheng and Zheng (2017) deduced the calculation formula of earth pressure under the corner effect. Chheng and Likitlersuang (2017) found that the two-dimensional model cannot consider the effect of the corner, which will cause the lateral displacement of the diaphragm wall calculated by the corner to be too large. Liang (2018) used PLAXIS 3D finite element software calculations and site monitoring data to analyze the changes and distribution of earth pressure on the diaphragm wall during the excavation process. Wang (2019) extended the concept of PSR, using the lateral displacement of the diaphragm wall (PSRh) and the ground surface settlement (PSRv) to quantify the corner effect, and established a multivariate adaptive regression spline (MARS) model for estimating PSR. Liu et al. (2017) analyzed the spatial effect of the deformation of the special-shaped foundation pit–supporting structure, and the results showed that the deformation of the supporting structure at different plane positions also showed obvious spatial effects. The position of the inner corner has a strong ability to constrain the deformation, and the main influence range of the pit angle effect is within a distance of about 1 time the excavation depth from the pit corner. When the distance from the pit angle exceeds 3 times the excavation depth, it enters the long-side effect influence range. Tan et al. (2020) analyzed the law of lateral deformation of the diaphragm wall of the special-shaped foundation pit based on the project of Maluan North Station (MNS). Bai (2020) studied the influence of special-shaped foundation pit construction on adjacent buildings, in which the deformation of adjacent buildings with right-angle pit corners is smaller than that of adjacent buildings with pit angles greater than 90°.
So far, the research on the pit corner effect is mainly based on the rectangular foundation pit, and the research on the corner effect of special-shaped foundation pits is less. Therefore, in this study, the deformation characteristics of the diaphragm wall of the special-shaped foundation pit are investigated based on the MNS project of Xiamen Metro Line 2 in Xiamen, China. On that basis, the effect of two main facts, including the depth of concrete supports and steel supports near the corner, on the deformation characteristics of special-shaped foundation pits is studied by the ABAQUS finite element. The conclusions of the corner effect in the process of pit excavation can be provided as a reference for actual engineering support schemes.
ENGINEERING OVERVIEW
MNS foundation pit is in Haicang district in Xiamen, China. The plane shape of MNS foundation pit is irregular. The maximum excavation length and width are about 348 and 20.7 m, respectively. The excavation depth of the standard section is 10.7 m, and the depth of the special-shaped section is about 14 m. The 600-mm-thick diaphragm walls and internal supports are used as the main supporting structures of the foundation pit, and the concrete strength of the diaphragm wall is C35. The first supports of the standard section are 800 mm × 1000 mm concrete supports, which are supported on the crown beams, and the second supports are steel supports with a diameter of 800 mm and a thickness of 16 mm; two concrete gussets are set at the corners of the foundation pit.
There are no important structures within the scope of the foundation pit project of MNS. Mainly fish ponds for local villagers and Guoyun Creek are located near the project site. The area is located at the junction of urban and rural areas in Haicang district, Xiamen. Mainly for living and green space, it is now the planning area of Maluan New Town in Xiamen, with good construction conditions. There are also no pipelines in the surrounding area.
Table 1 shows the soil parameters. The stratum structure along the foundation pit project is complex, the rock and soil layers are unevenly distributed, and the engineering geological conditions are poor. Plain fill soil has poor engineering characteristics, which is not conducive to slope stability of foundation pits. The soft soil is marine silt, which is in the form of flowing plastic to soft plastic, with unfavorable engineering characteristics. Sand-mixed silt is dominated by sub-circular quartz medium and coarse sand, with a mud content of about 30%, and uneven particle size. Tuff lava residual cohesive soil and full or strong weathered rock have poor uniformity and different strengths. They are easy to soften when brought in contact with water and have sharply reduced strength. The engineering performance of rock and soil is generally poor.
TABLE 1 | Soil parameters.
[image: Table 1]NUMERICAL MODELING OF SPECIAL-SHAPED FOUNDATION PIT
The ABAQUS finite element software was used to establish a three-dimensional finite element model of MNS foundation pit and simulate the whole process of foundation pit excavation. The soil adopts the Mohr–Coulomb model. The diaphragm walls, concrete supports, and steel supports are all assumed to be elastic materials, and their density (ρ), elastic modulus (E), and Poisson ratio (υ) are shown in Table 2.
TABLE 2 | Material parameters of foundation pit supporting structure.
[image: Table 2]In order to avoid the influence of the model boundary, the model size is 3 times the size of the pit. The size of the calculated model is 120 m × 56 m×60 m. The models all use C3D8R solid elements, and a total of 59474 grids are generated. The calculation boundary conditions are as follows: the displacement of the side in the Y direction is free, the bottom surface is completely fixed, and the top surface is free.
In the ABAQUS numerical simulation, the construction of diaphragm walls, erection of supports, and excavation of soil are controlled by the dead–live unit method. Numerical simulation steps of foundation pit excavation are given as follows:
Step 1: Calculate the model soil for initial ground stress balance.
Step 2: A uniform load of 10 kPa is added within 10 m around the foundation pit.
Step 3: Excavate the first layer of soil to 1 m below the surface, and construct the first concrete support.
Step 4: Excavate the second layer of soil to 4 m below the surface.
Step 5: Excavate the third layer of soil to 6 m below the surface, and construct the second steel support.
Step 6: Excavate the fourth layer of soil to 8 m below the surface.
Step 7: Excavate the fifth layer of soil to 11 m below the surface.
Step 8: Excavate the sixth layer of soil to 14 m below the surface.
ANALYSIS OF CORNER EFFECT
Comparison of Monitoring and Numerical Results
As can be seen from Figure 1, AB, BC, and DE are defined as diaphragm wall 1, diaphragm wall 2, and diaphragm wall 3, respectively.
[image: Figure 1]FIGURE 1 | Paths and measuring points of diaphragm walls.
Figure 2A shows the lateral wall displacements at ZQT33, ZQT34, ZQT35, and ZQT37 when the excavation of the foundation pit is completed. The displacement to the outside of the pit is specified as negative; otherwise, it is positive. The deformation curves of diaphragm walls show a small up and down, and a large change in the middle, which are consistent with Han (2020)’s research. There is no horizontal support at the bottom of the diaphragm walls, but its lateral displacement is small. The reason is that the bottom soil is tough with high strength, and the diaphragm walls are embedded in the rock and soil to obtain a large embedding force. However, the soil in the middle section of the foundation pit is mainly silty soil, and it is easy to generate a large earth pressure during the excavation of the slope of the foundation pit, resulting in a large deformation of the diaphragm wall. The measuring points ZQT33 and ZQT34 are distributed on diaphragm wall 3. Their deformation laws are the most similar, and the maximum lateral displacement values are not much different. The lateral displacement values of the measuring points ZQT35 and ZQT37 are quite different. ZQT37 is located at the end of diaphragm wall 1, which has the smallest lateral displacement.
[image: Figure 2]FIGURE 2 | Comparison of measured values and numerical results of lateral displacement. (A) Measured values; (B) numerical results of diaphragm wall 1; (C) numerical results of diaphragm wall 2.
The support arrangement of program 1 is as follows: taking the ground surface of the foundation pit as an elevation of 0.0 m, the elevations of the bottom of the two concrete supports at the corner of the pit are −1.0 m and −8.0m, respectively, and the central elevations of the concrete supports and the steel supports of the standard section are −1.0 m and −8.5 m, respectively. The numerical results of the lateral displacement of diaphragm wall 1 and diaphragm wall 2 are shown in Figure 2B; Figure 2C, respectively. As can be seen, path f has the smallest lateral displacement, which is closest to corner B. Path c of diaphragm wall 1 is far away from corners A and B, and the maximum lateral displacement reaches 26 mm. Paths h and i of diaphragm wall 2 are far away from corners B and C, and the curves basically coincide with a maximum value of 19 mm. Paths g and j are close to corners B and C, respectively, but the lateral displacement values of the two are quite different. Although corners B and C are both right angles, the former is formed by two long diaphragm walls and the latter is formed by a long wall and a short wall. The different support structures at the corners have different effects on the lateral wall displacements.
The Influence of the Support Position on the Lateral Displacement of the Diaphragm Wall of the Pit Corner
The support arrangement of program 2 is as follows: taking the ground surface of the foundation pit as an elevation of 0.0 m, the elevations of the bottom of the two concrete supports at the corner of the pit are −1.0 m and −8.0 m, respectively, and the central elevations of the concrete supports and the steel supports of the standard section are −1.0 m and −7.5 m, respectively. Figure 3A and Figure 3B show the lateral displacements of each path of diaphragm wall 1 and diaphragm wall 2, respectively. According to the lateral displacement diagrams of diaphragm walls 1 and 2 in program 1, the lateral displacements of paths c and d are rather larger. Therefore, changing the support position, the lateral displacements of paths c and d of program 2 and the lateral displacement of path c of program 1 are selected for comparative analysis. Both figures reflect that changing the position of the second layer of steel supports has almost no effect on the lateral wall deformation at the corner of the pit. The lateral displacements of path c of diaphragm wall 1 and path i of diaphragm wall 2 are still the largest, and the maximum lateral displacement value has only a small change. This may be due to the fact that the second steel support is set at the standard section of the foundation pit, that is, on diaphragm wall 3, and has little effect on the diaphragm wall near corner B.
[image: Figure 3]FIGURE 3 | Numerical results of lateral displacement of diaphragm walls 1 and 2 in program 2. (A) Diaphragm wall 1; (B) diaphragm wall 2
The support arrangement of program 3 is as follows: taking the ground surface of the foundation pit as an elevation of 0.0 m, the elevations of the bottom of the two concrete supports at the corner of the pit are −1.0 m and −9.0 m, respectively, and the central elevations of the concrete supports and the steel supports of the standard section are −1.0 m and −8.5 m, respectively. Figure 4A and Figure 4B show the numerical results of the lateral displacement of each path of diaphragm walls 1 and 2 after the foundation pit is excavated, respectively. As can be seen, changing the position of the second layer of concrete supports has a greater impact on the lateral deformation of diaphragm walls 1 and 2. As far as path c of diaphragm wall 1 is concerned, the maximum lateral displacement in program 2 is only 23.92 mm, which is 2.15 mm smaller than that in program 1. Similarly, in terms of path i, the lateral displacement of program 1 is 1.56 mm smaller than that of program 2. Although the maximum lateral displacement of the diaphragm wall is much smaller than that in program 1, the lateral displacement at a depth of 5 m is more than that in program 1. Since the second layer of concrete supports was set 9 m below the surface, the maximum lateral displacement point of the upper half of the diaphragm wall also moved downward, with a depth of about 6 m. On the whole, the path of the maximum lateral displacement of the diaphragm wall and the depth of the point of maximum lateral displacement have not changed, but the value of the maximum lateral displacement has been reduced. There are many factors affecting the deformation of the diaphragm wall, including the thickness of diaphragm walls, soil parameters, and the position of the horizontal support. This study only discusses the influence of the position of the horizontal support. The research shows that the second horizontal support acting at the corner of the pit has a significant impact on the deformation of the diaphragm wall. By seeking its optimal position, the lateral displacement of the diaphragm wall can be effectively decreased, the safety of the foundation pit structure can be ensured, and the engineering cost can be minimized.
[image: Figure 4]FIGURE 4 | Numerical results of lateral displacement of diaphragm walls 1 and 2 in program 3. (A) Diaphragm wall 1; (B) diaphragm wall 2
CONCLUSION

(1) During the excavation of the foundation pit, the existence of the pit corner has a constraining effect on the deformation of the diaphragm wall. As far as the lateral displacement of the diaphragm wall is concerned, the value near the pit corner is smaller than the value far away from the pit corner.
(2) In a special-shaped foundation pit, the lengths of the diaphragm walls are different, and the support structure at the corners of the pit is also different. The corner effect caused by the corner, which was formed by two long diaphragm walls, is more obvious than that caused by the other corner, which was formed by two short diaphragm walls, that is, when two paths distance and different corners are same, the displacement of the former is smaller.
(3) The horizontal support structure at the pit corner has an influence on the lateral displacement of the diaphragm wall near the corner, and the horizontal support located in the middle has a significant effect on the maximum lateral displacement of the diaphragm wall.
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