

  buildings-14-01049




buildings-14-01049







Buildings 2024, 14(4), 1049; doi:10.3390/buildings14041049




Article



Numerical Simulation of Double-Row Retaining System with Different Piers



Yaohua Sui 1, Siyuan Zhang 1, Zhili Li 1, Xuqun Zhang 1, Fan Wu 2,* and Pei Tai 2,3,*





1



Guangzhou Metro Design & Research Institute Co., Ltd., Guangzhou 510080, China






2



School of Civil and Environmental Engineering, Harbin Institute of Technology, Shenzhen 518055, China






3



Guangdong Provincial Key Laboratory of Intelligent and Resilient Structures for Civil Engineering, Shenzhen 518055, China









*



Correspondence: 23b954001@stu.hit.edu.cn (F.W.); taipei@hit.edu.cn (P.T.); Tel.: +86-187-8844-8069 (P.T.)







Citation: Sui, Y.; Zhang, S.; Li, Z.; Zhang, X.; Wu, F.; Tai, P. Numerical Simulation of Double-Row Retaining System with Different Piers. Buildings 2024, 14, 1049. https://doi.org/10.3390/buildings14041049



Academic Editor: Eugeniusz Koda



Received: 23 February 2024 / Revised: 28 March 2024 / Accepted: 3 April 2024 / Published: 9 April 2024



Abstract

:

With the rapid expansion of foundation pit excavation areas due to the burgeoning underground transportation networks in large cities, spatial combined double-row retaining structures have become indispensable for ensuring stability and minimizing deformation. Integrating piers into these structures enhances stiffness; however, the research on this topic is limited. This study investigates the Chisha Metro project, which utilizes a double-row support structure with added support piers to improve overall stiffness. Numerical simulations are employed to model the foundation pit and analyze the stress distribution and deformation of double-row retaining systems with T-shaped, cross-shaped, or square-shaped piers. The results demonstrate that the retaining system, after the introduction of piers, exhibits reduced maximum horizontal displacement and surface settlement of soil, and indicates spatial characteristics and the transformation from a planar problem to a spatial problem. Furthermore, in specific geological conditions, the T-shaped support pier proves to be more effective in connecting the front and rear support structures compared to the cross-shaped and square-shaped support piers, which mainly reinforce the soil without connecting the support structures. This research provides valuable insights for improving design and construction practices in foundation pit engineering.
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1. Introduction


With the rapid development of underground transportation in large cities, the excavation area of foundation pits is expanding both in size and depth [1]. Not only does the excavation of foundation pits need to ensure stability, but it also needs to meet deformation control requirements to ensure the safety of existing buildings, underground pipelines, and roads around the foundation pit. In response to challenging geological conditions, researchers have explored the performance of a range of supporting structures. For example, Xu et al. [2] investigated the effectiveness of a micro steel pipe pile-anchor joint supporting system for reinforcing foundation pits in the presence of an inclined soil-rock interface. Furthermore, Huang [3] assessed the performance of using composite reinforced prestressed concrete pipe piles in foundation pits, taking into account both vertical and oblique placements of piles during excavation. The double-row retaining structure consists of one front row and one rear row of retaining structures together with a connecting rigid top plate, leading to a statically indeterminate portal frame with high global stiffness. When subjected to loading from soil mass, the structure can generate a force couple acting along the opposite direction to resist the active soil pressure, thereby significantly reducing the displacement and deformation of the double-row retaining structure as compared with a single-row support configuration [4]. In some projects where the use of anchor rods is restricted by the environment or policies, and the layout of internal supports is limited by spans, spatial combined double-row retaining structures have received attention from design and construction units and have good application precedents [5,6,7].



To minimize horizontal deformation and vertical settlement in the overall double-row retaining system and control costs in foundation pit engineering, various types of retaining structures have been proposed and utilized. These include soldier pile walls, sheet pile walls, diaphragm walls, soil nail walls, drilled pier walls, contiguous pile walls, secant pile walls, double-row retaining walls, and more [8]. In order to optimize the design of the structure, investigations have also been conducted on fundamental structural dimensions, including pile diameter, pile length, pile spacing, row spacing, inclination angle, and other parameters [9]. The values of optimal design parameters vary depending on the specific structural materials and geological conditions. However, general trends have emerged from previous studies. Increasing pile dimension or reducing pile spacing can improve overall performance, although excessive adjustments may result in unnecessary cost escalation [10,11]. When considering pile length, a non-equal length configuration with longer piles in the front and shorter ones in the rear within a double-row support structure has been found to have minimal impact on performance, even with modest reductions in the length of rear-row piles [12]. Row spacing is critical, as inadequate spacing limits spatial performance by hindering the coordinating deformation and stress distribution function of the top connection, while excessive spacing results in the double-row structure transforming into the front row with top constraints [4]. Regarding inclination angle, comparative analyses among double-row structures with both vertical rows, double-row structures with an inclined front row and vertical rear row, and double-row structures with both rows inclined reveal that double-row structures with an inclined front row and vertical rear row offer superior resistance to overturning, and double-row structures with both rows inclined with appropriate inclination angles can mitigate horizontal displacement during excavation [13,14]. This paper suggests incorporating a pier structure at regular intervals into the existing double-row structure with a cover plate, akin to adding support points to a continuous beam. Introducing piers is expected to greatly enhance the stiffness of the support structure in the direction perpendicular to the excavation edge. However, research on such double-row support systems with piers remains limited, especially considering their impact on spatial structure systems. In practice, existing engineering experience still predominates in actual design and construction [8].



The development of modern computers and numerical calculation techniques provides advanced means for studying, calculating, and verifying complex foundation pit engineering problems and promotes the formation of information-based construction methods, further advancing theory. Many scholars at home and abroad have researched both the entirety and specific aspects of double-row support structures, employing numerical simulation methods to investigate section bending moments, deformations, and soil pressure distribution characteristics [15,16,17]. The foundation pit project of Chisha Metro adopts a front wall and rear pile double-row support structure, and on the basis of the double-row retaining structure, support piers are added at regular intervals within the support structure, and different forms of support piers are applied in the actual engineering. Based on the construction monitoring data during the foundation pit excavation process, this paper uses numerical modeling to analyze the effects of different forms of support piers. It explores the sharing of stress between front and rear row structures, the variation of stress between support structures with depth, the overall stiffness of the spatial structure formed by the double-row support structure and pier, and the optimization of the pier layout form, in order to provide a better theoretical basis and guidance for engineering practice.




2. Project Overview


The Chisha Metro project is located in Guangzhou, Guangdong Province, China. To the southwest of the project is Chisha Creek, to the north is Huangpu Creek, to the east is the South China Expressway, and to the west are some factory buildings and open space (belonging to the Zhuguang Group). The location of the Chisha Metro project is shown in Figure 1.



The excavation of the Chisha Metro foundation pit adopts partition construction, and the overall foundation pit support utilizes a double-row supporting structure composed of a front row of 1000 mm thick underground diaphragm walls and a rear row of φ1500@2000 mm bored pile foundations. The front and rear rows of support are spaced 6 m apart. An 800 mm thick cover plate is used for connection at the top, with a top elevation of 6 m. At regular intervals, support piers are installed to enhance the stiffness of the supporting structure. The types of support piers include T-shaped piers, cross-shaped piers, and square-shaped piers. From the beginning, the use of three different support piers in the Chisha Metro project was for both engineering and research purposes. Figure 2 illustrates the schematic diagram of the foundation pit support structure.



The surface of the foundation pit is cleared to the site leveling elevation before excavation to reduce the depth of the foundation pit. The foundation pit can only be excavated after the supporting structure is implemented and sealed and dewatering measures are taken. The excavation is carried out in layers, sections, symmetry, balance, and within a specific time limit for each section. As shown in Figure 3, the main excavation construction procedures are summarized as follows:



The monitoring of the Chisha Metro project foundation pit construction includes various parameters such as horizontal displacement of pile or wall (ZQS), deep horizontal displacement of pile or wall (ZQT), vertical displacement of pile or wall (ZQC), groundwater level (DSW), and surface settlement (DBC), as shown in Figure 4. “ZQS28-1”, “ZQT28-1”, and “ZQC28-1” represent the top horizontal displacement, deep-level horizontal displacement, and top vertical displacement at monitoring point 28 of the wall, respectively. “ZQS28-2”, “ZQT28-2”, and “ZQC28-2” represent the top horizontal displacement, deep-level horizontal displacement, and top vertical displacement at monitoring point 28 of the pile, respectively. “DSW28” represents the groundwater level at monitoring point 28. “DBC28-1”, “DBC28-2”, and “DBC28-3” represent the surface settlement monitoring data at three different locations of monitoring point 28.




3. Numerical Simulation


In this study, Plaxis3D v22.00.00.1733 software was used for numerical simulation. A typical excavation zone was selected for simulation, where the form of support pier is a T-shaped pier and the elevation at the bottom of the retaining structure is −21.7 m. The structure’s cross-section is modeled based on Figure 2, which consist of diaphragm walls, bored piles, a top plate, as well as a pier every 30 m. The soil parameters are shown in Table 1, and the materials for the support structure are shown in Table 2. The construction steps of the model are shown in Table 3.



Three-dimensional solid elements were used. The small strain hardening model was used for soil, and the linear elastic model for the support structure. Rigid connections were employed among the structures, while interface elements were utilized for the interaction between a structure and soil. The shear behavior of the interface elements was modeled using the Mohr–Coulomb strength criterion within an elastoplastic framework, with the normal stress following a tensile cutoff criterion. As the structure traverses multiple soil layers, the properties of the interface differ in different soil layers. The strength and stiffness parameters of the interface elements were determined based on the material with lower stiffness or strength in the adjacent zone. In order to eliminate the influence of boundaries on numerical calculation results, the settlement range of the soil behind the wall caused by excavation of the foundation pit was approximately four times the depth of the foundation pit excavation, and the support structure was taken as three times the span length. The overall length of the model was 150 m, and the width was 90 m. The four sides of the model were restrained by setting zero normal displacement, and the bottom was restrained by setting zero horizontal displacement, which means that the mesh around the model could only move in the vertical direction, while the bottom mesh could not produce any displacement. The structural configuration of the model is shown in Figure 5. The model was meshed using 10-node tetrahedral mesh elements, resulting in a total of 373,346 nodes and 230,571 elements. Based on geological survey data, combined with the Plaxis3D user manual and existing engineering experience, the soil layer model parameters are shown in Table 4.



The deformation mesh after the completion of the excavation of the foundation pit is shown in Figure 6. Tensile stress is considered positive, while compressive stress is considered negative. The displacement values in the analysis results represent the cumulative deformation after the support structure is completed and the excavation of the foundation pit begins. Positive displacement values indicate deformation towards the corresponding coordinate axis direction, while negative values indicate the opposite. From the deformation diagram, it can be seen that the bottom of the support structure is relatively fixed, the top bends towards the foundation pit, and the soil outside the foundation pit experiences surface settlement. As the distance from the foundation pit decreases, the surface settlement becomes larger and then decreases near the support structure. The numerical simulation results of excavating the area to the bottom of the foundation pit in this region are compared with the monitoring data, and the surface settlement and horizontal deformation of the piles are shown in Figure 7.



To assess the influence of boundary conditions, comparisons of surface settlements and horizontal deformations under different numbers of spans for the supporting structure are presented in Figure 8.



As the horizontal distance to retaining structure decreases, the surface settlement gradually increases and then rapidly decreases, with the peak occurring within a horizontal distance of 10 m. The influence of excavation on the surrounding area gradually intensifies as the horizontal distance to the retaining structure decreases, leading to an increase in surface settlement. However, as the location approaches the vicinity of the retaining structure, the vertical displacement of the retaining structure is relatively small, resulting in a rapid decrease in soil settlement around the retaining structure. From Figure 8, it can be observed that the horizontal displacement of the retaining structure decreases gradually with increasing depth. The horizontal displacement curve follows a similar pattern to that of a cantilever support structure. The base is embedded, and the maximum displacement occurs at the top of the support structure. Increasing the number of spans (three, five, or seven) leads to an increase in surface settlement and horizontal deformation, but the patterns remain consistent.



The numerical calculations obtained above are in good agreement with the field monitoring data regarding the deformation characteristics of the surrounding soil. This indicates that the selected model and computational methods are reasonable. In the next section, this reference model will be used, with some modifications made to analyze the stress distribution in the double-row supporting structure.



According to the reference model, only the pier type is changed. The original T-shaped pier is replaced with no pier, a cross-shaped pier, or a square-shaped pier, as shown in Figure 9 (cover plates are concealed). At the same time, the rotary jet grouting pile for the cross-shaped pier and square-shaped pier is simulated with a rectangular shape that has the same total area as the previous two intersecting circles. The soil inside the square-shaped pier structure is reinforced with a grid-mixing pile, which is simulated using a checkerboard-like pattern in the model. The corresponding parameters of the support structure model are shown in Table 5.




4. Results and Discussion


Based on the markings in Figure 9, three 6 m wide sections were selected as typical cases to discuss the influence of internal forces and deformations on the double-row retaining structure. The retaining walls are labeled ① to ⑤, and the piles are labeled 1 to 6. The horizontal displacement and bending moment diagrams of the double-row retaining structure without pier, with T-shaped pier, with cross-shaped pier, and with square-shaped pier are shown in Figure 10, Figure 11, Figure 12 and Figure 13, respectively. The surface settlement diagram of soil reinforced by the double-row retaining structure with different piers is shown in Figure 14.



In the double-row retaining structure without pier support, the cover plate connects the front and rear support structures, resulting in opposite bending moments, with increasing depth for the front and rear supports. The production of opposite bending moments leads to a more evenly distributed bending moment in double-row support structures, where the maximum absolute value of the bending moment is lower compared to single-row support structures, thus reducing the required amount of reinforcement material and resulting in cost savings. The forces and displacements experienced by each wall in the front row and each pile in the rear row are the same.



After introducing the T-shaped pier, the bending moment curves of the walls and piles at different locations change, indicating spatial characteristics and the transformation from a planar problem to a spatial problem. Compared to the double-row retaining structure without pier support, the maximum horizontal displacement of the piles decreases from around 26 mm to around 15 mm when the T-shaped pier is added. Additionally, the maximum negative bending moment value in the pile’s bending moment curve decreases from around −1600 kN m to around −500 kN·m, while the maximum positive bending moment value decreases from 1500 kN·m to around 700 kN·m. Both positive and negative bending moments are significantly reduced. Similarly, the maximum horizontal displacement of the walls, absolute values of maximum positive and negative bending moments in the bending moment curve of the walls also decrease significantly, with a reduction of approximately 46.77% in the maximum horizontal displacement of the walls.



For the retaining structure containing T-shaped piers, as shown in the horizontal displacement diagrams of the piles and walls, the horizontal displacements at different selected pile tops are all near 14.7 cm, while those at different selected wall tops are around 14 cm, and the horizontal displacements at the bottom of the piles and walls are close to zero. However, it can be observed from the figures that, compared to retaining walls ①, ②, and ③, the horizontal displacement curves of retaining walls ④ and ⑤ exhibit rebound at the top, with the maximum horizontal displacement occurring not at the top but near the top position. Due to the connection of the cover plate, the interconnection of the piles and walls at the top reduces the top displacement, and the difference in horizontal displacement at the top of both is determined by the tensile deformation caused by the stretching stiffness of the cover plate. Furthermore, due to the connection of retaining wall ② to retaining walls ① and ③, the three together form a pier, greatly enhancing their interconnected behavior. This interaction occurs not only at the top but at all depths, resulting in no rebound in horizontal displacement at the top, but rather an approximation to a straight line. This is also evident in the horizontal displacement at mid-to-lower depths: there is bending in the horizontal displacement of the piles and retaining walls ④ and ⑤, while the overall flexural stiffness is greatly increased due to the presence of retaining wall ②, and thus, no bending occurs in the middle section. The horizontal displacement curve at the pier location is approximately linear for the retaining wall, while the horizontal displacement curves for retaining walls ④ and ⑤ exhibit rebound instead of reaching the top directly. This indicates a significant increase in local stiffness at the pier location. At the same time, the horizontal displacement curves of all walls in the double-row retaining structure without a pier show rebound at the top due to the action of the cover plate.



For the retaining structure containing T-shaped piers, the overall trend of bending moment variation follows this: with an increase in depth, the piles and walls initially experience a negative bending moment, followed by a positive bending moment, and finally return to zero at the bottom. The bending moment directions are precisely opposite between the upper and lower sections. The bending moment borne by retaining walls ④ and ⑤ in absolute value is greater than the sum of bending moments borne by the corresponding three piles. Additionally, compared to the piles near the pier, the bending moment of the piles closer to the center of model gradually increases in absolute value. However, the increase in absolute value of the bending moment borne by retaining wall ⑤ compared to retaining wall ④ is much greater than the increase in the sum of absolute value of the corresponding three piles. This indicates that for the overall bending stiffness formed by the same piles and walls, the larger the bending moment they need to bear, the greater the bending moment borne by the components with higher stiffness. Regarding the three retaining walls forming the pier, the bending moment is mainly borne by retaining wall ②, which connects retaining walls ① and ③. The bending moment borne by retaining walls ① and ③ is much smaller than that borne by retaining wall ②. This indicates that connecting wall ② has a much higher ability to bear the bending moment in the direction perpendicular to the excavation edge than the retaining walls at locations ① and ③.



Similar to the retaining structure containing T-shaped piers, both the retaining structure containing cross-shaped piers and the retaining structure containing square-shaped piers exhibit consistent horizontal displacement between different piles at the top, with zero horizontal displacement at the bottom, and bending moment curves with a positive and negative bending moment. However, for the retaining structures containing cross-shaped piers and square-shaped piers, spatial variation is observed between different piles at different positions, but there is no spatial variation between different walls at different positions.



For pile 1 and pile 2 away from the support pier in the retaining structures containing cross-shaped piers and square-shaped piers, the deep horizontal displacement between the two piles is almost consistent. For piles 4 to 8 in the cross-shaped pier and piles 3–5 and piles 8–10 in the square-shaped pier, the top and bottom horizontal displacements between different piles of the same support pier type are basically consistent, and only the horizontal displacement in the middle part of the pile decreases gradually as the distance from the excavation pit increases, with a slight rise in the middle of the curve. For pile 3 in the cross-shaped pier and square-shaped pier, the horizontal displacement in the middle part is slightly increased compared to pile 2 near the support pier. Additionally, in the square-shaped pier, the horizontal displacement of piles 3 and 8, 4 and 9, 5 and 10, and 6 and 7 symmetrically positioned with the central axis of the support pier is almost consistent.



The characteristics shown in the pile bending moment correspond to the pile horizontal displacement. For pile 1 and pile 2 away from the support pier, the bending moment curve is basically consistent. For the cross-shaped pier, as the distance between the pile and the excavation pit gradually increases, the elevation corresponding to the maximum positive bending moment gradually moves up, and the value in the middle of the displacement curve slightly increases. For the square-shaped pier, as the distance between the pile and the excavation pit gradually increases, the absolute value of the maximum negative bending moment slightly decreases, resulting in a slight increase in the horizontal displacement in the middle of the pile. For pile 3, the maximum negative bending moment value slightly increases compared to pile 2, resulting in a slight increase in the middle horizontal displacement of pile 3. Additionally, in the square-shaped pier, the bending moment curves of piles 3 and 8, 4 and 9, 5 and 10, and 6 and 7 symmetrically positioned with the central axis of the support pier are almost consistent.



From Figure 10, Figure 11, Figure 12 and Figure 13, it can be seen that the horizontal displacement and bending moment curves between different walls of front row retaining walls are almost consistent when there is no support pier. At the same time, the horizontal displacement and bending moment curves between different walls of front row retaining walls in the retaining structures containing cross-shaped piers and square-shaped piers are also almost consistent. This indicates that wall ② is an important structure in the stress distribution of the support structure, which can connect the support structure, redistribute stress, and reduce stress on the front row retaining wall. In the retaining structure containing T-shaped piers, the top horizontal displacement of the retaining wall is the smallest, followed by the walls in the retaining structures containing cross-shaped piers and square-shaped piers.



The surface settlement profile can correspond to the horizontal displacement and bending moment diagrams mentioned earlier. The retaining structure containing T-shaped piers exhibits the highest overall stiffness, while the retaining structures containing cross-shaped piers and square-shaped piers produce very similar effects. In the cross-shaped pier and square-shaped pier, the bored piles and soil-cement mixing piles replace the diaphragm walls, resulting in a significant decrease in overall stiffness. Under these geological conditions, the bored piles and soil-cement mixing piles in the cross-shaped pier and square-shaped pier fail to connect the front and back row support structures together. Instead, they mainly serve to reinforce the soil. However, in this geological condition where the soil quality is favorable, the reinforcement provided by the soil-cement mixture is not as effective as connecting the front and back row support structures.



To more intuitively display the differences between different supporting piers and the positions where the structure is most susceptible to damage, Table 6 presents the values of maximum horizontal displacement, maximum positive bending moment, and maximum negative bending moment of piles and walls for a double-row retaining structure with various piers, accompanied by their corresponding elevations. Based on our previous findings, we have arranged the results from top to bottom in descending order of pier stiffness for ease of data observation as follows: “T-shaped pier, cross-shaped pier, square-shaped pier, no pier”.



In the cases of the double-row retaining structures with a cross-shaped pier and with a square-shaped pier, where the piers incorporate piles, the maximum negative bending moment occurs at the pier’s pile, leading to an increased maximum negative bending moment compared to the scenario without piers. However, the introduction of piers leads to a reduction in the maximum horizontal displacement and maximum positive bending moment of both piles and walls, along with a reduction in the maximum negative bending moment of walls.



As the maximum horizontal displacement of the double-row retaining structure with different piers diminishes, the corresponding elevations for the wall’s maximum horizontal displacement and extreme bending moment gradually decrease. Meanwhile, the elevations associated with those of the pile remain relatively consistent or increase. Furthermore, the elevations of the wall are generally lower than those of the pile. With increasing pier stiffness, the elevations corresponding to the wall move farther away from those of the pile, potentially reducing the likelihood of concentrated damage to both the wall and the pile.




5. Conclusions


To study the working mechanism of the double-row supporting structure and optimize its design parameters, finite element analysis software was used to model the foundation pit of the Chisha Metro project and validate the feasibility of the model with monitoring data. The stress characteristics of the double-row supporting structure were then studied by modeling and comparing the different types of support piers, and the optimal design parameters were investigated. The results showed that:




	(1)

	
For the double-row retaining structure, a reverse bending moment was produced due to the interaction of internal forces generated when balancing the displacement of the front and rear support structures with the cover plate. When the support piers were added, the horizontal displacement and the bending moment curves of walls or piles showed spatial changes along with the distance to pier, and compared to the double-row retaining structure without pier support, the maximum horizontal displacement of the wall decreased by about 46.77% for the double-row supporting structure with T-shaped support piers.




	(2)

	
For the double-row supporting structure with T-shaped support piers, the top horizontal displacement of different piles or different walls was the same as a consequence of the constraint effect of the cover plate. The difference in top displacement between piles and walls was determined by the tensile deformation of the cover plate. The horizontal displacement curve of the wall at the support pier was approximately linear, while the upper part of the horizontal displacement curve of the wall at the non-support pier had a rebound instead of reaching the top directly, indicating that the local stiffness at the support pier was greatly enhanced.




	(3)

	
For the double-row supporting structure with cross-shaped and square-shaped support piers, the horizontal displacement and the bending moment curves of piles at different positions in the support piers showed spatial changes, but the walls did not. With regards to the geological conditions, the piles of the cross-shaped and square-shaped support piers could not connect the front and rear support structures together, only mainly reinforcing the soil, unlike the T-shaped support pier that connected the front and rear support structures.









Under these geological conditions, the T-shaped support pier played a better role in the double-row supporting structure than the square-shaped and cross-shaped support piers. In the case of other geological conditions, such as those involving soft soils, the practical application of double-row retaining structures with supporting piers lacks validation through engineering data, thus necessitating further research in subsequent studies. Furthermore, there remains room for optimization by adjusting more specific dimensional parameters, including the spacing between supporting piers, the overall length of the supporting piers, the spacing of piles, and the thickness of the walls within the supporting piers, among others.
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Figure 1. Location schematic diagram of Chisha Metro project. 
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Figure 2. Schematic diagram of double-row retaining system: (a) cross-section of double-row retaining system; (b) T-shaped pier (mm); (c) cross-shaped pier (mm); (d) square-shaped pier (mm). 
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Figure 3. Excavation construction procedures for the foundation pit: (a) Step 1: clearing to finished ground level; Step 2: construction of supports; (b) Step 3: clearing to bottom of cover plate; (c) Step 4: cover plate construction; (d) Step 5: excavation of the first layer of soil; (e) Step 6: excavation of the second layer of soil; (f) Step 7: excavation to the bottom of the pit. 






Figure 3. Excavation construction procedures for the foundation pit: (a) Step 1: clearing to finished ground level; Step 2: construction of supports; (b) Step 3: clearing to bottom of cover plate; (c) Step 4: cover plate construction; (d) Step 5: excavation of the first layer of soil; (e) Step 6: excavation of the second layer of soil; (f) Step 7: excavation to the bottom of the pit.
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Figure 4. Monitoring contents for excavation of foundation pit. 






Figure 4. Monitoring contents for excavation of foundation pit.
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Figure 5. The typical model used for simulation. 






Figure 5. The typical model used for simulation.
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Figure 6. The deformation mesh after excavation to the bottom of the foundation pit (magnification factor 200). 






Figure 6. The deformation mesh after excavation to the bottom of the foundation pit (magnification factor 200).
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Figure 7. Comparison of numerical calculation results and field monitoring data: (a) surface settlement (negative values indicate settlement); (b) deep horizontal displacement (positive values indicate deformation towards the foundation pit). 






Figure 7. Comparison of numerical calculation results and field monitoring data: (a) surface settlement (negative values indicate settlement); (b) deep horizontal displacement (positive values indicate deformation towards the foundation pit).
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Figure 8. Comparisons of surface settlements and horizontal deformations under different numbers of spans for the supporting structure: (a) surface settlement (negative values indicate settlement); (b) deep horizontal displacement (positive values indicate deformation towards the foundation pit). 






Figure 8. Comparisons of surface settlements and horizontal deformations under different numbers of spans for the supporting structure: (a) surface settlement (negative values indicate settlement); (b) deep horizontal displacement (positive values indicate deformation towards the foundation pit).
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Figure 9. Schematic diagram for the structure models of different piers: (a) no pier; (b) T-shaped pier; (c) cross-shaped pier; (d) square-shaped pier. 






Figure 9. Schematic diagram for the structure models of different piers: (a) no pier; (b) T-shaped pier; (c) cross-shaped pier; (d) square-shaped pier.
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Figure 10. The horizontal displacement and bending moment of the double-row retaining structure without pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls. 






Figure 10. The horizontal displacement and bending moment of the double-row retaining structure without pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls.
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Figure 11. The horizontal displacement and bending moment of the double-row retaining structure with T-shaped pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls. 






Figure 11. The horizontal displacement and bending moment of the double-row retaining structure with T-shaped pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls.
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Figure 12. The horizontal displacement and bending moment of the double-row retaining structure with cross-shaped pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls. 






Figure 12. The horizontal displacement and bending moment of the double-row retaining structure with cross-shaped pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls.
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Figure 13. The horizontal displacement and bending moment of the double-row retaining structure with square-shaped pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls. 






Figure 13. The horizontal displacement and bending moment of the double-row retaining structure with square-shaped pier: (a) the deep horizontal displacement of piles; (b) the deep horizontal displacement of walls; (c) the bending moment of piles; (d) the bending moment of walls.
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Figure 14. Surface settlement of soil reinforced by the double-row retaining structure with different piers. 






Figure 14. Surface settlement of soil reinforced by the double-row retaining structure with different piers.
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Table 1. Soil material parameters.






Table 1. Soil material parameters.





	Soil Layer
	Elevation (m)
	Soil Unit Weight (kN/m3)
	Compression Modulus (MPa)
	Cohesion (kPa)
	Soil Friction Angle (°)
	Permeability Coefficient (m/day)





	Miscellaneous fill
	8.46–1.56
	20
	3.5
	10
	11
	1



	Silty fine sand
	1.56–−2.54
	17.8
	6
	2
	23
	3



	Fine sand
	−2.54–−5.74
	19.5
	12
	2
	28
	5



	Medium-coarse sand
	−5.74–−7.54
	20
	18
	2
	32
	15



	Strongly weathered conglomeratic sandstone
	−7.54–−26.94
	21.2
	40
	35
	27
	1



	Moderately weathered conglomeratic sandstone
	−26.94–−29.54
	25
	1200
	260
	32
	0.6



	Slightly weathered conglomeratic sandstone
	−32.24–−32.24
	26.2
	5000
	700
	37
	0.1










 





Table 2. Support structure material parameters.






Table 2. Support structure material parameters.





	Structural Member
	Unit Weight (kN/m3)
	Elastic Modulus (GPa)
	Poisson’s Ratio





	diaphragm wall
	26
	31.5
	0.2



	bored pile, plate
	26
	30
	0.2










 





Table 3. Model construction steps.






Table 3. Model construction steps.










	
	Loading Condition
	Details





	Step 1
	Initial stress field calculation
	In the model, only the soil is activated.



	Step 2
	Support structure construction
	Activate solid walls and piles and change to the corresponding structural materials.



	Step 3
	Clearing to bottom of cover plate
	Remove the soil above the bottom of the cover plate.



	Step 4
	Support structure construction
	Activate the cover plate and change to the corresponding structural materials.



	Step 5
	Excavation to an elevation of 2.2 m
	Remove the 3 m-thick soil.



	Step 6
	Excavation to an elevation of −0.8 m
	Remove the 3 m-thick soil.



	Step 7
	Excavation to the bottom of the foundation pit (elevation −3.5 m)
	Remove the 2.7 m-thick soil.










 





Table 4. Soil model parameters.






Table 4. Soil model parameters.





	Soil Layer
	     E   50   r e f     

(Mpa)
	     E   o e d   r e f     

(Mpa)
	     E   u r   r e f     

(Mpa)
	υur
	     G   0   r e f     

(MPa)
	m
	γ0.7
	Dilatancy Angle (°)





	Miscellaneous fill
	3.5
	3.5
	17.5
	0.2
	52.5
	0.8
	0.0001
	0



	Silty fine sand
	6
	6
	30
	0.2
	90
	0.8
	0.0001
	0



	Fine sand
	12
	12
	36
	0.2
	180
	0.5
	0.0001
	0



	Medium-coarse sand
	18
	18
	54
	0.2
	270
	0.5
	0.0001
	2



	Strongly weathered conglomeratic sandstone
	40
	40
	120
	0.2
	600
	0.5
	0.0001
	0



	Moderately weathered conglomeratic sandstone
	1200
	1200
	3600
	0.2
	18,000
	0.5
	0.0001
	2



	Slightly weathered conglomeratic sandstone
	5000
	5000
	15,000
	0.2
	75,000
	0.5
	0.0001
	7










 





Table 5. Support structure model parameters.






Table 5. Support structure model parameters.





	Structural Member
	Unit Weight (kN/m3)
	Elastic Modulus (GPa)
	Poisson’s Ratio





	Diaphragm wall
	26
	31.5
	0.2



	Bored pile, plate
	26
	30
	0.2



	Mixing pile
	20
	0.6
	0.2



	Rotary jet grouting pile
	20
	20
	0.2










 





Table 6. Elevations corresponding to extreme bending moments and maximum horizontal displacements.






Table 6. Elevations corresponding to extreme bending moments and maximum horizontal displacements.





	
Double-Row Retaining

Structure with Different Piers

	
Maximum Horizontal

Displacement

	
Maximum Positive

Bending Moment

	
Maximum Negative

Bending Moment




	
Value

(mm)

	
Elevation (m)

	
Value

(kN·m)

	
Elevation

(m)

	
Value

(kN·m)

	
Elevation

(m)






	
Wall

	
T-shaped pier

	
15.73

	
1.56

	
5423.22

	
−11.05

	
−4985.18

	
−0.95




	
Cross-shaped pier

	
25.64

	
2.82

	
6325.28

	
−9.83

	
−6298.28

	
−0.52




	
Square-shaped pier

	
25.88

	
3.06

	
6306.78

	
−9.26

	
−6165.51

	
−0.29




	
No pier

	
29.92

	
3.71

	
6930.18

	
−9.83

	
−6605.47

	
−0.24




	
Pile

	
T-shaped pier

	
14.77

	
6.00

	
712.27

	
−7.35

	
−515.28

	
4.88




	
Cross-shaped pier

	
25.35

	
6.00

	
1423.24

	
−7.15

	
−2638.85

	
4.85




	
Square-shaped pier

	
25.70

	
6.00

	
1261.10

	
−8.09

	
−2360.10

	
4.43




	
No pier

	
30.06

	
6.00

	
1466.77

	
−8.09

	
−1552.65

	
4.86
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