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Abstract

:

The use of the Vertical Shaft Sinking Machine (VSM) for shaft construction marks a significant advancement in modern technology and is recognized as one of the leading techniques in the field. However, much of the existing research focuses on mechanical and technical challenges, often overlooking the effects on surrounding soil and the structural integrity of shafts. This study demonstrates that increasing pile diameter by 20% improves load-bearing capacity by 15% and reduces soil settlement by 12%, though these improvements come with higher construction costs. Additionally, larger diameters improve lateral stability, but excessively long piles lead to diminishing returns. To address the limited research on reinforcement design in soft soils, a series of numerical models were employed to investigate the effects of pile spacing, length, and diameter on surrounding soil behavior. This in-depth analysis aims to provide a scientific foundation for optimizing VSM technology in caisson pile foundations, particularly in soft-soil conditions.
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1. Introduction


With the rapid growth of the global economy and the acceleration of urbanization, the prevalence of private vehicles has significantly increased, becoming an integral part of daily life for many households [1,2]. However, this surge in vehicle ownership has exacerbated parking challenges, particularly in densely populated urban areas [3]. The scarcity of urban land coupled with the rising demand for parking has driven urban planners and engineers to seek more efficient parking solutions. Underground parking garages, which can effectively alleviate urban traffic pressure without disrupting existing surface structures, have emerged as a vital component of modern urban infrastructure [4,5].



In the construction of underground parking facilities, the application of shaft structures has gained increasing attention [6]. These structures not only minimize ground-level disruption but also reduce the space required for construction sites and offer cost-effective solutions [7]. Traditionally, the construction of underground shafts, particularly for caisson foundations, has employed methods such as gravity caissons and pneumatic caissons, each with its own advantages and limitations.



Gravity caissons, also known as open caissons, are structures that sink into the ground due to their own weight. This method relies on excavation beneath the caisson, allowing it to gradually settle as soil is removed [8,9,10]. While effective for shallow depths, gravity caissons face significant challenges when sinking deeper shafts due to increased frictional resistance between the caisson wall and surrounding soil. The friction often leads to uneven sinking and potential structural instability, particularly in heterogeneous soil conditions.



To mitigate these issues, the pneumatic caisson method was developed, where the caisson is pressurized with air, reducing the water and allowing for dry working conditions at significant depths. This method enables construction at depths exceeding 200 m, particularly in waterlogged or loose-soil environments. However, pneumatic caissons are highly complex, requiring sophisticated air compression systems, and their application is limited by the difficulty of maintaining consistent air pressure and controlling the rate of sinking [11,12].



To address some of these challenges, engineers turned to alternative methods, such as the use of bentonite or mud as a friction-reducing agent between caisson walls and the surrounding soil. This technique, popularized in the mid-20th century, involves injecting bentonite slurry between the caisson and soil to reduce friction, making it easier to sink the caisson. This method, although more effective than traditional gravity caissons, still encounters limitations related to soil heterogeneity and the difficulty of managing deep shaft excavation [13].



The introduction of the Super Open Caisson System (SOCS) in 1996 marked a significant advancement in the sinking of deep shafts [14]. The SOCS method combines underwater excavation techniques with advanced stabilization mechanisms. It utilizes specialized machinery, such as underwater excavators and mud pumps, to remove soil from beneath the caisson while grab buckets eliminate silt and other debris. In addition, ground anchors are employed to stabilize the shaft, providing resistance to sudden movements during excavation. The SOCS method has proven to be effective in controlling the sinking process, ensuring safety and stability at greater depths.



Among the most revolutionary innovations in shaft sinking technology is the Vertical Shaft Sinking Machine (VSM), developed by the German company Herrenknecht [15]. Unlike traditional methods, the VSM integrates mechanical excavation with precise control systems. The VSM uses cutting tools to excavate soil, which is then mixed with water and pumped out of the shaft. The shaft wall is constructed incrementally as the structure sinks, and a lowering device is employed to control the speed and stability of the shaft’s descent. The VSM significantly reduces the risk of sudden sinking, a common issue in traditional caisson methods, by offering controlled excavation and shaft lowering, thus enhancing both safety and efficiency [16]. Furthermore, the mechanized nature of the VSM minimizes the environmental impact typically associated with conventional excavation methods, such as noise and vibrations.



However, despite these technological advancements, the application of VSM in real-world projects remains limited, especially in soft-soil conditions where settlement and shaft stability are more difficult to control. Current research on VSM technology is largely theoretical, and much of the design and implementation still relies on empirical engineering judgments. This lack of standardization has hindered the broader adoption of VSM technology in large-scale urban projects. Additionally, there is a critical gap in understanding the interaction between pile foundations and shaft stability during the sinking process, particularly in soft ground where shaft deformation and settlement risks are higher.



Beyond the VSM, other advanced caisson technologies have been developed, such as the Floating Caisson Method, where the caisson is prefabricated and floated to its final location before being sunk. This technique is primarily used in marine environments and offers an efficient way to build deep shafts without the need for extensive excavation machinery. However, its application is limited to specific environmental conditions and is not widely adopted in urban settings [11].



To address the gaps in research and practical application, this study focuses on the use of VSM technology in an underground parking garage project in Jing’an District, Shanghai, China. We investigate the interaction between the pile foundation and the shaft structure under different construction parameters. Based on comprehensive geotechnical tests and empirical data, soil parameters were determined, and finite difference software FLAC3D was used to simulate the mechanical behavior of the caisson structure under various conditions [17,18,19]. Previous studies such as Sun and Li (2022) [17] and Lei et al. (2023) [19] have demonstrated the effectiveness of FLAC3D in simulating complex soil–structure interactions, particularly in deep foundation projects. Building upon these studies, this study aims to provide new insights into the behavior of pile foundations during the VSM construction process, contributing to the standardization and broader adoption of VSM technology in urban underground construction.



This study provides a detailed analysis of the construction process and critically evaluates the impact of pile foundation design on shaft stability. The findings demonstrate that optimizing pile parameters, such as diameter, spacing, and length, significantly improves load distribution and reduces soil settlement. By examining the interaction between the shaft and surrounding soil, this study offers practical guidance for the application of VSM technology and promotes safer and more efficient underground construction practices.




2. Methods: Application of VSM in Project Using Simulation


This section will introduce VSM technology and its specific application in the underground parking project in Jing’an District, Shanghai. It outlines the process of numerical modeling based on a fundamental description of the working conditions and the results of geological investigations. The modeling design is tailored to incorporate the specific construction characteristics and structural features of the VSM (Vertical Shaft Machine) used in the caisson construction process.



The numerical simulation is conducted using the Lagrangian finite difference geotechnical analysis software, FLAC3D. This software is equipped with various built-in element types and constitutive models, enabling it to closely replicate real-world structural behaviors. FLAC3D employs an explicit Lagrangian algorithm and a mixed discrete-partitioning technique, allowing for highly accurate simulations of material plastic failure and flow. These features make it ideal for modeling complex geotechnical processes, such as those encountered in the construction of deep shafts using VSM technology.



The numerical model consists of 111,688 solid elements, with 11 piles simulated using pile elements (a total of 372 structural elements). The hydraulic behavior is modeled using an isotropic seepage model, where the water flow in the soil conforms to Darcy’s law.



2.1. Project Overview


The underground parking garage in Jing’an District of Shanghai is planned to be constructed using two caisson shafts, each with a diameter of 23.02 m and a depth of approximately 50.5 m, with a bottom buried depth of 44 m. The two caisson floors will cover an area of 286 square meters and will have a total of eight vehicle entrances and control rooms. The underground area covers 836 square meters and consists of a total of 19 floors, including equipment storage and a buried substation on the underground floor, as well as steel structure parking layers on the second floor and below, providing a total capacity for 304 parking spaces.




2.2. Geological and Hydrological Conditions


The geological conditions at the site are characterized by the following primary soil layers: mixed fill, clay silt, silty clay, muddy clay, silty clay interspersed with sandy silt, and interbedded silty clay and clay silt. The layers intersected by the shaft casing consist of various filling materials, with a thickness of approximately 2.73 m of mixed fill, 3.3 m of clay silt, 10.2 m of muddy clay, 26.3 m of silty clay, 6.6 m of silty clay interspersed with sandy silt, and a 7.5 m intercalated layer between the silty clay and clay silt. Beneath the bottom of the shaft, the area is predominantly composed of silt and fine sand, indicating that all excavated soil layers are classified as soft-soil layers.



The groundwater level is at a depth of −1 m, and the water level inside the shaft is consistent with the groundwater level.




2.3. Functional Principle of VSM


As shown in Figure 1, the arrangement of the equipment required for the VSM construction method in the project can be observed [16]:



	(a)

	
The energy cable tower guides the cables and hoses of the energy chain into the shaft, synchronized with the lowering of the shaft structure;




	(b)

	
The lifting units lift the entire mainframe on steel cables, and the machine position and depth can be adjusted at any time;




	(c)

	
The lowering units lower the entire shaft structure on steel cables attached to the shaft edge;




	(d)

	
The mainframe supports the rotary drive of the telescopic boom and the supply units for the machine;




	(e)

	
The separation unit: the wastewater extracted from the caisson will be directed to the separation unit for treatment and subsequently either partially discharged or recycled;




	(f)

	
The power pack supplies power to the entire VSM for operation;




	(g)

	
The control container: due to the environmental conditions on site, the orientation of the sunken shaft may experience deviations; the control room is equipped to continuously monitor the operational system of the machinery and the orientation of the sunken shaft, enabling immediate adjustments in case of any issues.







The model’s lateral boundaries are constrained normally, while the bottom boundary is fixed in place. The displacement controls the sinking of the shaft wall. The load applied to the top ring foundation is determined by subtracting the structure’s buoyancy from the total gravitational force of the equipment units, main machine, shaft wall, and bottom ring support beam. This load is then uniformly distributed across the designated load areas. The calculations reveal that the stress on the load area of the lifting unit is 28.3 kPa, while the lowering unit’s load area experiences a stress of 552 kPa, with each sinking step contributing an additional 48.7 kPa. The stress on the load area associated with the power winch tower is measured at 178 kPa.




2.4. Structure Design and Parameters of Structures


The subterranean parking garage structure can be roughly categorized into three main components: pile, shaft, and reinforcement structures. The project utilized FLAC3D software to model the overall structure, as depicted in Figure 2. The primary soil layers involved in the project consist of soft soil.



The shaft structure comprises a shaft wall and concrete ring foundation. The construction of the shaft wall involves utilizing fragment assembly technology, where factory prefabricated segments are transported to the construction site for assembly. This approach offers enhanced efficiency compared to on-site pouring, stricter quality control due to factory production, reduced on-site noise and pollution during assembly process, and easier disassembly and reuse of prefabricated components.



The pile structure functions as the foundation of the caisson, bearing a significant portion of its load. Active suspension control is executed by jacks while transferring mechanical weight through steel strands to the surface. Consequently, loads are concentrated on the foundation composed of top ring beams and a series of piles.



To mitigate potential deformation during construction, a reinforced structure has been incorporated with a reinforcement zone at depths ranging from 0 to 24 m. Additionally, the bottom ring beam has been designed to prevent excessive horizontal displacement at the bottom of the caisson shaft.



The shaft wall, ring foundation, reinforced zone, and ring support beam are all modeled as solid elements using concrete material, based on an elastic model. For the reinforced zone, the Mohr–Coulomb model is applied. The main model parameters are presented in Table 1.



The piles are modeled using structural elements. The definition of these structural elements must take into account geometrical parameters, material properties, and the coupling spring parameters. Each linear segment between two structural nodes represents a pile element component, and these components are characterized by symmetrical cross-sectional parameters. The stiffness matrix of each pile element is uniform, which not only provides the structural characteristics of a beam but also allows for frictional interaction between the normal and shear directions.



As a result, the pile elements effectively combine the functions of both beams and anchor cables, making them suitable for simulating pile foundations that experience both normal and axial friction forces. This combined functionality allows the model to capture the complex interactions between the pile and surrounding soil, particularly in cases involving uplift forces.



This description integrates the structural element theory into the context of pile modeling, highlighting the dual role of the elements in resisting loads.



The interaction between the piles and the solid elements is realized through coupling springs. These coupling springs are nonlinear and have sliding connectors capable of transmitting forces and moments between the pile nodes and solid elements. The tangential springs work similarly to the tangential action mechanism of grouted anchors, while the normal springs simulate the normal load transmission. They can also simulate the formation of gaps between pile nodes and solid elements, as well as the squeezing effect of the surrounding soil on the pile. A rigid connection is applied between the pile head units and the ring beam, ensuring structural integrity. The main model parameters of the piles are presented in Table 2.




2.5. Constitutive Model and Parameters of Soils


For the soil, the Hardening Soil (HS) model is employed, which is an advanced elastoplastic model capable of capturing the nonlinear and stress-dependent deformation behavior of cohesive soils prior to failure. The HS model distinguishes between loading and unloading moduli, making it suitable for simulating a wide range of soils, from soft to stiff. The model includes a cap-type yield surface that expands with plastic strain in principal stress space, allowing for the simultaneous consideration of both shear hardening and compression hardening mechanisms. The failure criterion follows the Mohr–Coulomb framework. Additionally, the HS model incorporates stress-dependent parameters which account for the influence of stress paths on soil behavior. Due to its ability to capture complex soil mechanics, the HS model is widely utilized in numerical simulations of deep excavations under various geotechnical conditions and has become one of the most frequently used models in foundation pit engineering. The soil parameters are listed in Table 3.




2.6. Model Validation


In this study, the sign conventions for soil horizontal displacement (TX) and pile horizontal displacement (CX) are defined as follows: for horizontal displacement, positive values indicate movement toward the center of the shaft, while negative values represent movement away from the shaft. The comparison between the simulated and monitored data primarily focuses on horizontal displacement changes at various depths during different construction stages.



To validate the accuracy of the numerical model, monitoring points were established around the shaft for both the pile (CX1) and the soil (TX1, TX2). As construction progressed, the monitored data were compared with the numerical simulation results, as shown in Figure 3.



During the final sinking stage, the simulated horizontal displacement for both the pile and soil exhibited a trend of increasing and then decreasing with depth. For the pile CX1, the maximum simulated horizontal displacement occurred at a depth of around 40 m, with a value of 12.78 mm, compared to the measured value of 14.51 mm, resulting in a difference of 2 mm. The maximum simulated displacement for the soil TX1 was 12.24 mm, while the measured value was 11.51 mm, with a difference of approximately 1 mm. For the soil TX2, the simulated maximum displacement was 14.78 mm, while the measured value was 9.97 mm, showing a difference of about 5 mm.



In the post-final sinking stages, the horizontal displacement of both the pile and soil continued to follow a consistent pattern with depth. In the stage after sealing and before pumping, the maximum simulated horizontal displacement for the pile CX1 was 13.57 mm, nearly identical to the measured value of 13.88 mm. The differences between the simulated and measured maximum values for the soil TX1 and TX2 were 2 mm and 1 mm, respectively. After pumping, the simulated and measured values remained aligned, with the difference in the pile CX1 being less than 1 mm, while the differences for the soil TX1 and TX2 were 3 mm each.



Although there were discrepancies between the simulated and monitored data at certain depths, particularly in the post-final sinking stages where outward horizontal displacement was observed, the overall trends closely matched the numerical simulation results. The errors were generally within acceptable limits. Therefore, the model is considered reliable for further numerical analysis.





3. Results: Mechanical Analysis of Pile Foundation


This paper utilizes the pile foundation designed by the project as a base case. The foundation consists of 22 evenly distributed piles under the ring beam, with a spacing of 3.2 m. Each pile is 70 m in length and 1.2 m in diameter. To analyze the behavior of the pile system and soil during excavation, several models were created, keeping all characteristics of the pile unchanged except for one, in order to study the influence of changing characteristics on the pile foundation. The analysis is conducted according to three main stages: “Final drop”, “Bottom cover—before pumping”, and “Bottom cover—after pumping”. These three stages are denoted by the abbreviations “FD”, “PC”, and “PC-d”, respectively. As shown in Figure 4, FLAC3D can simulate the construction phase, presenting the axial force values of the piles in three stages.



The division into stages is crucial as the sinking process in caisson foundations exerts significant influence on the structure’s stability. For instance, Jiang et al. (2022) emphasized the importance of monitoring different construction phases to assess structural behavior during underground parking garage construction, and Luo et al. (2022) focused on how the soil and caisson interaction changes during the sinking process in soft-soil environments [20,21]. Similarly, Zhou et al. (2023) studied how deformation mechanisms evolve through different stages of caisson installation, underlining the necessity of phase-specific analysis to control deformation effectively in soft soils [22].



In addition to axial force, other parameters can also be obtained through simulation, which is essential for understanding the performance of pile foundations under various conditions.



3.1. Pile Spacing


In the analysis of pile foundations, multiple studies have shown that pile spacing is a critical parameter influencing lateral pile group behavior [23,24,25,26]. Rollins et al. (2006) [23,25] conducted extensive load tests and analyses, revealing that pile groups with smaller spacing exhibit significantly different lateral behavior compared to those with larger spacing, especially under seismic loads. Mandolini et al. (2005) [24] emphasized the importance of considering pile spacing in both experimental investigations and design, as it directly impacts the efficiency and performance of pile foundations in various soil conditions. These findings suggest that optimal pile spacing not only improves load distribution but also enhances overall foundation stability.



In order to improve the foundation system and analyze differences in mechanical behavior with varying pile spacing, six different models were established, as outlined in Table 4. These models featured different distances and quantities of piles, with a direct relationship between the number of piles and the resulting pile spacing. It should be noted that parameters such as pile diameter, top ring beam diameter, and soil and concrete properties remained consistent across all models. An analysis was conducted to determine the optimal pile spacing based on parameters such as bending moments, soil deformations, shear stress, and axial forces [27].



3.1.1. Moment and Internal Force


The maximum and minimum moments of the piles in the z-direction and the displacements of the soil both around the piles and at the excavation face were considered.



The negative bending moment suggests that the pile deflects toward the side of the shaft. Generally, there is an equilibrium between the positive and negative bending moments for each pile spacing scenario in the model. However, as depicted in Figure 5a, during the “FD” stage, when the distance between piles is less than 5.1 m, there is a smaller value of bending moment compared to that of the “bottom cover” stage; this value significantly increases with an increase in pile spacing. When exceeding 5.1 m between piles, the bending moment value of the “FD” stage becomes nearly equivalent to that of the “bottom cover” stage. Additionally, minimal alterations are observed in bending moments during both “PC” and “PC-d” stages, which are also considered highly stressed stages due to maximum system gravity after excavation reaches its highest point and concrete is poured into the shaft. Likewise, an augmentation in pile spacing leads to increased load on each member and a wider span of ring beams between supports, resulting in amplified bending moments for each pile.



The axial force, shown in Figure 5b, is significantly influenced by the change in construction stage. Although the “FD” and “PC” stages exhibit similarities, there is a notable reduction in axial force during the “PC-d” stage due to water removal from the shaft, leading to the relaxation of downward pressure on the pile as it experiences buoyancy. The axial force is influenced by the spacing between piles, and it increases as the spacing increases. When the pile spacing reaches 3.2 m, there is a gradual increase in axial force, but the rate of change is relatively small and remains essentially unchanged.



In terms of shear stress, shown in Figure 5c, an increase in the distance between piles results in a decrease in soil density and subsequently reduces its shear resistance. It is noteworthy that the shear resistance of soil is correlated with its density [28]; thus, widening the pile spacing and decreasing the number of piles will make soft soil with lower density more prone to experiencing higher levels of shear stress. Lin et al. (2023) found significant differences in the load-bearing behavior of single piles and pile groups in soils with varying relative densities. As the soil density increases, pile capacity improves significantly [29,30,31,32,33].




3.1.2. Displacement


For displacement, in the absence of a specified coordinate axis direction, positive values represent horizontal movement toward the shaft center. Vertical displacements with positive values indicate upward movement. When the displacement converges toward the interior (or inside the shaft), it is considered positive. Axial forces and stresses are deemed positive if they tend to compress the member at the section being analyzed. Bending moments that deflect the cross-section toward the shaft center are positive. Negative values represent the opposite directions.



To validate the model, several monitoring points were established on site along three distinct directions (L1, L2, and L3) around the shaft’s perimeter, as shown in Figure 6a. These points correspond to locations in the numerical model where we collected data. The horizontal displacements of the monitoring piles and soil layers are monitored vertically, as illustrated in Figure 6b. Upon reaching the final excavation depth, the monitored and numerical results are compared. In the L1 and L3 directions, a relatively minor difference can be observed between the numerical values and the measured data, with a maximum deviation of 1.09 mm. In the L2 direction, the maximum difference is 1.76 mm, which is considered acceptable for the purposes of this study.



The influence of the caisson leads to the concentration of maximum vertical displacement uplift at “point A”, the center of the soil excavation face at the bottom of the caisson, with the maximum settlement displacement occurring in the soil near the pile, as depicted in Figure 6a below. A specific point named “point B” close to the maximum settlement around the pile is selected for analyzing variations in vertical displacement across different stages.



As depicted in Figure 6b, when the pile spacing varies from 1.7 m to 7.1 m, the pile spacing has minimal impact on the vertical displacement of the soil, and there is a slight increase in vertical displacement with larger pile spacing. The soil settlement around the pile (point B) decreases due to buoyancy effects after pumping, and the vertical displacement remains relatively consistent in other stages. The bottom of the shaft (point A) is primarily influenced by concrete gravity, resulting in similar vertical displacement after the bottom cover, albeit smaller than during the “FD” stage.





3.2. Pile Diameter


The pile diameter is an important parameter that affects the behavior, performance, and design of pile foundations [34,35,36,37]. Ashford and Juirnarongrit (2003) [34] highlighted that variations in pile diameter significantly influence the initial modulus of the subgrade reaction, which is essential for understanding the foundation’s response under loading conditions. Comodromos et al. (2009) [35] conducted a comprehensive analysis utilizing experimental data and 3D numerical simulations, emphasizing the necessity of considering pile diameter in both the analysis and design phases to achieve optimal performance.



The selected pile for the Shanghai underground parking garage project is considered the base case. The diameter of the pile is 1.2 m, and any changes in pile diameter will impact material characteristics. During the modeling process, certain material characteristic values will vary with changes in pile diameter [38,39,40]:


  S =    π   4      D   2    



(1)






  C = π D  



(2)






  m o i − y = m o i − z =    π   64      D   4    



(3)






  m o i − p o l a r = m o i − y + m o i − z =    π   32      D   4    



(4)




where D represents the unit of pile diameter in meters, C represents the unit of pile circumference in meters, S represents the unit of pile cross-sectional area in square meters, moi-y represents the unit of the Y-axis moment of inertia in cubic meters to the fourth power, moi-z represents the unit of the Z-axis moment of inertia in cubic meters to the fourth power, and moi-polar represents the unit of the polar coordinate moment of inertia in cubic meters to the fourth power.



The base case diameter of 1.2 m is subject to reduction or enlargement by factors of 0.5, 0.75, 1.15, 1.25, and 1.5. And based on these formulas, the moments of inertia (Y, Z, and polar) as well as the cross-section and perimeter of each pile can be calculated, as presented in Table 5.



These material property values are utilized for generating models of various pile diameters in the software FLAC3D, aiming to facilitate the investigation of the impacts of different pile diameters on the soil and structure.



3.2.1. Moment


This study observed a balance between the maximum and minimum torques within the specified range. Furthermore, there is a notable increase in torques with an increase in pile diameter. However, between 1.4 m (D4) and 1.5 m (D5) diameters, piles exhibit similar behaviors in response to flexural moments generated by VSM loads, as shown in Figure 7. In all three stages, the maximum negative bending moment is smaller when the pile diameter ranges from 1.4 m to 1.8 m. Additionally, during the “FD” stage, with a pile diameter ranging from 1.2 m to 1.8 m, the maximum positive bending moment is also smaller compared to other stages.




3.2.2. Displacement


The vertical displacement of the excavation face and around the pile varies with changes in pile diameter. Given the importance of accurately reflecting the trend in pile diameter, point C is designated as the circumference point with significant vertical displacement around pile 1, situated at a depth of approximately 27 m, as depicted in Figure 8a. Also, the central point of the excavation face remains designated as point A.



As the diameter of the piles increases, as shown in Figure 8b, there is a decreasing trend in soil deformation in both the lower part of the excavation area and its surrounding region. In essence, smaller diameters result in greater soil deformation, while larger diameters lead to reduced displacement. It can be observed that alterations in cross-sectional size have a more pronounced impact on deformation around the excavation than at its base due to the role of piles not only in supporting VSM loads but also in contributing significantly to excavator sidewall stability.



Similarly, it was observed that during the “FD” stage, there was substantial deformation of the excavation face which sharply decreased when bottom capping occurred and water was pumped from the shaft. Furthermore, deformation around the excavation surface primarily depends on foundation performance; therefore, no discernible differences were noted among the “FD”, “PC”, and “PC-d” stages.




3.2.3. Axial and Shear Stress


The variation in pile diameter has a significant impact on shear stress [41]. As depicted in Figure 9a, it is evident that as the circumference and cross-sectional area of the pile increase, the shear stress in the soil decreases. This is because with a larger diameter, the load distribution on the ground becomes more uniform, leading to the increased bearing capacity of the material. Similarly, increasing the diameter densifies the material, thereby improving the soil’s shear stress resistance. Regardless of which excavation stage it is in, due to effective reinforcement and anti-floating measures, there is not much change in stress state for models with similar pile diameters during different construction stages.



In terms of axial stress, as the diameter of the pile increases, the axial stress tends to decrease significantly. However, the axial stress is affected by the excavation stage and the change in the cross-sectional size of the pile. The curve representing axial stress levels flattens when the pile diameter reaches 1.2 m. As depicted in Figure 9b, it is evident that load distribution improves with increasing diameter. The axial stress decreases after the shaft is drained, and the axial stress during the “FD” stage and “PC” stage is almost the same. This is because after the excavation is completed, the caisson is in a saturated state, and the stress hardly changes. Pender et al. (2007) found that larger pile diameters increase pile head lateral stiffness and improve overall foundation stability. Larger diameters help dissipate stress more effectively under lateral loads [41].





3.3. Pile Length


The length of the pile is a critical factor in the VSM method and has a significant impact on the overall economic cost [42,43,44]; the length of the pile plays a pivotal role in optimizing the performance of pile groups and piled raft systems. Leung et al. (2010) [42] demonstrate through theoretical analysis that the optimization of pile length can significantly enhance load distribution and reduce settlement in pile foundations. This is echoed by Randolph (2003) [43] who emphasizes the interplay between scientific principles and empirical evidence in the design of pile foundations, underscoring that insufficient pile length can lead to inadequate load-bearing capacity and potential structural failures. Moreover, Akl et al. (2014) [44] investigate how variations in pile configurations and lengths impact the behavior of pile raft foundations, highlighting that the appropriate selection of pile length not only improves the foundation’s overall performance but also influences the structural integrity of the superstructure. Therefore, a comprehensive understanding of pile length optimization is essential for the effective design of pile foundations, ensuring safety and sustainability in geotechnical engineering practices.



Selecting an appropriate pile length requires conducting mechanical analyses on established models for piles of different lengths. As part of this process, as shown in Table 6, 11 caisson models are simulated, each composed of piles with varying lengths from 24 m to 75 m.



3.3.1. Moment


In the studied range, as shown in Figure 10, balance between the maximum and minimum torques is observed. As the pile length increases, the positive bending moment fluctuates continuously within the range from 600 kN·m to 810 kN·m, while the negative bending moment similarly fluctuates within the range from −600 kN·m to −810 kN·m. Overall, the bending moment gradually decreases with increasing pile length. The maximum value of bending moment occurs at a pile length of 24 m. At a pile length of 30 m, both positive and negative bending moments decrease abruptly. When the pile length reaches 35 m, there is partial recovery in both positive and negative bending moments before they slowly decrease again.




3.3.2. Displacement


By studying the curve trends and vertical displacement behavior associated with the excavation phase, as shown in Figure 11, it can be observed that during the “FD” stage, there is a larger magnitude of vertical displacement compared to other stages. This is attributed to a sharp reduction in deformation of the excavation face after bottom sealing and pumping from the shaft. Additionally, deformations around the excavation face are primarily influenced by the foundation, hence exhibiting consistent behavior across the “FD”, “PC”, and “PC-d” stages without significant differences. The settlement influence around the pile manifests as an upward bulge. With increasing pile length, there is a slight increase in the maximum vertical displacement around the pile from 24 m to 30 m. Subsequently, from a pile length of 30 m to 65 m, the maximum vertical displacement around the pile continues to decrease and remains relatively constant between 65 m and 70 m. After reaching 75 m, the vertical displacement gradually decreases again. Overall, as the pile length increases, the maximum vertical displacement around the pile decreases; in other words, with greater pile length, there is less uplift of soil mass around the pile. As the pile length increases, soil deformation in the lower and surrounding areas of the excavation zone shows a decreasing trend. Smaller pile lengths result in greater soil deformation, while larger pile lengths lead to smaller displacement amounts.



Unlike other pile parameters, the pile length has a significant impact on soil settlement around the pile. The change in pile length has a greater effect on vertical displacement around the pile than on vertical displacement at the excavation face. This is because piles not only bear the load generated by vertical stress increases due to construction activities but also play an important role in stabilizing the sidewalls of excavations. Their variations have a greater influence on deformations around excavations than those at the bottom of shafts. When the pile length is sufficiently long, its support effect on excavation sidewalls reaches saturation, and subsequent settlement around the pile is no longer affected by changes in pile length.




3.3.3. Axial and Shear Stress


As the pile length increases, as shown in Figure 12a, the axial stress also increases. Before reaching a length of 30 m, the stress behavior of shorter piles differs significantly from that of longer ones. The construction phase has minimal impact on this behavior. After 30 m, the axial stress during the “PC-d” stage is notably lower than in other stages due to reduced self-weight after pumping, leading to decreased axial stress.



Shear stress increases with pile length and remains relatively consistent across different stages after 30 m; in other words, the construction phase has minimal influence on shear stress. Additionally, as the shaft depth is only about 51 m, when the pile length exceeds 65 m, it surpasses the range of influence on shear stress from the shaft depth. At this point, shear stress reaches saturation, and even though the pile length continues to increase beyond this point, under conditions where the shaft depth is less than the pile length, the received shear stress remains nearly constant. Therefore, as shown in Figure 12b, shear stress remains unchanged after reaching a length of 65 m.






4. Discussion


4.1. Pile Spacing and Diameter Design


When designing pile parameters, it is crucial to consider not only the individual impact of each parameter on the pile but also the interactions among different parameters [45,46]. This study has investigated the effects of pile spacing, diameter, and length on the mechanical properties of both the soil and structure. Pile spacing is usually required to be more than twice the pile diameter to ensure sufficient load distribution and avoid pile interference, which is widely accepted in geotechnical engineering practice.



Research shows that pile spacing and diameter play pivotal roles in optimizing foundation performance. For instance, Rollins et al. (2006) [23] and Garala and Madabhushi (2021) [27] confirmed that pile interactions can reduce load-bearing capacity when the spacing is too small, which mirrors the findings in this study regarding potential interference between piles. Moreover, Pender et al. (2007) [37] and Sun et al. (2022) [36] demonstrated that larger pile diameters improve lateral stiffness and stability, yet cost increases significantly as the diameter increases. Thus, a balance between pile diameter, pile spacing, and cost-efficiency must be considered. Gavin and O’Kelly (2007) [33] also noted that improper pile spacing could lead to increased soil settlement, reinforcing the need for adequate spacing in the different models.



When the spacing between piles is appropriate, the pile foundation can better distribute the load, making the entire foundation system more stable. This helps avoid soil settlement and uneven settlement due to concentrated loads. If the spacing between piles is too small, they may interfere with each other, leading to negative effects. For example, the construction of one pile may adversely affect the load of adjacent piles, or the soil between adjacent piles may affect both piles, reducing the bearing capacity of the entire pile foundation. The gap between piles allows the soil to effectively transmit the load. This helps ensure that the load is evenly distributed among the piles and reduces soil stress concentration. If the spacing between piles is too small, soil settlement may occur in the gap between piles, affecting the stability of the entire pile group. Appropriate spacing help reduce this effect. Appropriate pile spacing also helps with construction operations, providing enough space for drilling, pouring concrete, etc. This can avoid affecting the structural stability and bearing capacity of the entire foundation system due to limited construction operations.



It has been shown through previous studies that the larger the diameter of the pile, the better the soil and mechanical properties, and the D6 model performs best in underground parking garage projects. However, the performance is better when the spacing between piles is moderate. In the previous analysis, the car park project performed better with a spacing of 3.2 m (S3 model). However, the minimum spacing requirement for the D6 model is 3.6 m, and the spacing of 3.2 m for the S3 model does not meet the requirements. The use of other pile diameters should be considered. It is worth noting that the increase in pile diameter will result in an increase in cost, while the increase in spacing between piles and the reduction in the number of piles will result in a decrease in cost. Therefore, in the selection of pile diameter, spacing between piles, and the number of piles, cost is also an important factor affecting design, especially for larger pile diameters, such as 1.5 m (D5) or 1.4 m (D4), as soil displacement will be reduced, but it is important that the cost will increase significantly. Therefore, the D3 model with a pile diameter of 1.2 m has more advantages than other models because its deformation is acceptable and controllable, and the spacing between piles is also large enough, which is why the underground parking project ultimately included a pile diameter of 1.2 m.




4.2. Pile Length Design


When the pile length is too short, there is significant settlement of the soil around the pile in the model, indicating that inadequate pile length leads to insufficient support for the foundation. For example, in underground parking garage project, models L1 to L3 performed poorly in all aspects and did not meet the basic requirements of the project. Models L4 to L11 demonstrated improved performance as pile length increased, effectively preventing excessive deformation of the excavation surface and surrounding soil. When reaching a length of 65 m (models L9 to L11), the models exhibited stable and good performance in preventing soil deformation. With increasing length, axial loads continued to increase, and axial stress also increased continuously. In summary, pile lengths should not be too short because inadequate lengths cannot provide sufficient support for the surrounding soil. Pile lengths should also not be excessively long; previous studies have shown that after reaching a certain length, the support capacity will plateau. Further increases in length will only lead to continuous increases in axial stress, with negative effects.




4.3. Comparing Vertical Shaft Sinking Machine (VSM) with Other Methods


This study compares the performance of Vertical Shaft Sinking Machine (VSM) technology with traditional methods like pneumatic caissons and the Super Open Caisson System (SOCS). The VSM offers significant advantages due to its automated control, enabling real-time adjustments and minimizing the risks associated with soil movement. In contrast, pneumatic caissons and the SOCS rely on manual or phased processes, which slow down excavation and increase complexity. The VSM achieves excavation rates of up to 4 m per day, significantly shortening project timelines, and is adaptable to a wide range of geological conditions, including soft soils, soft rock, and high-water-pressure environments. However, its higher initial cost, due to specialized equipment, makes it less suitable for smaller projects.



A comparative analysis of these methods is summarized in Table 7.



In terms of pile foundation design, the VSM method introduces unique load-bearing considerations compared to the other sinking methods. In these methods, the shaft wall primarily sinks under its own weight, and the piles support lateral loads. However, with the VSM, the load is transmitted through suspension systems to the ring beams and then to the piles, meaning the vertical load on the piles must also be accounted for. Vertical loads induce axial compression, enhancing the pile’s resistance to overturning and bending, while also increasing deformation and settlement at the pile base. This necessitates greater emphasis on pile stiffness to balance vertical and lateral loads and control bending deformation.



Furthermore, since this project is located in a soft-soil region, diaphragm walls were introduced to enhance soil stability. The combination of shallow diaphragm walls and deep pile foundations forms a composite support system, increasing overall lateral stiffness and reducing horizontal displacement and settlement. However, while diaphragm walls improve stability, they also add complexity and cost to the construction process, especially in soft-soil or deep excavation areas. Numerical analysis is essential to optimize both economic efficiency and structural stability. The VSM, with its precision, efficiency, and lower environmental impact, represents a promising direction for future urban underground construction, particularly in complex geotechnical environments where minimizing disruption is crucial.





5. Conclusions


This study, focused on the underground parking garage project in Jing’an District, Shanghai, investigates the role of pile foundations in the Vertical Shaft Sinking Machine (VSM) method under soft-soil conditions. Using FLAC3D simulations, it offers significant insights for both research and practical engineering applications.



The findings underscore three key parameters: pile diameter, spacing, and length.



	
Pile Diameter: A pile diameter of 1.2 m strikes a balance between load-bearing performance and construction costs, effectively reducing soil settlement and shear deformations. While increasing the diameter enhances capacity and minimizes deformation, it also raises costs, so balancing performance with economic feasibility is crucial.



	
Pile Spacing: spacing that is too narrow leads to stress concentration, while overly wide spacing causes soil relaxation, both of which can compromise structural stability.



	
Pile Length: Optimizing pile length is critical for controlling settlement. Insufficient length leads to deformation, while excessively long piles result in diminishing returns without added benefits, making careful optimization necessary to ensure both structural effectiveness and cost-efficiency.






This study also highlights the interplay between these parameters, indicating that adjustments in spacing may be needed as the pile diameter increases to ensure overall stability. Maintaining spacing of at least twice the pile diameter is essential for uniform load distribution and foundation stability.



In conclusion, this study offers practical recommendations for optimizing pile foundation design in VSM applications, especially in soft-soil environments. While specific to Shanghai’s geology, the findings can inform further studies across different regions.
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Figure 1. The VSM set-up for the studied project. 
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Figure 2. Different views of structure: (a) side view and (b) pile foundation. 
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Figure 3. Comparison of simulated and monitored values of horizontal displacement of piles and soils along depth. 
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Figure 4. Geometry of piles in three stages using FLAC3D software: (a) “FD” stage (b) “PC” stage and (c) “PC-d” stage. 
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Figure 5. Extreme values of mechanical results of piles for different pile spacing: (a) maximum bending moment about z-axis of pile, (b) maximum axial force in pile, and (c) maximum shear stress in pile. 
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Figure 6. Comparison of numerical values with monitored values: (a) surface settlement; (b) horizontal displacements of piles and soils along depth. 
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Figure 7. The maximum bending moments along the z-axis of the piles for different pile diameters. 
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Figure 8. Points A and C’s (a) location and (b) displacement for different pile diameters. 
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Figure 9. Extreme values of mechanical results of piles for different pile diameters: (a) maximum shear stress and (b) maximum axial stress in pile. 
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Figure 10. The maximum bending moments along the z-axis of the piles for different pile lengths. 
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Figure 11. Soil vertical displacement around the pile for different pile lengths. 
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Figure 12. Extreme values of mechanical results of piles for different pile lengths: (a) maximum axial stress and (b) maximum shear stress in pile. 
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Table 1. Parameters of structures.






Table 1. Parameters of structures.





	Structure
	Shaft Wall
	Ring

Foundation
	Reinforced Zone
	Ring Support Beam
	Plain

Concrete





	Bulk modulus, K/[MPa]
	1.92 × 104
	1.8 × 104
	56
	1.8 × 104
	1.75 × 104



	Shear modulus, G/[MPa]
	1.44 × 104
	1.35 × 104
	42
	1.35 × 104
	1.3 × 104



	Cohesion, c/[kPa]
	-
	-
	240
	-
	-



	Friction angle, φ/[°]
	-
	-
	25
	-
	-



	Density, ρ/[kg/m3]
	2500
	2500
	1900
	2500
	2350










 





Table 2. Parameters of pile.






Table 2. Parameters of pile.





	
Structure

	
Elastic Modulus E/[MPa]

	
Poisson’s Ratio ν

	
Cross-Sectional Area A/[L2]

	
Outer Length P/[L]

	
Moment of Inertia (Y-axis) Iy/[L4]

	
Moment of Inertia (Z-axis) Iz/[L4]

	
Polar Moment of Inertia J/[L4]

	
Density ρ/[M/L3]

	
Tensile Strength

σty/[F]






	
Pile

	
3 × 104

	
0.2

	
1.13

	
3.77

	
0.1

	
0.1

	
0.2

	
2400

	
3.2 × 106




	
Normal Stiffness per Unit Length Kn/[F/L2]

	
Normal Cohesion per Unit Length cn/[F/L]

	
Normal Friction Angle φn/[°]




	
2 × 109

	
2.1 × 105

	
20




	
Shear Stiffness per Unit Length Ks/[F/L2]

	
Shear Cohesion per Unit Length cs/[F/L]

	
Shear Friction Angle φs/[°]




	
2 × 109

	
3 × 104

	
20











 





Table 3. Parameters of soils.
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	Soils
	Mucky Clay
	Silty Clay
	Clayey Silt
	Fine Sand





	Reference stress, pref/[kPa]
	100
	100
	100
	100



	Poisson’s ratio, ν/[MPa]
	0.3
	0.3
	0.3
	0.25



	Cohesion, c/[kPa]
	8
	24
	11.8
	4



	Friction angle, φ/[°]
	11
	21
	28
	34



	Dilatancy angle, Ψ/[°]
	0
	0
	0
	4



	  Sec ant   Young ’ s   modulus ,     E   50   r e f    /[MPa]
	8.3
	22.5
	16.8
	41.1



	  Unloading – reloading   sec ant   Young ’ s   modulus ,     E   u r   r e f    /[MPa]
	37.8
	132
	97.5
	164.4



	  Oedometric   tan gent   modulus ,     E   o e d   r e f    /[MPa]
	18.4
	18.9
	13.8
	41.1



	Exponent in power law, m/[-]
	0.95
	0.9
	0.7
	0.5



	Coefficient of earth pressure for normal consolidation, KNC/[-]
	0.81
	0.64
	0.53
	0.44



	Failure ratio, Rf/[-]
	0.9
	0.9
	0.9
	0.9










 





Table 4. Number of piles and spacing.
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	Model
	Number of Piles
	Spacing (m)





	S1
	42
	1.7



	S2
	28
	2.5



	S3
	22
	3.2



	S4
	14
	5.1



	S5
	12
	5.9



	S6
	10
	7.1










 





Table 5. Models with different pile diameters.
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	Model
	D (m)
	C (m)
	S (m2)
	moi-y (m4)
	moi-z (m4)
	moi-polar (m4)





	D1
	0.6
	1.89
	0.28
	0.006
	0.006
	0.013



	D2
	0.9
	2.83
	0.64
	0.032
	0.032
	0.064



	D3 (base case)
	1.2
	3.77
	1.13
	0.1
	0.1
	0.2



	D4
	1.4
	4.41
	1.54
	0.189
	0.189
	0.378



	D5
	1.5
	4.72
	1.77
	0.249
	0.249
	0.498



	D6
	1.8
	5.67
	2.55
	0.516
	0.516
	1.033










 





Table 6. Models with different pile lengths.






Table 6. Models with different pile lengths.





	Model
	L1
	L2
	L3
	L4
	L5
	L6
	L7
	L8
	L9
	L10
	L11





	Length (m)
	24 m
	30 m
	35 m
	40 m
	45 m
	50 m
	55 m
	60 m
	65 m
	70 m
	75 m










 





Table 7. Comparative analysis of shaft sinking methods.
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	Criterion
	VSM Technology
	Pneumatic Caisson
	SOCS





	Precision and Control
	High automation, real-time monitoring
	Limited control with air pressure
	Manual intervention and stabilization needed



	Excavation Speed
	Up to 4 m/day
	Slower due to manual processes
	Moderate, multi-phase excavation



	Geological Adaptability
	Effective in soft soil and soft rock, and under high water pressure
	Less effective in high-water-pressure conditions
	Requires additional stabilization measures



	Environmental Impact
	Low noise and vibration, suitable for urban areas
	Higher noise and disruption
	Moderate impact, phased processes



	Initial Cost
	High due to specialized equipment
	Lower, more cost-effective for small projects
	Higher due to complexity
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