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Abstract

:

This study proposes a new form of underground diaphragm wall foundation with hexagonal sections, called the grid pile foundation (GPF), which is used for long-span bridges. To investigate the lateral bearing capacity characteristics of the integrated pile foundation, the quasi-static test as well as numerical simulations were conducted. Firstly, the quasi-static test was conducted to obtain the lateral load–displacement curve, the soil pressure distribution, and the deformation and stress distribution of the pile foundation and the surrounding soil. Then, the finite element model of the proposed GPF foundation was built, which was verified and calibrated based on the test data. Finally, the parametric analysis was performed to investigate the effects of soil friction angle, pile foundation Young’s modulus, and pile length on the lateral bearing capacity characteristics of the proposed GPF. It is concluded that the GPF would transition from the stiffness stage to the plastic strain stage under lateral load, and deformation occurred simultaneously. The stress in the soil around the pile foundation is high in the upper portion and low in the lower portion, and the active and passive failure zones of the soil are formed under the action of the GPF. Both experimental and numerical simulations indicate that the GPF has a good lateral load capacity, and the lateral load capacity is most affected by the length of the piles. The GPF is expected to provide a new solution to the construction of large-span bridges with diaphragm wall foundations.
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1. Introduction


The concept of an underground continuous wall foundation refers to the utilization of interconnected rigid walls to form a closed-frame structure, with a top slab cast as the supporting platform [1]. The underground continuous wall foundation offers advantages such as high load-bearing capacity, excellent integrity, cost-effectiveness, and good compatibility with the foundation [2,3,4]. It has been successfully employed in the construction of large-span bridges, including the Pearl River Huangpu Bridge, Nanjing Fourth Bridge, Wuhan Yingwuzhou Bridge, and Wuhan Yangsigang Bridge [5].



With the increasing application of underground continuous wall foundations in practical engineering, numerous scholars have conducted in-depth research on the load-bearing characteristics of such foundations [6,7,8,9,10,11,12,13]. Wu et al. [14] conducted scaled-down model tests with a similarity ratio of 1:30 to investigate the vertical load-bearing capacity of different underground continuous wall foundations in soft soil. The results indicated that the ultimate bearing capacity of the grid-type continuous wall increases with the number of cells. Tang et al. [15] studied the load-bearing performance of honeycomb piles under different geological conditions using finite element analysis software ABAQUS and the Monte Carlo algorithm. The results showed that the internal frictional resistance of the honeycomb pile foundation followed an exponential distribution along the depth, while the external frictional resistance approximately followed a triangular distribution along the depth. Wen et al. [16] conducted vertical load model tests on rectangular closed-loop underground continuous walls to study the load distribution of the foundation slab. It is found that the maximum soil reaction is located at the corners of the slab. Dai et al. [17] performed lateral static load tests on single-hole closed-loop walls with different cross-sectional sizes to study the lateral load-bearing characteristics of closed underground continuous wall foundations.



Although significant progress has been made in the research on the load-bearing characteristics of underground continuous wall foundations, the current studies mainly focus on the vertical load-bearing capacity of rectangular grid-type foundations [18,19,20,21,22,23]. There is relatively less research on the lateral load-bearing characteristics of underground continuous wall foundations with irregular cross-sections. Irregular cross-section underground continuous wall foundations possess advantages such as high overall stiffness and uniformity and offer convenient construction. Furthermore, they can be adjusted and combined to form composite sections with enhanced applicability, as shown in Figure 1, meeting practical engineering requirements for large-span bridges [24].



In light of this, this paper presents a novel underground continuous wall foundation with a hexagonal cross-section called the grid pile foundation (GPF). The objective is to investigate the lateral load-bearing characteristics of the GPF by conducting quasi-static tests to analyze the force–displacement curves, distribution, and variation of soil pressure on the foundation soil under lateral loading. Subsequently, the accuracy of the finite element model is validated using experimental data. Furthermore, a parametric analysis is performed to study the influence of variations in soil friction angle, pile modulus of elasticity, and pile length on the lateral load-bearing characteristics of the GPF. The lateral stiffness of the proposed GPF was compared with widely used pile foundations. The theoretical foundation and data support provided in this study are essential for the practical implementation of the GPF in engineering applications.




2. Experimental Study


To investigate the lateral load-bearing characteristics of the GPF, a scaled-down model of a single-cell GPF was designed and fabricated based on the geometric scale ratio of 1:30. After scaling, the GPF in the model has a hexagonal shape with a side length of 20 cm and a total length of 90 cm, derived from a prototype GPF with dimensions of 6 m in side length and 30 m in overall length. The dimensions of the model were chosen to ensure the rationality of the indoor testing setup. The load and deformation characteristics of the GPF and the surrounding soil under lateral static loads are investigated by conducting the quasi-static test on the scaled-down model [25]. This analysis aims to explore the lateral loading mechanisms of the GPF.



2.1. Model Setup


The soil chosen for the study is the typical Wuhan sand, with composition percentages of 70% sand, 25% silt, and 5% clay. The soil was meticulously layered and compacted in a sealed test pit measuring 200 cm × 200 cm × 160 cm, enclosed by sealing panels. Rigorous control was exercised over the compaction density of each soil layer to guarantee the desired strength and deformation characteristics of the soil. This meticulous approach aimed to achieve uniformity across the entire soil mass. During the filling process, the compaction density of each soil layer was measured using the ring knife method, while the moisture content of the soil was determined using the oven-drying method. To ensure the quality and uniformity of the filling process, static cone penetration tests (CPT) were conducted on the soil before and after saturation [26]. The test results indicated good overall uniformity of the soil, with an average density of 1.78 g/cm3. The experimental model of the GPF utilized in this study was constructed from organic glass with a consistent thickness of 40 mm. The pile cap employed a steel adjustable pile diameter assembly model for the footing, as illustrated in Figure 2. During the experiment, the GPF was fixed to the footing using bolts, while the pile cap had high strength and could be considered rigid for this experiment [27].



As shown in Figure 3, the soil was layered and filled within a steel test pit with a dimension of 200 cm × 200 cm × 160 cm. The test pit was partitioned into four evenly sized zones, where the soil was meticulously layered and compressed to guarantee a consistent distribution across each zone. The total height of the soil box is 150 cm, with the GPF embedded at a depth of 80 cm. After installing the GPF, the pile cap is securely connected to the GPF using slots and bolts, ensuring a stable foundation connection.



The loading system used in the experiment employs the MTS Large-Scale Servo Static Loading System, located in the Structural Building of China University of Geosciences (Wuhan). The loading system consists of a 25-ton actuator, reaction steel beam, hydraulic pump, and MTS specialized control software. To monitor the variation of lateral stress in the soil, a certain number of soil pressure cells are installed within the soil. These cells are designed to measure real-time lateral stress parameters during the experiment.



The displacement sensor in the MTS loading system’s actuator enables real-time monitoring of the displacement at the top of the pile throughout the entire loading process. These data are recorded for subsequent analysis. For the measurement of lateral stress in the soil, DYMH-106 miniature soil pressure cells are used. Before the experiment, these pressure cells are calibrated and then placed and compacted in each soil layer to ensure good compaction and prevent any issues with poor compaction [28]. The depths at which the soil pressure cells are installed are 20 cm, 40 cm, 70 cm, 90 cm, and 110 cm. The soil pressure cells inside the pile are placed at the center position of the pile foundation, while the cells outside the pile are placed at lateral distances of 5 cm, 17 cm, and 39 cm from the pile body. Additionally, to consider the edge effect, one soil pressure cell is placed at a distance of 5 cm from the side of the model box, at a depth consistent with the distribution of the soil pressure cells near the pile foundation.



The experimental setup involves lateral static loading, where the GPF is subjected to both vertical and lateral loads. The arrangement of the MTS actuator and data acquisition system is shown in Figure 4. A vertical actuator applies a constant vertical force of 5 kN at the top of the GPF to simulate the axial loading of the superstructure on the pile foundation. The lateral actuator applies a lateral load on top of the steel footing, simulating the lateral load. The lateral load is applied in a unidirectional and linear manner through displacement control. To represent the low-frequency nature of practical loads such as wind, waves, and currents, the loading frequency is set to 0.033 Hz to avoid dynamic effects [29]. The total amplitude of lateral displacement is set at 60 mm. Table 1 and Figure 5 delineate the loading protocol based on displacement control, comprising three cycles for each designated target displacement. At each level of loading, the load is applied until the readings from the vibrating sensor stabilize. The experiment utilizes the real-time data acquisition capabilities of the MTS system, with a sampling frequency of 4 Hz, to collect data from various sensors throughout the entire experimental process.




2.2. Load Displacement Response


The load–displacement curve is a graphical representation of the relationship between the displacement of a structure and the corresponding applied load. It provides a visual depiction of the effects of the load on the structure [30]. In the case of the lateral static loading test, the load–displacement curve for the lateral load is shown in Figure 5. The linear displacement load generated by the lateral actuator starts from 0 mm and increases gradually by 10 mm at each level of loading until reaching 60 mm, at which point the loading is stopped. The loading curve displays nonlinearity, with an overall trend characterized by a steep drop. When the lateral displacement reaches 60 mm, the magnitude of the lateral load is approximately 8 kN. The loading curve can be roughly divided into two stages: the stiffness stage from 0 mm to 5 mm displacement and the plastic strain stage from 5 mm to 60 mm displacement. In the stiffness stage, the lateral displacement of the GPF shows a linear relationship with the lateral load, increasing from 0 mm to around 5 mm, while the lateral load increases from 0 kN to approximately 3.7 kN in a uniform manner. During this stage, the GPF undergoes slight deformation, and the soil in front of the pile slightly bulges, with no significant separation observed between the GPF and the soil. In the plastic strain stage, the displacement load increases from 5 mm to 60 mm, and the lateral load continues to increase but at a reduced rate. In the later stage of loading, the curve reaches a plateau. During this stage, relative sliding is observed between the GPF and the soil, cracks emerge at the rear in the loading direction, and the front end of the soil bulges, with a portion of the GPF being embedded in the soil.



It is also shown in Figure 6 that at the end of the stiffness stage, the soil surrounding the GPF has reached the plastic yield critical state, while the GPF itself remains in the elastic stage. In the plastic strain stage, the soil enters the plastic yield stage and undergoes deformation, while the GPF continues to deform, either in the elastic stage or transitioning into the plastic stage. Throughout the loading process, the GPF exhibits superior lateral bearing performance.




2.3. Soil Pressure Pattern


The failure mechanisms of the soil around the pile are closely related to the interaction between the pile and the soil [31]. To investigate the variation of lateral stresses in the soil during the loading process, lateral stresses at different depths and distances from the pile axis were measured at lateral displacements of 15 mm, 30 mm, 45 mm, and 60 mm from the loading point. The lateral stress values were plotted against depth to study the stress variation in the soil at different locations and depths during the loading process [32].



Figure 7 illustrates the lateral stresses of the soil at four different loading stages during the loading process. The lateral distance from the pile axis is represented on the x-axis, while the lateral stress is represented on the y-axis. Different colors of the curves indicate different depths. The position of 0 mm represents the pile core, and the position of 20 mm represents the pile shaft. Distances greater than 20 mm from the pile axis indicate the soil outside the pile. The analysis reveals that the stress in the pile core soil is higher at the top and lower at the bottom under the same load conditions. The stress in the middle portion of the pile core remains consistently high, while the stress at the pile base remains nearly unchanged. This indicates that during the loading process, the upper part of the pile experiences bending deformation, resulting in higher stress in the upper pile core due to compression from the pile shaft. On the other hand, the lower part of the pile undergoes smaller deformation due to deeper embedment, resulting in lower stress in the middle and lower portions of the surrounding soil. The lateral stresses in the soil near the pile shaft exhibit a higher value at the bottom and a lower value at the top. After a lateral displacement of 15 mm, the stress at the pile base remains almost constant, indicating that the soil at the pile base has already yielded. However, the lateral stresses in the surface soil do not show significant yielding as the displacement increases. This is because as the displacement at the top of the pile increases, the internal soil experiences significant disturbance and damage, following the movement of the pile. The soil located 35 mm away from the pile axis and at the lower portion of the pile base can be considered as representing the soil at a greater distance from the actual pile foundation. During the loading process, the stress variation in this part of the soil is not significant, which is consistent with the actual conditions.



At the same position and loading stage in the soil, the area with the greatest variation in lateral stress with depth is located at a distance of 22 cm from the pile axis. This area represents the soil surrounding the pile foundation that is most affected by the presence of the cellular structure of the pile. On the other hand, the soil at the pile core and slightly farther from the pile base, towards the outer side, undergoes comparatively smaller changes in lateral stress. Meanwhile, the soil pressure near the steel test pit is approximately 0.5 MPa and remains almost unchanged, suggesting that the lateral load-bearing capacity of the GPF is not affected by the boundary.





3. Numerical Study


The previously mentioned experiment investigated the correlation between lateral force and displacement in the context of cellular structure piles subjected to lateral loads. It also studied the bearing characteristics of the cellular structure piles under lateral loading through the soil stress curves. To further investigate the lateral bearing mechanism of the cellular structure piles and explore the influence of soil friction angle, pile shaft Young’s modulus, and pile length on the lateral bearing characteristics, this section establishes a numerical model that is proportionally scaled to the experimental piles for verification analysis. Additionally, finite element models are established with different soil friction angles, Young’s moduli of the pile shaft, and pile lengths to analyze the effects of these parameters on the lateral bearing performance [33].



3.1. Numerical Model


The numerical model consists of two parts: the soil and the GPF, as indicated by the laboratory experiment in Section 2.1; the soil material is fine sand, while the GPF is constructed from organic glass. To facilitate loading, a steel footing is placed on top of the pile foundation. The parameters of the model are shown in Table 2. The cross-section of the GPF is a regular hexagon with a thickness of 4 cm and a side length of 20 cm. The pile length is 90 cm, and it is embedded to a depth of 80 cm. The total depth of the soil is 150 cm.



The soil is considered a linear elastic material and is characterized by the Mohr–Coulomb elastoplastic constitutive model. To simplify the calculation, the soil layer is considered a single layer of soil. The organic glass is treated as an isotropic material, and its behavior is simulated using the Isotropic Linear Elastic constitutive model. The steel components are considered isotropic materials, and to simulate potential rigid body rotations that may arise in pile foundations, a Bilinear Elastic–Plastic constitutive model has been utilized [34]. The numerical model is divided into grids starting from the pile core and extending outward. The grid density gradually decreases along the model boundaries to ensure a continuous state of the overall grid and prevent issues with stress transmission. In the vertical direction, a stretching method is employed from the bottom surface upward to ensure the continuity of the grid throughout the model, avoiding stress discontinuities [35]. Based on the experimental parameters and dimensions, a numerical model of the GPF is established as shown in Figure 8.



During the indoor experiment, the GPF and the soil were placed in a test pit with dimensions of 200 cm × 200 cm × 160 cm, and the GPF was positioned at the center of the soil. In the experimental study, the press imposed by the walls of the test pit on the soil was considered a rigid constraint. In the numerical study, the model boundary condition was set so that six degrees of freedom of the bottom and four sides of the soil model were fixed. In the experiment, a unidirectional, linear loading was applied using displacement control. In the numerical simulation, the loading point was located at the top of the pile cap. The static pushover analysis with 100 steps was performed to reach a total displacement of 0.06 m.




3.2. Load Displacement Response


The comparison of the lateral load–displacement curve between the numerical and the experimental results is shown in Figure 9. In the initial loading stage, the numerical simulation and experimental load–displacement curves show good consistency, indicating the stiffness phase. Once the lateral displacement reaches 5 mm, the model enters the plastic strain phase. However, the lateral load generated by the numerical model in this phase is smaller than the experimental value. The relationship between lateral load and displacement shows a linear trend in the numerical model, whereas it exhibits a nonlinear behavior in the actual experiment. Under the same displacement conditions, the numerical model predicts lower lateral load values compared to the experimental results. The overall curve still shows a marked decline, especially during the stiffness phase, demonstrating a satisfactory level of conformity. The discrepancy observed during the plastic strain phase is due to the detachment between the pile cap and the GPF connection in the quasi-static loading of the experiment, resulting in rotation between the pile cap and the GPF and leading to a higher experimental lateral load than the simulated value. The high consistency between the load–displacement curves obtained from the numerical model and the experimental results demonstrates the accuracy of the model calculations.



Figure 10 illustrates the overall schematic diagram of the model after the lateral displacement loading is completed. It can be observed that the top part of the pile foundation enters the underlying soil, causing the soil to bulge. Behind the loading direction, the GPF and the underlying soil experience separation, resulting in a crack. This phenomenon is consistent with the experimental observation. The load–displacement curve, along with the schematic diagram of pile foundation deformation shown in Figure 11, verifies that the GPF did not undergo plastic yielding under the lateral load, further indicating its excellent lateral bearing capacity characteristics. It also confirms that the calculation results of the numerical model are accurate.




3.3. Pile Foundation Stress Pattern


Figure 12 represents a schematic diagram of the stress variation during the loading of the GPF. In the initial stage of loading, the top of the GPF experiences stresses due to the applied displacement load. The stress region propagates downward as the loading progresses, causing displacement at the top of the pile. With the increase in displacement load, the affected region spreads downward, reaching the middle part of the pile. Based on the displacement pattern observed during this stage, the pile exhibits the characteristics of a flexible pile. After the loading is completed, the stress region expands to the bottom of the pile. The upper section of the pile experiences bending deformation, whereas the deformation in the lower part is relatively less pronounced. During this stage, the pile gradually transitions from a flexible pile to a rigid pile. The most significant stress variation occurs in the loading direction, with the maximum stress located at the pile top. The stress contour plot during the loading process shows a horseshoe-shaped pattern, indicating good agreement between the numerical simulation results and the actual conditions [36].



This indicates that the GPF did not undergo plastic yielding during the loading process, and the stiffness of the pile increased with increasing deformation, transitioning from a flexible pile to a rigid pile.




3.4. Soil Stress Pattern


Figure 13 illustrates the schematic diagram of stress variation in the soil during the loading process. The displacement of soil is mainly concentrated in the shallow region. After the commencement of loading, stresses due to the pile foundation’s compression affect the uppermost soil around the GPF. The stress region propagates downward as the loading progresses. The shallow soil forms a strip-shaped active failure zone and a passive failure zone under the compression of the GPF. With increasing lateral displacement, the stress spreads outwards and the maximum stress always occurs in the active failure zone. As the displacement load increases, the stress-affected area expands in depth and eventually reaches the lower region beneath the pile foundation. During the loading process, the soil stress exhibits a pattern of higher stress in the upper part and lower stress in the lower part. The stress is higher in the outer soil compared to the inner soil, and the far-field soil experiences negligible stress, indicating that the cellular structure pile has a relatively small disturbance effect on the distant soil [37].




3.5. Parametric Analysis


To investigate the influence of variations in soil friction angle, pile material Young’s modulus, and pile length on the lateral bearing characteristics of the GPF, this section conducts a parametric analysis based on the calibrated numerical model in Section 3.1. The ranges of variation for each parameter are presented in Table 3.



In Table 3, the experimental parameters include a soil friction angle of 22°, a pile material Young’s modulus of 2000 MPa, and a pile length of 0.9 m. To enhance the credibility of the analysis results, during the parameter variations, the remaining parameters are kept the same as the experimental parameters, with only one parameter being modified for comparative analysis and calculation.



To visually demonstrate the influence of parameter variations on the lateral bearing performance of the GPF, this study utilizes characteristic values of lateral bearing capacity to represent the effects of parameter changes. According to the "Technical Specification for Building Foundation Piles" (JGJ94-2008), for reinforced concrete precast piles, steel piles, and cast-in-place piles with a reinforcement ratio not less than 0.65%, the characteristic value of the lateral bearing capacity for a single pile can be obtained by taking 75% of the load corresponding to a lateral displacement of 10 mm at ground level (or 6 mm for buildings sensitive to lateral displacement) from the static load test results. The numerical model is a scaled-down model based on the experimental cellular raft foundation, with a scale ratio of 1:30. Therefore, according to the specification, taking the load value at 1/3 mm and multiplying it by 75% will yield the characteristic value of the lateral bearing capacity for the numerical model of the GPF under different parameter variations [38].



3.5.1. Influence of the Soil Friction Angle


The numerical results for the models with different values of the soil friction angle (19°, 22°, and 25°) under the same lateral load conditions are shown in Figure 14. It can be observed that the characteristic values of lateral bearing capacity for the models with soil friction angles of 19° and 25° are slightly smaller than that of the model with a 22° soil friction angle. However, the differences among the three cases are minimal, and it can be concluded that the variation in soil friction angle does not significantly affect the lateral bearing performance of the GPF. This indicates that the GPF can be used in bridge construction projects under complex geological conditions, and even in soft soil conditions, its lateral bearing capacity can still be effectively utilized.




3.5.2. Influence of the Pile Young’s Modulus


The results of the calculations for the variation in Young’s modulus of the GPF from 2 × 105 MPa to 2 × 107 MPa are shown in Figure 15. When Young’s modulus is 2 × 105 MPa, the characteristic value of the lateral bearing capacity for GPF is 0.4 kN. As Young’s modulus increases to 2 × 106 MPa, the lateral bearing capacity increases to 1.2 kN, and further increasing Young’s modulus to 2 × 107 MPa results in a capacity of 1.6 kN. The increase in capacity is 0.8 kN and 0.4 kN, respectively. This indicates that the material properties of the foundation are an important factor influencing the lateral bearing performance of the GPF, and a higher Young’s modulus of the foundation can provide a higher lateral bearing capacity. However, beyond a certain range, further increasing Young’s modulus does not significantly improve the lateral bearing capacity of the GPF.




3.5.3. Influence of the Pile Foundation Length


Figure 16 illustrates the lateral bearing capacity characteristics of the GPF for different lengths, specifically 0.8 m, 0.9 m, and 1.0 m. In the case of the GPF with a length of 0.8 m, the characteristic value of lateral load-bearing capacity is 0.31 kN. When the length of the GPF is increased to 0.9 m, the corresponding characteristic value of lateral load-bearing capacity increases to 0.4 kN. Furthermore, at a length of 1.0 m, the GPF exhibits a further increase in the characteristic value of lateral load-bearing capacity, reaching 0.71 kN. The observed trend suggests that the lateral load-bearing capacity of the GPF grows proportionally with its length. This implies a correlation between the lateral load-bearing capacity and the depth of embedment into the soil. As the embedment depth increases, the lateral load-bearing performance improves. However, it is important to note that this variation is not uniform.



The analysis of parameters shows that Young’s modulus significantly influences the GPF, along with the depth of its embedment into the foundation. Therefore, when undertaking engineering projects, it is crucial to choose construction materials that match project requirements and determine the ideal depth for embedding the GPF. This ensures that its lateral load-bearing capacity can be effectively maximized.






4. Comparative Study between Pile Group Foundation and the GPF


To better illustrate the performance of the proposed GPF, the widely-used pile foundation in the practical bridge structures was adopted here for comparison. The pile foundation was designed based on the same concrete usage of the GPF as shown in Section 2, which has four piles with a diameter of 0.75 m, and the distance between the pile center is 3.5 m. Both foundations have a length of 30 m and have the same soil conditions. By using the numerical simulations, the stiffness of the pile group foundation and GPF in six degrees of freedom can be obtained, as presented in Table 4. It is shown in Table 4 that the translation stiffness of the pile group foundation in the x and y directions is 0.8494 × 106 N/m, while the translation stiffness of GPF is 0.1831 × 107 N/m. The translation stiffness of the GPF increased by 116% compared to that of the pile group foundation. It is also found in Table 4 that the rotational stiffness in the x and y directions of the GPF is 0.8296 × 108 N/m, which is greater than that of the pile group foundation, resulting in a 25% increase in rotation stiffness. Additionally, the GPF showed a 45% increase in vertical translation stiffness and a 75% increase in vertical rotational stiffness compared to the pile group foundation. These results indicate that the GPF has greater lateral load-bearing capacity than the pile group foundation.




5. Conclusions


In this paper, a hexagonal section foundation named the grid pile foundation (GPF) was proposed. The lateral load–displacement relationship of the GPF is investigated using a quasi-static test, while the soil stress characteristics are analyzed using numerical simulations. In addition, this paper analyzes the influence of the lateral load capacity characteristics of the GPF by examining parameters such as soil friction angle, pile Young’s modulus, and pile length. A comparative analysis between the pile group foundation and the GPF is applied to a bridge construction project. The main conclusions are as follows:




	
For the GPF, both the load–displacement curves obtained from the quasi-static test and the numerical simulation demonstrate an outstanding ability to withstand lateral loads. The load–displacement curves for the GPF under lateral loading show a rapid transition from the stiffness stage to the plastic strain stage without reaching the damage stage. In the stiffness stage, the pile behaves flexibly, while in the plastic strain stage, it transforms into a rigid pile.



	
The soil pressure curve indicates that soil stress in the pile core is high at the top and low at the bottom under the same load, and the soil in the head of the pile core is affected by the deformation disturbance of the GPF to produce damage when the lateral displacement reaches 15 mm. In contrast, the stress in the external soil is high at the bottom and low at the top, and the soil at the bottom of the pile core reaches the yield state. The GPF stress pattern shows lateral loading effects, and the soil displacement and stress patterns indicate the active and passive damage zones around the pile.



	
The results of parameter analysis reveal that Young’s modulus and pile length have a very strong influence on its lateral performance, while the influence of soil friction angle is relatively slight, which indicates that the GPF is suitable for the construction of large-span bridges. The results of the parameter analysis can provide some theoretical basis for the design and actual engineering construction of the GPF.



	
The GPF has a much higher lateral translational and rotation stiffness than the pile group foundation, which indicates that the GPF has good load-bearing capacity.








Although the above study shows the good lateral load-bearing capacity of the GPF and provides valuable theoretical guidance for designers, the GPF still needs some future work before real-world application in practical engineering. For example, the advantages and drawbacks of the GPF should be discussed compared to the pile group foundations. During the construction process of the GPF, the detailed construction method of the wall joint should be proposed to ensure the whole performance of the proposed GPF.
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Figure 1. Diaphragm wall foundations with different sections and combinations. 
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Figure 2. Proposed hydrostatic test model: (a) GPF, (b) pile cap. 
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Figure 3. Experimental layout. 
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Figure 4. Hydrostatic test layout diagram: (a) MTS actuators, (b) data acquisition system. 
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Figure 5. Loading protocol. 
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Figure 6. Lateral load and displacement curve. 
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Figure 7. Soil lateral stress: (a) soil lateral stress at a lateral displacement of 15 mm, (b) soil lateral stress at a lateral displacement of 30 mm, (c) soil lateral stress at a lateral displacement of 45 mm, (d) soil lateral stress at a lateral displacement of 60 mm. 
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Figure 8. Numerical model of GPF: (a) the numerical model, (b) soil, (c) the GPF. 
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Figure 9. Experimental and simulated load–displacement curves. 
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Figure 10. Diagram of the end of model loading. 
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Figure 11. Diagram of deformation at the end of loading of the GPF. 
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Figure 12. Grid pile foundation stress diagram. 
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Figure 13. Soil stress diagram. 
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Figure 14. Influence of soil friction angle. 
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Figure 15. Influence of pile Young’s modulus. 
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Figure 16. Effect of length of the pile. 






Figure 16. Effect of length of the pile.



[image: Applsci 14 01209 g016]







 





Table 1. Lateral loading scheme.
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	Displacement Amplitude (mm)
	Number of Cycles





	±10
	3



	±20
	3



	±30
	3



	±40
	3



	±50
	3



	±60
	3










 





Table 2. Parameters for foundation, soil, and pile cap.
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	Material
	Modulus of Elasticity

E/MPa
	Cohesion

c/kPa
	Internal Friction Angle

φ/(°)
	Density

ρ/kg.m−3
	Poisson Ratio

V





	GPF
	2000
	-
	-
	2500
	0.18



	Soil
	60
	10
	22
	1860
	0.54



	Pile cap
	210,000
	-
	-
	7850
	0.30










 





Table 3. The adopted parameters of the GPF in parametric analysis.
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Parameter

	
Friction Angle of the Soil

φ/(°)

	
Young’s Modulus of the Pile

E/MPa

	
Length of Pile

L/m






	
Value

	
19

	
200

	
0.8




	
22

	
2000

	
0.9




	
25

	
20,000

	
1.0











 





Table 4. Pile group foundation and the GPF stiffness.
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	Stiffness

(N/m)
	Pile Group Foundation
	The GPF
	Stiffness Increase Rate

(%)





	X translation stiffness
	0.8494 × 106
	0.1831 × 107
	116%



	Y translation stiffness
	0.8494 × 106
	0.1831 × 107
	116%



	Z translation stiffness
	0.1472 × 108
	0.2138 × 108
	45%



	X rotation stiffness
	0.6655 × 108
	0.8296 × 108
	25%



	Y rotation stiffness
	0.6655 × 108
	0.8296 × 108
	25%



	Z rotation stiffness
	0.9499 × 107
	0.1661 × 107
	75%
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