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Abstract


The reliability of high-rise buildings’ rigid-pile composite foundations primarily relies on the load test results of single-pile composite foundations. Field load tests were conducted for a high-rise building in the loess area of China, the results conformed to the design requirements. Nevertheless, the buildings experienced significant settlement after construction, which was quite different from the test results. Investigating bearing disparities between the single-pile and group-pile composite foundations in high-rise structures was necessary. Firstly, conducting an indoor interface shear test to propose a pile–soil hyperbolic contact model and integrate it into the numerical model. Subsequently, a finite element model was employed that accounts for pile–soil interactions in order to analyze discrepancies in bearing. The results show that the settlement difference rises by 56.4% as the load escalates by 100 kPa from the initial level and increases by 28.9% as the load ascends by 100 kPa to the final level. The settlement difference changes with an increasing load in a hardened curve pattern. Furthermore, differences in pile bearing characteristics and pile–soil interaction were analyzed. Negative friction occurs within 1/4 of the pile length within group-pile composite foundations, while in single-pile composite foundations, the range contracts to 1/10.






Keywords:


loess area; rigid-pile composite foundation; single-pile composite foundation load test; bearing characteristics; settlement difference












1. Introduction


Rigid-pile composite foundation refers to the incorporation of stiff bonded material piles into the natural ground to form an artificial foundation, which aims to reduce settlement and increase bearing capacity [1]. Due to its significant social and economic benefits, it has become a commonly used method for ground improvement [2], widely applied in high-rise buildings [3] and complex construction projects [4]. In a rigid-pile composite foundation, the role of the cushion layer is to adjust the bearing capacity of the soil between the piles and improve the load-bearing state of the piles [5]. By reducing stress concentration between the piles and the soil, the bearing capacity and stability of the piles are improved, providing a more rational and effective utilization of the load-bearing capacity between the piles and the soil, ultimately enhancing the overall bearing performance of the foundation system.



In practical engineering, field load tests could be employed to assess the reliability of composite foundations [6,7]. However, there were differences in load-bearing characteristics between the load tests and the actual composite foundations [8]. In recent years, there have been several loess areas where high-rise buildings with rigid-pile composite foundations have passed the load tests according to design requirements but experienced significant settlement after construction. As a result, there are questions about the reliability of load tests for rigid-pile composite foundations in high-rise buildings.



The settlement of rigid-pile composite foundations caused by the load is an essential indicator for evaluating the effectiveness of foundation improvement [9]. In loess regions, it is common practice to conduct load tests on single-pile composite foundations to obtain load-settlement results and determine the bearing capacity using settlement control methods. Currently, high-rise buildings directly adopt settlement control standards formulated for multi-story buildings with lower building loads [10]. However, researchers have not yet studied whether these settlement control standards for multi-story buildings apply to high-rise buildings with larger structural loads.



Scholars have extensively researched rigid-pile composite foundations’ load-bearing and deformation mechanisms using experimental and numerical methods [11,12,13,14,15,16,17,18,19,20]. Based on these studies, several theories have been proposed to describe the load-deformation behavior of composite foundations. However, in practical engineering, conducting field load tests remains a common method for assessing the load-bearing capacity of composite foundations. These tests provide insights into the load response and foundation deformation under actual working conditions, helping to validate the accuracy of theoretical models and providing reliable information for engineering design.



The field load test of single-pile composite foundation is the predominant method in engineering due to its advantages in terms of time and cost [21]. Controlling settlement based on load tests determines the bearing capacity of composite foundations. Settlement control standards are based on building classification and soil properties, with the corresponding load representing the characteristic value of the bearing capacity [22,23].



There are significant differences in the load conditions between load tests on single-pile composite foundations for high-rise buildings and the stress conditions of pile groups in composite foundations. Therefore, it is necessary to explore the reliability of applying load tests on single-pile composite foundations in high-rise buildings.



This study focused on the issue of significant differential settlement between test results and actual settlement to investigate the applicability of single-pile composite foundation load experiments in high-rise structures. A field load test is performed on a single-pile composite foundation of a high-rise building, and the obtained results are subsequently compared with the actual settlement. Additionally, a numerical method is employed that involved establishing finite element models for both the single-pile composite foundation and the actual group-pile composite foundation. The interaction law between pile-soil friction in loess soil was proposed and incorporated into the numerical model of the composite foundation. Analyzing the differences in bearing performance adopts simulating the bearing characteristics of both the single-pile and the group-pile composite foundation under the same load. These research findings contribute to assessing the reliability and applicability of single-pile composite foundation load tests in high-rise buildings and provide a reference for engineering design.




2. Analysis of Single-Pile Composite Foundation Load Test Results


To elucidate the divergence in bearing characteristics between single-pile composite foundations and group-pile composite foundations. Field load tests and building settlement observations were conducted. The purpose was to expound upon the dissimilarity in load-bearing behavior between these two foundations by assessing their macroscopic settlement responses.



2.1. Project Overview


The background project is a high-rise building in Xi’an that adopts a plain concrete pile composite foundation. The building has 33 floors above ground and 2 floors underground, with a total floor area of approximately 45,000 square meters, classified as a Class A building. It is a shear wall structure with a raft foundation. The original soil consists of loess and ancient soil; the landform unit belongs to the loess plateau. Figure 1a shows field test site information. The composite foundation consists of plain concrete piles as reinforcement elements. An equilateral triangular pattern arranges the piles, with a pile spacing of 1300 mm and a row spacing of 1126 mm. The pile diameter is 400 mm, and the pile length is 22 m. The concrete strength of the piles is C35. Non-displacement pile technology is employed for construction. A cushion layer is placed on top of the pile with a thickness of 0.2 m, with the sixth layer of loess and ancient soil acting as the load-bearing layer at the pile end. The composite foundation’s design requirement is that the bearing capacity’s characteristic value should not be less than 700 kPa.




2.2. Analysis of Static Load Test


Seven sets of field tests were conducted on single-pile composite foundations, with consideration given to the arrangement characteristics of the superstructure and raft, through which the test point locations were determined. S1 through S7 were the test point numbers. With eight stages of loading, the slow, sustained load method was used to apply the load. The final load was set at 1400 kPa; each level increased by 175 kPa. Figure 1b shows the load test locations, and Figure 1c depicts the loading procedure during the on-site test.



Figure 2 depicts the load-settlement curves of the single-pile composite foundation. Upon examination, it was evident that all seven curves exhibited an asymptotic pattern, suggesting that the test did not reach its limit. As per the stipulation of not exceeding half of the maximum loading, the characteristic value of the bearing capacity is determined to be 700 kPa [24].



After the culmination of the construction, observations were undertaken at intervals of 1 to 2 months over a span of 16 months. The building’s highest settlement at a certain point was 172.3 mm after the observation period, while the lowest settlement was 167.7 mm. Furthermore, the settlements exhibited instability, and the settlement joints between building units displayed noticeable misalignment. Strengthening the foundation is imperative for safety considerations, thereby resulting in a substantial increase in construction costs.




2.3. Discussion of Static Load Test


Based on the load test of the single-pile composite foundation, the characteristic value of the composite foundation’s bearing capacity was determined to be 700 kPa, with a settlement of approximately 7 mm. Nevertheless, the high-rise building exhibited a post-construction settlement of 160 mm within 16 months following its completion. Despite the load test results indicating that the composite foundation can withstand a load of 700 kPa, the actual structure’s load resulted in a significantly larger settlement than that observed in the static load test.





3. Interface Model between Pile and Soil


Adopting the finite element method to analyze the factors underlying the disparities in load-bearing characteristics and elucidating the applicability of static load tests in evaluating composite foundations. The interaction between the piles and surrounding soil within composite foundations is a pivotal component influencing the overall bearing capacity [25]. The indoor soil–structure interface contact experiments were performed to simulate pile–soil interactions with greater fidelity in numerical simulations. The aim was to establish an ontological understanding of the pile–soil contact relationship.



3.1. Interfacial Shear Test


The Shear Trac III apparatus simulated pile–soil contact behavior by conducting shear tests on the interface between concrete plates and loess soil [26]. This test aimed to replicate the actual pile–soil interaction in numerical simulations. Based on the test results, the relationship between shear strain and shear stress at the pile–soil interface was derived.



Experiments were conducted to examine the interaction between plain concrete slabs and loess. Soil samples were procured near the construction site. These samples exhibited a yellowish-brown coloration and featured substantial pores and wormholes. Remolded soil was prepared for testing to mitigate the influence of uneven void distribution on test outcomes. Adhering to the specifications enumerated in geotechnical tests, the soil was prepared to mirror site-specific conditions. With a moisture content of 21%, sealing it and leaving it for 24 h ensures even water distribution. As shown in Figure 3a, the concrete slab was loaded into the lower shear box while securing the upper shear box. The soil samples compacted in layers in the upper shear box, as shown in Figure 3b. Controlled compaction thickness achieved the desired dry density. Drilling at 60 mm intervals along the soil specimen’s central axis facilitated the precise introduction of white lime. This enabled the observation of internal deformation, as depicted in Figure 3d. Subsequently, shear tests were conducted at normal pressures of 50 kPa, 100 kPa, 200 kPa, and 300 kPa, employing a shear rate of 0.8 mm/min.



Figure 4 depicts the graphical representation of the interface shear stress-displacement relationship. The correlation between shear displacement and shear stress at the interface between the structure and soil exhibits an initial upward trend followed by stabilization, resembling a hyperbolic curve. The hyperbolic Equation (1) is employed to fit the experimental data [27].


  τ =  γ  a + b γ    



(1)




where τ is the shear stress, and γ is the shear displacement. Based on the τ − γ hyperbolic model, the shear modulus G can be deduced using the corresponding calculation formula.



Illustrated in Figure 4 are the fitting curves depicting shear displacement–shear stress correlations under normal loads of 50 kPa, 100 kPa, 200 kPa, and 300 kPa. The goodness of fit R2, approximately 0.98, closely aligns with the test curve. Consequently, this confirms the validity of employing the hyperbolic Equation (1) to elucidate the interrelationship between shear displacement and stress.




3.2. Interface Contact Model


Following the hyperbolic correlation between shear displacement and shear strain, the shear modulus G can be obtained as presented in Equation (2).


  G =    ∂ τ     ∂ γ     



(2)







According to Equation (2), one can derive Equation (3).


  G =  1 a    ( 1 − b τ )  2   



(3)







In the state of zero shear stress, which corresponds to the initial contact between the pile and soil, the initial shear modulus can be assumed as G0. Equation (1) reveals that the reciprocal of the shear modulus G0 can be expressed in terms of the parameter “a”, specifically as a = 1/G0. Experimental findings demonstrate that the initial shear modulus G0 varies with the normal stress σn. By plotting the logarithmic curve of G0 and σn, as depicted in Figure 5, the relationship between lg(1/G0) and lg(σn) approximately follows a straight line passing through the origin with a slope of “k”.



Hence, Equation (4) represents the association between the initial shear modulus 1/G0 and the normal stress σn.


   1   G 0    = a =  σ n    k   



(4)







Equation (1) shows that as the shear strain γ approaches infinity, the ultimate shear stress converges to the value of 1/b. Let τu denote the shear stress τ when the shear strain γ tends to infinity, representing the asymptotic shear stress value τ. However, in reality, the shear strain γ cannot reach infinity. As the shear displacement increases to a specific value, the shear stress τ will reach the maximum shear stress τu. Consequently, the relationship is established as b = 1/τu.



By substituting the parameters “a” and “b” into Equation (3), the expression in Equation (5) can be obtained.


  G =   ( 1 −  τ   τ u    )  2   G 0   



(5)







According to the Mohr–Coulomb criterion, Equation (6) can determine the failure shear stress.


   τ u  = c +  σ n  tan φ  



(6)







Substituting Equation (6) into Equation (5) accomplishes the calculation of the shear modulus at the pile–soil contact, leading to the derivation of Equation (7).


  G =   ( 1 −  τ  c +  σ n  t g φ   )  2   σ n    k   



(7)




where c represents the cohesion of the pile–soil contact, φ denotes the friction angle of the contact surface, and k is a dimensionless coefficient.



The normal pressure σn = K0γh, where K0 is the coefficient of lateral pressure, γ is the effective strain, and h is the depth of stress.



Equation (7), for determining the shear modulus of the contact surface, exhibits a resemblance to Goodman’s tangential stiffness formula [28]. Incorporating the frictional shear properties between the pile and soil, as described in Equation (7), into the numerical calculation facilitates an accurate simulation of the contact behavior between piles and soil in composite foundations.





4. Numerical Simulation of Group-Pile Composite Foundation


A finite element model is established for composite foundations considering pile–soil contact action, setting the pile in surface-to-surface contact with the surrounding soil. In addition, the correlation mentioned above, between shear displacement and shear stress, integrates into the pile–soil interface contact simulation. Customizing subroutines within the finite element software facilitates this integration. Subsequently, the analysis delves into the intricate bearing attributes while considering the pivotal factor of pile–soil contact.



4.1. Finite Element Model


Based on the design parameters for the high-rise structure example in this paper, the construction of three-dimensional solid models for single-pile and group-pile composite foundations is accomplished using finite element software. Modeling half of the composite foundation due to its symmetric cross-section in order to enhance computational efficiency. The soil model measures 50 × 50 × 50 m and contains 584 simple concrete piles with a 0.2 m thick layer of gravel layering atop the piles. The pile spacing is 1.3 m, the pile diameter is 400 mm, and the pile length is 22 m. The model constrains the sides in the X and Y directions and the bottom surface in the X, Y, and Z directions, while leaving the upper surface unrestricted.



Figure 6 displays the model’s meshing, with 38,536 cells for the single-pile composite foundation and 494,026 cells for the half-group-pile composite foundation model. The analysis assumes elastic deformation of the ordinary concrete structures, while the soil and bedding materials adhere to the yield criterion of the Mohr–Coulomb elastoplastic model. The specific parameters for the computational model are extracted from the project’s geologic investigation report, as detailed in Table 1.




4.2. Geostress Balance


Because the soil layer has been consolidated for a long time, the deformation has been stabilized. Therefore, the numerical simulation first carries out the ground stress equilibrium, simulating self-weight stress in the soil layer, which will not produce settlement due to self-weight [29]. After achieving ground stress equilibrium, the composite foundation generated a settlement at the order of 10−9 mm. The foundation under gravity did not experience significant settlement, indicating that the ground model aligns with reality. Subsequently, calculations for the finite element model of the composite foundation started.




4.3. Model Validation


To verify the precision of the finite element modeling approach and parameter choices, conducting a comparative analysis between the finite element analysis of the single-pile composite foundation and the load-settlement curves obtained from field tests. Figure 7 presents the load-settlement curves. The load-settlement curves obtained from the finite element analysis are in good agreement with the results of the field load tests, exhibiting a maximum deviation of no more than 5% between the two curves. It indicates that the research is trustworthy, utilizing the parameters and models indicated above.




4.4. Settlement Differences between Single-Pile and Group-Pile Composite Foundation


As shown in Figure 8, there is a significant difference between the load-settlement curves of single-pile composite foundations and group-pile composite foundations. According to the settlement difference curves, the settlement difference rises by 56.4% as the load escalates by 100 kPa from the initial level and increases by 28.9% as the load ascends by 100 kPa to the final level. The increase in the settlement difference decreases with the increase in load, which is shown as a hardening curve.



Figure 9 illustrates the settlement contours of both the single-pile composite foundation and the group-pile composite foundation subjected to a load of 700 kPa. The settlement contours elucidate that single-pile composite foundations exhibit a comparatively smaller bearing area and a limited additional stress influence range, whereas group-pile composite foundations boast a larger bearing area and a more extensive range of additional stress influence. The settlement of a group-pile composite foundation under identical loads exhibits an amplified magnitude, attributed to the influence of the size effect.



The results of the field load test enable the determination of the characteristic value of the composite foundation. However, it is imperative to acknowledge that the settlement observed in the load test does not entirely reflect the settlement behavior of the group-pile composite foundation. For a comprehensive understanding of settlement characteristics, it is imperative to study the differences in bearing characteristics between single-pile and group-pile composite foundation.




4.5. Difference in Pile Axial Force


Figure 10 depicts the piles employed for data extraction. Figure 11 presents the axial force distribution of the single-pile composite foundation and the group-pile composite foundation. The top of pile loading in group-pile composite foundations exceeds that of a single-pile composite foundation. This occurrence is attributed to the influence of a stiff load-bearing plate, which adjusts the settlement to achieve uniformity while distributing the pressure from the center to the edges [30]. Consequently, the load becomes more concentrated on the soil at the periphery of the load-bearing plate in single-pile composite foundation. This phenomenon also elucidates the higher axial force observed in the side piles of the composite foundation compared to the inner piles. Therefore, minimizing the above effects during static load tests on such composite foundations is imperative to ensure the obtained results apply to group-pile design.




4.6. Difference in Pile-Side Skin Friction


Figure 12 illustrates the skin friction distribution curves for single-pile and group-pile composite foundations. The presence of a cushion induces an upward-penetrating deformation in the pile top, resulting in a significant negative friction zone along the pile shaft.



Figure 12a indicates that the negative friction of the single-pile composite foundation emerges within 1/10 of the pile’s length. The positive friction pattern exhibits a spindle-shaped distribution, characterized by lower values at the upper and lower ends and higher values in the middle section. Positive friction on the pile side primarily acts on the middle and upper sections of the pile. As depicted in Figure 12b, the negative friction of the inner pile for the group piles distributes across the lower quarter of the pile’s length from the pile top. The positive friction takes on a shuttle-like distribution in the middle and lower portions of the pile, exhibiting a lesser value than the single-pile composite foundation.



Figure 12c–e show the skin friction distribution curves along the depth for the X side pile, Y side pile, and corner pile, respectively. The distribution of negative friction spans a quarter of the pile length from the top. Beyond the neutral point’s depth, the skin friction becomes operative, displaying a linear augmentation along the depth. In the case of group piles, the loads concentrate on the side and corner piles, resulting in a significant contribution of skin friction.



The growth of pile skin friction develops with relative movement between the pile and soil. To elucidate the rationale for the variation in friction distribution, we shall delve into the relative deformation between the pile and the soil.




4.7. Difference in Pile–Soil Vertical Deformation


Figure 13a presents the deformation profile of the pile–soil system along path A for a single-pile composite foundation. The soil surrounding the pile undergoes significant relative displacement in comparison to the pile top during the upward insertion of the pile into the cushion layer. The relative deformation between the soil and pile gradually attenuates with increasing depth and attains an equilibrium state at a depth of approximately 2 m. Below this depth, the pile experiences downward deformation relative to the surrounding soil. The relative deformation between the pile and soil initially increases and subsequently decreases with depth. The positive friction of the pile facilitates the transfer of load from the pile to the surrounding soil. As the depth increases, the pile stress diminishes, leading to a declining trend in the vertical deformation of the pile relative to the surrounding soil.



Figure 11f and Figure 13b display the pile–soil deformation curves for selected paths (Path B and Path F) at the periphery of the composite foundation. Figure 12d,e and Figure 13c exhibit the pile–soil deformation curves for selected paths (Path C, Path D, and Path E) within the interior of the composite foundation. The top of the pile and the surrounding soil exhibit considerable relative displacements and deformations. The relative deformation between the soil and pile approaches equilibrium when the depth of the soil surrounding the peripheral piles reaches 6 m.



Similarly, the relative deformation between the soil and pile reaches equilibrium when the depth of the soil surrounding the internal pile reaches 4 m. Beyond the equilibrium depth of pile–soil relative displacement, the pile experiences downward deformation relative to the surrounding soil, and the relative deformation amplifies with depth. The most significant relative deformation occurs at the pile end, where the end of the pile inserts into the underlying layer.




4.8. Mechanism of Pile–Soil Interaction


As shown in Figure 14, the impact of applied vertical loads on the piles and the surrounding soil between the single-pile and group-pile composite foundations.



When submitting the composite foundation to load, the cushion adjusts the load distribution, causing the pile carry the load “pp”, while the soil bears the load “ps” and spreads its impact to the surrounding soil [31]. Due to the extensive pressure bearing area of the high-rise building, the additional stresses propagate extensively within the foundation soil layer. In contrast, distributing stresses during testing into the deeper layers of the reinforced region is difficult for single-pile composite foundations due to the small size of the load-bearing slabs. The load test of the single-pile composite foundation solely assesses the bearing capacity of the pile–soil unit at a shallower depth, disregarding its bearing capacity in the deeper layers of the foundation. Consequently, the settlement of a single-pile composite foundation is significantly smaller than that of a group-pile composite foundation with a larger bearing area.



In contrast to the single-pile composite foundation, the group-pile composite foundation exhibits a broader distribution of additional stress within the soil due to its larger pressure area when subjected to loading. This results in more extensive downward deformation within the deeper layers of the soil. Meanwhile, it induces negative friction (referred to as the “weakening effect” [32]) on certain pile segments inside the piles. However, the “weakening effect” on the pile side near the pile end is not prominent due to the shallow depth of the soil’s additional stress influence. The upper load is transmitted through the pile body and released into the soil near the pile end, leading to the exertion of positive friction near the end of the pile [33]. Consequently, the pile body near the end tends to move downward relative to the soil body, resulting in the generation of a “strengthening effect” in the friction near the pile end. A simplified representation of this mechanism is illustrated in Figure 15.





5. Conclusions


The progression of rigid-pile composite foundations in the loess region, from low-rise to high-rise structures, relies primarily on the insights gained from load tests conducted on single-pile composite foundations. Class A buildings, surpassing 30 floors, increasingly adopt rigid-pile composite foundations. Nevertheless, in recent years, while the load tests on single-pile composite foundations for high-rise buildings in loess areas of China fulfill design specifications, some buildings experience considerable settlement in practice. To gain deep insight into the bearing properties of single-pile composite foundations and composite foundations using both piles and soil, as well as to analyze settlement, field tests and settlement observations are conducted on a high-rise structure in Xi’an. The analysis of previous tests and investigations deduces the following conclusions:




	(1)

	
According to the interfacial shear test result, the connection between the pile–soil shear stress and shear displacement exhibits a hyperbolic pattern. An interaction model at the pile–soil interface based on the hyperbolic model is proposed.




	(2)

	
Under the same loading conditions, the settlement between the single-pile composite foundation and the group-pile composite foundation exhibits a notable disparity. The settlement difference rises by 56.4% as the load escalates by 100 kPa from the initial level and increases by 28.9% as the load ascends by 100 kPa to the final level. The rate of settlement difference augmentation diminishes as the load intensifies, manifesting a characteristic hardening curve.




	(3)

	
The negative friction of the single-pile composite foundation emerges within 1/10 of the pile’s length, and the skin friction works from top to bottom. The negative friction of the group piles distributes across the lower quarter of the pile’s length, and the skin friction works from the bottom to upper middle of pile. This phenomenon arises from the “weakening” effect at the pile top and the “enhancing” effect at the pile bottom of the pile–soil interaction on the additional stress for group-pile composite foundations.




	(4)

	
Given the larger loads and pressure-bearing areas of newly constructed high-rise buildings, the settlement control standards formulated based on multi-story structures no longer apply to pile groups. Therefore, the settlement of the group-pile composite foundation in high-rise buildings is considerably greater than that of the single-pile composite foundation, as concluded above. Relying solely on the settlement control method determined by the load-settlement curve of the single-pile composite foundation may result in an overestimation of the bearing capacity and pose potential risks for the actual composite foundation. To ensure the reliability of utilizing the single-pile composite foundation load test in high-rise structures, it becomes necessary to allocate additional safety reserves for settlement control.
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Figure 1. Static loading test. 
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Figure 2. Q-s curve of single-pile composite foundation. 
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Figure 3. Interfacial shear experiment. 
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Figure 4. Shear stress–strain curve. 
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Figure 5. lg (1/G) – lg (σn). 
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Figure 6. Composite foundation numerical model. (a) Single-pile composite foundation, (b) Group-pile composite foundation. 
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Figure 7. Model validation. 
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Figure 8. Load-settlement curve. 
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Figure 9. Contours of composite foundation settlement. (a) Single-pile composite foundation, (b) Group-pile composite foundation. 
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Figure 10. Value path. 
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Figure 11. Axial force distribution. 






Figure 11. Axial force distribution.



[image: Buildings 13 02127 g011]







[image: Buildings 13 02127 g012] 





Figure 12. Distribution of lateral pile friction. 
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Figure 13. Pile–soil deformation. 
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Figure 14. Analysis of load-bearing difference mechanism. 
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Figure 15. Pile–soil interaction. (a) Single-pile composite foundation, (b) Group-pile composite foundation. 
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Table 1. Model parameters value.
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Category

	
Parameter




	
Layer Number

	
Thickness (m)

	
Γ (kN/m)

	
Es (Mpa)

	
C (kPa)

	
Φ (°)






	
Cushion

	
/

	
0.2

	
18.0

	
20.0

	
0

	
38




	
Soil layer

	
①

	
0~2.5

	
16.0

	
13.5

	
15

	
15




	
②

	
2.5~6.0

	
16.7

	
16.6

	
16

	
22




	
③

	
6.0~9.0

	
17.8

	
26.2

	
18

	
23




	
④

	
9.0~18.0

	
21.8

	
24.6

	
26

	
21




	
⑤

	
18.0~22.0

	
21.7

	
23.8

	
21

	
23




	
⑥

	
22.0~30.0

	
18.5

	
26.2

	
23

	
22




	
Pile

	
γ = 20 kN/m3, E = 20 GPa, ν = 0.2
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