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Abstract

:

The static drill rooted nodular (SDRN) pile is a new kind of composite pile foundation made by inserting a precast nodular pile into the cemented soil. Based on the tests and analysis on the mechanism characteristics of these two kinds of interfaces, which are between the pile and cemented soil, and between the cemented soil and soil, this paper proposes a calculation method for the ultimate vertical bearing capability of the SDRN pile considering two failure modes. When the precast pile and surrounding cemented soil fails as a whole, the diameter of the cemented soil pile is taken to calculate the ultimate shaft resistance, and the shaft resistance of the SDRN pile is about 1.05∼1.10 times that of the bored pile in the same soil layer. When the core precast pile fails in penetration mode, the diameter of the core pile is taken. The pile shaft resistance takes that of displacement piles in the same soil layer. The lower nodular pile shaft resistance should consider the squeezing effect of nodular joints. Besides, the improvement of pile tip resistance due to the expanded cemented soil should also be taken into consideration. The result is the smaller value calculated according to these two failure modes. The ultimate bearing capacity of a SDRN pile calculated by the theoretical method is not only compared with the field test result, but also the simulation result of a 2D model pile built by PLAXIS finite element software. In addition, the finite element simulation is also confirmed to be an effective way to investigate the mechanism characteristics of SDRN piles more thoroughly.
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1. Introduction


The static drill rooted nodular (SDRN) pile is a new kind of composite pile foundation. The upper section of the SDRN pile is prestressed reinforcement high-intensity concrete pile or prestressed high-intensity concrete pipe (PRHC or PHC) pile, the lower section is a prestressed nodular concrete pile. The static drill rooted method is environment friendly which almost produces no squeezing effect to surrounding foundation. Considering the interaction between the pile, cemented soil, and surrounding soil, the bearing capacity of SDRN pile is improved effectively. In addition, the diameter of cemented soil shell approaching the pile tip is expanded to improve the pile tip performance.



The SDRN pile was introduced from Japan in recent years. To study the vertical load transfer mechanism and bearing capacity of the SDRN pile, many scholars have carried out a series of field tests and numerical simulations analyzed by ABAQUS [1,2,3]. Due to the similar construction method, the SDRN piles are usually compared with bored piles [3,4,5,6]. Meanwhile, the influence of nodular joints and cemented soil on vertical bearing characteristics are also investigated [1,2,3,5,7,8]. However, few studies focus on the calculation theory of the ultimate compression bearing capacity of single SDRN pile considering the failure mode.



Based on the study of mechanism characteristics of SDRN piles and the calculation theory of similar composite piles, this paper proposes the calculation method of vertical bearing capacity of SDRN pile. The calculation method is verified by the No. 1 line of Ningbo Rail Transit Engineering, which adopts two SDRN piles in the field. Instead of Abaqus, this paper chooses Plaxis to build a 2D model, which is more effective and considerate.




2. Bearing Mechanism of the SDRN Pile


The vertical ultimate bearing capacity of SDRN pile consists of the ultimate shaft and tip resistance. The ultimate shaft resistance consists of the upper section (PRHC or PHC pile) and the lower section (nodular pile).



2.1. Pile Side Bearing Mechanism


For the upper section, the vertical load is transmitted to the surrounding soil through the cemented soil around pile shaft, which is the load double diffusion mode. The cemented soil plays the role of stress transmission, instead of sharing the load directly [9,10,11]. For the lower section, due to the squeezing effect of nodular joints, the bonding effect between pile and exterior cemented soil is enhanced, approximating deformation compatibility [6].




2.2. Pile Tip Bearing Mechanism


The expansion and solidification of the cemented soil approaching pile tip also affects the bearing capacity. Through field tests [6] and numerical simulations [8], it is found that the axial force in the expanded section decreases acceleratedly and that of the cemented soil increases obviously. In addition, the relative displacement between pile and cemented soil is small. It shows that this kind pile tip can improve the bearing capacity efficiently.




2.3. Existing Calculation Method for Bearing Capacity of SDRN Pile


The standard value of vertical ultimate bearing capacity of SDRN pile is given by [12]


   Q  u k   =  Q  s k   +  Q  p k   = ∑  u i   q  s i k    l i  +  q  p k    A p  ,  



(1)




where   Q  u k    is the standard value of vertical ultimate bearing capacity of SDRN pile,   Q  s k    is the standard value of pile shaft resistance,   Q  p k    is the standard value of pile tip resistance,   u i   is the circumference of pile shaft (the nodular pile is calculated according to the outer diameter of nodular joint, and the other types of piles are calculated according to the outer diameter);   q  s i k    is the standard value of ultimate pile shaft resistance in the i-th soil layer, which could refer to the field value of precast pile;   l i   is the thickness of the i-th layer soil or rock around pile (the shaft resistance among 2 m from pile tip is not included);   q  p k    is the standard value of ultimate pile tip resistance, which could be taken as two-thirds of the field value of precast pile, and   A p   is the projected area of the extended pile tip.



Equation (1) suggests that the failure of PRHC or PHC pile may occur between the pile shaft and cemented soil, while that of the nodular pile may happen in the cemented soil around.





3. Failure Modes of the SDRN Pile


There are three pairs of interfaces, which are between the pipe pile and inner cemented soil core, the pipe pile and exterior cemented soil shell, the cemented soil shell and surrounding soil. The bonding strength of the interface between pipe pile and inner cemented soil core is high enough to take them as a whole [4]. Based on the following theoretical and experimental analysis, there are two kinds of shaft resistance failure modes. One is the failure occurs between the pile and exterior cemented soil shell, and the other is between the cemented soil and surrounding soil.



3.1. Overall Failure Mode


Several field tests and model tests have been conducted to study the bearing mechanism of SDRN pile. It is concluded that when the thickness of cemented soil around the pile is within a certain range [4,7]:   1.175 r ≤ R ≤ 2 r + 75   mm (R is radius of the cemented soil pile, and r is outside radius of the pipe pile), the shaft shear failure usually occur between cemented soil and surrounding soil, that is, the pile and surrounding cemented soil fail as a whole. Xu [1] found that the ultimate shaft resistance on the interface between pipe pile and cemented soil is much larger than that on the interface between cemented soil and sandy soil through shear tests. By field tests and model tests, Zhou [6,7] also found that, compared with bored piles, the bearing capacity of pile shaft mainly depends on the shear resistance between cemented soil and surrounding soil. The overall failure mode is shown in Figure 1a.




3.2. Core Pile Penetration Failure Mode


The field tests and model tests reveal that [4] the shaft shear failure may also happen between pile and exterior cemented soil if the thickness of cemented soil shell is too small or too large, which is the core pile penetration failure mode. The reason is that, compared with the expanded section at pile tip, the thin exterior cemented soil shell may have little influence on pile shaft resistance. In addition, the high moisture content in the upper soft soil layer will also decrease the strength of cemented soil. Both will lead to the shear failure between pile and cemented soil due to difference in stiffness [9]. On the other hand, with the same diameter of exterior cemented soil pile, the thicker the cemented soil shell is, the lower the vertical stiffness is. The high shear force between pile and cemented soil could offset the cohesion before the failure of cemented soil [2], which will also cause the core pile penetration failure.



Through the finite element simulation, Yang [5] found that the stress distribution in a certain range is influenced by joints, about two to three times the diameter of pile near the nodular joint. In particular, the empty area formed by the micro-deformation of squeezed cemented soil will decrease the interface area between pile and cemented soil. As a result, the coefficient   η z   should be proposed to take the impact of joints on shaft bearing capacity into consideration. The core pile penetration failure mode is shown in Figure 1b.





4. Calculation Method for Vertical Bearing Capacity of SDRN Pile


4.1. Calculation Method for Overall Failure Mode


On the basis of the analysis above, when the pile and exterior cemented soil shell fail as a whole, the calculation method of MC pile can be referred to. The MC pile is constructed by drilling the precast pile into cemented soil. The pile shaft resistance is calculated according to the diameter of exterior cemented soil pile. The calculation formula for the characteristic value of compression bearing capacity of MC pile is as follows [13]:


   R a  =  u p  ∑  ξ  s i    q  s i a    l i  +  ξ p   q  p a    A p  ,  



(2)




where   u p   is the perimeter of the exterior cemented soil pile,   ξ  s i    is the adjustment coefficient of the composite pile shaft resistance,   q  s i a    is the characteristic value of the cemented soil pile shaft resistance in the i-th soil layer,   l i   is the thickness of the i-th layer of soil or rock around the pile,   ξ p   is the adjustment coefficient of composite pile tip resistance,   q  p a    is the characteristic value of the pile tip resistance of the cemented soil pile, and   A p   is the projected area of the pile tip.



The SDRN method is to insert SDRN pile into cemented soil. In detail, Qian [4] found, the insertion has three effects on the cemented soil and the surrounding soil by observing the excavated pile: (1) compaction effect on the upper high compressibility soil layers; (2) infiltration into the sizable pores in the lower soil layers; (3) increase of the density and elasticity modulus of the cemented soil around the lower section of pile. Based on the field tests and model tests [3,6], the performance of shear resistance on the interface between cemented soil and surrounding soil is better than that on the interface between bored pile and surrounding soil. The ultimate shear resistance provided by each soil layer around the pile is approximate 1.05∼1.10 times that of the bored pile. Therefore, the standard value   q  s i k    of the cemented soil pile shaft resistance in the i-th soil layer is 1.05∼1.10 times that of the bored pile.


   Q  s k 1   =  u p  ∑  η 1   q  s i k    l i  ,  



(3)




where   Q  s k 1    is the standard value of pile shaft resistance in overall failure mode,   η 1   = 1.05∼1.1 is the coefficient of cemented soil pile shaft resistance considering the squeezing effect;   u p   is the perimeter of cemented soil pile not expanded,   q  s i k    is the standard value of ultimate cemented soil pile shaft resistance in the i-th soil layer, which could refer to that of the bored pile measured in field;   l i   is the thickness of the i-th layer of soil or rock around pile, excluding the length of the expanded section and 2d upward, and d is the diameter of cemented soil pile not expanded.




4.2. Calculation Method for Core Pile Penetration Failure Mode


Considering the similar joints on pile shaft and the same fail mode, the calculation method of cast-in-situ piles with expanded branches and plates can be referred to. The calculation formula for the characteristic value of vertical bearing capacity of the cast-in-situ pile is as follows [14]:


   Q u  =  u p  ∑  q  s k i    l i  + ∑ η  q  p k j    A  p j   + η  q  p k    A p  ,  



(4)




where   Q u   is the standard value of vertical ultimate bearing capacity of the cast-in-situ pile,   u p   is the perimeter of the main pile,   q  s k i    is the standard value of ultimate pile shaft resistance in the i-th soil layer,   l i   is the effective thickness of the i-th layer of soil or rock around pile excluding the length of branches and plates.   q  p k j    is the resistance of soil beneath the j-th plate,   A  p j    is the j-th plate horizontal sectional area excluding the main pile sectional area,   q  p k    is the tip resistance of the pile, and   A p   is the pile tip horizontal sectional area. The second expression in the formula is to calculate the bearing capacity of soil beneath the j-th plate. The coefficient  η  is related to the position and radium of the plates. According to the analysis of Lu [15], the compaction coefficient of the squeezed branch and plate,   β j   = 1.1∼1.3, should also be taken into consideration. The axial force on the upper and lower surface of plates is not the same due to the load borne by the soil beneath the plates directly. In contrast, the nodular joints do not bear the axial force directly [8], so there is no need to derive an expression to calculate the bearing capacity of the joints separately.



Based on the construction mechanism, the standard value of the upper pile shaft resistance   q  s i k 2    should be greater than the resistance between cemented soil and soil. The upper PRHC or PHC pipe pile shaft resistance is calculated by the method of precast pile.



The lower nodular pile shaft resistance is calculated based on the diameter of the joints. Due to the joints, the axial force declining rate of the nodular piles with depth is faster than that of the PRHC or PHC piles. The compaction coefficient   η 2   of nodular joints is related to the length of joints and interval between joints [3]. Compared with cast-in-situ pile with expanded branches and plates,   η 2   should be smaller than   β j  . Therefore, it is suggested that   η 2   = 1.0∼1.1, which is close to the compaction coefficient   η s   = 1.05∼1.10 proposed by Zhou [16],


   Q  s k 2   =  u  n s   ∑  q  s i k 2    l i  +  u  n x   ∑  η 2   q  s i k 2    l i  ,  



(5)




where   Q  s k 2    is the standard value of pile shaft resistance in core pile penetration failure mode,   u  n s    is the perimeter of the upper PRHC or PHC pile;   q  s i k 2    is the standard value of ultimate core pile shaft resistance in the i-th soil layer, the precast pile shaft resistance is taken;   u  n x    is the perimeter of nodular joint,   η 2   is the compaction coefficient considering nodular joints,   η 2   = 1.0∼1.1,   l i   is the thickness of the i-th layer of soil or rock around pile, excluding the length of the expanded section and 2d upward, and d is the diameter of the cemented soil pile not expanded.




4.3. Pile Tip Resistance


It is found that, the response of core pile and cemented soil at the expanded section is almost synchronous by the theoretical calculation [2] and numerical simulations [4]. Therefore, it is reasonable to take the nodular pile and the cemented soil at the expanded section as a whole.



For MC pile, the cross section of the whole mixing area is taken to calculate the tip resistance [13]. In addition, the adjustment coefficient of the MC pile tip resistance is  ζ  = 0.6∼0.8 [13]. Considering the influence of the geological conditions and integrated management, the adjustment coefficient of SDRN pile tip resistance could be taken as   η 3   = 0.6.


   Q  p k   =  η 3   q  b k    A b  ,  



(6)




where   Q  p k    is the standard value of pile tip resistance of SDRN pile,   η 3   is the coefficient of pile tip resistance,   q  b k    is the standard value of ultimate pile tip resistance, which could refer to that of the precast pile in field;   A b   is the sectional area of the expanded section.



In summary, the calculation formulas for the ultimate vertical bearing capacity of SDRN pile are as following:


   Q  u 1   =  Q  s k 1   +  Q  p k   ,  



(7)






   Q  u 2   =  Q  s k 2   +  Q  p k   ,  



(8)






   Q u  = min  (  Q  u 1   ,  Q  u 2   )  .  



(9)









5. Engineering Example Verification


The calculation method proposed by this paper is applied to two SDRN piles in field test to verify the rationality.



5.1. Test Pile Overview and Geological Conditions


In the Ningbo Rail Transit Project, two SDRN piles S2 and S4 are tested in the site. The length of the piles is 64 m and the concrete strength grade of the piles is C80. These two piles adopt the same pile allocation method. The upper section is 15 m PRHC800(130), 15 m PHC800(130)AB, 8 m PHC800(130)AB and 11 m PHC800(130)AB. The lower section of the SDRN pile is PHDC800-600(130). That is, the external diameter of nodular joint is 800 mm, the external diameter of the other section is 600 mm and the thickness of the pipe pile is 130 mm. The borehole diameter is 900 mm. The expanded diameter at pile tip is 1350 mm and the expanded height is 4000 mm. The detailed parameters of test piles are shown in Table 1 and Figure 2. The field soil geological properties and parameters are shown in Table 2.




5.2. Self-Balanced Load Test Results


The bearing capacity of the piles is tested by self-balanced method in this project. The static tests adopt step-wise loading method [18,19]. The value of each step is approximate to 1/10 of the designed ultimate bearing capacity of the test piles, but the first step is 2/10 of that. Specially, the unloading step is also 2/10 of the designed load. At each load step, the displacement of piles above and under the load cell are recorded every 30 min after each load is applied. The next load is applied until two consecutive displacements within each hour are less than 0.1 mm.



According to the data measured, the load-displacement curves of the two test piles are shown in Figure 3a,b. For S2, when loaded to the 12th level (the load applied is 2 × 7800 kN), the displacements of the piles above and under the load cell are 1.19 mm and 6.94 mm, that of S4 are 6.94 mm and 1.72 mm. When the load is increased to the next step, the displacement of pile increases rapidly. Therefore, the ultimate vertical bearing capacity of the test piles is determined to be the 12th level load. On the basis of coordination principle, the load-displacement (  Q − s  ) curves of the piles above and under the loading cell can be transformed into the equivalent load-displacement curve of the pile head in traditional static load test, as shown in Figure 4. According to [20], the ultimate bearing capacity of the test piles can also be worked out, as shown in Table 3.




5.3. Verification of Results


The vertical compression bearing capacity of S2 and S4 is equal considering the same pile allocation method and similar soil condition.



According to the analysis above, two kinds of failure modes may happen. When the test pile is subjected to the overall failure due to insufficient strength of the soil around, the ultimate bearing capacity of the pile is:    Q  u 1   = 16 , 775   kN (   η 1  = 1.05  ,    η 2  = 1.10  ,    η 3  = 0.6  ). When the test pile is subjected to the core pile penetration failure due to different stiffness of core pile and cemented soil, the ultimate bearing capacity of the pile is:    Q  u 2   = 16,492   kN (   η 1  = 1.05  ,    η 2  = 1.10  ,    η 3  = 0.6  ). The ultimate bearing capacity of the single SDRN pile is the smaller one of the two:    Q u  = min  (  Q  u 1   ,  Q  u 2   )  = 16,492   kN.



The result calculated above is close to the ultimate bearing capacity of the test piles measured by self-balanced test in field, which is 16773 kN. Compared with the test result, the calculation result is more conservation, demonstrating the practical significance of the method.





6. Finite Element Simulation by PLAXIS 2D


The foundation responses to external loading are usually studied numerically, analytically, and physically. Due to the unlimited potential, it is found that numerical method is efficient to study practical engineering problems, especially considering the spatial variability of soil. Hu et al. [21] presents a detailed study on the bearing capacity and failure modes of skirted foundation in heterogeneous soil using an h-adaptive FEM. The finite-element results are compared with upper-bound solutions and centrifuge test data to guide further investigation. Johari and Talebi [22] develop a random finite element method (RFEM) to study the influence of spatial variability of soil on the responses of piled-raft foundation. Gholampour and Johari [23] also implement FEM to investigate the effect of heterogeneous soil on soil-structure interaction responses of braced retaining systems. Therefore, the numerical method is of vital importance on the study of the foundation responses and interface behavior under loading. This paper selects PLAXIS 2D for the simulation study.



6.1. Two Dimensional Model


There are two reasons selecting the PLAXIS 2D to simulate the field test. Firstly, it can create boreholes to simulate soil layers in site. Secondly, PLAXIS provides a more comprehensive soil constitutive model than other finite element software. On one hand, the model has axis symmetry. On the other hand, compared with the size of pile and the thickness of stratum, the size of the nodule joint is small. As a result, the PLAXIS 2D model is established to improve the quality of mesh. The ultimate bearing capacity is gotten by applying vertical load to the model pile head step by step. On this basis, the bearing characteristics of the SDRN pile can be analyzed.



In the model, the borehole parameters are input according to Table 2. The parameters of the model pile and cemented soil are input according to Figure 2. To eliminate the boundary effect, the soil model is taken as 7 m in the radial range, and 70 m in the perpendicular direction, approximately at a depth of 5.5 times the diameter of pile below the pile tip, as recommended by Yang and ASCE [24]. The constitutive models are adopted according to the mechanical properties. The pile adopts the linear elastic non-porous model, the cement-soil adopts the Mohr-Coulomb non-porous model, and the soil adopts the Mohr-Coulomb model considering drainage.



In finite element simulation, the result not only depends on the constitutive model selected, but also the properties assigned to the interface between different material. In PLAXIS, the stiffness and strength of the interface depend on the reduction coefficient   R  i n t e r    of the material of less stiffness. For bored piles,   R  i n t e r    of clay is generally taken as 0.8, and   R  i n t e r    of sand is generally 0.7 [25,26,27,28]. The mechanical properties of interface between cemented soil and soil are better than that between bored pile and soil. Besides, the friction between pile and cemented soil is much greater than that between cemented soil and soil [29]. Considering the reduction coefficient   R  i n t e r    to be 0.8 and 1.0, two cases of the interface mechanical behaviors are simulated, as shown in Table 4.




6.2. Simulation Results


Figure 5a–c are the vertical stress distribution of the nodular joints, the cemented soil and the soil around. It can be seen from Figure 5a that, for the upper section (0∼49 m), the axial force of pile and cemented soil are not in the same order of magnitude, which can also be seen from Figure 6a,b. Therefore, in this area, the cemented soil mainly plays the role of transferring load [9,10,11]. When approaching the joints (49∼64 m), the slope of curve in Figure 6a shows that the decrease speed of pile axial force gets faster. Relevantly in Figure 6b, the axial force of cemented soil has a sudden increase not only at depth of 49 m, but also 61 m, where the expanded cemented soil is. So the nodular joints have contribution to the collaboration work of pile and cemented soil. Under the load at pile head, the axial force of pile tip is 1339 kN, the axial force of expanded soil at the pile tip is 1227 kN. The expanded cemented soil bears about 47.8% of composite pile tip resistance. It indicates that the expanded cemented soil at pile tip plays the role of bearing pile tip resistance.



Figure 7a,b is the plastic point distribution on the interface between cemented soil and soil under the failure mode. From Figure 7a, the distribution of failure point has a difference between soil layers due to different shear resistance. Figure 7b shows that, the failure points not only appear on the interfaces, but also develop upwards from the pile tip. It corresponds to Figure 6b. This is because the expanded cemented soil tip exposes to a large tip load. Therefore, to ensure the collaborative work of pile tip and expanded cemented soil, it is necessary and economical to strengthen the cemented soil in this specific area considering the bearing capacity of the soil layer at the pile tip.



The load-displacement simulation curves of piles in the cases of   R  i n t e r , 1    and   R  i n t e r , 2    are shown in Figure 8. The load is set to be 2000 kN for each stage in the initial loading stage, and 1000 kN for each stage in the later stage. The load corresponding to the starting point of obviously steep drop is the ultimate bearing capacity. It can be seen from the curve that when the strength reduction of interface is not taken into consideration,   Q  u a    = 16,100 kN. When the strength reduction of interface is taken into consideration,   Q  u b    = 12,800 kN. The simulation result without considering the strength reduction are closer to the field test result. Therefore, it is confirmed that the SDRN pile method can improve the friction resistance of the interfaces. In addition, Table 5 indicates that the finite element model and the calculation method in this paper are feasible for SDRN pile.





7. Limitations and Future Works


This paper proposes a calculation method for ultimate vertical bearing capacity of SDRN pile considering two failure modes. The calculation result is compared with the field test result and numerical simulation result by PLAXIS. Some valuable conclusions concerning the pile responses are derived. However, there are also some limitations in this paper:




	
This paper derives the calculation method from that of similar common pile foundation mainly considering the construction technology. However, the shear strength on the interface between cemented soil and soil is also of vital importance for the bearing capacity, which is related to the mechanical properties of the cemented soil. The coefficient could also take this into consideration.



	
One or two more field tests could be implemented to support this calculation method more forcefully by changing the thickness of cemented soil around the pile.








Therefore, several further investigations on the pile responses could be conducted. Some laboratory experiments could be designed for the shear strength parameters of cemented soil. Field tests concerning the collaborative work between cemented soil and soil both along the pile shaft and in the expended cemented soil area at the pile tip also need to be carried out. Finally, this paper is focus on the vertical bearing capacity of SDRN pile, the horizontal bearing characteristic is also of vital study value.




8. Conclusions


In this paper, the calculation method for the ultimate compression bearing capacity of SDRN pile considering two kinds of failure modes is proposed. The following conclusions can be obtained:




	
When the core pile and cemented soil shell fail as a whole, the standard value of ultimate pile shaft resistance should be calculated by the perimeter of the cemented soil pile. The ultimate shear resistance provided by each soil layer around the pile is approximate 1.05∼1.10 times that of the bored pile. When the pile and cemented soil shell have a relative displacement, the standard value of the ultimate pile shaft resistance should be calculated by the perimeter of the composite pile. The ultimate shear resistance provided by each soil layer could take the displacement pile shaft resistance. The lower section should consider the squeezing effect of the nodular joints;



	
When calculating the SDRN pile tip resistance, it is necessary to consider not only the expanded cemented soil approaching the pile tip, but also the geological conditions and the integrated management. So the precast pile tip resistance is referred to, the adjustment coefficient of SDRN pile tip resistance could be taken as    η 3  = 0.6  ;



	
In the numerical calculation, when the interface strength reduction coefficient   R  i n t e r    is taken as 1.0, the calculation result are more close to the field test result. Therefore, compared with the general bored piles, the mechanism properties of interfaces between SDRN pile and cemented soil, cemented soil and soil are better. In addition, both the nodular joints and the expanded cemented soil can improve the bearing capacity of the pile foundation;



	
Based on the pile parameters and soil parameters in the project, the ultimate compression bearing capacity of SDRN pile calculated by the theoretical method and the finite element method proposed in this paper are close to that in field, providing a practical reference.
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Figure 1. Two failure modes of SDRN pile: (a) overall failure mode (pile-cemented soil composite model) and (b) core pile penetration failure mode (cemented soil-soil composite model), where Q is the vertical load, and h is the thickness of cemented soil. 
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Figure 2. Sketch of the nodular pile. 
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Figure 3. Self−balance curves of test piles: (a) S2 test pile and (b) S4 test pile. 
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Figure 4. Equivalent transformation curves of S2 and S4. 
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Figure 5. Vertical stress distribution cloud diagrams: (a) part of nodular joints, (b) cement soil around the joints, and (c) soil around the joints. 
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Figure 6. Axial force−Depth curves of (a) piles, and (b) cemented soil. 
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Figure 7. Plastic point distribution diagrams among (a) pile shaft, and (b) pile tip. 
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Figure 8. Load–Displacement simulation curves of piles with   R  i n t e r , 1    and   R  i n t e r , 2   . 
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Table 1. Parameters of test piles.
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	Number
	Diameter
	Diameter of the Borehole and Borehole Expanded
	Elevation of the Pile Top
	Length
	Bearing Stratum at the Pile Tip
	Load Cell Reading
	Distance from Load Cell to Pile Tip





	S2, S4
	800 mm
	900/1350 mm
	+4.60 m
	64.0 m
	  ⑨ 2   stratum round gravel
	2 × 7800 kN
	7 m
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Table 2. Parameters of the geological borehole.
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Number of

Soil Layer

	
Soil Type

	
Geological Boreholes Q2XZ76

	
Liquidity Index

   I L   

	
Cohesion/kPa

	
Friction

Angle/Deg

	
Modified Number of

SPT    N α    1

	
Precast Pile [17]

	
Slurry Drilling Pile [17]




	
Bottom Elevation/m

	
Thickness of the Layer/m

	
   q sik    2

/kPa

	
   q pk    3

/kPa

	
   q sik   

/kPa

	
   q pk   

/kPa






	
   ① 1   

	
CL 4

	
−1.04

	
5.00

	
−

	
−

	
−

	
−

	
−

	
−

	
−

	
−




	
   ① 2   

	
CL

	
−2.19

	
1.15

	
0.45

	
25.8

	
13.9

	
10.5

	
50

	
−

	
48

	
−




	
   ② 2   

	
CL

	
−9.04

	
6.85

	
1.30

	
14.8

	
9.7

	
−

	
20

	
−

	
18

	
−




	
   ②  2 b    

	
SM 4

	
−13.04

	
4.00

	
0.95

	
−

	
−

	
7.7

	
36

	
−

	
32

	
−




	
   ② 3   

	
CL

	
−15.04

	
2.00

	
1.30

	
14.1

	
10.6

	
4.0

	
22

	
−

	
20

	
−




	
   ④ 1   

	
CL-ML 4

	
−19.04

	
4.00

	
1.25

	
−

	
−

	
3.5

	
22

	
−

	
20

	
−




	
   ④ 2   

	
CL

	
−27.04

	
8.00

	
0.91

	
18.5

	
12.1

	
6.7

	
46.0

	
−

	
42

	
−




	
   ⑤ 1   

	
CL

	
−30.34

	
3.30

	
0.50

	
40.6

	
19.6

	
41.0

	
74

	
2200

	
70

	
−




	
   ⑤ 5   

	
GP 4

	
−32.44

	
2.10

	
−

	
−

	
−

	
58.0

	
122

	
7500

	
115

	
−




	
   ⑥ 1   

	
CL

	
−36.04

	
3.60

	
0.54

	
35.8

	
17.9

	
20.7

	
68

	
−

	
63

	
−




	
   ⑥ 2   

	
CL

	
−39.24

	
3.20

	
0.84

	
25.4

	
16.4

	
13.0

	
52

	
−

	
48

	
−




	
   ⑥ 5   

	
GP

	
−42.54

	
3.30

	
−

	
3.0

	
40.0

	
45.4

	
150

	
−

	
130

	
−




	
   ⑧ 3   

	
SF 4

	
−46.84

	
4.30

	
−

	
3.0

	
41.0

	
55.9

	
115

	
−

	
108

	
−




	
   ⑨ 1   

	
CL

	
−48.94

	
2.10

	
0.42

	
31.5

	
20.9

	
31.3

	
78

	
3600

	
73

	
−




	
   ⑨  1 a    

	
GW 4

	
−52.94

	
4.00

	
−

	
3.5

	
41.0

	
54.4

	
150

	
9000

	
130

	
−




	
   ⑨ 1   

	
CL

	
−57.19

	
4.25

	
0.42

	
31.5

	
20.9

	
31.3

	
78

	
3600

	
73

	
1200




	
   ⑨ 2   

	
GW

	
−68.80

	
11.61

	
−

	
3.0

	
43.0

	
65.5

	
150

	
7500

	
130

	
1500








1Nα = αN, α is the correction factors related to the length of the drilling pipe, N is the field number of SPT. 2 qsik is the standard value of the pile shaft resistance. 3 qpk is the standard value of the pile tip resistance. 4 CL is lean clay, SM is silty sand, CL-ML is silty clay, GP is poorly grated gravel, SF is gravel sand, GW is well grated gravel.
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Table 3. Field test result of the compression bearing capacity   Q u  .
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	Number
	    Q uu    
	    Q lu    
	W
	   γ   
	    Q u    1





	S2, S4
	7800 kN
	7800 kN
	622 kN
	0.8
	16,773 kN







1   Q u  =    Q uu  − W  γ  +  Q lu    where   Q uu   is the ultimate bearing capacity of pile above load cell,   Q lu   is the ultimate bearing capacity of pile under load cell, W is the gravity of pile above the load cell, and γ is the conversion factor of the ultimate bearing capacity of pile above load cell.
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Table 4. Three pairs of interfaces and reduction coefficient   R  i n t e r   .
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	Interface
	Core Pile and Cemented Soil
	Cemented Soil and Soil
	Pile and Soil





	Interface modes
	From cemented soil
	From soil
	From soil



	   R  i n t e r , 1    
	1.0
	1.0
	1.0



	   R  i n t e r , 2    
	0.8
	0.8
	0.8
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Table 5. Vertical bearing capacity of SDRN pile by field test, theory calculation, and simulation.
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	Methods
	Field Test
	Proposed Calculation Method
	Finite Element Simulation





	Results
	16,773 kN
	16,492 kN
	16,100 kN
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