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The technology of pile wall combination in a deep foundation pit is a kind of technology to resist soil and water pressure by using the great stiffness of the retaining pile and basement wall. As a part of basement wall, the retaining pile can reduce the thickness of the basement wall. However, the influence of excavation deformation and the interaction mechanism between the retaining pile and basement wall are ignored in the current design theory of the pile wall combination in a deep foundation pit. Therefore, we proposed a composite structure model of an elastic subgrade beam associated with a continuous beam, and introduced an elastic spring to simulate the interaction between the pile and basement wall. The finite difference equation and calculation method were established to figure out the internal force and displacement of the pile wall combination structure, which was able to accurately calculate the internal force and deformation of the retaining pile during the excavation stage. Based on the above results, further investigation was carried on the interaction between the pile and basement wall during the construction and normal service stage of the basement structure. It was concluded that the basement wall could reduce the lateral displacement on the top of the retaining pile caused by removal of the strut and affect the bending moment of the upper part of the retaining pile among the depth of the basement wall. The bending moment of the basement wall was closely related to the deformation of the retaining pile and changes with the working condition. In addition, the results of factor sensitivity analysis showed that the pile-wall relative stiffness ratio, stiffness of the horizontal beam, and slab of the basement had a significant influence on the interaction between the pile and basement wall.
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INTRODUCTION
With the pace of urbanization accelerating and the scale of underground space development getting larger and larger, lots of deep foundation pit projects have been initiated, and the design and construction requirements of retaining the structure for deep excavation are getting higher and higher. Most of the retaining structures of foundation pits are regarded as temporary components, which will be abandoned in the soil after the completion of underground structure construction, resulting in a large amount of resources waste. In the soft soil area with high phreatic level and high protection demand of the surrounding environment, large-diameter bored piles with greater horizontal stiffness are often used as the main temporary retaining structure in deep foundation pit engineering with more than two floors. If the basement wall of the underground structure can be combined with the retaining pile to form the permanent component of the basement, then, the thickness of the basement wall will be greatly reduced because the bending strength of the retaining pile is fully utilized, and a lot of building materials and energy will be saved. The pile wall combination structure was first adopted in the foundation pit of the Headquarters Building in Chiyoda District, Tokyo, Japan, and subsequently applied in projects such as Bellconnon in London, Seoul in South Korea, Singapore Maritime Museum, and the Taipei 101 building (Mirza, 1996). The technology pile wall combination structure worked effectively in those above projects. Xia et al. (2004) put forward the technical concept of “one pile three uses” firstly in civil construction engineering in China. In recent years, with the accumulation and improvement of the practice level of deep foundation pit design and construction, the new design concept of “pile wall combination” has been recommended in the new Shanghai version of “Technical Standards for Foundation Pit Engineering” (Technical Code for Excavation Engineering (DG/TJ08-61-2018), 2018). Its aim is to provide some fundamental basis for the practice of deep foundation pit engineering.
However, there are only a few cases of deep foundation pits using the technology of pile wall combination in China, and this technology is often passively adopted when there is insufficient construction space for the structure within the red line of land. The technology of pile wall combination has not been widely adopted in practice engineering, mainly due to the following reasons: 1) The internal force distribution law between the pile wall combination structure needs to be further discussed. The current design standard suggests that the pile and basement wall bear together the static earth pressure according to the relative bending stiffness of the pile wall combination structure when they both bear the water pressure separately. However, the influence of different factors is not considered from the mechanism of the interaction between the pile wall combination structure; 2) for the same retaining structure of the foundation pit, different construction schemes, geological conditions, and other factors will lead to different deformation behaviors of retaining piles induced by deep excavation (Li et al., 2007; Xu et al., 2009; Liao et al., 2015). The bearing capacity of deformed bored piles will be weakened. But the current design ignores the influence of deformation behavior on the mechanical property of the pile wall combination structure; and 3) after the implementation of the pile wall combination structure technical plan, a large amount of post field monitoring data are needed as further support. The monitoring data derived from only a few cases of pile wall combination structure projects are relatively limited (Hu et al., 2015), and the monitoring lasting time is very short, which is not enough to reflect the performance status of the pile wall combination structure in the permanent service stage.
This article mainly focuses on the pile wall combination structure of deep foundation pits in soft soil areas. Considering the influence of deformation of the retaining piles during the entire excavation process of the foundation pit, the finite difference calculation method is adopted to establish the theoretical calculation model equations for the pile wall combination structure. The model is used to analysis the mechanism of the interaction between the retaining piles and basement wall and explore the deformation development and internal force distribution between the basement wall and retaining piles. The new method not only improves the design theory of the pile wall combination structure under the condition of a high phreatic level in soft soil areas, but also provides support for solving the key technical problems of the pile wall combination structure in deep foundation pit projects, so as to further improve the design and construction ability of China’s deep foundation pit engineering.
DESIGN METHOD OF PILE WALL COMBINATION STRUCTURE
Design Method of Supporting Structure
For retaining pile structures, the current calculation design methods include the equivalent beam method, continuous beam method, and elastic resistance method, etc (Gao, 1995), among which the elastic subgrade beam method is the most popular, and the specific calculation method can be divided into two types: the total amount method and the incremental method (Yang, 2004), as shown in Figure 1. When the total amount method is adopted, the water pressure and earth pressure outside the pit under each working condition are applied to the retaining structure at the same time, and the internal struts are also working at the same time. The actual internal force and deformation of the structure under the corresponding working condition can be calculated. However, the incremental method can consider the initial deformation of the retaining structure before the installation of internal struts. The actual situation is that the retaining structure has accumulated a certain displacement before the struts work. It has been proved by practice that the internal force and deformation of the retaining structure is closely related to the initial displacement during the installation of struts. Therefore, the incremental calculation method can better reflect the true working behavior of the supporting structure.
[image: Figure 1]FIGURE 1 | Calculation diagram of the retaining structure section. (A) The incremental method diagram. (B) The total amount method diagram.
Feng et al. (2009) employed the iterative incremental method to study the stress behavior of the underground diaphragm wall by the finite element method of elastic subgrade beams; Liu and Chen (2018a), Liu and Zhang (2018b) improved the load increments of retaining structure under different construction conditions on the basis of traditional incremental method. Later, they proposed an incremental calculation model based on the p-y curve that can consider the initial displacement of the retaining wall, and obtained results that are very consistent with the field monitoring results. The above achievements are all studies on the internal force and deformation of the braced retaining structure during deep excavation. However, the stage of the combination of the retaining pile and basement exterior wall after completion of the basement exterior wall construction is not involved, and the problem of interaction between the pile and wall is still unsolved. Wang and Shen (2012) proposed that the pile wall combination structure can be designed through multiple working conditions such as the foundation pit excavation stage, normal service stage, and anti-seismic stage. They pointed out that the analysis method of retaining piles in the excavation stage is the same as the conventional method used in deep excavation. In the service stage, the retaining pile can be taken as a multi-span continuous beam. The water pressure imposes on the retaining pile along with the static earth pressure outside the pit, and the load applied on the basement wall includes the water pressure and the static earth pressure which is distributed according to the bending strength ratio of the pile wall combination structure. Although this method is very suitable for engineers to master, it does not consider the unfavorable factor of deformation. The interaction between the pile and basement wall under various working conditions lacks further analysis, and the law of internal force and deformation of the pile wall combination structure is still unclear.
In view of the above shortcomings, under the premise of the incremental method based on the elastic subgrade beam model, the finite difference equations and methods for calculating the lateral displacement, internal force, and deformation of the retaining pile and basement wall are established. The influence of factors such as the pile wall stiffness ratio, the load level, and the horizontal stiffness of the basement floor on the interaction between the pile and basement wall are considered. In this method, the pattern of incremental load and incremental displacement is used to calculate the deformation of the retaining structure induced by the excavation stage, considering the interaction of the pile wall combination structure during the construction of the basement.
Simplified Model of Foundation Pit Construction
A simplified calculation model for the whole process of foundation pit construction considering the pile wall combination structure is shown in Figure 2. Different from conventional braced pile retaining construction, the pile wall combination structure means that the basement retaining piles and basement wall form into a composite structure which can bear the water and earth pressure outside the pit through the horizontal beam and slab of basement together during the construction and service stage. Therefore, the contribution of the retaining piles and basement wall should be considered at the same time when in the strut removal stage and service stage, along with the pile deformation induced by deep excavation.
[image: Figure 2]FIGURE 2 | Calculation diagram of the whole construction process of the foundation pit ① Working stage 1 ② Working stage 2 ③ Working stage 3. (A) Excavation stage of the foundation pit ④ Working stage 4 ⑤ Working stage 5 ⑥ Working stage 6. (B) Construction and service stage of the basement exterior wall.
When the incremental method is applied for calculation, the load increases from the previous working stage to the current working stage. It includes the increment of water and earth pressure outside the pit (①, ②1, ③1, ⑥1), the horizontal earth resistance by excavation inside the pit (②2, ③2), the resistance released by the reduction of the horizontal earth resistance coefficient of the soil below the excavation surface (②3, ③3), and the axial force for strut by removal (④1, ⑤1).
The increase in magnitude of water and earth pressure outside the pit is that of the difference behind the retaining pile outside the pit between the previous working stage and the current working stage. It needs to be noted that during the service stage of the basement, ⑥1 means the difference between the static earth pressure and the active earth pressure outside the pit.
In working stage 3, the load increment released by the excavation of soil is the product of the horizontal resistance coefficient of the excavated soil and the cumulative horizontal displacement of the retaining pile in working condition 2. According to the design code, the horizontal resistance coefficient [image: image] of soil inside the foundation pit can be calculated by the following formula.
[image: image]
Where m is the proportional coefficient of the horizontal earth resistance coefficient increasing with depth (kN/m4); z is the depth of the calculation point from the ground (m); and hi is the excavation depth of the foundation pit under the calculation stage (m).
For the increment ∆Fs released by the decrease of the horizontal earth resistance coefficient below the excavation surface, it can be calculated as follows:
[image: image]
Where ks,i-1 and ks,i are the horizontal earth resistance coefficient of the soil below the excavation surface under the previous working stage and the calculated working stage (kN/m3); and w is the cumulative horizontal displacement of soil under the previous working condition (m).
In addition, during the strut removal and basement construction stage, the axial load Nzc,i released due to strut removal can be calculated as follows:
[image: image]
Where kzc,i is the stiffness of support (kN/m/m).
Theory of the Internal Force and Deformation of Pile Wall Combination Structure
The elastic spring is introduced to simulate the interaction between the piles and the basement wall during the construction and permanent service of the basement (as shown in Figure 3). Therefore, the deflection equations of the retaining piles based on the vertically placed elastic subgrade beam model are shown in Eqs. 4, 5, respectively.
[image: Figure 3]FIGURE 3 | Discrete analysis of the pile wall combination structure.
Foundation pit excavation stage:
[image: image]
Basement construction and service stage:
[image: image]
Where E is the elastic modulus of retaining piles (kPa); I is the moment of inertia of the retaining pile section (m4); kB,i is the stiffness of the foundation slab or floor (kN/m/m); kw is the interaction stiffness of the elastic spring between the piles and basement wall, which is defined by the thickness of the plain concrete in the gap between the retaining pile and basement exterior wall with the equation [image: image]; b0 is the calculative width of earth pressure untaken by a single pile (m); and P is the earth pressure behind the pile (kPa).
In order to simplify the calculation, the above fourth-order differential equations are solved by the finite difference method. The retaining piles are discretely divided into n+5 elements (two virtual node elements at the top and bottom of the pile), and the basement wall is discretely divided into i+1 node elements, each of which has a length of h. Only the stiffness of the retaining pile is considered during the excavation stage when the combined stiffness of the pile and wall is considered comprehensively during the construction stage of the basement. According to the finite difference principle, the differential terms in Eqs. 4, 5 can be transformed into the following equations:
[image: image]
It is assumed that the bending moment M and the shear force Q at the end of the retaining pile are both zero:
[image: image]
Using the finite difference method, the second and third differential terms of the above formula can be expressed as:
[image: image]
Combining Eqs. 7, 8, the horizontal displacement of virtual element nodes is obtained as follows:
[image: image]
Thus, Eqs. 4, 5 can be written in matrix form:
[image: image]
[image: image]
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Where [K] is the displacement stiffness matrix of the retaining pile; [KZC] is the displacement stiffness matrix of the strut; [KB] is the displacement stiffness matrix of the beam and slab of basement floor which replaced the strut; [Ks] is the displacement stiffness matrix of foundation soil; [Kw] is the displacement stiffness matrix between the pile and wall; [P] is the column vector of the load increment; and [w] is the displacement column vector of the pile wall combination structure. After substituting the node displacement of the virtual element, each stiffness matrix is expressed as follows:
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[image: image]
[image: image]
[image: image]
[image: image]
Where [KZC], [KB], [Ks], and [Kw] should be determined according to the actual construction stage of the foundation pit. Eqs. 10, 11 can be further simplified as follows:
[image: image]
[image: image]
Where [K]−1 is the inverse matrix of [K]. After obtaining the displacement vector [w] of the retaining structure, the bending moment [M] of the retaining pile can be obtained according to Eqs. 21–23.
[image: image]
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Where KM is the matrix coefficient of the bending moment, as shown in the following formula:
[image: image]
According to formula Eqs. 25, 26, in the construction and service stage of the basement, the squeezing load [N] on the basement exterior wall can be calculated, and finally the internal force of the basement wall can be calculated according to the multi-span continuous beam method.
[image: image]
[image: image]
After the establishment of related matrix equations, a computational program edited by MATLAB Language is apply to solve the equations, and it is proved that it is very efficient. Based on the principle of finite difference, the design theory of the pile wall combination structure for deep excavation proposed in this section is not only suitable for a conventional temporary retaining structure, but also for deep foundation pit projects using the technology of pile wall combination for more than two floors underground.
CASE VERIFICATION
Case Overview
The Shanghai Changxing Science and Technology Plant Project is located in Caohejing Development Zone, Xuhui District, Shanghai. The excavation area of the foundation pit is about 10,000 m2, and the circumference of the retaining structure is 400 m around. There are two floors underground and the excavation depth is about 10.5 m. The physical and mechanical properties of soil are shown in Table 1. The foundation pit adopts a Φ950@1,100 bored pile and two layers of reinforced concrete horizontal struts with a Φ850@600 three-axis cement mixing pile used for the waterproof curtain. Two layer struts are located respectively at an elevation of −1.50 m and −6.50 m. The typical profile of the retaining structure is shown in Figure 4.
TABLE 1 | Physical and mechanical parameters of soils.
[image: Table 1][image: Figure 4]FIGURE 4 | Typical profile of the retaining structure.
The basement wall’s thickness is 500 mm. Although the pile wall combination structure design is not adopted in this project, the deformation of field monitoring data of the foundation pit can verify the rationality of calculation results from the finite difference method proposed. At the same time, it is supplemented by the analysis results of the finite element software for further comparison.
Analysis of Lateral Displacement of Retaining Structure
Excavation Stage
Figure 5 shows the comparison results of the lateral displacement of retaining piles using the finite element method, finite difference method, and field monitoring during the excavation stage. It can be seen from Figure 5 that Eq. 1 in working stage 2, the maximum lateral displacement of retaining piles calculated by the finite element method and finite difference method are all about 14 mm which is very consistent with that from the field monitoring result. The deformation curves are all in parabolic shape, but the depth positions of the maximum lateral displacement are a little different. The depth of the maximum lateral displacement from field monitoring is about 9.5 m, which is 2 m deeper than that from calculation. The difference between the finite element and finite difference calculation results is within 1 mm; 2) in working stage 3, the maximum lateral displacement difference of each field monitoring point is between 29 and 34 mm while the maximum lateral displacements calculated by the finite element method and finite difference method are about 27 mm, and the monitored maximum lateral displacement depth is relatively 3 m lower. However, the results of the finite element method and finite difference method are still highly consistent. It can be seen that the finite difference method can reflect the deformation behavior of the retaining pile very well during the excavation of the foundation pit.
[image: Figure 5]FIGURE 5 | Lateral displacement of retaining piles during the foundation pit excavation. (A) Working stage 2 (Excavating the second layer of soil and installing the first layer of the strut). (B) Working stage 3 (Excavating the second layer of soil and installing the second layer of the strut).
Basement Construction Stage
Figure 6A shows the comparison of the field monitoring and theoretical calculation results of lateral displacement of the retaining pile under working stage 4. Whether it is the field monitoring or calculation result, the removal of the second layer strut after the construction of the foundation slab has a very small impact on the deformation of the retaining piles. The main reason is that the environmental protection requirements around the foundation pit are relatively high, and the selected retaining piles have strong stiffness, so the secondary deformation caused by removing a strut is very small which does not exceed 10% of the deformation generated during the excavation stage (Wu et al., 2018). In addition, the deformation characteristics of the retaining pile are basically the same as the situation under working stage 3. At the same time, the calculation results of the finite element method and finite difference method are also highly consistent. This fully proves again that the proposed finite difference method is suitable for the deformation analysis of retaining piles caused by the excavation of the foundation pit. Therefore, although the above engineering project did not adopt the pile wall combination structure technology, this article continued to adopt the finite difference method to further analyze the interaction between the bored pile and basement wall based on the comparison of the above-mentioned foundation pit excavation stage data.
[image: Figure 6]FIGURE 6 | Lateral displacement of retaining piles during construction of the basement. (A) Working stage 4 (Constructing the bottom floor and removing the second layer of the strut). (B) Working stage 5 (Constructing the B1 floor and removing the first layer of the strut).
Figure 6B shows the comparison of the finite difference calculation results of the lateral displacement of retaining piles when the pile-wall integration technology is adopted or not under working stage 5. After the construction of the B2 basement exterior wall and B1 beam and slab is completed, the wall and retaining pile combines and becomes a composite structure which has stronger stiffness to resist the horizontal load outside the pit. And when the first layer strut is removed, the induced lateral displacement of the cantilever section of the retaining pile is smaller due to the pile wall combination structure technology. The lateral displacement on the top of the retaining pile decreases to 19 mm, while it is 23 mm without the pile wall combination structure technology. Therefore, the pile wall combination structure technology can take advantage of the lateral stiffness of the basement exterior wall to reduce the lateral displacement on the top of the retaining pile caused by the removal of a strut, and then control the impact on the buildings outside the pit.
Internal Force Analysis of Pile Wall Combination Structure
Excavation Stage
Figure 7 shows the comparative results of the internal force of retaining piles using different calculation methods during the excavation stage of the foundation pit. In the excavation stage, before the resistance effect of the basement exterior wall has worked yet, the distribution law of the retaining pile internal force obtained by the two calculation methods is almost the same, and the maximum magnitude of calculated positive and negative bending moments is very close. This further shows that the results calculated by the finite difference method and commercial finite element software are also very consistent before the construction stage without considering the effect of the pile wall combination structure. Therefore, the finite difference calculation method proposed in this article can accurately and reasonably analyze the effect of the pile wall combination structure in the subsequent construction and service stages.
[image: Figure 7]FIGURE 7 | Bending moment of the retaining pile during different excavation stages.
Basement Construction Stage and Service Stage
Figure 8A shows the bending moment distribution of the pile wall combination structure under the construction stage of the basement, where Mp is the bending moment of retaining pile, and Mw is the bending moment of basement wall. In order to better study the internal force characteristics of the pile wall combination structure, the bending moment Mp’ of the conventional foundation pit without the pile wall combination structure technology under this working stage is compared with the finite element method. It can be seen from the figure that when the construction of the B1 beam and slab is completed and the first layer strut is removed, the basement exterior wall is squeezed by the retaining piles and a bending moment will be produced. Therefore, compared with the Mp’ of the temporary retaining pile, the Mp of the retaining pile with the pile wall combination structure becomes slightly smaller when the depth is above 7.5 m, and the Mp is basically the same when the depth is below 7.5 m. The bottom of the basement wall is restricted by the foundation slab and a negative bending moment will appear. The other parts of the basement wall will have positive bending moments. In addition, the calculation results show that after the strut is removed, the upper part of the basement wall and the retaining pile are squeezed against each other, while the lower part of the basement wall and the retaining pile are separated from each other. So the basement wall has almost no effect on the internal force of the lower part of the retaining pile. However, according to the entire construction process, the internal force control section of the retaining pile is located below the excavation surface, and the basement wall almost has no effect on the maximum internal force of the retaining pile section.
[image: Figure 8]FIGURE 8 | Bending moment of the pile wall combination structure during construction and service stage of the basement. (A) Working stage 5 (Constructing the B1 floor and removing the first layer of the strut). (B) Working stage 6 (Service stage).
Figure 8B shows the bending moment distribution of the pile wall combination structure during the normal service stage. Since the active earth pressure outside the pit is converted into static earth pressure, the negative bending moment of retaining piles at depths above the B1 floor decreases and the positive bending moment appears. The bending moment distribution of retaining piles at depths below the B1 floor does not change much. Due to the support of the B1 floor, the basement wall is taken as a continuous beam.
In order to further study the interaction between piles and walls, the bending moment of the retaining pile and basement exterior wall under working stages 5 and 6 are selected for comparative analysis, as shown in Figure 9. It can be seen from Figure 9A that for the internal force of retaining piles, with the increase of earth pressure outside the pit, the retaining piles at the mid-span part from the B1 floor to the B0 floor change from the negative bending moment to the positive bending moment, and the maximum magnitude is 20 kN m. The negative bending moment at the support of the B1 floor has been increased from -203 kN m to -218 kN m. Ranging from the depth of the B1 floor to −7.0 m, the negative bending moment of the retaining pile increases, while the positive bending moment decreases a little. The deeper the depth, the less the amplitude of the bending moment changes. The bending moment of the retaining pile below the depth of −7.0 m does not change much. It can be seen from Figure 9B that for the internal force of the basement exterior wall, the negative bending moment of the wall in the depth range from B2 floor to B1 floor decreases. The positive bending moment first decreases and then increases with the depth, and the negative bending moment decreases with the depth. The maximum positive bending moments between two working stages are 150 kN m and 145 kN m, respectively and the maximum negative bending moments are -100 kN m and −91 kN m, respectively. For the bending moment of the wall in the depth range from the B0 floor to B1 floor, the maximum positive bending moment is 35 kN m, and the maximum negative bending moment is −44 kN m.
[image: Figure 9]FIGURE 9 | Bending moment of the pile wall combination structure under different stages. (A) Bending moment of the retaining pile. (B) Bending moment of the wall.
In summary, in the construction and service stage, the wall of the pile wall combination structure has an impact on the internal force of the retaining pile within the range of the existing wall, but has little impact on the internal force of the retaining pile below the bottom of the wall. The maximum internal force section of the retaining pile is often below the bottom of the pit, so the internal force of the retaining pile of the pile wall combination structure can be designed according to the conventional excavation stage. The internal force of the basement exterior wall changes with the different working stages. Thus, the design of the wall should consider the different working stage and the deformation of the retaining pile induced by excavation.
SENSITIVITY FACTORS ANALYSIS ON THE INTERACTION OF PILE WALL COMBINATION STRUCTURE
In order to further analyze the pile wall combination structure interaction mechanism, the stiffness ratio of the pile wall combination structure and the stiffness of the horizontal beam and slab of the basement under the service stage of the basement are selected for sensitivity analysis, and the finite difference calculation method of the pile wall combination structure is adopted.
Influence of the Stiffness Ratio of Pile Wall Combination Structure
According to the conventional design, the thickness of a two-story basement wall in Shanghai usually ranges from 400 to 600 mm, so the wall thickness is selected as 400 mm, 500 mm, and 600 mm, respectively to study the interaction of the pile wall combination structure under the different conditions of stiffness ratio. Figure 10 shows the bending moment distribution of the pile wall combination structure under different stiffness ratios.
[image: Figure 10]FIGURE 10 | Bending moment of the pile wall combination structure with different pile wall stiffness ratios. (A) Bending moment of the retaining pile. (B) Bending moment of the wall.
As displayed in Figure 10A, for the bending moment of the retaining pile, the change in the thickness of the wall has a very small effect on the bending moment of the retaining pile between the B1 floor and B2 floor. The thicker the wall, the greater the negative bending moment of part of the piles. It has almost no effect on the bending moment of the retaining pile below the excavation surface. From Figure 10B, it shows that for the bending moment of the wall, the thickness of the wall has a great influence on the bending moment of the pile. As the thickness of the wall increases, the positive bending moment of the wall in the middle span between basement floors increases, and the negative bending moment at the floor bearing also increases. The main reason is that from the construction stage to the service stage, due to the increase of earth pressure, the lateral displacement of the pile wall combination structure is very small, thus the impact on the bending moment of the retaining pile is correspondingly small, and the basement wall has a large change in stiffness due to the increase of wall thickness, so the bending moment of the wall has a significant change.
Influence of Horizontal Beam and Slab Stiffness
According to the conventional design, the thickness of the foundation slab in a two-story basement in Shanghai is usually between 600 and 800 mm, and the thickness of the floor slab is between 120 and 250 mm. Regardless of beams, pillars, and piles in the basement, the stiffness ratio between the floor and the foundation slab is between 0.15 and 0.4. Therefore, it is assumed that the stiffness of the foundation slab is a fixed value, and the stiffness ratio is selected as 0.15, 0.25, and 0.35 to study the internal force distribution law between the retaining pile and wall under the condition of different floor slab stiffness. Figure 11 shows the bending moment distribution of the pile wall combination structure under different floor slab stiffness conditions.
[image: Figure 11]FIGURE 11 | Bending moment of the pile wall combination structure with different stiffnesses of the horizontal beam and slab. (A) Bending moment of the retaining pile. (B) Bending moment of the wall.
It can be seen from Figure 11A that for the bending moment of the retaining pile, the stiffness change of the horizontal floor slab has a significant effect on the bending moment of the retaining pile between the B1 floor and the B2 floor. The variation of the bending moment of the pile in this part becomes larger with the stronger stiffness of the floor slab. The bending moment of the pile in this part is all negative at the beginning, and then it develops into a positive bending moment in the middle of the span, but the maximum magnitude of the negative bending moment at the floor bearing is almost unchanged. In addition, it has little effect on the bending moment of the pile below the excavation surface. It can be seen from Figure 11B that the change in the stiffness of the floor slab has a greater impact on the bending moment of the wall. This is mainly because the lateral displacement of the retaining pile decreases after the increasing of floor slab stiffness, and the squeezing effect on the basement wall is also reduced, so the internal force of the wall is correspondingly reduced.
CONCLUSION
Based on the elastic subgrade beam model, a finite difference calculation method for a deep foundation pit using the pile wall combination structure considering the excavation deformation was proposed. The main conclusions are as follows:
1) In the excavation stage of the deep foundation pit, the simplified analytical algorithm proposed for the internal force and deformation of the retaining pile is in good agreement with the field monitoring and commercial finite element analysis results, indicating that the finite difference calculation method suggested can accurately calculate the internal force and deformation of the retaining pile during the excavation stage.
2) During the construction and service stage of the basement, a composite structure model of the elastic subgrade beam and continuous beam was proposed. For simulating the interaction between the retaining pile and wall, the elastic spring element was introduced. The calculation results show that the basement exterior wall can reduce the lateral displacement of the top of the retaining pile caused by the dismantling of the strut. And the wall has an impact on the internal force of the upper pile of the retaining pile within the range of the existing wall, but has little impact on the internal force of the retaining pile below the wall.
3) Whether in the excavation stage or the service stage, the maximum internal force section of the retaining pile is often below the bottom of the pit, so the internal force of the retaining pile with the pile wall combination structure can be determined according to the conventional excavation stage. The internal force of the basement exterior wall changes with the working stages, so the design of the wall should be closely considered with the working stages along with the deformation of the retaining pile.
4) Sensitivity factors analysis on the interaction of the pile wall combination structure shows that the increase in the thickness of the basement wall has little effect on the bending moment of the retaining piles, but the bending moment of the basement wall changes significantly. When the stiffness of the basement floor slab increases, the bending moment of the retaining pile above the excavation surface changes significantly, and the internal force of the wall decreases accordingly.
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