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Abstract

:

A double-row pile support system combined with existing and additional support piles offers an effective solution for further excavation beneath existing underground space. A large-scale test chamber was therefore built to simulate the whole construction process of underground space extension. Several parallel tests are conducted through observation, data monitoring, and analysis to study the influence of several parameters on an h-type support system containing double-row piles. The relevant parameters include pile row spacing, pile length ratio, pile-head constraint, and in-service foundation pile. The tests reveal that a significant load-transfer effect is generated between the pile rows, and increasing the spacing between pile rows within a certain range can lead to a more reasonable distribution of bending moments and pile force. The displacement of the pile top and its rate of increase are directly proportional to excavation depth, and additional excavation to the bottom of the back-row piles tends to be a critical point, after which the deformation will be significant. The stability of the system varies inversely with the reduction in pile length ratio, but is positively related to the existing pile-head constraint. Furthermore, in-service foundation piles can result in increased bending moments and reduced displacement of the pile top. Finally, the rationality of the model test results was verified according to the numerical simulation and the stability of the double-row piles support system was calculated.
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1. Introduction


As a result of rapid urbanization in developing countries such as China, clustered urban buildings face intense demand for underground space. Underground story supplementation beneath existing buildings is one way to meet this demand. In this approach, it is particularly important to choose an appropriate type of support system for excavation with respect to the proper protection of buildings, underground pipelines, and surrounding facilities.



The code for the conversion and extension of existing underground spaces in Shanghai, China introduces two types of retaining structure [1]. The first uses longer additional support row piles installed on the outside existing support-row piles of the building to form a long and short double-row pile support system. The second, inversely, is a newly added longer pile row installed inside the existing support pile row. This second approach is called an h-type double-row pile-supported structure in reference to its visual appearance, which is schematically shown in Figure 1.



1.1. Previous Research


Since the design of the support piles is governed by bearing capacity and deformation, research on the mechanical performance of double-row piles is extensive. Phillip et al. concluded that the arrangement of double-row piles had a significant influence on the deformation of retaining structures [2]. Masatoshi proposed an analytical solution for double-row piles by comparing the results from theoretical calculation and model tests [3]. Zheng et al. established an orthogonal model test based on double-row piles, studied its law of deformation, and compared it with corresponding numerical simulation analysis [4]. Based on the measured data and finite element numerical analysis, the displacement law of a double-row pile support system was also studied in practice [5,6]. Taiyari et al. studied the efficiency of various meta-heuristic optimization algorithms in the optimization design of the pile wall’s retaining system [7]. Ayasrah et al. studied the influence of tunnel construction on adjacent pile foundation by numerical simulation [8]. Iwasaki et al. obtained the pile ultimate load capacity and creep load characteristics, based on full-scale short and long-term load tests [9]. Poulos et al. used the finite element method and boundary element method to study the response of the pile foundations caused by excavation [10].



In urban regions, another important issue with double-row piles involves the earth pressure calculation. A large body of literature examines this problem. For instance, Yu et al. analyzed the displacement and bending moment distribution characteristics of double-row piles through in situ testing of a double-row pile support system in soft clay, and they examined the earth pressure transfer effect between the rows [11]. Tang et al. used numerical approaches and large-scale model tests to investigate the law of evolution of stress and deformation and proposed a prediction method of earth pressure on the backs of existing support piles [12]. Jacazz et al. used Finite element software to calculate the earth pressure for the retaining wall near the bedrock and analyzed the stress and deformation laws of the earth fill behind the wall [13,14,15,16,17]. Liu et al. and Fang et al. proposed theoretical models based on the characteristics of the soil pressure distribution of double-row piles [18,19].



There are many previous scholars who have conducted research based on related directions. Issa et al. introduced and further applied a method to support decision makers to distinguish various deep excavation support systems (DESSs) in construction projects [20]. Oliveira et al. and Sainea-Vargas et al. conducted case analyses on the adjacent construction based on geotechnical engineering [21,22]. In order to meet the minimum damage requirements of nearby buildings, Aswathy et al. proposed a solid and economic support scheme [23]. Mitew-Czajewska et al. conducted a parametric study of finite element modelling of deep excavation [24]. Support selection and environmental impact issues based on adjacent excavation were studied by Szabowicz et al.; Dmochowski et al.; and Mitew-Czajewska et al. [25,26,27]. Bryson et al. proposed a method to help select the stiffness of an excavation support system [28]. Fourie et al. compared the results of limit equilibrium methods with those of finite element studies based on the predictions of embedding depth and maximum bending moment [29]. Lam et al. developed a new apparatus for centrifuge model testing of deep excavations in soft clay soils, in order to better understand the mechanisms of soil excavation [30]. Leung et al. introduced the centrifuge model test results of deep excavation without support in dense sandy land [31]. Ooi et al. determined the reasonable method of estimating the bending moment from inclinometer data [32]. Wyjadłowski et al. carried out methods and technical analysis based on a building excavation and construction process [33]. Popielski et al. used the finite element method to model the structure-soil coupling and verified its rationality [34].



However, little research has focused on the issue of parameters influencing the working performance of retaining structures. Bose et al. and On et al. established finite element models to analyze the influence of spacing of the double-row piles and excavation depth on the working behavior of retaining structures [35,36]. Liu et al. and Ren et al. established finite element models based on engineering examples to investigate the influence of the row spacing, pile length ratio, and cantilever length of primary support piles on the mechanical deformation and working performance of multi-stage support systems [37,38]. Bolton et al. illustrated aspects of the collapse of a rigid cantilever retaining wall embedded in over-consolidated clay through five centrifugal model tests [39]. Moormann measured and analyzed the retaining wall and ground movement of all excavations [40]. Osman et al. proposed a new design method based on plastic theory [41].




1.2. Research Priority of This Paper


Most research on further excavation beneath existing underground space suffers from a limited spatial focus on adding new support piles outside existing support piles. The advantage of such a support system is its relative simplicity, but the demands and constraints of the construction site cannot be overlooked. The working conditions of urban central areas include complex surrounding environments close to buildings, intricate networks of underground pipelines, fragile surrounding facilities, and business operations that require continued normal operations. The h-type double-row pile support system adds support piles inside the existing support framework, making it a valid approach in a complex building environment. Construction space is limited, and the operational technology is complicated; however, it does avoid the constraints of external environmental conditions. The h-type double-row pile support system is often applied in practice, but few theoretical studies have focused on this technique. This study uses a large-scale chamber test system to research the effect of various parameters on the excavation process of the h-type double-row pile support system, including pile row spacing, pile length ratio, pile-head constraint, and whether an in-service foundation pile exists. The test configuration is designed to accurately investigate the influence of various parameters on the performance of the support system, and to provide a reference framework for the engineering projects that adopt this system.





2. Test Arrangement


2.1. Test Preparation


The test was carried out at Zhejiang Sci-Tech University (ZSTU), and the test model was selected from a particular project in Zhejiang [42], designed to create additional underground space to meet parking space requirements. Although the project was ultimately not started due to the needs of subway construction, the safety issues surrounding its secondary excavation support remain worthy of exploration. The selection of test materials and their size is based on the actual engineering deep-excavation size, existing and additional support pile length, diameter, elastic modulus, and other measured engineering data. The scale ratio between the actual size and the physical model was 250:1. In addition, the chamber was made of steel that was 3 m in width, 3 m in length, and 2 m in height, and plastic film was laid around and at the bottom of the chamber to improve the boundary effect in the test process. Deep excavation in the testing process was arranged in the middle position of the chamber plane. Above the excavation face sits the steel channel mobile platform and the loaded support beam. Pile strain data were transmitted to the data collection system through the data transmission line. The main instrument devices and materials are shown in Figure 2.



Polyvinyl chloride (PVC) model pipes used in the test had lengths of 0.6 m and 1 m in existing and added piles, respectively. The pile diameter and elastic modulus were 32 mm and 2 GPa, respectively, and the elastic modulus similarity ratio was CE = 30/2 = 15. The bending moment similarity was calculated as CM = CECL3 = 234,375, pile stress similarity as Cσ = CE = 15, and line displacement similarity as Cδ = CL = 25. Local silty soil was used. After first sieving, the soil showed low cohesion value and natural moisture content. Parameters of this silty soil are shown in Table 1 after a series of laboratory tests, including direct shear tests.



Two existing support piles and two additional support piles for measurement were set up with lengths of 65 cm and 105 cm, respectively. The top of the pile was excavated 5 cm to assist the arrangement of the measuring system. The strain gauge point arrangement is shown in Figure 3a. Figure 3b shows the plane layout of the piles, where the east, south, and north planes are blank supporting piles. The westward inner and outer sides consist of additional and existing support piles with 5 cm center-to-center distance in the same row. The distance between the rows, which have 27 piles each, is D. The test pile is blackened in Figure 3b and is arranged on both sides of the central pile to avoid the influence of the spatial effect of deep excavation on the measurement [43].



The process of making model piles is taken from Yu et al. [44]. First, the PVC piles were split as a whole. Then, strain gauges were attached to the inner wall, and shielded cables were connected along the inner wall and extended to the pile heads. Finally, two separate parts of PVC pipes were stuck together with high-strength glue. To remove the soil plug, the same trial piles were first applied to push in and pull out several times at the target pile position, before the formal piles were installed.



Pile strain was collected via two high-speed static strain gauges, which had 120 accesses to log data with a resolution of 0.1 με. In addition, the temperature drift was 1 × 10−6/24 h, and the connection mode was 1/2 bridge. Horizontal displacement of pile top was measured via dial gauge, with a range and accuracy of 10 mm and 0.01 mm, respectively. Pile length and space dimensions are shown in Figure 4.




2.2. Experimental Scheme


The test scheme with the pile row spacing as the parameter is shown in Table 2. A total of eight groups are set up: five formal groups, T1–T5; one repeated experimental group, T6; and two control groups, T7 and T8. The variable set in the formal group is pile row spacing D, which is set to 4d, 6d, 8d, 10d, and 12d (d = 3.2 cm), in turn. In addition, ‘h’ in Table 2 means the height difference of pile top in the adjacent row.



The procedure of deep excavation can be divided into three steps, as described in Figure 5. Step 1 aims to form the existing underground space through standing for 30 min after placing the existing supporting pile, then excavating 20 cm downward and standing for 72 h. During Step 2, an h-type double-row pile support system is formed by placing additional support piles. The specific operation includes statically pressing the new support piles inside the existing support piles, after the soil stabilizes. In the final step, the additional excavation is conducted after stability of the deformation (specified as 30 min), until final failure of the support system. In addition, excavation depth is kept at 10 cm and the excavation face should be kept smoothed each time, similar to the stage of filling soil. The ‘rain method’ was implemented to ensure soil uniformity. In addition, the control group received only excavation until failure of the support system after arranging the row piles.



The test scheme with parameters, including pile length ratio, pile top constraint, and in-service foundation pile (whether existing or not), is shown in Table 3. A total of six groups are set up, including four formal groups, N1–N4. The variable set in the formal groups, N1–N4, is the additional support pile length L2, which is set to 125 cm, 105 cm, 85 cm, and 65 cm, respectively. In addition, the row spacing, height difference of the pile top, length of the existing support piles, and vertical load of the service foundation piles are kept the same to investigate the influence of pile length ratio on the h-type double-row pile support system. Control groups N5 and N6 increase the pile top constraint compared to formal groups N2 and N4 to study this effect. At the same time, the effect of the service foundation piles on the system can be observed by comparing N2 and T2.



The plane and section drawings of the chamber for investigating the effect of service foundation piles are shown in Figure 6a,b. A cap whose size is 40 cm × 40 cm is arranged in the middle of the chamber, and the upper part is connected with the electro-hydraulic servo structure loading system. The eight holes distributed in the lower portion are vertically fixed with the PVC pipes, effectively limiting their relative movement. At the same time, the loading instrument uniformly transfers the load to the eight foundation piles through the cap.





3. Observed Performance and Discussion


3.1. Influence and Effect of Pile Row Spacing


Figure 7 shows the comparison of the bending moment distribution of the additional support piles with different excavation depths. From Figure 7a–e, it can be seen that the maximum negative bending moment of the piles increases with excavation. The final maximum value appears at 10 cm below the excavation face. In addition, the law of bending moment development is similar to that of the control group T7, and the peak values are all less than T7, indicating that the mechanical characteristics of the additional support piles of the h-type double-row pile support system are similar to those of the single row cantilever pile, and that the existing support piles share the stress of the overall support system. Moreover, note that there is a positive bending moment on the upper part of the piles, and the peak value and its range increase with excavation. The reason for this is that the soil in the active area of inter-row differentiation increases with excavation, and the instability of the back-row piles transfers the soil pressure outside the deep excavation, which then applies on the upper part of the additional piles, making the positive bending moment of the upper lateral tension of the pile body increase continuously. An abrupt increase in the variability of the increase in the bending moment occurs after the additional excavation reaches 40 cm. This is due to the excavation depth to the bottom of the existing piles, which is the critical point of tilting instability. The slip surface of the soil behind the existing support piles then shows accelerated development, and the squeezed piles and the inter-row soil transfer to the additional support piles.



Figure 8 shows a comparison of the bending moment distribution of the existing support piles with different excavation depths, which exhibits an overall S-shape. From Figure 8a–e, observe that the bending moment decreases slightly with the increased excavation depth when the excavation depth is less than 40 cm, and the peak position remains unchanged. Considering that the slip surface between rows has not developed rapidly when the excavation depth is small, the soil exerts back pressure on the existing support piles. The bending moment of the piles changes greatly when the excavation depth is more than 40 cm, the negative bending moment peak continues to decrease, and the position moves upward. The reason for this is that the additional support piles have a sharing effect on the existing supporting piles, and better cooperativity is achieved with an increased excavation depth. The turning point of the bending moment from negative to positive focuses at a pile position of 15–25 cm. In addition, the peak of the positive bending moment is still much smaller than its negative counterpart at the end of the additional excavation. At the same time, the positive bending moment appears in the lower part of the pile and gradually increases with excavation. The reason for this is that the soil in the active area differentiated from the soil between the rows is insufficient to embed the existing support piles, and the slip surface development of the soil between the rows induces a large displacement of the existing support piles, leading to the instability of the existing support piles. Under the combined action of the slip soil outside the deep excavation and the compressed soil above the row, a positive bending moment at the lower part of the pile is generated. In addition, the corresponding peak value of the bending moment is small when the spacing between piles is large, because the increased soil thickness between the piles enhances the back pressure on the existing support piles, such that the force of the existing support piles is stable.



Compared with Figure 8a–e, the deformation of the bending moment of group T8’s single row piles is in the shape of a ‘drum belly’, which has the characteristic that the positive bending moment disappears and the negative bending moment increases rapidly with excavation. In addition, the bending moment of the final collapse is 62.5% larger than the maximum value of the existing piles in the double-row pile support system. It is important to focus on the value of the additional excavation depths at failure, which for the single row is 20 cm and for the back row is 80 cm.



Figure 9a shows the relationship between the pile top displacement of the additional support piles and the excavation depth. Note that the pile top displacement is proportional to the excavation depth, and the growth rate of the pile top displacement increases with the development of the excavation. Meanwhile, the pile top displacement of the formal test group is smaller than that of the control group T7, indicating that the h-type double-row pile retaining system has a promoting effect on the deformation and displacement control of the additional support piles. With increased pile spacing, the pile top displacement first decreases and then increases, depending on the influence of the soil state. Moreover, the pile spacing of 10d seems to be the turning point beyond which the soil state is altered. In the process of changing the pile spacing from 4d to 12d, the displacement of the existing support piles’ top first decreases and then increases.



Figure 9b shows the relationship between the pile top displacement of the existing support piles and the excavation depth. Observe that the pile top displacement of the control group T8 is significantly larger than that of the formal test group; that is, the system also promotes deformation control of the existing support piles. In addition, note from Figure 9a,b that the interaction effect of existing additional double-row piles observably improves the overall stability of the retaining structure. The pile top displacement of the existing support piles decreases with the increase in row spacing, which is due to increased soil back pressure between the rows, improving the embedded effect of the pile; furthermore, the influence of deep excavation on its disturbance is tiny because it is far from the test excavation. Meanwhile, a comparison between the two figures shows that there is no clear difference in the displacement of the top of the two piles in the early stage. The displacement of the pile top increases significantly after the additional excavation reaches 40 cm, and the displacement growth rate of the existing support pile is greater than that of the additional support pile.




3.2. Influencing Effect of Pile Length Ratio


Figure 10 shows the bending moment comparison of the additional support piles under different additional excavation conditions in the N1–N4 tests. First, in the process of decreasing the pile length ratio (L2/L1), the overall stability of the support system continues to weaken, and the maximum practicable excavation depth of the system even decreases to 40 cm in the N4 test. Shortening the additional support piles is generally harmful to the embedded effect and weakens the overall stability of the support system. Second, at the same additional excavation stage, the peak value of the negative bending moment gradually decreases and shows an accelerated decreasing trend with decreased pile length ratio.




3.3. Influencing Effect of Pile-Head Constraint


Figure 11 shows the bending moment variation of additional support piles with pile top constraints. By comparing Figure 11a with Figure 10b, observe that the negative bending moment peak of N5 decreases as a whole, and the positive bending moment’s region and peak expand sharply. Meanwhile, almost all negative bending moments of N6 evolve into positive bending moments by comparing Figure 11b with Figure 10d. Thus, it can be concluded that the existence of a pile top constraint will make the negative bending moment area and peak value of the additional support piles decrease as a whole, evolving into a positive bending moment.



Figure 12 is the bending moment variation of existing support piles with pile top constraints. Comparison of a,c and b,d in Figure 12 indicates that the state of the whole support system is more stable after increasing the pile top constraint, which shows that the bending moment changes in each adjacent stage in the process of additional excavation and are smaller. The specific reason for this is that the pile top constraint plays the role of force transmission between two rows of piles and improves the integrity of the support system.




3.4. Influencing Effect of Service Foundation Pile


Figure 13a indicates that there is no significant difference in the maximum bending moment between the two groups of tests when the excavation depth is small. The two groups of tests show a clear differentiation after the excavation reaches 50 cm; the peak of N2 begins to be greater than T2. In addition, the gap between the two increased with excavation depth. Figure 13b shows that, with progressing excavation, the displacement of the pile top increases gradually, while the displacement of the pile top in N2 is always less than in T2. In summary, the existence of the service foundation pile can increase the bending moment of the additional support piles and reduce the displacement of the pile top.




3.5. Validity Research


Based on the previous model tests, a PLAXIS finite element calculation model is developed and the reasonableness of the results of the model tests is discussed. In which the present structural model takes the small strain soil hardening model, the soil parameters are shown in Table 4 and the basic model of the test is referred to the setup of the N2 test in the model test. The effect of the soil outside the right side of the pit was not considered and an additional 60 cm of excavation was selected as the data collection and analysis stage. The final reduction coefficient of the stability of the h-type double-row pile-supported structure in this section is the ratio of the soil strength to the soil strength when the numerical calculation process is not convergent. It is defined as the safety factor ΣMsf, which can be regarded as the safety factor Fs of deep excavation stability.



The characteristics of the bending moment curves of the finite element model for each additional excavation stage are more or less the same as compared with the measured data, as can be seen in Figure 14a. Secondly, as can be seen from Figure 14b, the peak bending moment variation trends are the same for both phases, and the difference at the maximum moment differentiation does not exceed 15%, so it can be considered that this finite element model and the N2 test situation are basically in line with each other, and it also verifies the reasonableness of the model test results.




3.6. Safety and Stability Analysis


Based on the finite element model, the strength reduction analysis is carried out at the stages of 40 cm and 60 cm excavation. The displacement of the pile top changes with the safety factor, as shown in Figure 15. According to the previous definition, the safety factors of the two excavation stages are Fs = 1.455 and Fs = 1.039, respectively. At the same time, it can be seen from the diagram that the displacement of the top of the existing support piles is greater than that of the additional support piles, which is in line with the actual model test. In Figure 15, the acceleration position of curve growth is defined as the displacement mutation, and the increment of ΣMsf is defined as the displacement mutation position to the calculation non-convergence position. This increment area can be regarded as the sensitive area of the retaining system for soil strength. It is easy to obtain that the sensitive areas in Figure 15a and Figure 15b are 0.1 and 0.01 respectively.




3.7. Discussion


In general, increasing the pile spacing within a certain range can increase the positive bending moment of the upper part of the additional support piles and decrease the negative bending moment of the lower part, such that the bending moment distribution of the pile is more reasonable and the stress state of the pile is optimized. Meanwhile, the mechanism of loading transfers from the existing piles to additional piles through inter-row soil does exist in a double-row pile support system. The comparison of the single-row piles test groups with the double-row piles test groups in Figure 8 implies that the front piles play an important bearing role in the double-row pile support system, which becomes more helpful after the failure of the back piles. Therefore, cooperation of the double-row piles support system can be reasonably applied through the transfer path of force of pile–row–pile in the test, such that the double-row pile support system can continue to work until the additional excavation reaches 80 cm after the failure of the back-row piles, rather than the overall failure of the system when the additional excavation reaches just 20 cm, as in group T8. These characteristics are quite consistent with the phenomenon of the double-row pile test carried out by Yu et al., and verify the reliability of the conclusions of this test [44].



The pile spacing of 10d seems to be the turning point beyond which soil state is altered. In the process of changing the pile spacing from 4d to 10d, the existing support piles’ embedding effect is strengthened by the soil anti-pressure, and the force transmitted to the additional support piles by the inter-row soil is relatively reduced, which means that displacement of the pile top is reduced. At the same time, the soil in the active area increases with differentiation of the inter-row soil, and when the pile spacing increases to a turning point, the pile top displacement does not decrease, but instead increases (12d). This is different from the regular pattern of ordinary double-row piles studied by Tang et al. [12]. The displacement of the front-row piles’ top increases with the increase of the pile spacing in the ordinary double-row piles system, and there is no inflection point, which reflects the difference between the ordinary double-row piles system and the h-type double-row piles system. This inflection point phenomenon may be further studied in the future.



A comparison of the displacement of the existing and additional support piles’ top illustrates some of the principles. First, it is verified that the excavation of the 40 cm layer is a critical point in the test. Second, it can be preliminarily concluded that the existing support pile is in a state of dumping destruction, due to the weak pile length and embedded effect after the excavation depth reaches the bottom of the existing support pile. This phenomenon is completely different from the ordinary double-row piles support system [12]. When the ordinary double-row piles support system is excavated to about half of the height of the front-row piles, the front-row piles will be destroyed by tilting, and the whole system is forced by the back-row piles. When the h-type double-row piles support system is excavated to the bottom of the back-row, due to factors such as short pile length, the back-row piles are first in the state of dumping and destruction, and the front row piles are extruded through the soil between the rows.



As for pile length ratio, with the increase of the additional pile length, the overall embedded depth of the piles increases, and the embedded stability of the soil in the passive area of the pit on the additional support piles increases. Therefore, the development of the slip surface between the rows and the soil outside the pit is relatively slow, and the displacement of the support system in the whole direction of the pit decreases. Besides, in the double-row piles support system without pile top constraint, the deformation coordination between the double-row piles is completely realized by the inter-row soil. After the pile top constraint is arranged between the existing and additional double-row piles, the front and rear double-row piles are connected as a whole, eliminating the relatively independent state between the double-row piles, which will undoubtedly have a great influence on the overall stress and deformation state of the system. The mechanism for the changes arising from the presence or absence of service foundation piles is that the service foundation pile limit the displacement of the pile top, on the basis of hindering the horizontal displacement of the soil in the passive zone of the excavation via using the soil in the passive zone as the medium, which also leads to an increased maximum bending moment of the pile. Previous researchers have not conducted theoretical mechanistic discussions based on these parameters, and these discussions will hopefully provide some insight into subsequent studies.



Section 3.5 and Section 3.6 verify the rationality of the model test results, according to the numerical simulation. Among them, the strength reduction method is adopted to calculate the stability of the h-type double-row piles support system, which has smaller limitations than the traditional limit equilibrium method [45] and is more convenient for calculation. According to the change of safety factor in the two stages of excavation, it can be seen that the overall stability and safety of deep excavation decrease with the increase of excavation depth. According to the sensitive domain values of 0.1 and 0.01 in the diagram, it can also be found that with the increase of excavation depth, the safety and stability of deep excavation decreases, which is then easily damaged by external interference.





4. Conclusions


This paper reports a series of parameter-related parallel tests conducted in a large-scale test chamber to better understand the influence of key parameters on the h-type double-row pile support system. The findings are summarized as follows:




	
Increasing pile spacing within a certain range can increase the positive bending moment of the upper part of the additional support piles and decrease the negative bending moment of the lower part, such that the bending moment distribution of the pile is more reasonable, and the stress state of the pile is optimized. When the spacing between piles is large, the increase in soil thickness between piles enhances the back pressure on the existing support piles, such that the force of the existing support piles is stable. In addition, the front piles play an important bearing role in the double-row pile support system, which is more helpful after failure of the back piles;



	
The additional excavation of the 40 cm layer is a critical point in the test. It can be preliminarily concluded that the existing support pile is in a state of dumping destruction after the additional excavation depth reaches the bottom of the existing support pile (40 cm). In addition, the pile top displacement is proportional to the excavation depth, and the growth rate of the pile top displacement increases with increasing excavation. Meanwhile, the interaction effect of the h-type double-row pile support system can significantly improve the overall stability of the retaining structure, which can promote the deformation and displacement control of the additional and existing support piles. Moreover, it is verified that row spacing of 10d appears to be the turning point beyond which the soil state is altered;



	
In the process of decreasing the pile length ratio (L2/L1), the overall stability of the support system continues to weaken. It can be concluded that the existence of a pile top constraint will make the negative bending moment area and the peak value of the additional support piles decrease as a whole, evolving into a positive bending moment. In addition, it is observed that the state of the whole support system is more stable after increasing the pile top constraint. The existence of the service foundation pile can increase the bending moment of the additional support piles and reduce displacement of the pile top;



	
The study verified the rationality of the model test results according to the numerical simulation and calculated the stability of the double-row piles support system. It can be seen that the overall stability and safety of deep excavation decrease with the increase of excavation depth, which is easily damaged by external interference;



	
The influence of service foundation piles on the double-row pile support system is related to many factors, including the number of foundation piles, layout of foundation piles, size design of foundation piles, distance between foundation piles and retaining wall, and the load on the pile top. Currently, research on the influencing effect of parameter adjustments is lacking, and more work needs to be carried out on this topic. Research work based on this issue is, in our opinion, a worthwhile direction.












Author Contributions


Conceptualization, F.Y.; Data curation, Y.X., X.W. and Z.W.; Formal analysis, Y.X. and X.W.; Funding acquisition, F.Y.; Methodology, F.Y.; Software, Y.X.; Writing—original draft, Y.X.; Writing—review and editing, F.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research is fully supported by the National Natural Science Foundation of China (Grant No. 52178365).




Acknowledgments


The authors thank the reviewers for their kind suggestions. We thank LetPub (www.letpub.com (accessed on 8 April 2022)) for its linguistic assistance during the preparation of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shanghai Housing and Urban-Rural Construction Management Committee. The Code for the Conversion and Extension of Existing Underground Buildings in Shanghai; Shanghai Housing and Urban-Rural Construction Management Committee: Shanghai, China, 2017. (In Chinese)

	



Ooi, P.S.K.; Chang, B.K.F.; Wang, S.H. Simplified lateral load analyses of fixed-head piles and pile groups. J. Geotech. Geoenviron. Eng. 2004, 130, 1140–1151. [Google Scholar] [CrossRef]

	



Masatoshi, M. Lateral behavior of a double sheet pile wall structure. Soils Found. 1974, 14, 45–59. [Google Scholar] [CrossRef]

	



Zheng, X.; Zhu, W.X.; Zhou, Y.J. Model tests study on deformation mechanism of double-row-piles wall. J. Build. Struct. 2018, 48, 763–767. (In Chinese) [Google Scholar]

	



Han, X.S.; Ren, D.; Li, J.H.; Feng, L.M. Application of self-sustaining double-row piles in bracing of foundation pits of underground parking garages. J. Geotech. Eng. 2010, 32, 275–279. (In Chinese) [Google Scholar]

	



Lian, F.; Liu, Z.; Fu, J.; Gong, X.; Li, X.; Gong, X. Case study of double-row-pile wall. J. Geotech. Eng. 2014, 36, 127–131. (In Chinese) [Google Scholar]

	



Taiyari, F.; Kharghani, M.; Hajihassani, M. Optimal design of pile wall retaining system during deep excavation using swarm intelligence technique. Structures 2020, 28, 1991–1999. [Google Scholar] [CrossRef]

	



Ayasrah, M.; Qiu, H.; Zhang, X. Influence of Cairo Metro Tunnel Excavation on Pile Deep Foundation of the Adjacent Underground Structures: Numerical Study. Symmetry 2021, 13, 426. [Google Scholar] [CrossRef]

	



Iwasaki, Y.; Watanabe, H.; Fukuda, M.; Hirata, A.; Hori, Y. Construction control for underpinning piles and their behavior during excavation. Géotechnique 1994, 44, 681–689. [Google Scholar] [CrossRef]

	



Poulos, H.G.; Chen, L.T. Pile response due to excavation-induced lateral soil movement. J. Geotech. Geoenviron. Eng. 1997, 123, 94–99. [Google Scholar] [CrossRef]

	



Yu, F.; Liu, N.W.; Fang, K. Excavation-induced behavior of a retaining structure using double-rowed micropiles in soft clay. J. Rock Mech. Eng. 2013, 32, 4139–4148. (In Chinese) [Google Scholar]

	



Tang, D.Q.; Yu, F.; Chen, Y.T.; Liu, N.W. Model excavation tests on double layered retaining structure composed of existing and supplementary soldier piles. J. Rock Soil Mech. 2019, 40, 1–10. (In Chinese) [Google Scholar]

	



Yang, K.H.; Liu, C.N. Finite element analysis of earth pressure for narrow retaining walls. J. GeoEng. 2007, 2, 43–52. [Google Scholar] [CrossRef]

	



Fan, C.C.; Fang, Y.S. Numerical solution of active earth pressures on rigid retaining walls built near rock faces. Comput. Geotech. 2010, 37, 1023–1029. [Google Scholar] [CrossRef]

	



Jaccaz, S.L.; De Matos, Y.M.P.; Monteiro, F.F.; Cunha, R.P.; Ruge, J.C.; Gassler, G. Evaluation of analytical and numerical techniques to simulate curtain pile walls in a tropical soil of the federal district of Brazil. Geotech. Eng. 2020, 51, 30–38. [Google Scholar]

	



Brouthen, A.; Houhou, M.N.; Damians, I.P. Numerical Study of the Influence of the Interaction Distance, the Polymeric Strips Pre-Tensioning, and the Soil–Polymeric Interaction on the Performance of Back-to-Back Reinforced Soil Walls. Infrastructures 2022, 7, 22. [Google Scholar] [CrossRef]

	



Singh, A.P.; Chatterjee, K. Ground Settlement and Deflection Response of Cantilever Sheet Pile Wall Subjected to Surcharge Loading. Indian Geotech. J. 2020, 50, 540–549. [Google Scholar] [CrossRef]

	



Liu, Q.S.; Fu, J.J. Research on model and parameters of double-row piles based on effect of pile-soil contact. J. Rock Soil Mech. 2011, 32, 481–494. (In Chinese) [Google Scholar]

	



Fang, C.F.; Chu, Z.H. Calculation and analysis of double-row piles support structure in deep excavation of limited soil. J. Geotech. Eng. Tech. 2014, 28, 100–105. (In Chinese) [Google Scholar]

	



Issa, U.; Saeed, F.; Miky, Y.; Alqurashi, M.; Osman, E. Hybrid AHP-Fuzzy TOPSIS Approach for Selecting Deep Excavation Support System. Buildings 2022, 12, 295. [Google Scholar] [CrossRef]

	



Oliveira, F.; Fernandes, I. Influence of geotechnical works on neighboring structures. In Proceedings of the 17th International Multidisciplinary Scientific GeoConference: SGEM, Vienna, Austria, 27–29 November 2017; Volume 12, pp. 993–1001. [Google Scholar] [CrossRef]

	



Sainea-Vargas, C.J.; Torres-Suárez, M.C. Damage probability assessment for adjoining buildings to deep excavations in soft soils. J. Geotech. Eng. 2020, 14, 793–808. [Google Scholar] [CrossRef]

	



Aswathy, M.S.; Vinoth, M.; Mittal, A.; Behera, S. Prediction of Surface Settlement Due to Deep Excavation in Indo-Gangetic Plain: A Case Study. Indian Geotech. J. 2020, 50, 620–633. [Google Scholar] [CrossRef]

	



Mitew-Czajewska, M. FEM modelling of deep excavation—Parametric study, Hypoplastic Clay model verification. Matec Web Conf. 2017, 117, 00121. [Google Scholar] [CrossRef]

	



Szabowicz, H.; Żyrek, T. Strutting systems for deep excavations—Technical challenges. IOP Conf. Ser. Mat. Sci. Eng. 2018, 365, 042066. [Google Scholar] [CrossRef]

	



Dmochowski, G.; Szolomicki, J. Technical and Structural Problems Related to the Interaction between a Deep Excavation and Adjacent Existing Buildings. Appl. Sci. 2021, 11, 481. [Google Scholar] [CrossRef]

	



Mitew-Czajewska, M. A study of displacements of structures in the vicinity of deep excavation. Arch. Civ. Mech. Eng. 2019, 19, 547–556. [Google Scholar] [CrossRef]

	



Bryson, L.S.; Zapata-Medina, D.G. Method for estimating system stiffness for excavation support walls. J. Geotech. Geoenviron. Eng. 2012, 138, 1104–1115. [Google Scholar] [CrossRef]

	



Fourie, A.B.; Potts, D.M. Comparison of finite element and limiting equilibrium analyses for an embedded cantilever retaining wall. Géotechnique 1989, 39, 175–188. [Google Scholar] [CrossRef]

	



Lam, S.Y.; Haigh, S.K.; Elshafie, M.Z.E.B.; Bolton, M.D. A new apparatus for modelling excavations. Int. J. Phys. Model. Geotech. 2012, 12, 24–38. [Google Scholar] [CrossRef]

	



Leung, C.F.; Chow, Y.K.; Shen, R.F. Behavior of pile subject to excavation-induced soil movement. J. Geotech. Geoenviron. Eng. 2000, 126, 947–954. [Google Scholar] [CrossRef]

	



Ooi, P.S.K.; Ramsey, T.L. Curvature and bending moments from inclinometer data. Int. J. Geomech. 2003, 3, 64–74. [Google Scholar] [CrossRef]

	



Wyjadłowski, M.; Kozubal, J.; Damsz, W. The Historical Earthworks of the Warsaw Citadel. Sustainability 2020, 12, 7695. [Google Scholar] [CrossRef]

	



Popielski, P.; Kasprzak, A.; Bednarz, B. Using Thermal Monitoring and Fibre Optic Measurements to Verify Numerical Models, Soil Parameters and to Determine the Impact of the Implemented Investment on Neighbouring Structures. Sustainability 2022, 14, 4050. [Google Scholar] [CrossRef]

	



Bose, S.K.; Som, N.N. Parametric study of a braced cut by finite element method. Comput. Geotech. 1998, 22, 91–107. [Google Scholar] [CrossRef]

	



On, C.Y.; Chou, D.C.; Wu, T.S. Three-dimensional finite element analysis of deep excavations. J. Geotech. Eng. 1996, 122, 337–345. [Google Scholar] [CrossRef]

	



Liu, J.; Zheng, G.; Nie, D.Q. Parameter analysis on deformation of multi-stage support structure of deep excavation in Tianjin soft soil area. J. Shijiazhuang Tiedao Univ. (Nat. Sci. Ed.) 2018, 31, 47–54. (In Chinese) [Google Scholar]

	



Ren, W.D.; Zhang, X.T.; Zhang, D.M.; Li, Y.L.; Zhang, L.; Sun, Y.S.; Zheng, G. Failure mode and stability parameters analysis of multilevel support for deep excavation. J. Geotech. Eng. 2013, 35, 919–922. (In Chinese) [Google Scholar]

	



Bolton, M.D.; Powrie, W. The collapse of diaphragm walls retaining clay. Géotechnique 1987, 37, 335–353. [Google Scholar] [CrossRef]

	



Moormann, C. Analysis of wall and ground movements due to deep excavations in soft soil based on a new worldwide database. Soils Found. 2004, 44, 87–98. [Google Scholar] [CrossRef]

	



Osman, A.S.; Bolton, M.D. A new design method for retaining walls in clay. Can. Geotech. J. 2004, 41, 451–466. [Google Scholar] [CrossRef]

	



Zhejiang Urban Construction and Architectural Design Institute. Design Paper of Zhejiang Hotel Expansion Project; Zhejiang Urban Construction and Architectural Design Institute: Hangzhou, China, 1996. (In Chinese) [Google Scholar]

	



Li, D.P.; Tang, D.G.; Yan, F.G.; Huang, M. Mechanics of deep excavation’s spatial effect and soil pressure calculation method considering its influence. J. Zhejiang Univ. (Eng. Sci.) 2014, 48, 1632–1639. (In Chinese) [Google Scholar]

	



Yu, F.; Xie, Z.B.; Duan, N.; Liu, N.W.; Shan, H.F. Performance of double-row piles retaining excavation beneath existing underground space. Int. J. Phys. Model. Geotech. 2019, 19, 167–180. [Google Scholar] [CrossRef]

	



Ghadrdan, M.; Shaghaghi, T.; Tolooiyan, A. Sensitivity of the stability assessment of a deep excavation to the material characterisations and analysis methods. Geomech. Geophys. Geo-Energy Geo-Resour. 2020, 6, 59. [Google Scholar] [CrossRef]








[image: Buildings 12 00635 g001 550] 





Figure 1. The schematic diagram of h-type double-row pile-supported structure. 
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Figure 2. Main test instruments and devices. 
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Figure 3. (a) Point layout diagram of strain gauges; (b) plane layout of pile positions. 
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Figure 4. Section drawing of pile position layout. 
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Figure 5. Schematic diagram of testing procedure. 
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Figure 6. Chamber diagram for investigating the effect of service foundation piles: (a) plane graph; (b) section drawing. 
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Figure 7. Bending moment of additional support piles: (a) group T1; (b) group T2; (c) group T3; (d) group T4; (e) group T5; (f) group T7. 
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Figure 8. Bending moment of existing support piles: (a) group T1; (b) group T2; (c) group T3; (d) group T4; (e) group T5; (f) group T8. 
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Figure 9. Displacement of pile top: (a) additional support piles; (b) existing support piles. 
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Figure 10. Bending moment of additional support piles under different ratios of pile length: (a) group N1; (b) group N2; (c) group N3; (d) group N4. 
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Figure 11. Bending moment of additional support piles: (a) group N5; (b) group N6. 
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Figure 12. Bending moment of existing support piles: (a) group N2; (b) group N4; (c) group N5; (d) group N6. 
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Figure 13. Comparison between maximum bending moment and displacement of pile top of N2–T2 additional support piles: (a) maximum bending moment; (b) displacement of pile top. 
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Figure 14. (a) Finite element bending moment diagram for additional support piles; (b) Finite element—N2 maximum bending moment comparison diagram. 
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Figure 15. Factor of safety—displacement of pile top diagram: (a) additional excavation 40 cm; (b) additional excavation 60 cm. 
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Table 1. Measured values of soil parameters.
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	Description

/
	Unit Weight

ρ: g/cm3
	Water Content

ω: %
	Cohesion

c: kPa
	Friction Angle

Φ: deg





	Silt
	15.8
	5
	2
	24
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Table 2. Test scheme (taking pile spacing as parameter) (unit: cm).
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	Number
	L1
	L2
	h
	D
	Existing Excavation
	Additional Excavation





	T1
	65
	105
	20
	4d
	20
	10 × n



	T2
	65
	105
	20
	6d
	20
	10 × n



	T3
	65
	105
	20
	8d
	20
	10 × n



	T4
	65
	105
	20
	10d
	20
	10 × n



	T5
	65
	105
	20
	12d
	20
	10 × n



	T6
	65
	105
	20
	4d
	20
	10 × n



	T7
	0
	105
	/
	/
	0
	10 × n



	T8
	65
	0
	/
	/
	20
	10 × n
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Table 3. Test scheme (other parameters). (unit: cm).
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	Number
	L1
	L2
	h
	D
	P(N)
	Pile Top Constraint
	Existing Excavation
	Additional Excavation





	N1
	65
	125
	20
	6d
	240
	NO
	20
	10 × n



	N2
	65
	105
	20
	6d
	240
	NO
	20
	10 × n



	N3
	65
	85
	20
	6d
	240
	NO
	20
	10 × n



	N4
	65
	65
	20
	6d
	240
	NO
	20
	10 × n



	N5
	65
	105
	20
	6d
	240
	YES
	20
	10 × n



	N6
	65
	65
	20
	6d
	240
	YES
	20
	10 × n
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Table 4. Soil parameter values of finite element.
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	Parameter
	γunsat
	E50ref
	Eoedref
	Eurref
	C
	φ
	γ0.7
	G0ref
	Rinter





	Value
	15.8
	6000
	3000
	18 × 103
	2
	24
	1 × 10−3
	54 × 103
	0.7
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Data transmission lines Loaded support beam

Electro-hydraulic servo Pile top displacement
structure loading system measurement system

.,g') i e L 00 _





media/file30.png
Pile position/cm

100

80

60

40

20

Bending moment/(N-mm)
-5000 -4000 -3000 -2000 -1000

I ' I ' I ' I ' I '
Additional excavation
—#— () cm
—&—10cm
—4—20 cm
—¥—30 cm
40 cm
—<4—50 cm
60 cm

Maximum bending moment/(N-mm)

-2000

-4000

-6000

-8000

-10000
0

—&— Finite element
—0— N2

10 20 30 40 50 60 70
Depth of additional excavation/cm

(b)






media/file18.png
Displacement of pile top/mm

[ep)
o

()]
o

o
()

w
o

)
o

—
<o

70 I
S0 | I Initial st
| nitial stage
+Zj < 50 | 4d
*3 Additional [—*—6d
= 10 F excavation ¥—28d
e
o
Z stage
QU 30
&
S
& 20|
Q.
A
A 10
1 1

M [ O
20 30 40 50 60 70 0 2000 10 20 30 40 50 60 70

Excavation depth/cm Excavation depth/cm

(a) (b)





media/file26.png
Bending moment/(N-mm) Bending moment/ (N-mm)

=500 =400 =300 =200 -100 0 100 =500 =400 =300 =200 -100 0 100
60 ' 1 1 ' 1 ' 1 ' ' 1 60 ' 1 ' 1 ' 1 v 1 v 4 v 1
| Additional excavation A " |Additional excavation z
50 | @10 em—4=50cm 50 | —8—10 cm —¥—30 cm
—h— 20 cm 60 cm A 20 cm 40 em
- —%—30 cmn—®—70 cm ' ¢
g 40 F 40 em ' g 10k
g (o '
Q S
7 30 F 30
@] @]
o, o,
= =
= 20 | = 20 |
10r Initial excavation 1or Initial excavation
[ =20 cm [ —®—20cm
0 0
(a) (b)
Bendlng moment/ (N-mm) Bendlng moment/(Nmm)
-500  —-400  -300  -200  -100 0 100 -500  -400  -300  -200  -100 0 100
60 T T T T T T T T T T T T T T T T I r I r T T
Additional excavation Additional excavation
50 | —@®—10 cm —<4—50 cm 50 b [—®@—10cm 40 cm
| +20 cm 60 cm 4 | +20 cm —<€— 50 cm s
£ 0k ——30 cm =—®—70 cm £ 40k —¥—30 cm (
< 40 cm 2
c X o
S S
—
a 30 | '%’ 30 F
: - :
2 \ )
E 20 B \ i 20 -
10 | \ 10F —
Initial excavation \ Initial excavation
[ —#—20 cm —®—20cm
0 0

(c) (d)





media/file27.jpg
Excavation depthvem.

]
H
H
=
2 o

Excavation depthiem

(a) (b)





media/file3.jpg
Steel channel mobile platform

Electro-hydraulic servo || Pile top displacement
structure loading system measurement system






media/file22.png
Bending moment/N-mm
-4000 -3000 -2000 -1000 0

100C

80

Pile position/cm
>~ (@]
o o

[\]
(e}
T

Additional excavation

=10 cm —%¥—40 cm
—®—20 cm 50 cm
—A— 30 cm —€— 60 cm

(c)

e~
(e}

Pile position/cm
DO w
) )

Bending moment/(IN-mm)

400 0

400 800

Additional excavation
—l— 10 cm —#&— 30 cm
—&— 20 cn —¥—40 cm

(d)






media/file20.jpg
Bending moment/(N'mm)

e
g o
¥

(d)





media/file19.jpg
Bending moment/(N-mm) Bending moment/(N-mm)
Lot o o0 o w0 00 20 _0__ w0 0150000 500 G0 00 _0__1st0

@ (b)





media/file7.jpg
+

82.5em 135em s
height ditferen % Existing underground space
of Pile top
TLse0 ey Additional
Soil in active underground
area outside space
pit

| Soil in passive
F area of pit
Pilerow |
spacing D/ Interrow
/ soil
/
4

Existi tpil
SHnG SUPPOTEPIES A dditional support piles

120 em

\ *

\

Blank support piles

300 cm.

200 cm





media/file28.png
Maximum bending moment/(N-mm)

Excavation depth/cm

0 10 20 30 40 50 60 70 80 35
0 L T T T T T I N\

£ 30F —8—T2
&

2000 - =
®) 25
-—
2

~4000 |- 220
o
-,
5 15+

~6000 - %
& 10F
o,
A

8000 - A 5L

—a— N2
T2 0 . 1 1 1
~10000 0 10 20 30 40 50 60 70

Excavation depth/cm

(a) (b)





media/file10.png
Existing underground Existing underground Existing underground
space (20 cm) space (20 cm) space (20 cm)
L1 L1 L1
o c Additional =
g 3] underground 3]
o - o - space (10 xn cm) o
& L2 g L2 =
Existing support piles
Blank support piles
pportp Additional support piles

Formation of existing Laying of additional Additional underground

Step 1 underground spaces Step 2 support piles Step 3 excavation






media/file32.png
Displacement of pile top/mm

N
[

w2
ja)

[N}
ja)

—
]

1.355

—&— Existing support piles
—®— Additional support piles

/

Computational nonconvergence

Position of displacement catastrophe

1.455

Displacement of pile top/mm

[\\] w e [
o o o o

—
<o

To

1.029

—&— Existing support piles
[~ —®— Additional support piles

/
Computational nonconvergence

Position of displacement catastrophe

1.039

XM

(b)

.000 1.005 1.010 1.015 1.020 1.025 1.030 1.035 1.040






media/file14.png
Pile position/cm

Pile position/cm

100

80

60

40

20

100

80

60

40

20

Bending moment/(N-mm)

1500

—6000 —4500 —3000 —-1500 0
I 1 1 I '

Additional excavation
——0 cm 40 cm
—8— 10 cm —€—50 cm
—de—120 cm 60 cm
—¥—30 cm —®—70 cm

d
Bending moment/(N-mm)

—6000 —4500 —3000 —-1500 0
I I I I i

1500

Additional excavation

—— () cm —4—50 cm

—®— 10 cm 60 cm

—dbe— 20 cm —@— 70 cm

—¥—30 cm 80 cm
40 cm

(d)

Pile position/cm

Pile position/cm

100

80

60

40

20

100

80

60

40

20

Bending moment/(N-mm)

-6000 —4500 -3000 -1500
I I I I

1500

Additional excavation
—— (0 cmn —4—50 cm
—@®— 10 cm 60 cm
=120 cm = @70 cm
=30 cm 80 cm
40 cm

Bending moment/(N-mm)
-6000 -4500 -3000 -1500

0

1500

Additional excavation
—t— () cm —€—50 cm

—®— 10 cm 60 cm

e 20 ci = ®—70 cm

—¥—30 cm 80 cm
40 cm

.

7

|

(e)

Pile position/cm

Pile position/cm

100

40

100

80

60

40

20

Bending moment/(N-mm)

-6000 4500 -3000 —-1500 0
I I I 1 "

1500

Additional excavation

—8— (0 cm —4€—50 cm

—&®— 10 cm 60 cm

e 1() cm —®— 70 cm

=—¥—30 cm 80 cm
40 cmm

(c)

Bending moment/(N-mm)
-6000 —-4500 -3000 -1500 0

1500

Additional excavation
——0 cm 40 cm
—®— 10 cm —€—50 cm
== 120 cm 60 cm

%30 cmm —®—70 cm

(f)





media/file11.jpg
825em ,  1%Bem , 825am,

heshaped double-row pile support system ¥ |

Pilerow Blank support piles

spacing
D=6d

Existing
support”
piles

Additional
support T

beee Service piles

Electro-hydraulic servo.
structure loading system

(a)

2 piles

Loaded supportbeamn
h-shaped double-row | ‘ Vertical load P
pilesupportsysem ¢
g |/ Blectro hydrauic
\ Siovmbeom 11" ervo siracture
= | loading system
e _i *
B 11l
3 I !
[ g\ | g Blank
Iy 2 || suppont

o | Additional
P ke S
(b)





media/file6.png
65cm |lal—""|

5cm &

Strain gauges

\

105 cm

bottom

/

L
Additional support piles

—

(a)

65 cm

N

—

Existing support piles

a

825cm | 135 cm / 82.5 cm
1

@ Support piles with strain gauges N
O Blank support piles
E
Pile row
spacing D 7
Additional support piles
Existing support piles

(b)

7

135 cm 82.5 cm

82.5 cm





media/file15.jpg





nav.xhtml


  buildings-12-00635


  
    		
      buildings-12-00635
    


  




  





media/file16.png
Pile position/cm

Pile position/cm

Bending moment/(N-mm)

=700 -600 -500 -400 -300 -200 -100 0 100
60 — T T T T T T T T T T Ty T 1
Additional excavation
so L —&—10 cm 50 cm
—¥—20 cm —®—60 cm
[ 30 cm 70 cm
40 I —4—40 cm
30 F
20
10 Initial excavation
—— () cn —®—20 cm
~
\\
0
(a)
Bending moment/(N-mm)
-700 600 500 —400 -300 -200 -100 0 100
60 v 1 ' 1 v 1 ' 1 ' 1 v 1 ' e v 1
L |Additional excavation 1
50 F 10 cm 50 cm
—%—20 cm —®—60 cm
30 cm 70 cm
0T —€—410 m 80 cm
30F
20 I
10 F [Initial excavation
| —8—(0cm —®—20cm
0

(d)

Pile position/cm

Pile position/cm

o0

o
(]

L
<O

]
<O

10

o0

40

30

Bending moment/(N-mm)

~700 -600 -500 -400 -300
60 —T——T———T——T—

-100 0

-700 -600 -500 -400 -300 -200 -100 0 100
60 " 1 " 1 ' I " 1 ' ' 1 " o 1

L |Additional excavation

—de—10 cm 50 cm

—¥—20 cm —®—60 cm
- 30 cm 70 cm
- |—€—40 cm 80 cm
- |Initial excavation
| |—8—0cm —®—20cm \

(b)
Bending moment/(IN-mm)

100
' I

L |Additional excavation

| —¥—20cm —®—60 cm

—A— 10 cm 50 cm

30 cm
—€— 40 cm

70 cm
80 cm

| |——(0 cm —®&—20 cm‘

Initial excavation

T

(e)

Pile position/cm

Pile position/cm

N
[ww]

Lo
(e

Do
(]

o0

40

30

Bending moment/(N-mm)

~700 -600 -500 -400 -300 ~-200
60 ——T1— —— : -

-100
—

100

700 -600 -500 —-400 -300 -200 -—100 0 100
60 — T T T T T T T T T ¢ T

L |Additional excavation
| —#&—10 cm 50 cm

—¥—20 cm —®— 60 cm
' 30 cm 70 cm
- —4—40 cm 80 cm
| |Initial excavation

—&— (0 cm —®—20cm

N\
(c)
Bending moment/(N-mm)
0

" |Additional excavation
- 10 cm =—%=—20 cm

| (Initial excavation
0 cm —@—20 cm

(f)






media/file2.png
constraint Upper building

of the load
pile top\ l l l l l
S & - | +|Existing
: . |“lunderground space
Existing en-BEEEE il G At
‘ ‘| Additional
;11112 Eort a under§round space

Additional . F

support .
piles

1 || service
h-type double-row .\ -] foundation pile
pile-supported structure






media/file23.jpg
e position/cm

=

Bending moment/(N-mm)

w0 a0 o000 00

Bending mor

ment/N-mm

it S0cn|
o2ttt
s ven]
m—y

Pile position/em

Tradomaremvatin]

Pz
s
[m——
Bsom

(a)

(b)





media/file5.jpg
(a)

25 15em 25

@ Support piles with stain gauges Nn
© Blank support piles [
Pile v
spacing D

[TT——

Exiting supportpils

(b)

e 5am

s25em





media/file24.png
Pile position/cm

Bending moment/(N-mm) Bending moment/N-mm

-9000 -7500 -6000 -4500 -3000 -1500 0 1500 -400 0 400 800 1200
T T T T T T 60 T T T g T g
Additional excavation
| —#—10cm 50 cm 50 [
—®— 20 cm —4—60 cm
—d— 30 cm 70 cm 10 b
| |[=—%—40 cm

Pile position/cm
=
I

B Additional excavation
20 —#— 10 cm
—@—20 cm
N 30 cm
1or —¥—40 cm
50 cm
0

(a) (b)





media/file29.jpg
Bending moment(N-mn)

Depthofaddtonl excvatonen

(a) (b)






media/file1.jpg
constraint Upper building
of the load
pile top\‘ l
\ Wl
L S e
4 \ | Existing
1) 5 undergrLound space
E\T;)S[:g‘r% - Additional
=
pils  H|| B oaergtound space
Additional E
support /\// "
piles
L i /| service
h-type double-row ; | foundation pile
pile-supported structure i






media/file31.jpg
¥ s s

Displacement of pile top/mm

e g appont i
o Nt sppor e

T

Computationsi ponconvrginee

T

Positionof displacement caagtrophe |

Posiion o diplscment csoph

Displacement o ple toplmm

Lo 1005 010 1085 110 102 1.0 1,035 100
™,

(b)





media/file25.jpg
Bending moment/(N-mm)

Bending moment/ (Nemm)

e e
1

o toem——s0cn)

(a)
Bending moment/ (Nemm)

(b)
Bending moment/(N-mim)
w0 D

o

TTEp——
50| 8= 10 cm—t—s0cn

a2 ——stem
o 30m—e— 0
e

[Rddiions xcavation
B 10em—4—s0cn)
20—t s0

r——

(<)






media/file12.png
1

825cm | 135 cm , 825cm
h-shaped double-row pile support system é
Pile row Blank support piles | -
spacing o
D=6d T~
¢ ¢ | Pilebearing |
Existing /‘g § p1a4t0fgnrm
support” | § S 7 =
pils £+ °
RS 3
Additional § § \ |
s1.1pport Service piles
piles

Electro-hydraulic servo
structure loading system

(a)

82.5 cm

Loaded support beam

h-shaped double-row
pile support system

Crown beam
joint

U

J Vertical load P

Electro-hydraulic
servo structure
— loading system

C R e e

NG T

! & & Blank

— )

- o S S sqpport
Soil ~ —| piles
outside ol
the - S
foundation Additional
pit . " excavation

Service piles (. .fa00

)’

(b)






media/file9.jpg
o

Addtont ppon il

Lyingof aidionst
sp2 T

e

e

et
==






media/file0.png





media/file8.png
82.5 cm

] 82.5 cm , 135 cm y ¥
1 i
height dif ferenc% | Ex1ftmg underground space g
of Pile top T
L1=60 cm 1.2 Additional -
Soil in active underground s &
area outside / ~/ space B
: C\I
pit L =
Soil in passive
area of pit
Pile row { i \g
spacing D/ Interrow
soil
o . Blank support piles
Existing support piles » ,
Additional support piles

300 cm

200 cm





media/file17.jpg
Initialstoge.

__<__<__\ -

Displacement ofpie top/mm

Excavation deptivem Excavation depthiem

(a) (b)





media/file21.png
Pile position/cm

-14000 -12000 -10000 -8000
120 T

100

80

60

40

20

Bending moment/(N-mm)

-6000

-4000

-2000

0

2000

Additional excavation
~—— 10 cm 50 cm
—8®— 20 cm —4€—60 cm
—&—30 cm 70 cm
—¥—40 cm

A;‘{
a1

(a)

Pile position/cm

80

60

40

20

=-9000

Bending moment/(N-mm)

7500 -6000 -4500

=3000

—-1500

0

1500

Additional excavation

—— 10 cm 50 cm
—®— 20 cm —4— 60 cm
—A—30 cm 70 cm

—¥—40 cm

7

(b)





