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Abstract

:

Retaining pile structure is commonly utilized in excavation maintenance design. In recent years, the long-short combined retaining piles have received more and more attention. According to the actual deep excavation engineering, the working mechanism of the long-short, long-double-short, and long-triple-short combined retaining piles was tested in the field. Based on the field test parameters, the finite element model of the test area was established and the simulation results were verified, and the effects of short pile length and pile spacing on bending moment, horizontal displacement of piles, surface settlement, and excavation bottom heave were further investigated. The results show that the bending moment of the long pile is larger than the short pile. The bending moment of the long pile and short pile increases gradually with the increase in the number of short piles. When the combination changes from combination 1 to 3, the peak moment of the long pile and short pile increases by 15.8% and 15.2%, respectively. The maximum displacement is near the pile top, combination 3 has the largest horizontal displacement, and the peak displacement of the long pile and the short pile is 17.21 mm and 17.87 mm, respectively, but almost no effect exists on the horizontal displacement below the excavation bottom. In addition, reducing short pile length and increasing pile spacing will increase bending moment and horizontal displacement of the long and short piles to a certain extent, and this phenomenon is mainly concentrated above the excavation bottom, the influence of short pile length and pile spacing on surface settlement and excavation bottom heave can be ignored.
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1. Introduction


For the past few decades, with the development of urbanization, a large amount of land has been occupied due to the continuous expansion of the region in the process of urbanization construction, and the number and scale of excavation and tunnel engineering have also increased, especially the increase of deep excavation engineering [1,2], and the supporting method of excavation is constantly showing new changes [3,4,5]. Furthermore, the efficient application and treatment of soil have become an important goal of social sustainable development. Hence, how to design an economic and safe deep excavation supporting system is one of the main challenges encountered in engineering practice [6,7].



In the existing retaining structure of excavation, many retaining methods have been developed according to different excavation conditions, such as diaphragm wall [8,9,10,11,12], soil nailing retaining wall [13,14,15], and piles with bracing [16,17]. In urban soft soil base area, pile support system is widely used because of its good control effect on the displacement caused by excavation, and the influence of excavation on adjacent buildings or subway is acceptable. As a significant foundation pattern, piles have been widely used in geotechnical engineering, and a large number of scholars have studied the deformation of piles [18,19], earth pressure [20], horizontal mechanical properties of piles [21,22,23], and pile–soil interaction [24,25].



With the application of piles with bracing structure in engineering support, many scholars and civil engineers have also analyzed the support effect of retaining pile. Based on long-strip excavation and square excavation, Cheng et al. [19] simulated the cantilever contiguous piles under partial failure by the explicit finite difference method (FDM), the results show that a partial collapse can cause sharp increases in the internal forces in adjacent intact piles through the horizontal arching effect. Cui et al. [26] presents a case study to investigate the behavior of a large-scale excavation supported by bored piles and inclined steel struts. Chen et al. [27] analyzed the pile-anchor supporting system based on an in situ deep excavation case, and results show that combination of non-prestressed anchor bolts and prestressed anchor cables can effectively save the cost while improving the safety factor of excavation. Zhang et al. [28] conducted a full-scale field experiment on the reinforcement of the high cutting-slopes with newly designed bored piles with retaining walls (BPRWs) along the Lhasa-Nyingchi Railway. They point out that the installed retaining walls cooperate with the bored piles so that the BPRWs overall resistance to bending and overturning is enhanced. It is worth noting that all the above-mentioned studies focused on the equal-length pile, i.e., the lengths of all the retaining piles are the same. Nevertheless, Leung et al. [29] pointed out that the maximum internal force at the bottom of the pile was only about 25% of that at the top of the pile, resulting in the strength of the material at the bottom of the pile could not be fully utilized. Zhang et al. [30] have shown that below the excavation face, the lower part of the retaining structure bears a small bending moment due to the reverse force of the passive earth pressure. It can be seen that the design method of equal-length pile does not make full use of the rules of soil quality condition and the interaction of pile and soil, resulting in engineering waste to a certain extent. Moreover, a considerable number of engineers have applied non-equal length piles as the foundation of buildings [31,32,33]. As a consequence, in the design of retaining pile structure of excavation, the pile length of some retaining piles can be shortened appropriately, and the combination of long-short piles is adopted as the retaining structure of excavation, which has attracted the attention and study of some scholars. Zheng and Cheng [34] investigated the deformation and mechanical properties of long-short cantilever piles in the process of foundation pit excavation through laboratory model tests, and revealed the cooperative working mechanism of long-short piles in the long and short pile retaining structure. Xu et al. [35] established a three-dimensional finite element model of the long and short pile supporting system and gave the calculation method of the long and short pile supporting system. Xu et al. [36] conducted indoor model experiments and finite element models to study the working performance of the long-short pile supporting system under different combinations. In the past, the majority of existing studies were based on model test and numerical investigation for the composite retaining structure of long-short piles, while the field working performance of long-short pile combinations is largely unknown. Hence, it is necessary to further study the composite maintenance structure of long and short piles.



For this purpose, the full-scale field experiments of three combinations of the long-short combined retaining piles were conducted based on the actual excavation engineering, and the further numerical investigation of the test area was performed using the finite element program. Using this approach, the effects of pile length and pile spacing on bending moment, horizontal displacement, ground settlement, and foundation uplift of the excavation bottom were analyzed. Finally, some meaningful conclusions are obtained. It is hoped that the present study can provide a certain reference significance for long-short piles composite retaining structures.




2. Field Test Configuration and Procedures


2.1. Field Test Site Engineering Overview


For the deep excavation of an engineering project located in Nanchang city, the plan layout of the proposed site takes on the shape of “L”, as shown in Figure 1. It includes two sites, i.e., B01 and B04, with a circumference of about 470 m and an area of about 5900 m2. The excavation depth of the B01 site and B04 site is 11.45 m and 10.85 m, respectively. In this project, bored piles with a diameter of 1.0 m and spacing of 1.2 m are used as the retaining structure, the ground water level for the excavation site is at −3.2 m. Figure 2 shows the design section and soil distribution of the excavation in the BO4 site.




2.2. Field Test Scheme Design


According to the excavation supporting design data, a test area is set at the retaining pile on the side of plot B04 considering the influence of the surrounding environment and construction conditions. There were 13 piles in the test area, which were arranged according to the combination form of long piles and short piles, i.e., long-short pile (combination 3), long-double-short pile (combination 3), and long-triple-short pile (combination 3). Six were selected as test piles, numbered as 46#, 47#, 49#, 51#, 54#, and 55#. Figure 3 and Figure 4 show the schematic layout and cross-section of piles in the test area, respectively.



A high-precision steel stress gauge (XY-GLJJ25B) and an inclinometer were used to measure the steel stress and the horizontal displacement of the pile. In the test, reinforcement stress gauges were installed on the corresponding longitudinal bars on both sides of the test pile (L side and W side), and inclined pipes were bound on the longitudinal bars on the W side of the test pile, as shown in Figure 5a. Additionally, Figure 6 shows the field installation and layout of the stress gauge and inclinometer tube. For the reinforcement stress collected in the test, the bending moment at any cross-section of the pile body can be approximated by Equation (1).


  M =    E c     E s    ×    I 0     d s    (  σ w  −  σ n  )  



(1)




where M is the bending moment of the pile; Ec is the elastic modulus of concrete; Es is the elastic modulus of steel bar; I0 is the moment of inertia of the whole section against the neutral axis; ds is the distance between two steel bars at the same section;    σ w    and    σ n    are the stress of steel bar outside and inside of retaining pile, respectively, and with a pull as positive and pressure as negative.





3. Test Results and Analysis


3.1. Bending Moment of the Pile under Different Excavation Depth


To understand the difference in the performance for the retaining structure in three kinds of combination, the bending moments of the piles at several different excavation depths are considered, as shown in the Figure 7. According to the figure, with the increase of excavation depth from 3.50 m to 10.85 m, the bending moment of the piles increases significantly, and the bending moment below the excavated surface decreases gradually with the increase of depth. Moreover, by comparing the contours in the Figure 7a–c, it can be found that the bending moments of long piles are only slightly greater than its counterpart of short pile at each excavation depth, when the excavation is carried out to the bottom, the maximum bending-moment of piles in the three combinations appears near the position 6.3 m from the pile top.



To further compare the deformation performance for the retaining structure in three kinds of combination, Figure 8 plots the variation curve of the bending moment with depth for the three kinds of combination. According to the figure, when the combination changes from combination 1 to 3, the peak bending moment of long pile increases from −550.3 kN·m to −637.35 kN·m. Moreover, the peak bending moment of short pile increases from −506.45 kN·m to −583.54 kN·m, and the peak moment of the long pile and short pile increases by 15.8% and 15.2%, respectively. Results from the analysis indicate that long piles bear more bending moment than short piles in the composite-retaining structure of long-short piles; the greater the number of short piles, the greater the peak bending moment of long piles and short piles in the system. It also can be seen that the increase of bending moment of long pile is greater than that of short pile when it changes from long-short pile combination to long-triple-short pile combination.




3.2. Horizontal Displacement of the Pile under Different Excavation Depth


Figure 9 shows the horizontal displacement of the piles under the three kinds of combination when the foundation pit was excavated to the bottom (as shown in Figure 10). The results show that the horizontal displacement of the pile above the excavation bottom is the most significant, and the variation trend of horizontal displacement under different combinations remains the same. Combination 3 has the largest horizontal displacement, and the peak displacement of the long pile and the short pile is 17.21 mm and 17.87 mm, respectively. Compared with combination 1, the peak displacements increased by only 9.6% and 7.9%, respectively. Furthermore, the horizontal displacement of piles under the excavation bottom has no obvious change, which is mainly because the soil under the excavation bottom is mostly gravel and argillaceous siltstone, which plays a good role in embedding the retaining piles. On the other hand, by comparing the horizontal displacements of long and short piles under the same combination in Figure 9a,b, it can be found that increasing the number of short piles does not excessively increase the horizontal displacement of piles, which is acceptable in practical engineering. As such, the maintenance combination of long and short piles can save the cost to a greater extent under the condition of exerting the bearing capacity of the piles.





4. Numerical Investigation


Although the field test can reflect the stress and deformation law of the long-short combined retaining piles in the process of excavation, it is difficult to analyze more working conditions through the full-scale experimental study due to the limitation of project schedule, time, and costs. Subsequently, further numerical studies of the pile response are performed in the PLAXIS 3D program [37].



4.1. Finite Element Model


Considering the calculation cost and time, the dashed line area (B04 site) in Figure 1 was selected as the study object. Here, we set up a suitably simplified 3D finite-element model using 10-node tetrahedral elements, the model size of 150 m × 80 m × 50 m was used. Furthermore, a 6-noded isotropic-elastic-plate element was applied to the waterproof curtain (cement mixing piles); a beam element was applied to model the other system structural members such as transverse internal bracings, crown beams, and the bored pile; an embedded beam element was applied to column pile, and was assumed to behave as a linear-elastic material. The physical and mechanical parameters of retaining structures are summarized in Table 1. In addition, the contact behavior between retaining structure and soil should be simulated by the contact surface, thus, a 12-node interface element is used to simulate the interaction between soil and structure, whose behavior follows the Mohr–Coulomb model, it has been shown to be an effective method in the modeling of using PLAXIS [38,39]. The lower surface of the model is constrained in all three directions (fixed boundary), while the side surface only constrains the normal displacement (roller boundary), and the top surface is free. Figure 11 illustrates a typical excavation and 3D finite-element mesh used for analysis.



In quite a lot of geotechnical engineering, the strain range of soil is generally 0.01~0.1%, which belongs to the range of small strain. However, the soil stiffness is highly nonlinear under small strain conditions [40]. If the small strain characteristics are ignored, the stiffness of soil will be underestimated seriously, resulting in imprecise expected deformation [41]. Therefore, it is necessary to consider the stiffness characteristics of soil under the condition of small strain in the deformation analysis of excavation engineering. On the basis of the hardening soil (HS) model [42], Bens [43] incorporated the stiffness characteristics of the soil in the small strain stage, and proposed the small strain hardening model (HSS model). The HSS model has the characteristics that the shear modulus of the soil decreases with the increase of the strain and can reflect the hydrostatic pressure and dilatancy of soft clay, which is more suitable for excavation deformation analysis under sensitive environment [17,39,44,45]. In this regard, the HSS model is adopted in this paper. Based on soil samples collected on site, such parameters as the secant referential stiffness (   E  50   ref    ), the tangent referential stiffness for a primary oedometer loading (   E  oed   ref    ), the unloading/reloading referential stiffness (   E  ur   ref    ), the small-strain shear modulus (   G 0  ref    ), the failure ratio determined by triaxial drainage shear (Rf), the reference stress (   p  ref    ) and the modulus stress level correlation power exponent (m), and the soil strength parameter (  c ′  ,  φ ′  ) were carried out by GDS-SS-HCA hollow torsional shear instrument test system and routine consolidation apparatus. Experience values suggested by Wang et al. [44] were used for Poisson’s ratio for unloading–reloading (   ν  ur    ), shear strain when the shear modulus attenuation to 70% of the initial shear modulus (   γ  0.7    ), the initial resting lateral pressure coefficient (   K 0   ). Table 2 gives the parameters of HSS model, more details and explanation can be found in the work by Gu et al. [45] and Huynh et al. [46].



The method of different-group waterhead interpolation was applied to simulate the dewatering of excavation, i.e., the water table inside the excavation was progressively lowered with the excavation of the soil during each phase. Thus, in each step of excavation process, the soil group waterhead in the excavation is set as 1 m below the excavation surface, which means that the water table in the excavation drops to 1 m below the excavation surface, and the soil waterhead outside the excavation does not change, which is the natural underground water table. Table 3 shows the simulation process of excavation.




4.2. Comparison and Verification


To further verify the calculation results of the model, Figure 12 and Figure 13 show the comparison between the simulated and measured values of horizontal displacement and bending moment in combination 1, respectively.



As can be seen from Figure 12, when the excavation reaches 3.5 m and 6.5 m, the field measured results are in good agreement with the simulated results. When the excavation reaches the bottom, the simulated results are slightly greater than the measured results within a certain range from the surface. The main reasons for this difference may be temperature and the complexity of the deep soil layer. The temperature has a great influence on the monitoring instruments, which leads to some differences in the measurement result. Moreover, the actual engineering geology is more complex in this project, especially the deep soil, whereas the soil is simplified and stratified in the numerical model analysis, which is difficult to accurately reflect the engineering geology. It can be seen from Figure 13 that the measured bending moment is slightly smaller than the simulation results, while the overall change trend is basically consistent. Although there is a certain difference between the field test data and the simulation results, the difference is acceptable, thus, the numerical model can be used to predict the mechanical properties of the long-short combined retaining piles.





5. Numerical Results and Discussion


This section studies the bending moment of piles, horizontal displacement, surface settlement, and excavation bottom heave of the retaining structure under the condition of different short pile lengths. It should be pointed out that in this simulation process, the combination 1 was considered for analysis. Other parameters are described as follows: the spacing of piles and the length of long piles are selected as 0.2 m and 21.85 m, respectively, and the length of the short piles is 21.85 m, 19.85 m, 17.85 m, and 15.85 m, respectively. Figure 14 shows the pile layout under the condition that the short pile length is 19.85 m, and other working conditions are similar. During the finite element analysis, the piles marked in Figure 14a were selected for comparative analysis. Figure 14b shows the overall model displacement contour map under the condition that the short pile length is 19.85 m after reaching the bottom. Moreover, Table 4 shows the bending moment and displacement of pile control points corresponding to different short pile lengths. The bending moment of piles, horizontal displacement of piles, surface settlement, and bottom heave of the long-short combined retaining piles with different short pile lengths are compared and analyzed below.



5.1. Effect of Short Pile Length


5.1.1. Bending Moment of Piles under Different Short Pile Lengths


Figure 15 shows the bending moment comparison of piles under different short pile lengths. It can be seen from the figure that the peak bending moment of the pile above the excavation bottom is larger than that below the bottom. Under different short pile lengths, the bending moment of piles changes along the direction of depth similar to the shape of “S”. When the length of the short pile is 21.85 m (the length of the long pile is equal to the short pile), the peak bending moment above and below the excavation surface is 655.2 kN·m and 438.2 kN·m, respectively. When the length of the short pile becomes 15.85 m (the length of the long pile is larger than short pile), the peak bending moment of the long pile and short pile above the excavation surface is 716.9 kN·m and 702.4 kN·m respectively, and the bending moment increases by 9.42% and 7.20%, respectively; the peak bending moment of long pile and short pile below excavation surface is 543.8 kN·m and 47.3 kN·m, respectively, and the bending moment of the long pile increases by 24.10%, while that of short pile decreases by 89.21%. It can be seen that reducing short pile length will increase the bending moment of the long and short pile to a certain extent; however, the bending moment of short piles in retaining structure decreases significantly below the excavation bottom. Therefore, in the design of the excavation retaining structure, the peak bending moment above the excavation surface is usually used as the control bending moment to choose the layout of the steel bar.




5.1.2. Horizontal Displacement under Different Short Pile Lengths


Figure 16 shows the horizontal displacement comparison curves of piles with different short pile lengths. It can be seen from the figure that the horizontal displacements of different short pile lengths have similar distribution trends along the depth direction, and the horizontal displacements of piles above the excavation are significantly larger than those below the excavation bottom. When the length of the short pile is 21.85 m, the peak horizontal displacement of the pile reaches 15.100 mm. When the length of the short pile is 15.85 m, the peak horizontal displacements of the long pile and short pile in the retaining structure are 16.402 mm and 16.991 mm, respectively, and the horizontal displacements increase by 8.62% and 12.52%. The results show that when the length of short pile is reduced above the excavation, the peak horizontal displacement of the long pile and short pile increases, and the increment of short pile displacement is larger than the long pile, they have a similar trend of horizontal displacement. However, for the excavation bottom, reducing the short pile length has no significant effect on the horizontal displacement of the long and short piles. It is shown that the selection of long-short pile combination mainly depends on the deformation behavior of piles above the excavation bottom.




5.1.3. Surface Settlement and Excavation Bottom Heave under Different Short Pile Lengths


Excavation of foundation pit is an unloading process, and the deep stress changes greatly, which will inevitably cause the rebound deformation of excavation ground soil. In order to analyze the influence of short pile lengths on surface settlement and excavation bottom heave, the longitudinal section in the path Z direction as shown in Figure 14b is selected for comparative analysis. Figure 17a shows the surface settlement curve of surface soil within 40 m from the excavation along the Z direction of the path. As can be seen from the figures, the surface settlement within 20 m away from the excavation increases slightly with the decrease of short pile length, and the peak surface settlement is around 3.5 m away from the excavation. In contrast, the surface settlement is basically unaffected beyond 20 m of the excavation edge. When the length of the short pile is 21.85 m, the peak surface settlement is 10.025 mm, when the length of the short pile is 19.85 m, 17.85 m, and 15.85 m, the peak surface settlement is 10.300 mm, 10.781 mm, and 11.178 mm, with growth rates of 2.74%, 7.54%, and 11.50%, respectively. The results show that when the length of the short pile is reduced locally, the influence of the short pile length on the surface settlement is not worthy of consideration.



Figure 17b shows the heave curves of the pit bottom along the Z direction under different short pile lengths. It can be seen from the figure that with the decrease of short pile length, the heave of excavation bottom also increased slightly, but the change was not significant. When the short pile length is 21.85 m, the heave at about 3.0 m away from the pit edge is 26.14 mm, and the heave in the middle of the excavation bottom is 27.11 mm, when the length of the short pile is 15.85 m, the heave at about 3.0 m away from the excavation is 27.31 mm, and the heave in the middle of the excavation bottom is 27.37 mm, with growth rates of 4.48% and 0.96%, respectively. It can be seen that the heave growth of the bottom near the two sides of the excavation is greater than the middle, but in general, the uplift growth is not significant.





5.2. Effect of Pile Spacing


In this section, combination 1 is taken as the object, the length of the long pile and the short pile is 21.85 m and 17.85 m, respectively, and the bending moment of piles, horizontal displacement of piles, surface settlement, and excavation bottom heave are studied under three different pile spacing (0.2 m, 0.25 m, and 0.3 m) of the long-short combined retaining piles (the analysis does not consider removing the internal bracing, and the spacing here refers to the distance of the outer surfaces between adjacent piles).



5.2.1. Bending Moment of Piles under Different Pile Spacing


Figure 18 shows the comparison of the bending moment under different pile spacing. As it can be seen from the figure, the peak bending moment of the pile above the excavation bottom is larger than that below the bottom. Under different pile spacing, the bending moment of piles changes along the direction of depth similar to the shape of “S”, while the bending moment below the bottom of the foundation pit does not change significantly. When the pile spacing is 0.2 m, the peak bending moment of the long pile and short pile is 689.2 kN·m and 675.1 kN·m, respectively. When the pile spacing increases to 0.3 m, the peak bending moments of the long pile and short pile are 741.2 kN·m and 719.3 kN·m, with growth rates of 7.54% and 6.55%, respectively. The results show that with the increase of pile spacing, the bending moment of both long pile and short pile above excavation bottom increases significantly, and the increase of bending moment of the long pile is greater than the short pile. As the external load of retaining piles remains unchanged, when the pile spacing increases, the number of retaining piles on the side wall of excavation decreases, resulting in the redistribution of earth pressure acting on the pile body, increase of earth pressure borne by single pile, and increase of earth pressure transmitted to the long pile. It can be seen that the change of pile spacing has a significant influence on the bending moment of the long-short combined retaining piles above the excavation face.




5.2.2. Horizontal Displacement under Different Pile Spacing


Figure 19 shows the horizontal displacement of piles under different pile spacing. It can be seen from the figure that the horizontal displacement under different pile spacing has a similar change trend along the depth direction, and the horizontal displacement of pile above excavation bottom is significantly greater than that below excavation bottom. When the pile spacing is 0.2 m, the horizontal displacement peaks of the long pile and short pile in the retaining structure are 16.48 mm and 16.53 mm, respectively. When the pile spacing increases to 0.25 m, the horizontal displacement peaks of long pile and short pile are 16.76 mm and 16.82 mm, respectively, increasing by 1.70% and 3.09%. When the pile spacing continues to increase to 0.3 m, the horizontal displacement peaks of the long pile and short pile only increase by 3.64% and 4.11%, respectively, compared with the pile spacing 0.25 m. The results show that with the increase of pile spacing, the horizontal displacement peaks of both long pile and short pile increase slightly, and the displacement of the short pile increases more than that of the long pile. The effect of pile spacing on horizontal displacement is mainly above the excavation bottom.




5.2.3. Surface Settlement and Heave of Excavation Bottom under Different Pile Spacing


In order to study the influence of pile spacing on surface settlement and excavation bottom heave, the longitudinal section in the path Z direction in Figure 14b was selected for analysis, and Figure 20a is the surface settlement curve along the path Z direction on the left side of the excavation. According to the figure, when the short pile spacing is 0.2 m, the peak surface settlement is 10.8 mm, when pile spacing increases from 0.2 m to 0.25 m and 0.3 m, the maximum surface settlement is 11.26 mm and 11.46 mm, respectively, increasing by 1.26% and 6.11%. The results show that the surface settlement near the excavation edge increases slightly with the increase of pile spacing. The increase of horizontal displacement caused by the increase of pile spacing may be an important reason for the increase of surface settlement near the long-short combined retaining piles. It is worth noting that the surface settlement is most significant in the area about 3 m away from the excavation edge, and the surface settlement is basically not affected by the change of pile spacing beyond 20 m away from the excavation edge. Consequently, the influence of pile spacing on surface settlement is almost ignored within a reasonable range of pile spacing.



Figure 20b shows the heave curves of the excavation bottom along the Z direction for different pile spacing. It can be seen from the figure that with the increase of pile spacing, the heave of the excavation bottom increases slightly, and the heave of the excavation bottom near the two sides of the excavation increases more than the central part. In general, the increase of pile spacing has little effect on the heave of excavation bottom.






6. Conclusions


Based on the actual deep excavation engineering, the field tests of three combinations of the long-short combined retaining piles (long-short pile, long-double-short pile and long-triple-short pile) were carried out, and the numerical simulation of the test area was also investigated by using finite element program. According to the discussion of measured and simulation results, the following conclusions can be preliminarily drawn:




	
In the long-short combined retaining piles, long piles share more bending moment than short piles; the larger the number of short piles, the larger the bending moment of long piles and short piles, when the combination changes from combination 1 to 3, the peak bending moment of the long pile and short pile increases by 15.8% and 15.2%, respectively.



	
The maximum displacement is near the pile top, combination 3 has the largest horizontal displacement, and the peak displacement of the long pile and the short pile is 17.21 mm and 17.87 mm, respectively, but almost no effect exists on the horizontal displacement below the excavation bottom. Disregarding the combination for the long and short piles, the horizontal displacements between long and short piles have few gaps.



	
Generally speaking, the influence of short pile length and pile spacing on surface settlement and excavation bottom uplift can be ignored.



	
In the retaining structure of long-short pile, the bending moment and horizontal displacement of long and short piles will be increased to a certain extent by decreasing the short pile length and increasing the pile spacing, and this phenomenon is mainly concentrated above the excavation bottom. Therefore, the length of the short pile, the ratio of the short pile and pile spacing can be appropriately reduced to save the project cost on the premise that the bending moment and deformation of pile meet the engineering requirements.








It is worth mentioning that the research of this paper is mainly aimed at three kinds of long and short pile combinations and the effects of pile length and pile spacing were analyzed. Based on the above analysis results, it is further confirmed that it is feasible to reduce part of the pile length in the pile retaining structure, which is a novel support system with sufficient safety and saves capital investment. However, the influence of the long-short piles composite structures on the surrounding underground structure is still largely unknown, which will be further studied in the subsequent study.
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Abbreviations




	   c ′   
	cohesion;



	ds
	distance between two steel bars at the same section;



	Ec
	elastic modulus of concrete;



	Es
	elastic modulus of steel bar;



	    E  50   ref     
	secant referential stiffness;



	    E  ur   ref     
	unloading/reloading referential stiffness;



	    E  oed   ref     
	tangent referential stiffness for a primary oedometer loading;



	    G 0  ref     
	small-strain shear modulus;



	I0
	moment of inertia of the whole section against the neutral axis;



	    K 0    
	initial resting lateral pressure coefficient;



	M
	bending moment of the pile;



	m
	modulus stress level correlation power exponent;



	    p  ref     
	reference stress;



	    R f    
	failure ratio determined by triaxial drainage shear;



	   φ ′   
	friction angle;



	  γ  
	soil unit weight;



	    γ  0.7     
	shear strain when the shear modulus attenuation to 70% of the initial shear modulus;



	    v  ur     
	Poisson’s ratio;



	    σ w    
	stress of steel bar outside of retaining pile;



	    σ n    
	stress of steel bar inside of retaining pile.
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Figure 1. Schematic diagram of the excavation plane position in the field test. 
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Figure 2. Schematic diagram of the profile of area B04 support system. 
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Figure 3. Schematic diagram of working condition layout in the field test site. 
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Figure 4. The schematic cross-section of the test pile (unit: mm). 
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Figure 5. Schematic diagram of retaining pile stress gauge and inclined pipe layout (unit: m): (a) inclinometer tube and stress gauge arrangement; (b) stress gauge installation position. 
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Figure 6. Site layout of stress gauge and inclinometer tube: (a) stress meter; (b) inclinometer tube. (c) reinforcement cage. 
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Figure 7. Bending moment of the pile during excavation: (a) combination 1; (b) combination 2; (c) combination 3. 
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Figure 8. Bending moment of the pile after excavation to 10.85 m: (a) long pile; (b) short pile. 
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Figure 9. Horizontal displacement of long and short piles when excavated to the excavation bottom: (a) long pile; (b) short pile. 






Figure 9. Horizontal displacement of long and short piles when excavated to the excavation bottom: (a) long pile; (b) short pile.



[image: Buildings 12 01524 g009]







[image: Buildings 12 01524 g010 550] 





Figure 10. Photo of the site excavation to the bottom. 
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Figure 11. Example of mesh employed in the FE analyses. 
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Figure 12. Comparison of measured horizontal displacement and numerical results (combination 1): (a) long pile; (b) short pile. 
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Figure 13. Comparison between simulation results and measured results of bending moment: (a) long pile; (b) short pile. 
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Figure 14. Layout form and the calculation result of combination 1: (a) The pile layout under the condition that the short pile length is 19.85 m; (b) the overall model displacement contour map. 
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Figure 15. Bending moment of piles under different short pile lengths: (a) long pile; (b) short pile. 
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Figure 16. Horizontal displacement of piles under different short pile lengths: (a) long pile; (b) short pile. 
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Figure 17. Settlement curve of surface soil and uplift curve of the bottom of excavation: (a) surface settlement curve; (b) heave curve. 
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Figure 18. Bending moment of the pile at different spacing: (a) long pile; (b) short pile. 
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Figure 19. Horizontal displacement of long and short piles with different spacing: (a) long pile; (b) short pile. 






Figure 19. Horizontal displacement of long and short piles with different spacing: (a) long pile; (b) short pile.



[image: Buildings 12 01524 g019]







[image: Buildings 12 01524 g020 550] 





Figure 20. Settlement curve of surface soil and uplift curve of the bottom of excavation: (a) surface settlement curve; (b) heave curve. 
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Table 1. Physical and mechanical parameters of retaining structures.
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	Type
	Cross-Sectional Area (m2)
	Thickness (m)
	Young’s Modulus (GPa)
	Unit Weight (kN/m3)
	Poisson’s Ratio





	Bored pile
	0.785
	-
	30
	24
	0.18



	Lateral bracing
	0.8
	-
	28
	24
	0.18



	Crown beam
	0.8
	-
	28
	24
	0.18



	Waterproof curtain
	-
	0.8
	28
	20
	0.18



	Lattice column
	-
	-
	200
	78.5
	0.25



	Column pile
	0.7
	-
	30
	23
	0.18
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Table 2. Parameters of HSS model of soil layers.
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	Soil Stratum
	   c ′   (kPa)
	   φ ′   (     ∘    )
	  γ  (kN/m3)
	K0
	m
	     ν  u r      
	     E  50   r e f   ( MPa )    
	     E  u r   r e f   ( MPa )    
	     E  o e d   r e f   ( MPa )    
	     G 0  r e f   ( MPa )    
	     γ  0.7   ( / 10  − 4  )    
	     R f     





	Clay
	8.6
	29.2
	18.00
	0.51
	0.8
	0.2
	4.8
	38.6
	3.8
	80
	1
	0.95



	Mucky silty clay
	6.5
	25.6
	17.10
	0.57
	0.8
	0.2
	3.8
	34.2
	2.3
	60
	1
	0.90



	Silty clay
	25.8
	28.2
	20.30
	0.53
	0.8
	0.2
	4.9
	39.3
	5.2
	50
	1
	0.92



	Sandy silt
	2.0
	36.8
	20.50
	0.40
	0.8
	0.2
	9.1
	59.1
	8.0
	100
	1
	0.96



	Round gravel
	0
	37.3
	20.50
	0.45
	0.8
	0.2
	26.3
	131.5
	26.3
	120
	1
	0.90



	Argillaceous siltstone
	25
	40.0
	21.50
	0.58
	0.8
	0.2
	13.5
	67.5
	13.5
	135
	1
	0.90
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Table 3. Stages of realization of the excavation.
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	Phase
	Simulation Process





	1
	K0 process (in order to balance initial in-situ stress)



	2
	Reset displacement of soil, waterproof curtain construction and bored piles penetration



	3
	Crown beam, column pile and internal bracing were created



	4
	Excavation to −1.5 m, and lower the ground water table to −4.5 m



	5
	Excavation to −3.5 m, and lower the ground water table to −7.5 m



	6
	Excavation to −6.5 m, and lower the ground water table to −11.85 m



	7
	Excavation to −10.85 m
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Table 4. Bending moment and displacement at control points of long-short piles corresponding to different short pile lengths (combination 1).
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Object

	
Length of the Short Piles (21.85 m)

	
Length of the Short Piles (19.85 m)

	
Length of the Short Piles (17.85 m)

	
Length of the Short Piles (15.85 m)




	
Long Pile

	
Short Pile

	
Long Pile

	
Short Pile

	
Long Pile

	
Short Pile

	
Long Pile

	
Short Pile






	
Bending moment (kN·m)

	
655.2

	
655.2

	
673.2

	
658.8

	
675.1

	
689.2

	
716.9

	
702.4




	
Displacement (mm)

	
15.100

	
15.100

	
15.601

	
15.648

	
15.970

	
16.524

	
16.402

	
16.991
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