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Abstract

:

A new type of precast pile, namely steel strand square piles with reinforcement (PRS), is proposed in present study, which uses steel strand as a prestressed reinforcement and is equipped with hot-rolled reinforcement. Two kinds of full-scale pile specimens with different reinforcement were constructed to study the bending performance by the full-scale tests. The finite element model was also performed to study the differences in bending resistance, deformation capacity, crack resistance, and failure mode because of the reinforcement ratio. The results show that the steel strand in the pile was not pulled off, and the concrete in the compression zone was crushed. The finite element analysis results are close to the results of the full-scale test of the piles, which can simulate the flexural performance of the pile well. The experimental results were closer to the theoretical calculation of the cracking moment. The ultimate bending moment value is about 25% more than the theoretical value. The parametric analysis shows that for the PRS with 0.27% prestressed reinforcement, the best bending performance is achieved with 0.64% non-prestressed reinforcement. For the PRS with 0.64% of non-prestressed reinforcement, the best bending performance is achieved with 0.37% of prestressed reinforcement.






Keywords:


steel strand square pile; composite reinforcement; flexural performance; failure behavior; finite element analysis












1. Introduction


Although ordinary prestressed concrete pipe piles are technically mature and widely used, they have defects, such as low horizontal bearing capacity and poor seismic performance, which have great restrictions on their development. Precast concrete solid square piles have high horizontal bearing capacity and good ductility. The prestressed steel bars used in ordinary prestressed pipe piles have poor ductility and are easily pulled off during bending. The cracking moment of ordinary prestressed pipe is similar with the ultimate bending moment and easily causing engineering accidents. Steel strands have high tensile strength and good ductility [1,2]. Combining the advantages of ordinary prestressed pipe piles, precast concrete solid square piles and steel strands, a new precast pile is proposed which uses steel strand as prestressed reinforcement and is equipped with hot-rolled reinforcement in present study. Hereinafter referred to as prestressed steel strand square piles with reinforcement (PRS).



The flexural performance of prestressed concrete piles has been studied internationally. Kishida et al. [3] stated that increasing the hoop ratio of spiral reinforcement can increase the shear bearing capacity of concrete pipe piles and cause ductile damage. Thusoo et al. [4] concluded that the core-filled piles have great ductility by experiment. Irawan et al. [5] concluded that filling concrete into the pile core increases the ductility of prestressed high strength concrete pipe (PHC) piles, and the failure of which is caused by the fracture of prestressed reinforcement. Shishegaran et al. [6,7] proposed a method which uses a new reinforcement bar system to increase the flexural capacity of simply supported reinforced concrete beams.



Gan et al. [1] proposed a pre-tensioned centrifugal concrete stranded pile and conducted flexural and shear experiments on it. The results showed that replacing steel bars with steel strands as the main reinforcement can effectively improve the deformation capacity and bearing capacity of the pipe pile under bending. The pre-tensioned centrifugal concrete strand pile has promising application in construction. Yasin et al. [8] conducted numerical and experimental studies on the steel fiber reinforced concrete (SFRC) structures and concluded that the use of (SFRC) can improve the energy dissipation as well as the shear capacities of the prestressed structure. Yang et al. [9,10] performed flexural tests on PHC piles under cyclic loading. Finite element analysis of PHC piles with different locations, numbers, and diameters of deformed reinforcement was carried out to derive the optimum arrangement of deformed reinforcement. Furthermore, Wu et al. [11] developed PHC piles reinforced with high-strength materials (glass fiber reinforced polymer (GFRP) bars). A flexural test study on GFRP and PHC with full-scale was conducted and concluded that GRFRP has a higher flexural resistance than PHC piles. It provides a theoretical basis for the application of PHC piles reinforced with hybrid GFRP bars and steel bars in marine structures. Ceyhun et al. and Yasin et al. [12,13] determined the optimum type of reinforcement for prefabricated dapped-end purlin beams by conducting experimental and numerical studies on specimens of different structural and reinforcement types. Muguruma et al. [14] concluded that the hoop configuration can effectively prevent the prestressed reinforcement from being pulled out by applying lateral restraint tests on concrete piles. Budek et al. [15] conducted comparative tests on prestressed concrete solid square piles and prestressed concrete pipe piles. It was concluded that pipe piles have poor energy dissipation capacity and sudden damage. Pipe piles need to be kept working in their elastic range for seismic resistance, while solid square piles can be considered for their seismic resistance in the plastic state.



The current study on the flexural performance of concrete piles is mainly focused on the improved ordinary prestressed concrete pipe piles and prestressed concrete square piles. Traditional square piles have poor cracking resistance and tend to occur crack when transporting. These defects limit their application and development in industrial and civil construction projects. A new pile has been developed to improve the cracking resistance of concrete square piles by applying prestress, to increase the bending capacity of the pile with hot-rolled bars, and to increase the horizontal capacity of the piles by using solid sections with reasonable configuration of hoop reinforcement. However, there is a lack of research on the mechanical properties of steel strand square piles using steel strand and hot rolled steel bars as the main reinforcement. Here, two kinds of PRS were designed and tested for flexural performance at full-scale. Finite element models based on full-scale tests were also performed to verify the flexural performance and deformation capacity of the PRS.




2. Experiment


2.1. Design of Specimens


According to the actual demand for PRS in the project, two types of PRS with 400 mm side length are designed for the test. Specimens are numbered PRS400A1, PRS400A2, PRS400B1, and PRS400B2, respectively. Full scale flexural tests were performed on four specimens. The main dimensions and reinforcement are shown in Figure 1 and Table 1, where  L  is the length of the specimen,    B s    is the distance from the center of the non-prestressed reinforcement,    ρ s    is the longitudinal reinforcement ratio, and  t  is the thickness of the end plate. The production of the specimens was done by the concrete pile company in accordance with the standard technical procedures and process requirements. The tensile control stress    σ  c o n     of prestressing strand is uniformly selected at 70% of the standard value of prestressed reinforcement in tension (   f  p t k     = 1860 MPa). The concrete effective compressive stress    σ  c e     is calculated from it.




2.2. Physical Properties of Materials


The concrete strength grade of PRS specimens is C55. 10 concrete cubes with side length of 100 mm were made and cured at the same time as the PRS specimens (see Figure 2). After reaching curing period, concrete cubes would be tested for compressive strength in accordance with the specification [16]. The measured compressive strength    f  c u , 10     = 59.9 MPa, the compressive strength    f  c u     = 56.9 MPa, axial compressive strength    f  c , k     = 36.6 MPa, and tensile strength    f t    = 2.9 MPa were calculated after the conversion of the standard [16].



Prestressed reinforcement used    ∅ S   9.5, 7 strands of standard type steel strand. Non-prestressed reinforcement used  ∅ 12 and  ∅ 18 hot-rolled ribbed steel bars with a yield strength no less than 400 MPa respectively. Spiral hoop spacing 100 mm using 4 mm diameter cold-drawn low carbon steel wire of Grade A (   ∅ b   4@100). At least three pieces of each specification were taken for material properties tensile test according to the standard [17] (see Figure 3). Because the testing machine jig could not hold the    ∅ b   4 hoop, so the    ∅ b   6 hoop made in the same batch was used instead. The modulus of elasticity    E s   , yield strength    f y   , ultimate strength    f u   , nominal area    A 0   , and maximum force total elongation    A  g t     were measured for each reinforcement. The measured strengths of the reinforcement all met the standard [17], as shown in Table 2.




2.3. Flexural Test


Flexural test of specimens was carried out in accordance with the standard [18]. Specimens were loaded in a four-point symmetric loading mode. The arrangement of the specimen loading points was shown in Figure 4, in which the pure bending span is 1 m long, and the support spacing is 0.6 L. A total of three displacement meter were arranged at two supports and midspan to measure deflection. One strain gauge was arranged on the upper surface of midspan of the specimen, five strain gauges were arranged at equal intervals on the lateral surface, and one strain gauge was arranged on the lower surface to measure the strain change and crack development of midspan of the specimen.



The cracking moments    M  c r , k     of the two types of specimens were 78 kN·m and 76 kN·m and the ultimate moments    M  u , k     were 147.7 kN·m and 179.3 kN·m, according to the theoretical formula in the specification [19]. After preloading, formal loading was performed according to the criteria [19]. During the loading, each level of loading stays for 3 min to make the force stable.




2.4. Test Phenomena


The performance of the two types of specimens in the initial stage of loading is basically the same. The specimens are in the elastic deformation stage. The external load is linearly related to the displacement of midspan of the specimen. In the yielding stage, loading until the first vertical crack occurred in the pure bending section of the specimen, the concrete near the crack failed and the flexural stiffness of the specimen decreased. As the load continues to increase, other vertical cracks were generated near the first crack. The number of cracks kept increasing. The length and width of cracks were gradually expanded. The growth of displacement in the span was accelerated. In the damage stage, specimen PRS400A1 and specimen PRS400A2 were loaded to 295 kN and 304 kN, respectively, when the external load exceeded the ultimate capacity of the specimen. The concrete in the upper compressed zone was crushed, and the sound of crushed concrete was heard at the same time. The load capacity of the specimen decreased rapidly. The cracks in the pure bending section developed swiftly. The transverse cracks developed obviously. Continuing displacement loading, the non-prestressed reinforcement was pulled off with a crisp sound and the specimen could not continue to be loaded. When the specimen PRS400B1 was loaded to 250 kN, one of the cracks developed rapidly, the displacement in the span changed suddenly, and the bearing capacity of the specimen decreased rapidly. However, no concrete crushing damage and reinforcement pulling off occurred. The specimen could continue to load. After that, displacement loading was carried out and non-prestressed reinforcement was pulled off when loaded to 273 kN. Displacement loading was continued until the concrete was crushed. When the specimen PRS400B2 was loaded to 355 kN, a crisp sound was heard, and the reinforcement was pulled off. Displacement loading was continued until the concrete was crushed when loaded to 358 kN.





3. Finite Element Analysis


3.1. Constitutive Relation of Materials


In order to describe the stiffness degradation due to cracks and the damage cumulative behavior of the concrete, the Concrete Damaged Plasticity (CDP) model [20,21] was chosen as the analytical model. This model is highly suitable for simulating the behavior of concrete under monotonic and dynamic loads. The plastic damage parameters and stress-strain curves of the concrete were determined according to the standard [16] as shown in Table 3. Figure 5 and Figure 6 show the tensile stress-strain and compressive stress-strain relationships in the CDP model.



The stress-strain relationship of concrete after tensile and compressive yielding can be described by the following formula [19]. Where    E 0    is the initial elastic modulus of concrete.     ε ˜  t  p l     and     ε ˜  c  p l     are the equivalent plastic strains of concrete in tension and compression.    d t    and    d c    are the tensile and compressive damage factors in the concrete plastic damage model.


   σ t  =  (  1 −  d t   )  ·  E 0  ·  (   ε t  −   ε ˜  t  p l    )   
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Note:    α c    = the parameter of falling section of uniaxial compressive stress-strain curve of concrete, taken as 2.74;    f  c , r     = the representative value of uniaxial compressive strength of concrete, taken as 55 MPa;    ε  c , r     = the peak compressive strain of concrete corresponding to the uniaxial compressive strength    f  c , r    , taken as 1.98 × 10−3;    α t    = the parameter of falling section of uniaxial tensile stress-strain curve of concrete, taken as 2.64;    f  t , r     = the representative value of uniaxial tensile strength of concrete, taken as 2.9 MPa;    ε  t , r     = the peak compressive strain of concrete corresponding to the uniaxial tensile strength    f  t , r    , taken as 1.16 × 10−3.



Cracking strain of concrete is the total uniaxial tensile strain minus the elastic strain without damage. Compressive inelastic strain of concrete is the total uniaxial compressive strain minus the elastic strain without damage.


    ε ˜  t  c k   =  ε t  −    σ t     E c     










    ε ˜  c  i n   =  ε c  −    σ c     E c     











ABAQUS will calculate the plastic strain.


    ε ˜  t  p l   =   ε ˜  t  c k   −    d t     (  1 −  d t   )       σ t     E c     
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The stress-strain relationship diagram of the steel strand at different strain rates in the test [22] shows that the steel strand entered the strengthening stage directly after its stress reached the yield point. During the yielding stage, the steel strand does not have an obvious yield platform while the hot-rolled reinforcement will have a section of yield platform. To describe the principal structure relationship between prestressed steel, non-prestressed reinforcement and spiral hoops in a uniform way, the Esmaeily-Xiao model [23] was chosen to describe all the reinforcement in the model, as shown in Figure 7, with the following formula.


  σ =  {       E s  ε ,                                    (  ε ≤  ε y   )         f y  ,                                         (  ε y  < ε ≤  k 1   ε y  )        k 4   f y  +    E s   (  1 −  k 4   )     ε y     (   k 2  −  k 1   )   2       (  ε −  k 2   ε y   )   2  ,               ( ε >  k 1   ε y  )        



(3)




where    k 1    = hardening starting strain/yield strain;    k 2    = peak strain/yield strain;    k 3    = limiting strain/yield strain;    k 4    = peak stress/yield strength.



According to the material property tests of each type of reinforcement, the material parameters can be acquired as shown in Table 4.




3.2. Finite Element Model


To confirm the accuracy of the results, ABAQUS finite element analysis software was used to numerically simulate the pile specimens. The shape, size, and material of the finite element model were all consistent with the test. In order to prevent the stress concentration phenomenon, rigid pads were used at each of the four loading points of the model to increase the area of the stress surface. All four pads were connected to the concrete specimen by binding. The model constrains the vertical displacement of the left pad and constrains the horizontal and vertical displacement of the right pad. The concrete, pads and end plates were modeled by the eight-node three-dimensional solid element with reduced integration (C3D8R), and the reinforcement is modeled by the two-node three-dimensional truss unit (T3D2). All reinforcement was embedded in the concrete specimen The reinforcement was in a complete bonded state with the concrete. The analysis steps were set up in three stages: applying prestress, applying self-weight load, and displacement loading. The prestress was applied to the overall model by lowering the strand temperature. The value of strand temperature reduction was calculated by the formula ΔT = σ/   E s    − α. Two reference points coupled with concrete pads was established as loading points, which can avoid the numerical singularities caused by the non-linear material.



To ensure the accuracy of the results from the finite element model, the mesh division is not easy to be rough. At the same time, too much fine mesh division will cause waste and simulation failure. Therefore, after several finite element test simulation meshing, the final adopted meshing scheme was 5 equal divisions along the height and width of the specimen and 80 mm along the pile length. The results of this meshing scheme were close to the test. The final finite element model is shown in Figure 8.





4. Bending Load Capacity


4.1. Crack Distribution


Figure 9 represents crack development in the specimens when the ultimate load is reached for each specimen.



Specimen PRS400A1 and specimen PRS400A2 cracked when the bending moment in the span reached 89.7 kN·m and 81.9 kN·m. 9 cracks were observed when the concrete was crushed in the compressed zone. The maximum width of the main cracks reached 3.5 mm and 3.2 mm. The maximum depth of development reached 33.8 cm and 32.9 cm. Cracks on both sides of specimen PRS400A1 and specimen PRS400A2 developed vertically, mostly concentrated in the pure bending section. Cracks were observed evenly on both sides of the span. At the end of loading, Cracks developed laterally with many branches. A few oblique cracks observed in the shear bending section. Specimen PRS400B1 cracked when the bending moment in the span reached 85.8 kN·m. A total of 10 cracks were observed when the non-prestressed reinforcement was pulled out. The main crack width was 2.0 mm and the maximum depth was 27.2 cm. The main crack developed rapidly before damage; the rest of the cracks developed to a small extent and unevenly. Specimen PRS400B2 cracked when the bending moment in the span reached 89.7 kN·m. 10 cracks were observed when the non-prestressed reinforcement was pulled out. The main crack width is 2.94 mm and the maximum depth is 28.9 cm. Cracks were mostly developed vertically and are distributed in both pure and shear bending sections. Cracks are symmetrically and uniformly distributed on both sides of the span.



The following conclusions can be drawn from the above experimental phenomena. The width and depth of cracks of specimen PRS400B1 and specimen PRS400B2 were smaller than those of specimen PRS400A1 and specimen PRS400A2. The cracks of specimen PRS400B1 and PRS400B2 developed vertically with less bifurcation, and the cracks were evenly distributed. This showed that specimen PRS400B1 and specimen PRS400B2 could control the development of cracks in a better way.




4.2. Strain Development


Figure 10 shows the stress-strain curves of each specimen, which mainly describe the strain variation and cracking of midspan of the specimen. To ensure that figures are plotted without distortion, only those in the strain range of −3.0 × 10−3 to 1.5 × 10−3 were plotted.



As can be observed from Figure 10, there is a small strain increase in the specimen before the external load reaches the cracking load. It is a linear relationship between the strain and the external load in the initial stage of loading. The specimen was in the linear elastic behavior stage, which was in compliance with the plane section assumption. After loading until the crack appeared, the strain growth accelerated. The strain gauges in the direction of crack development rapidly exceeded the range and failed. The strain gauges at other locations in the tensile zone showed a small change in strain. There was a slight decrease in the strain gauges readings as the concrete strain rebounded. The number of cracks increases as the load continues to increase to the ultimate load. Some strain gauges failed due to rapid increase in strain.



Specimen PRS400A1 was damaged with a maximum compressive strain of −2.6 × 10−3 and the concrete was crushed. Although the concrete was crushed when the specimen PRS400A2 was damaged, the compressive strain of the concrete was only −1.9 × 10−3. The compressive capability of the concrete was not fully developed. When the specimen PRS400B1 was loaded to 250 kN, the strain on the concrete in the compressed zone increased suddenly due to the rapid development of the main crack. The maximum compressive strain exceeded −3.0 × 10−3 when the concrete was crushed during the damage of specimen PRS400B2. The compressive capability of concrete was represented better on specimen PRS400B2.




4.3. Comparison and Analysis of Results


The load-displacement (P-S) curves of the specimen were plotted in Figure 11 based on the results of the finite element model analysis and the experimental analysis. In the elastic stage, the load-displacement curves basically grew linearly. The curves acquired by the finite element simulation almost coincide with the curves acquired by the test. In the yielding stage of the non-prestressed reinforcement, the flexural stiffness of the specimen decreased and the two curves still coincide well. In the damage stage, from the yielding of the non-prestressed reinforcement to the crushing of the concrete, the stiffness of the specimen decreased noticeably and the bearing capacity decreased rapidly. The concrete failed to perform well in compressive capacity when the specimen PRS400B1 was damaged. The reason might be that the concrete was not vibrated evenly during the pouring process, causing the main crack to develop along the defect.



Table 5 shows the cracking moments    M  c r , k    ,    M  c r , e    ,    M  c r , n    , and ultimate moments    M  u , k    ,    M  u , e    , and    M  u , n    . It can be seen from the table that the difference among the cracking moments obtained from finite element simulation, experimental analysis and specification calculation was small. The cracking moments of the concrete specimen can be predicted based on the theoretical calculation and finite element simulation. The ultimate bending moment calculated by the specification has a difference with the experiment. The ultimate bending moment values of specimen PRS400A1 and PRS400A2 are 24.3% and 26.3% smaller than the experimental values, respectively. The ultimate bending moment values of specimen PRS400B1 and PRS400B2 are 1.5% and 24.1% smaller than the experimental values respectively. The difference between the finite element simulation results and the experimental results is within 10%. The finite element model can simulate the whole process of bending of the PRS well.





5. Parametric Analysis


Parametric study was carried out to further explore the flexural behaviors of the PRS. Based on the experimental study, finite element models were used to explore the effects of the prestressed steel strand ratio, the non-prestressed reinforcement ratio and tension control stress on the behaviors of the PRS.



The prestress degree is an important index for the study and design of prestressed structures. At present, there are three definitions of prestress degree internationally [24]. The definition of prestress degree based on flexural bearing capacity, based on reinforcement tension, and based on decompression bending moment. The second definition was used as λ, namely λ=    A p   f  p y    /(   A p   f  p y     +    A s   f y   ) where    A p   f  p y     is the tensile force provided by prestressed reinforcement in the ultimate state;    A s   f y    is the tensile force provided by non-prestressed reinforcement in the ultimate state. The non-prestressed reinforcement ratio and the prestressed steel strand ratio were used as variables to simulate 11 common types of PRS by ABAQUS. The specimen numbers and parameters are shown in Table 6.



5.1. Non-Prestressed Reinforcement Ratio


As shown in Figure 12, the finite element model took the non-prestressed reinforcement ratio as the variable. The model clearly showed three different stages of elastic stage, yielding stage, and damage stage. The elastic stage of each specimen basically overlapped. As the prestressed degree decreased (the non-prestressed ratio increased), the cracking moments of the specimens were 76.6 kN·m, 77.0 kN·m, 77.3 kN·m, 77.7 kN·m, and 78.1 kN·m for each level, as shown in Figure 13. The cracking moments increased slightly. It indicated that the non-prestressed reinforcement ratio had a small effect on the cracking moment of the PRS. As shown in Figure 14, the ultimate bending moments of the specimen models increased to 277.1 kN·m, 289.9 kN·m, 305.1 kN·m, 329.7 kN·m, and 349.3 kN·m, respectively. The ultimate bending moment increased by 4.62%, 5.24%, 8.06%, and 5.94% for each level. The specimen PRS-1-2 had the largest increase in an ultimate bending moment. The ductility of the PRS showed a small change.



The ultimate bending moment of the PRS increased continuously with the increase of the non-prestressed reinforcement ratio. Its increase shows a process of increasing and then decreasing with the increase of the non-prestressed reinforcement ratio. There is an optimal non-prestressed reinforcement ratio. For the PRS with the 0.27% prestressed steel strand, the prestressed degree is 0.61 at 0.64%, and a non-prestressed reinforcement ratio has the best performance. It means the model PRS-1-2 has the best bending resistance.




5.2. Prestressed Steel Strand Ratio


As shown in Figure 15, the finite element model took the prestressed steel strand ratio as the variable. The model still reflected the load state of the PRS well. As shown in Figure 16 and Figure 17, with the increase of prestressed degree (the increase of prestressed strand reinforcement ratio), the cracking moment of the specimen was 77.7 kN·m, 88.0 kN·m, 100.8 kN·m, and 121.9 kN·m, respectively. The cracking moment increased substantially. The ultimate bending moments of the models increased to 329.7 kN·m, 396.9 kN·m, 477.2 kN·m, and 566.7 kN·m, respectively. The ultimate bending moment increased by 20.38%, 20.23%, and 18.76% for each level. The reduction of ductility of the PRS was obvious. The deflection of the PRS at the damage of model PRS-2-4 is only 30.4 mm, which is 46.6% less than the deflection of model PRS-2-1 of 56.9 mm.



When the prestressed degree varies uniformly, the mechanical properties of the model are more affected due to the increase of the prestressed steel strand ratio. The effect on the increase of cracking moment and ultimate bending moment is much greater than the increase of non-prestressed reinforcement ratio. The increase of the prestressed steel strand ratio also makes the ductility of the PRS decrease significantly. The cracking moment and ultimate bending moment of the PRS continue to increase with the increase of the non-prestressed reinforcement ratio. However, the increase of ultimate bending moment shows a decreasing trend with the increase of the prestressed steel strand ratio. Considering the ductility and ultimate bearing capacity, for the PRS with 0.64% of non-prestressed reinforcement, the prestressed degree which is 0.74 at 0.37% of prestressed reinforcement has the best performance. It means the model PRS-2-3 has the best bending resistance.




5.3. Tension Control Stress


The following Figure 18 shows the p-s curves when the tension control stress of the steel strand of specimen PRS-1-5 is 0.5   f  p t k    , 0.6   f  p t k    , 0.7   f  p t k    , and 0.8   f  p t k    . The slope of the elastic section of the four finite element models is basically the same, which indicates that the tension control stress has little influence on the stiffness of the elastic section of the curve. With the increase of tensile control stress, the cracking moment of the specimen increased to 65.6 kN·m, 71.1 kN·m, 76.6 kN·m, and 82.2 kN·m, with the increase of 8.38%, 7.74%, and 7.31% for each level. The specimen entered the elastic-plastic stage later but entered the damage stage earlier. The tension control stress has little effect on the damage stage of the models. The difference between the ultimate bending moment and mid-span deflection of the four models at the time of damage is quite slight.





6. Conclusions


This study carried out full-scale tests on a new type of precast pile, which uses steel strand as prestressed reinforcement and is equipped with hot-rolled reinforcement. The PRS has superior flexural load capacity to the traditional precast concrete solid square piles and better ductility than prestressed steel rod piles. An innovative concept of prestressed degree of composite reinforcement steel strand square pile is proposed. On this basis, the effects of prestressed steel strand ratio and non-prestressed reinforcement ratio on cracking moment, ultimate bending moment and ductility of steel strand square pile are studied. The following conclusions can be drawn:



	
The non-prestressed reinforcement ratio in the PRS has a great effect on its cracking and ultimate bearing capacity, yet it has a small effect on the cracking moment. Increasing the non-prestressed reinforcement ratio can make the concrete more compressive, better at controlling the development of cracks, and improve the ultimate bearing capacity.



	
The damage of specimen PRS400A1 and specimen PRS400A2 was in the form of crushing of concrete in the compressed zone. While the damage of specimen PRS400B1 and specimen PRS400B2 was in the form of non-prestressed reinforcement being pulled off. Non-prestressed reinforcement in specimen PRS400B2 work well together with the concrete. The specimen PRS400B2 can achieve its flexural loading capability well.



	
The results of the finite element model are in high agreement with the experimental results. The difference between the simulated and experimental values of cracking moment is within 5% and the ultimate bending moment is within 10%. The finite element model can describe the whole process of bending of the PRS well.



	
A certain amount of non-prestressed reinforcement can make full use of the stiffness of the strand square piles. The non-prestressed reinforcement allows the pile to continue to be loaded even when large deformations occur.






In future research, more parametric analysis will be performed to cover a wider range of pile types, and the parameters will be selected with reference to the experimental and finite element modeling results in the article. In addition, the shear and tensile properties of stranded square piles will be studied, and the seismic performance of stranded square piles will be studied on this basis.
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Nomenclature




	    A 0    
	nominal area of reinforcing reinforcement (    mm  2   )



	    A  g t     
	total maximum force elongation of reinforcing reinforcement



	    A p    
	total cross-section area of prestressed reinforcement (    mm  2   )



	    A s    
	total cross-section area of non-prestressed reinforcement (    mm  2   )



	  B  
	pile section side length (mm)



	    B s    
	distance from the center of the non-prestressed reinforcement (mm)



	    d t    
	tensile damage factors in the concrete plastic damage model



	    d c    
	compressive damage factors in the concrete plastic damage model



	    E 0    
	initial elastic modulus of concrete



	    E s    
	elastic modulus of reinforcing bar (GPa)



	    f  c , r     
	the representative value of uniaxial compressive strength of concrete



	    f  c u , 10     
	compressive strength of 150 × 150 × 150 mm concrete cube (MPa)



	    f  c u , 10     
	compressive strength of 100 × 100 × 100 mm concrete cube (MPa)



	    f  c , k     
	axial compressive strength of concrete (MPa)



	    f  p t k     
	standard value of prestressed reinforcement in tension (MPa)



	    f  p y     
	yield strength of prestressed reinforcement (MPa)



	    f t    
	tensile strength of concrete (MPa)



	    f  t , r     
	the representative value of uniaxial tensile strength of concrete



	    f u    
	ultimate strength of reinforcing reinforcement (MPa)



	    f y    
	yield strength of reinforcing reinforcement (MPa)



	    k 1    
	hardening starting strain/yield strain



	    k 2    
	peak strain/yield strain



	    k 3    
	limiting strain/yield strain



	    k 4    
	peak stress/yield strength



	  L  
	length of the specimen (mm)



	    M  c r , k     
	theoretical value of cracking bending moment (kN·m)



	    M  c r , n     
	numerical value of cracking bending moment (kN·m)



	    M  c r , e     
	experimental value of cracking bending moment (kN·m)



	    M  u , k     
	theoretical value of ultimate bending moment (kN·m)



	    M  u , n     
	numerical value of ultimate bending moment (kN·m)



	    M  u , e     
	experimental value of ultimate bending moment (kN·m)



	  t  
	thickness of the end plate (mm)



	  T  
	temperature



	  α  
	coefficient of thermal expansion



	    α c    
	parameter of falling section of uniaxial compressive stress-strain curve of concrete



	    α t    
	parameter of falling section of uniaxial tensile stress-strain curve of concrete



	  λ  
	prestress degree



	  ε  
	strain



	    ε c    
	compress strain of concrete



	     ε ˜  c  i n     
	compressive inelastic strain of concrete



	     ε ˜  c  p l     
	equivalent plastic strains of concrete in compression



	    ε  c , r     
	peak compressive strain of concrete corresponding to the uniaxial compressive strength



	    ε t    
	tensile strain of concrete



	     ε ˜  t  c k     
	cracking strain of concrete



	     ε ˜  t  p l     
	equivalent plastic strains of concrete in tension



	    ε  t , r     
	peak compressive strain of concrete corresponding to the uniaxial tensile strength



	  σ  
	stress



	    σ  c o n     
	tensile control stress



	    σ c    
	compressive strength of concrete (MPa)



	    σ  c e     
	concrete effective compressive stress (MPa)



	    σ t    
	tensile strength of concrete (MPa)
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Figure 1. Main dimensions and reinforcement diagram of the PRS. 
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Figure 2. Strength test of the concrete block. 
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Figure 3. Tensile strength test of steel strand. 
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Figure 4. Specimen loaded by bending. 
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Figure 5. Stress-strain relationship for concrete under uniaxial tension. 
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Figure 6. Stress-strain relationship for concrete under uniaxial compression. 
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Figure 7. Stress-strain curve of reinforcement in tension. 
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Figure 8. Finite element model of the specimen. 






Figure 8. Finite element model of the specimen.



[image: Buildings 12 01801 g008]







[image: Buildings 12 01801 g009 550] 





Figure 9. Distribution of cracks of specimens after failure. (a) Specimen PRS400A1. (b) Specimen PRS400A2. (c) Specimen PRS400B1. (d) Specimen PRS400B2. 






Figure 9. Distribution of cracks of specimens after failure. (a) Specimen PRS400A1. (b) Specimen PRS400A2. (c) Specimen PRS400B1. (d) Specimen PRS400B2.



[image: Buildings 12 01801 g009]







[image: Buildings 12 01801 g010a 550][image: Buildings 12 01801 g010b 550][image: Buildings 12 01801 g010c 550] 





Figure 10. Strain development of concrete in specimens (a) Specimen PRS400A1. (b) Specimen PRS400A2. (c) Specimen PRS400B1. (d) Specimen PRS400B2. 
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Figure 11. Comparison of force-deflection curves of specimens (a) Specimen PRS400A1 and Specimen PRS400A2. (b) Specimen PRS400B1 and Specimen PRS400B2. 
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Figure 12. Effect of non-prestressed reinforcement on mid span deflection. 
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Figure 13. Effect of non-prestressed reinforcement on cracking moment. 
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Figure 14. Effect of non-prestressed reinforcement on ultimate bending moment. 
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Figure 15. Effect of prestressed steel strand on mid span deflection curve. 
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Figure 16. Effect of prestressed steel strand on cracking moment. 
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Figure 17. Effect of prestressed steel strand on ultimate bending moment. 
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Figure 18. Effect of tension control stress on mid span deflection. 
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Table 1. Design parameters of the PRS.
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	Specimen Number
	L/mm
	     B s  / mm    
	Main Reinforcement Configuration
	     ρ s  / %    
	Hoop Configuration
	t/mm
	     σ  c e   / MPa    





	PRS400A1
	6000
	297
	8/9.5 (steel strand) + 4/12 (HRB400)
	0.274 (steel strand) + 0.283 (HRB400)
	   ∅ b   4@100
	18
	2.56



	PRS400A2
	6000
	297
	8/9.5 (steel strand) + 4/12 (HRB400)
	0.274 (steel strand) + 0.283 (HRB400)
	   ∅ b   4@100
	18
	2.56



	PRS400B1
	6000
	297
	8/9.5 (steel strand) + 4/18 (HRB400)
	0.274 (steel strand) + 0.635 (HRB400)
	   ∅ b   4@100
	18
	2.29



	PRS400B2
	6000
	297
	8/9.5 (steel strand) + 4/18 (HRB400)
	0.274 (steel strand) + 0.635 (HRB400)
	   ∅ b   4@100
	18
	2.29
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Table 2. Reinforcement material parameters.






Table 2. Reinforcement material parameters.





	Specification
	     E s  / GPa    
	     f y  / MPa    
	     f u  / MPa    
	    A 0  /   mm2
	     A  g t   / %    





	   ∅ S   9.5
	200.7
	1697.5
	1914.3
	54.8
	7.3



	 ∅ 12
	197.0
	533.3
	617.7
	113.0
	9.3



	 ∅ 18
	199.1
	400.8
	573.1
	254.3
	17.7



	   ∅ b   6
	197.4
	535.2
	568.2
	19.6
	2.2
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Table 3. Parameters of the concrete constitutive model.
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	Compressive Stress/MPa
	Inelastic Strain     ε c  / ×   10−3
	    Damage   Factor    d c     
	Tensile Stress/MPa
	   Cracking   Strain    ε t  / ×   10−3
	    Damage   Factor    d t     





	25.23
	0
	0
	3.15
	0
	0



	30.71
	0.06
	0.03
	2.7
	0.03
	0.15



	31.95
	0.07
	0.04
	2.15
	0.06
	0.3



	33.91
	0.09
	0.05
	1.74
	0.09
	0.41



	37.32
	0.15
	0.07
	1.45
	0.12
	0.49



	43.1
	0.45
	0.15
	1.24
	0.14
	0.56



	43.63
	0.64
	0.19
	1.08
	0.16
	0.61



	42.81
	0.84
	0.24
	0.96
	0.18
	0.64



	40.75
	1.08
	0.29
	0.86
	0.2
	0.68



	38.04
	1.34
	0.34
	0.79
	0.22
	0.7



	35.11
	1.6
	0.39
	0.72
	0.24
	0.72



	32.22
	1.87
	0.43
	0.52
	0.33
	0.8



	27.06
	2.37
	0.51
	0.42
	0.42
	0.84



	22.89
	2.85
	0.58
	0.35
	0.51
	0.86



	17.04
	3.74
	0.67
	0.31
	0.6
	0.88
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Table 4. Material parameters of reinforcement model.
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	Specification
	fy/MPa
	   ε   
	     k 1     
	     k 2     
	     k 3     
	     k 4     





	Φs9.5
	1697.5
	0.0137
	1.0
	4.08
	4.17
	1.28



	ΦD12
	533.3
	0.0040
	7.5
	23.5
	25.1
	1.19



	ΦD18
	415.8
	0.0052
	4.06
	40.9
	42.3
	1.37



	Φb6
	505.2
	0.0031
	1.0
	13.8
	13.9
	1.22
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Table 5. Comparison of numerical simulation results, test results, and formula calculations of flexural properties of specimens.
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	Specimen Number
	Mcr,k

(kN·m)
	Mcr,e

(kN·m)
	Mcr,n

(kN·m)
	Mcr,k:Mcr,e:Mcr,n
	Mu,k

(kN·m)
	Mu,e

(kN·m)
	Mu,n

(kN·m)
	Mu,k:Mu,e:Mu,n





	PRS400A1
	74
	85.8
	78.6
	1:1.16:1.06
	147.7
	195.1
	184.1
	1:1.32:1.25



	PRS400A2
	74
	89.7
	78.6
	1:1.21:1.06
	147.7
	200.3
	184.1
	1:1.35:1.25



	PRS400B1
	76
	89.7
	80.2
	1:1.18:1.06
	179.3
	182.1
	218.5
	1:1.02:1.22



	PRS400B2
	76
	81.9
	80.2
	1:1.08:1.06
	179.3
	236.1
	218.5
	1:1.32:1.22
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Table 6. Numbers and parameters of specimens.






Table 6. Numbers and parameters of specimens.





	Specimen Number
	Steel Strand
	Non-Prestressed Reinforcement
	Pre-Stress Degree
	Reinforcement Rate





	PRS-1-1
	8   ∅ S   9.5
	4 ∅ 20
	0.56
	1.06%



	PRS-1-2
	8   ∅ S   9.5
	4 ∅ 18
	0.61
	0.91%



	PRS-1-3
	8   ∅ S   9.5
	4 ∅ 16
	0.67
	0.78%



	PRS-1-4
	8   ∅ S   9.5
	4 ∅ 14
	0.72
	0.66%



	PRS-1-5
	8   ∅ S   9.5
	4 ∅ 12
	0.78
	0.56%



	PRS-2-1
	8   ∅ S   9.5
	4 ∅ 18
	0.61
	0.91%



	PRS-2-2
	8   ∅ S   11.1
	4 ∅ 18
	0.68
	1.01%



	PRS-2-3
	8   ∅ S   12.7
	4 ∅ 18
	0.74
	1.13%



	PRS-2-4
	8   ∅ S   15.2
	4 ∅ 18
	0.80
	1.34%
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