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Abstract

:

This paper presents a numerical study on the static behavior and cyclic behavior of UHPC-filled steel tube (UHPCFST) columns. A novel fiber element model is developed based on the effective distribution width method to consider the influence of local buckling. The parameters of the descending branch of the stress–strain curve of constrained concrete have been modified and proposed according to the existing experimental results. Thereafter, the impact parameter analysis of the seismic performance of UHPCFST columns under the pseudo static load is conducted, and the strength of steel and UHPC, width–thickness ratio, length–diameter ratio and axial compression ratio are considered. The results indicate that the proposed fiber element model can accurately predict the static and cyclic nonlinear behaviors of the UHPCFST columns. The bearing capacity and the post-peak ductility of UHPCFST columns can be overestimated, such as neglecting the local buckling of the steel tube, which will lead to the insecurity of structures.
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1. Introduction


Concrete-filled steel tube (CFST) columns possess the advantages of high bearing capacity, large stiffness and excellent ductility [1], and are often used as the vertical and horizontal load-bearing structure members in bridges and high-rise building structures, as shown in Figure 1. In the past few decades, many numerical calculation methods have been proposed in order to estimate the static performance, cyclic behavior, as well as the fire resistance behavior of CFSTs, such as existing 3D finite element methods, secondary development based on existing numerical software ABAQUS and OpenSees, and the fiber element model. Compared with the three-dimensional finite element method, the fiber model has been considered a highly efficient algorithm in the state of only uniaxial compression, especially for nonlinear calculations of complicated engineering structures. For CFSTs, the fiber element model can predict their static behaviors, including axial compression behavior [2,3] of stub columns, axial compression behavior and eccentric compression behavior [4,5,6,7] of slender columns, as well as pushover analysis [8]. In addition, it can also be used for evaluating the fire resistance behavior [9], as well as the hysteresis behavior [3,7,8,10] of CFSTs. Generally, there have been mainly two methods to handle the local buckling of steel tubes in the fiber element model: the first method is to modify the yield stress, the stress–strain skeleton curve and the hysteretic criterion of steel in advance, according to the sectional width to thickness ratio [3,7,10]. Another method is to introduce the concept of effective distribution width that is calculated according to the sectional stress state [2,4,5,6]. At present, there is still relatively little research on the cyclic behavior of CFSTs, with local buckling considered by using the fiber element model [3,4,7,10]. In addition, once the local buckling occurs, the partial areas nearby the web are out of work, and the phenomenon of redistribution of the stress in the section occurs, leading to the stress borne by the web being transferred to the flange. On the other hand, by modifying the stress–strain skeleton curve, as well as the hysteretic criterion of steel in advance, can not really reflect the actual stress in the section and the behavior of local buckling [3,7,10].



As modern structures develop toward super-high rise, possessing heavy load bearing capacity and durability, ultra-high performance concrete (UHPC), regarded as an excellent cementitious composite rather than the ordinary concrete [11], has been gradually used in civil engineering because of its ultra-high compressive strength, high tensile strength and high elastic modulus, along with the strain hardening behavior [12,13,14,15,16]. To further improve the performance of CFSTs, the UHPC is filled into steel tubes to form UHPCFST members, which consequently contribute to the reduction of the member size and the self-weight of the structure, as well as the increase in available space in buildings under the same load conditions. In addition, the brittleness of UHPC is also avoided and its bearing capacity, as well as ductility, is further improved.



There is still relatively little research on the axial compression performance of rectangular UHPCFST stub columns at present, whilst research on the hysteresis performance of UHPCFST columns is even fewer. The reinforcement effect of the steel tubes on the core UHPC is not so strong as that of the ordinary concrete due to its ultra-high compressive strength and inherent brittleness of UHPC, and the local buckling of steel tubes is still inevitably submerged under the combined action of axial compression and cyclic loading. In this work, a fiber element model is proposed to assess the axial compression behavior and cyclic behavior of UHPCFST columns, and the local buckling is considered based on the redefined effective distribution width rather than modifying the stress–strain skeleton curve of steel. The parametric analysis is performed based on the verified model, where the effects of the yield strength of steel, the UHPC strength, length–diameter ratio, as well as the axial compression ratio on the hysteretic performance of UHPCFST columns are extensively discussed. What is more, the effects of the steel tube local buckling on the bearing capacity and ductility of UHPCFST columns are also analysed.




2. Fiber Element Model


In the present work, the sections of the UHPCFST columns are divided into lots of small fiber elements, as shown in Figure 2. To simplify the calculation model, the following assumptions are adopted [1]:




	(1)

	
Plane-section assumption.




	(2)

	
The strains are the same in each individual fiber of the same height of the cross-section.




	(3)

	
The bond-slip at the interface between the two materials is neglected.




	(4)

	
The lateral deflection curve of the member presents the sine curve with half a wave.









It is obvious that the first assumption, that the plane sections remain plane after flexural deformation, has been proven by lots of experiments. When the fibers in the section are discretized finely enough, the errors caused by the second assumption are very small and can be neglected. Considered that there will be large gap at the interface of the two materials when the local buckling of the steel tubes occurs (shown in Figure 1), the slippage between the two materials is neglected. Based on the above assumptions, the central strain of the fiber is given by Equation (1):


   ε i  =  ε 0  + φ  y i  ,  



(1)




where ε0 (με) is the strain at the center fiber of the cross-section, yi (mm) is the distance from the center of the i fiber to the center of the cross-section, and φ (με/mm) is the curvature of the cross-section. Hence, according to the stress–strain relationships and loading history of the materials, the internal forces, such as the axial compression force Nin (N) and the bending moment Min (N.mm), are given by Equations (2) and (3):


   N  i n   =   ∑  i = 1  k    σ  c i    A  c i   +   ∑  i = 1  m    σ  s i    A  s i        



(2)






   M  i n   =   ∑  i = 1  k    σ  c i    A  c i    y i  +   ∑  i = 1  m    σ  s i    A  s i    y k      ,  



(3)




where σci (N/mm2) and σsi (N/mm2) are the stress of UHPC and steel, Aci (mm2) and Asi (mm2) are the area of UHPC fiber and steel fiber, and k and m are the fiber numbers of UHPC and steel.



The fourth assumption is reasonable for the members with both ends hinged, as shown in Figure 3a, which can be utilized for the calculation of UHPCFST members under axial compression or eccentric compression. Figure 3b,c are the simplified calculation of reverse bending point of columns under the different restrict boundary. As for the frame column in Figure 3b with both ends fixed and a lateral displacement of one end, the inflection point is in the middle of the column. Therefore, from the inflection point to the fixed end, it can be simplified as a cantilever member with a geometric length L, as shown in Figure 3c. If the influence of lateral load on the lateral deflection curve can be ignored, the cantilever member can be equivalent to the members with both ends hinged, as shown in Figure 3a.



According to the fourth assumption, the relationship between lateral displacement and sectional curvature can be given by Equation (4):


  φ =   Δ  π 2    4  L 2    ,  



(4)




where Δ (mm) is the lateral displacement, and L (mm) represents the effective length of the UHPCFST column.



2.1. Constitutive Model of Materials


2.1.1. Concrete


There are various forms of stress–strain models for constrained concrete [17,18], and the constitutive relationship of constrained UHPC is the basis for the numerical research on the seismic performance of UHPC-filled rectangular high strength steel tube columns in this paper. For the rectangular section, the constitutive model of the constrained concrete is shown in Figure 4a, which incorporates the skeleton curves and the hysteretic rules. The skeleton curve of constrained concrete proposed by Han [1] is used in this work and the formulas are given by Equations (5)–(7):


  f =  f  c c   [ 2 ( ε /  ε  c c   ) −   ( ε /  ε  c c   )  2  ]   for   ε ≤    ε cc     



(5)






  f =  f  c c   ( ε /  ε  c c   ) / [ β   ( ε /  ε  c c   )  η  + ε /  ε  c c   ]   for   ε ≥    ε cc     



(6)






   η = 1.6   +   1.5 / ( ε /  ε  c c   )   ,   β =  f c  0.1   / ( γ   ξ + 1   )   ( ξ ≤   3 )   



(7)







In Equations (5)–(7), β, γ and η are the parameters to determine the descending branch, and ξ is the confinement index of steel tube. εcc (με) and fcc (MPa) are the compressive peak strain and stress of the confined concrete, respectively. Although Han’s model considers the reinforcing effect of steel tubes on the core concrete, it is only appropriate for normal concrete and high-strength concrete with an fc (MPa) ranging from 24 MPa to 80 MPa. Le’geron and Paultre [19] (2003) proposed the peak stress fcc and the peak strain εcc of normal and ultra-high strength confined concrete, with an fc ranging from 27 MPa to 124 MPa according to a great quantity of experimental results, and they are given by Equations (8) and (9):


   f  c c   =  f c  [ 1 + 2.4   (  I e  )   0.7   ]  



(8)






   ε  c c   =  ε c  [ 1 + 35   (  I e  )   1.2   ] ,  



(9)




where Ie is the equivalent effective confinement index at the peak strength, which is given by Le´geron and Paultre [19], εc (με) is the peak compressive strain of unconfined UHPC which has been given by An and Fehling [20], as shown by Equation (10):


   ε c  = 0.00083  f c  0.276    



(10)







Considering that the tensile strength of the ultra-high-performance concrete is much smaller than its compressive strength, the contribution of UHPC in the tensile zone to the internal force of the section can be ignored [21].



The hysteretic criterion includes the unloading branch and the reloading branch. The residual plastic strains at the zero-stress point, proposed by Mander et al. [22], is adopted in the present work, and it is given as Equations (11) and (12):


   ε  p l   =  ε  u n   −   (  ε  u n   +  ε a  )  σ  u n      σ  u n   +  E c   ε a     



(11)






   ε a  = max (    ε  c c      ε  c c   +  ε  u n     ,   0.09  ε  u n      ε  c c     ) ,  



(12)




where εun (με) and σun (MPa) are the strains and stress at the unloading point, respectively, εpl (με) is the residual plastic strain, Ec (MPa) is the elastic modulus of UHPC. Considering that the unloading branch and reloading branch suggested by Mander are too complicated, the simplified model is adopted. It is assumed that the unloading branch and the reloading branch are both straight lines between the unloading points and residual plastic strain points. They are given by Equations (13) and (14):


  f =  E r  ( ε −  ε  p l   )  



(13)






   E r  =    σ  u n      ε  u n   −  ε  p l     ,  



(14)




where Er (MPa) and f (MPa) are the stiffness and stress of the unloading stage.




2.1.2. Steel


In the present work, the bilinear hardening model with a hardening stiffness of 0.01 Es for the stress–strain skeleton curve of the steel is adopted. The uniaxial hysteretic constitute model for the steel, proposed by Menegotto and Paolo [23], as shown in Figure 4b, is also adopted in the present work.



A lot of previous research indicates that for CFSTs, the local buckling of steel tubes is one of the significant factors affecting the bearing capacity and the ductility [3,7,10], especially for thin-walled steel tubes of which the local buckling is very serious. Therefore, the sectional width–thickness ratios are limited in current provision codes [24,25,26] to avoid local buckling to some extent. As already known, after the local buckling of the steel tube, there is a stress redistribution phenomenon in the cross-section immediately, which will lead to the stress transmission path of steel tubes, with local buckling in the web being transferred to the flange.



The concept of the effective width, shown in Figure 5 is usually used to describe the post-local buckling behavior of thin-walled steel tubes. The effective width and the elastical critical local buckling strength of steel tubes for CFSTs proposed by Liang and Uy [27,28] are adopted in this work, which are given by Equations (15) and (16):


   b e  /  b 0  = 0.675   (  σ  c r   /  f y  )   1 / 3    



(15)






     σ  c r      f y    = 0.5507 + 5.132 ×   10   − 3   (    b 0   t  ) − 9.869 ×   10   − 5     (    b 0   t  )  2  + 1.198 ×   10   − 7     (    b 0   t  )  3  ,  



(16)




where be is the total of effective width, b0 is the unsupported width in the section, t is the thickness of the steel tube, σcr is the elastic critical local buckling strength of the steel tubes, which only relies on the width–thickness ratio of the steel tube and yield strength of the steel. During the loading stages, the ineffective width bi gradually increases from zero to the maximum value (b–be). As a consequence, it can be expressed by Equation (17):


   b i  = (    σ 1  −  σ  c r      f y  −  σ  c r     ) ( b −  b e  )  



(17)







In the calculation, the maximum compressive stress σ1 at the edge of the cross-section flange is firstly obtained, which is greater than σcr. Then, the ineffective width can be calculated according to Equation (17) and the stresses of the steel fibers within it can be updated as zero until they reach the maximum ineffective width.



It should be noted that since the UHPCFST columns are subjected to combined axial compression and lateral cyclic loading, the stresses of the steel tube and core UHPC are not only depended on the strains, but also depended on the loading history when cyclic behavior is computed.






3. Model Verification


In the present work, the computational process of stub UHPCFST columns under axial compression has been referred to by Ahmed et al. [2,4]. On the other hand, for the predication of cyclic behavior, the UHPCFST member is regarded as a cantilever column subjected to the combined action of axial compression and lateral cyclic loading. Considering the second-order effect of vertical axial compression load on the top of the column, the lateral load can be expressed as Equation (18):


  F = ( M − N Δ ) / L ,  



(18)




where M is the calculated bending moment at the bottom of the column and N is the pre-applied axial compression force. The calculated steps of the cyclic behavior for UHPCFST columns are detailed in Figure 6.



The calculated steps of cyclic behavior for UHPCFST columns are as follows:




	(1)

	
Input data.




	(2)

	
Discretize section into fibers and obtain the coordinates.




	(3)

	
Gradually increase the displacement and calculate sectional curvature according to Equation (4).




	(4)

	
Assume the strain at the neutral axis and calculate the fiber stress σci and σsi according to loading history.




	(5)

	
Judge whether the local buckling of steel tubes occurs and calculate the ineffective width; then, update the stress.




	(6)

	
Compute internal force according to Equations (2) and (3), including Min and Nin.




	(7)

	
Judge whether the axial compression load satisfies the equilibrium condition |Nin−N| < 10−2. If not, return to step (4) until the equilibrium condition is satisfied.




	(8)

	
Compute the lateral load according to Equation (18).




	(9)

	
Repeat steps (3–8) until the maximum lateral displacement is achieved.




	(10)

	
Plot F-Δ hysteretic curves.









3.1. Stub UHPCFST Columns under Axial Compressive Load


The axial compression behavior is important for UHPCFST columns on the account of the axial compression load–strain (N-ε) curves, showing information of axial compressive stiffness, the ultimate bearing capacity, as well as the residual bearing capacity. Chen et al. [29] and Yan et al. [30] investigated some stub rectangular UHPCFST columns under axial compressive load by experiments. The length of the stub columns were 300 mm, with the dimensions of 100 (mm) × 100 (mm). The strength of the steel tube and the core UHPC, as well as the steel tube thickness of each column varied. The details of the specimens are summarized in Table 1. The specimens are simply supported at both ends, and the axial displacement is imposed to the boundary of the column end.



The full axial compression load–strain (N-ε) curves of specimen SS2-2 with different γ values are shown in Figure 7. The result of the experiment is also plotted in Figure 7. It can be easily concluded that the ascending branch of the full N-ε curve can be well predicted by Han’s model, whilst it is inaccurate for the descending branch. It is obvious that the residual bearing capacity and the post-peak ductility of the stub UHPCFST column are greatly underestimated by Han’s model. Therefore, the descending branch of the stress–strain curve of concrete in Han’s model needs to be revised. The parameter γ in Equation (7) is a key factor to affect the post-peak ductility and residual stress of concrete, and it is taken as 1.2 in Han’s model. In the present work, the fiber element result is compared with the test result by adjusting the value of γ (γ = 1.2, 2, 3, 4) of the stub UHPCFST column. It is found that when γ value is taken as 3, the descending branch predicted by the fiber model is in good agreement with the experimental results, and it can well predict the post-peak ductility and the residual bearing capacity of the stub UHPCFST columns. It can be also seen from Figure 8 and Table 1 that the bearing capacities calculated by the fiber model are shown to agree with test results. Except for specimen S1-5-100, the errors between them are within the range of 10%, whilst for specimen S1-5-100, the error between the fiber model and the test result is 13%. This may be due to the uncertainty of the actual strength of UHPC.



The full N-ε curves of partial specimens predicated by the fiber model in the present work (γ = 3) are plotted in Figure 9 and Figure 10. As illustrated in Figure 9 and Figure 10, the calculations of the fiber model are in good agreement with the test results. In addition, for the strengthening effect of the high-strength steel and the constraint enhancement effect of the steel tubes on the core UHPC, the residual bearing capacity decreases slowly after reaching peak value, and subsequently remains basically constant, which illustrates that the favorable post-peak ductility and the residual bearing capacity of UHPCFST columns are showed.




3.2. UHPCFST Columns under Cyclic Loading


The cyclic load testing is an effective means of evaluating the seismic performance of structures and members. So far, there is limited research on the cyclic behaviors of UHPCFST columns. The seismic performance of the UHPCFST columns under combined axial compression and cyclic lateral loading has been investigated by Xu et al. [31] and Cai et al. [32]. The details of the specimens are summarized in Table 2. The lateral load–displacement skeleton curves of the positive direction of the UHPCFST columns with local buckling considered or not considered are showed in Figure 11, and the corresponding test results are also plotted in Figure 11. As illustrated in Figure 11, the local buckling has a significant impact on the bearing capacity and the ductility of the UHPCFST columns. The larger bearing capacity as well as stiffness (after local buckling occuring) of The UHPCFST columns will be provided if local buckling is neglected. In addition, neglecting the local buckling will greatly overestimate the post-peak ductility of the UHPCFST columns. The reason for this result is that the compressive strength of UHPC is far higher than normal concrete, and the partial area of the cross-section will be out of work when the local buckling of steel tubes occurs, which consequently weakens the restraining effect of steel tubes on the core UHPC and results in a significant reduction of post-peak ductility. The descending branch of the lateral load–displacement curves in Figure 11 are more steeper if the local buckling is considered, and the post-peak ductility is worse, which is closer to the test results.



The lateral load–displacement hysteretic curves of the test, and which were predicted by the fiber element model with the local buckling considered, are shown in Figure 12. The skeleton curve, without considering the influence of local buckling, is also plotted in Figure 12. As illustrated in Figure 12, similarly taking no account the local buckling of steel tubes overestimates the bearing capacity and post-peak ductility of UHPCFST columns under cyclic loading, which will lead to the insecurity of structures. The bearing capacities of specimens named S-10-0.2-1.5 and S-10-0.4-1.5 are overestimated by 3.2% and 11.8%, respectively, and this phenomenon tends to be increased with the increase in the axial compression ratio. In this work, the bearing capacities and the post-peak ductility with local buckling considered are in good agreement with experimental results. The errors of the maximum bearing capacity between the fiber model and the test results in Table 2 are within the range of 10%. However, for the unloading branch and reloading branch, there are a few differences in the local area between the fiber model and the test results. This may be attributed to the fact that the UHPCFST columns are ideal consolidation models (one end fixed to the ground) on the ground in the fiber model, whilst this is not the case in the experiment.



The effective confinement effect of steel tubes on the core UHPC is the basis for UHPCFST members to fully exploit the potential of the two materials; therefore, the adverse effect of the local buckling of steel tubes should be reasonably considered in the seismic design, which is particularly important.





4. Parametric Analysis


In order to further reveal the impact of some parameters on the seismic performance of the UHPCFST columns, the yield strength of steel (fy = 345 MPa, 460 MPa, 560 MPa), compressive strength of UHPC (fcu = 100 MPa, 120 MPa, 140 MPa), length–diameter ratio (λ = 23.1, 34.6, 46.2) and axial compression ratio (n = 0.3, 0.4, 0.5) are comprehensively considered to conduct parametric analysis. Based on the previously validated fiber model, the parameters of the columns for numerical analysis are summarized in Table 3. The bearing capacity, stiffness degradation and cumulative dissipated energy are the main indicators to evaluate the seismic performance of the columns and the structures. The definition of the secant stiffness in this article is as follows:


  K =  F i  /  Δ i  ,  



(19)




where Δi is the peak displacement in each hysteresis loop and Fi is the lateral load corresponding to the Δi. The hysteretic curves are plotted in Figure 13, and the bearing capacity, cumulative dissipated energy, as well as lateral stiffness degradation, including initial stiffness (at 0.5% drift ratio level), are shown in Figure 14, Figure 15, Figure 16 and Figure 17. In Figure 13, the blue line represents the skeleton curve of the quasi-static test of the column.



4.1. The Effect of the Strength of Steel


As illustrated in Figure 13a and Figure 14, the bearing capacity, lateral stiffness and cumulative dissipated energy of UHPCFST columns are both increased with the increase in the yield strength of steel. As expected, the bearing capacity and the post-peak ductility could be overestimated, neglecting the local buckling of the steel tube. The bearing capacities of UHPCFST columns are overestimated by 13.7%, 7% and 2.1% if the yield strength of steel is 345 MPa, 460 MPa and 560 MPa, respectively. The errors caused by local buckling are gradually decreased. This is mainly on the account that the steel with higher yield strength possess higher critical local buckling stress. However, the accuracy of post-peak ductility estimation is still not improved.




4.2. The Effect of the UHPC Strength


In Figure 13b and Figure 15, the bearing capacity, the lateral stiffness and the cumulative dissipated energy capacity of UHPCFST columns are only slightly increased with the compressive strength of UHPC increasing from 100 MPa to 140 MPa, which indicates that it is inappropriate to promote the seismic performance of UHPCFST columns by increasing the compressive strength of UHPC. Moreover, the error caused by the local buckling does not seem to be increased with the increase in compressive strength.




4.3. The Effect of the Length–Diameter Ratio


From Figure 13c and Figure 16, it can be seen that the length–diameter ratio has a significant influence on the seismic performance of UHPCFST columns. The bearing capacity, lateral stiffness and cumulative dissipated energy of the UHPCFST columns have significant negative correlations with the length–diameter ratio. Specimen S1, with a length–diameter ratio of 23.1, possesses plumper hysteretic curves, larger bearing capacity, as well as cumulative dissipated energy; whilst for specimens S6 and S7 with larger length–diameter ratios, although the residual deformation is small, the pinching effects of hysteresis curves are pretty serious and the energy dissipation capacity is worse. In addition, as the length–diameter ratio increases, not considering the local buckling of the steel tube will further increase the overestimation of the bearing capacity and post-peak ductility of the UHPCFST columns. Therefore, slender columns should be avoided in seismic design, or reasonable lateral support should be laid out to decrease the shear span.




4.4. The Effect of the Axial Compression Ratio


The axial compression ratio is one of the major factors to influence the seismic performance of UHPCFST columns. As shown in Figure 13d and Figure 17, the bearing capacity and lateral stiffness of the UHPCFST columns are both decreased with the increment of the axial compression ratio. Specimen S9, with a higher axial compression ratio of 0.5, experiences great lateral stiffness degradation, with the drift ratio ranging from 1 to 3%, and it even shows negative stiffness when the drift ratio reaches 4%, which is closely related to the second-order effect of the vertical load at the top of the columns. As the axial compression ratio increases, the cumulative dissipated energy is slightly increased. It should be noted that when the axial compression ratio reaches 0.5, neglecting the local buckling causes an overestimation of the maximum value rather than the post-peak ductility, the descending branch of the skeleton curve with the local buckling ignored agrees well with the hysteretic curve. This is mainly attributed to a more severe second-order effect of axial compressive load–lateral displacement under the high axial compression ratio.



While analysis of the influencing factors is reported, relatively fewer studies reported mostly the seismic performance of the UHPCFST columns comprising various supplementary columns of a large aspect ratio (h/t ≥ 50) and high strength steel (fy ≥ 560 MPa). Of particular importance, there is relatively little research on analyzing the parameters affecting the seismic performance under the large axial compression ratios (n ≥ 0.6). It is also shown that there is an urgent need to conduct research on the seismic performance of concrete-filled thin-walled steel tube columns composed of ultra-high performance concrete (fcu ≥ 160 Mpa) and high-strength steel (fy ≥ 560 MPa) under high axial compression ratios (n ≥ 0.6).





5. Conclusions


In the present work, a fiber element model of the UHPCFST columns is developed to investigate the static behavior and hysteretic behavior of UHPCFST columns, where the effect of the local buckling of the steel tubes is considered based on the effective distribution width. The correctness and reliability of the fiber element model are verified by lots of experiments. Then, the parametric analysis is presented for discussing the influence of the yield strength of the steel, the strength of UHPC, the length–diameter ratio and the axial compression ratio on the seismic performance of UHPCFST columns. On the basis of the results and discussions presented in the paper, the main conclusions are summarized as follows:




	(1)

	
For the stress–strain model for the confined UHPC, satisfactory results are obtained when the parameter γ is taken as 3.0.




	(2)

	
The proposed fiber element model can predict the nonlinear static and cyclic behavior of UHPCFST columns well.




	(3)

	
Neglecting the local buckling of the thin-walled steel tubes can bring about the overestimation of the bearing capacity and the post-peak ductility of UHPCFST columns.




	(4)

	
The errors caused by the local buckling of the steel tube are increased with the increasing in the length–diameter ratio. The errors in terms of bearing capacity, induced by the local buckling, are decreased with the increasing of the yield strength of steel. A higher axial compression ratio causes an overestimation of the maximum value rather than the post-peak ductility.
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Figure 1. Application of CFSTs in structural engineering and its local buckling effects. 
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Figure 2. Fiber model cross-section. 
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Figure 3. Mechanical models of the UHPCFST members. 
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Figure 4. The constitutive models of the two materials. 
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Figure 5. The effective distribution width of the steel tube. 
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Figure 6. The flowchart of the hysteresis curve calculation. 
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Figure 7. Full N-ε curves of specimen SS2-2 with different γ values [29]. 
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Figure 8. Comparisons of fiber model with test data [29,30]. 






Figure 8. Comparisons of fiber model with test data [29,30].



[image: Buildings 13 01028 g008]







[image: Buildings 13 01028 g009 550] 





Figure 9. Calculations for the UHPCFST specimen columns SS3-2 and SS3-3 [29]. 
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Figure 10. Calculations for the UHPCFST specimen column [30]. 
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Figure 11. Calculations of the UHPCFST specimens SpeUTH6 and SpeUCR36 [31]. 
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Figure 12. Calculations of the UHPFST specimens S-10-0.2-1.5, S-10-0.4-1.5 and S-10-0.2-2 [32]. 
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Figure 13. The effects of parameters on hysteretic curves. 
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Figure 14. The effect of the yield strength of steel. 
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Figure 15. The effect of the compressive strength of UHPC. 
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Figure 16. The effect of the length–diameter ratio. 
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Figure 17. The effect of the axial compression ratio. 
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Table 1. Details of stub rectangular UHPCFST specimens under axial compressive load.
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Origin

	
Specimen Name

	
B × h (mm)

	
t (mm)

	
L (mm)

	
fy (MPa)

	
fc (MPa)

	
Nc

(kN)

	
Nt

(kN)

	
Nc/Nt






	
Chen et al. [29]

	
SS1-2

	
100 × 100

	
2.03

	
300

	
348.7

	
113.2

	
1340

	
1406

	
0.95




	
SS1-3

	
100 × 100

	
2.05

	
300

	
348.7

	
130.8

	
1503

	
1575

	
0.95




	
SS2-2

	
100 × 100

	
3.83

	
300

	
306.7

	
113.2

	
1454

	
1544

	
0.94




	
SS2-3

	
100 × 100

	
3.79

	
300

	
306.7

	
130.8

	
1595

	
1676

	
0.95




	
SS3-2

	
100 × 100

	
7.59

	
300

	
371.6

	
113.2

	
1921

	
1976

	
0.97




	
SS3-3

	
100 × 100

	
7.63

	
300

	
371.6

	
130.8

	
2069

	
2051

	
1.01




	
Yan et al. [30]

	
S1-5-100

	
100 × 100

	
4.9

	
300

	
668.8

	
89.2

	
2038

	
1800

	
1.13




	
S2-5-110

	
100 × 100

	
4.9

	
300

	
668.8

	
100.3

	
2128

	
2004

	
1.06




	
S3-6-110

	
100 × 100

	
5.8

	
300

	
646.2

	
100.3

	
2274

	
2220

	
1.02




	
S4-6-120

	
100 × 100

	
5.8

	
300

	
646.2

	
111.3

	
2364

	
2391

	
0.99




	
S5-6-140

	
100 × 100

	
5.8

	
300

	
646.2

	
128.1

	
2484

	
2573

	
0.97




	
S6-7-100

	
100 × 100

	
6.8

	
300

	
599.5

	
89.2

	
2262

	
2209

	
1.02




	
S7-7-110

	
100 × 100

	
6.8

	
300

	
599.5

	
100.3

	
2345

	
2295

	
1.02




	
S8-7-120

	
100 × 100

	
6.8

	
300

	
599.5

	
111.3

	
2427

	
2369

	
1.02




	
S9-7-140

	
100 × 100

	
6.8

	
300

	
599.5

	
128.1

	
2552

	
2492

	
1.02




	
S10-10-100

	
100 × 100

	
10

	
300

	
458.6

	
89.2

	
2305

	
2206

	
1.04




	
S11-10-120

	
100 × 100

	
10

	
300

	
458.6

	
111.3

	
2449

	
2298

	
1.07




	
S12-10-140

	
100 × 100

	
10

	
300

	
458.6

	
128.1

	
2558

	
2499

	
1.04




	
S13-14-100

	
100 × 100

	
14.2

	
300

	
468.6

	
89.2

	
2867

	
3107

	
0.92




	
S14-14-120

	
100 × 100

	
14.2

	
300

	
468.6

	
111.3

	
2933

	
3120

	
0.94




	
S15-14-140

	
100 × 100

	
14.2

	
300

	
468.6

	
128.1

	
2986

	
3274

	
0.91




	
S16-18-140

	
100 × 100

	
18.5

	
300

	
444.6

	
128.1

	
3382

	
3441

	
0.98








Note: Nc is the calculated axial bearing capacity in the present work, Nt is the test results, and the mix ratio of UHPC for experimental and numerical calculations can be found in relevant literature.
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Table 2. Details of the UHPCFST specimens under the cyclic load.
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Source

	
Specimen Name

	
B × h (mm)

	
t (mm)

	
L (mm)

	
fy (MPa)

	
fcu (MPa)

	
n

	
N

(kN)

	
Pc

(kN)

	
Pt

(kN)

	
Pc/Pt






	
Xu et al. [31]

	
SpeUTH4

	
250 × 250

	
4

	
1250

	
360

	
152.6

	
0.24

	
1736

	
275

	
288

	
1.05




	
SpeUTH5

	
250 × 250

	
5

	
1250

	
360

	
155.4

	
0.24

	
1798

	
307

	
331

	
1.08




	
SpeUTH6

	
250 × 250

	
6

	
1250

	
360

	
152.2

	
0.24

	
1854

	
357

	
369

	
1.03




	
SpeUCR12

	
250 × 250

	
5

	
1250

	
360

	
150.4

	
0.12

	
899

	
272

	
294

	
1.08




	
SpeUCR36

	
250 × 250

	
5

	
1250

	
360

	
151.3

	
0.36

	
2697

	
360

	
352

	
0.98




	
Cai et al. [32]

	
S-10-0.2-1.5

	
100 × 150

	
10

	
800

	
460

	
140

	
0.2

	
690

	
139

	
143

	
0.97




	
S-10-0.4-1.5

	
100 × 150

	
10

	
800

	
460

	
140

	
0.4

	
1380

	
116

	
110

	
1.05




	
S-10-0.2-2

	
100 × 200

	
10

	
900

	
460

	
140

	
0.2

	
884

	
169

	
173

	
0.98








Note: ‘n’ is the axial compression ratio, ‘N’ is the constant axial compression load, ‘Pc’ is the calculated bearing capacity in the present work, and ‘Pt’ is the averaged value of test results in the push and pull directions.
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Table 3. The parameters of the columns for numerical analysis.
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	Specimen
	fy (MPa)
	fcu (MPa)
	L (mm)
	B × h (mm)
	t (mm)
	λ
	w
	n
	N (kN)





	S1
	345
	100
	1000
	150 × 150
	5
	23.1
	30
	0.3
	823



	S2
	460
	100
	1000
	150 × 150
	5
	23.1
	30
	0.3
	924



	S3
	560
	100
	1000
	150 × 150
	5
	23.1
	30
	0.3
	1010



	S4
	345
	120
	1000
	150 × 150
	5
	23.1
	30
	0.3
	965



	S5
	345
	140
	1000
	150 × 150
	5
	23.1
	30
	0.3
	1053



	S6
	345
	100
	1500
	150 × 150
	5
	34.6
	30
	0.3
	823



	S7
	345
	100
	2000
	150 × 150
	5
	46.2
	30
	0.3
	823



	S8
	345
	100
	1000
	150 × 150
	5
	23.1
	30
	0.4
	1098



	S9
	345
	100
	1000
	150 × 150
	5
	23.1
	30
	0.5
	1372







Note: ‘λ’ is the length–diameter ratio and ‘w’ is the width–thickness ratio. Converting the cube strength of 100 MPa, 120 MPa and 140 MPa to prism strength, they are respectively 89.1 MPa, 111.3 MPa and 128.1 MPa.
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