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This paper presents an experimental and numerical study on large dimension concrete-filled square low steel ratio steel tubular (CFST) stub columns under axial loading. Four specimens were designed to investigate the effects of steel ratio on the confinement effect of square CFST stub columns with a low steel ratio. ABAQUS was used to establish 3D finite element (FE) models for simulation of square CFST stub columns with a low steel ratio under axial loading. Furthermore, based on the experimental verification, the definition of the confinement index (ϕ = fsAs/(fcAc)) was discussed and the effect of the grade of concrete and steel tube was also investigated. With the same cross-sectional dimensions, the confinement effect of the square CFST stub columns with a low steel ratio (less than 0.05) was better than the others. The stub columns with the yield strength of steel tube fs = 235 MPa (345, 420 MPa) and compressive cubic strength of concrete fcu = 40 MPa (60, 80 MPa) can give fully demonstrate the material performance and reflect the better confinement effect. Based on the experimental results and FE modeling, a practical calculation formula for the ultimate load-carrying capacity of square CFST stub columns with a low steel ratio was proposed. The formula calculation results presented in this paper show good agreement with the experimental results. Compared with the existing formulas, the proposed formula has better precision.
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INTRODUCTION
Square concrete-filled steel tubular (CFST) columns are widely used in high-rise buildings because of its advantages such as convenient construction of joints, large section moment of inertia, and easy to take fire prevention measures. While ensuring a certain steel ratio, the large size square CFST column in practical engineering is difficult to weld due to the excessive thickness of steel tube (Giakoumelis and Lam, 2004), so the application of the square CFST column with a low steel ratio in practical engineering is possible.
Nowadays, various strength construction materials are being increasingly used in engineering structures as a result of the continued advancement of materials technology. These materials often exhibit high strength as well. As far as CFST columns in real structures are concerned, the highest cylinder compressive strength and yield strength reported are 130 and 690 MPa for the concrete and steel, respectively (Uy, 2011). Therefore, the reasonable matching of steel tube and concrete with different strength grades helps make full use of material properties and provide reasonable suggestions for material selection in practical engineering design.
At present, Extensive experimental and analytical studies have been conducted to understand the behavior of the composite columns mainly from the 1960s (Shanmugam and Lakshmi, 2001; Nie et al., 2008; Zhu et al., 2016; Yang et al., 2019a; Yang et al., 2019b) and the available experimental research and theoretical analysis of the mechanical properties of square CFST columns (Sakino et al., 2004; Tao et al., 2008) are mostly focused on small and medium-sized sections, with the steel ratio generally greater than 0.05 (Tao et al., 2009; Wang et al., 2002; Kato, 1995; O shea and Bridge, 2000), while the square CFST columns with a steel ratio less than 0.05 are only limited used for a comparison test. Therefore, the practical calculation formula for the bearing capacity of square CFST columns proposed by most researchers does not take into account the stress situation of stub columns under low steel ratio. Such ignorance will produce certain errors in designing and calculating square CFST columns with a low steel ratio.
The limited study on square CFST columns with a steel ratio of less than 0.05 is summarized below. To study the influence of section shape, aspect ratio, concrete strength grade, and steel ratio on the mechanical properties of thin-walled CFST columns, Zhang (Zhang et al., 2005) carried out 26 specimens of thin-walled CFST short columns, and among them, there are three square CFST specimens with a steel ratio lower than 0.05. Mursi (Mursi and Uy, 2018) also carried out an experimental study on the mechanical properties of 30 square CFST columns with a square section size ranging between 126 and 306 and a steel ratio ranging between 0.040 and 0.103. Only five of the specimens were used as comparative tests with a steel ratio of less than 0.05. Lume et al. (Lume et al., 2017) proposed using high-strength thin-walled steel tubes to limit the high-strength concrete core, which can produce a confinement effect and enhance the strength. To this end, in an experimental study on the mechanical properties of 26 high-strength thin-walled CFST columns, the steel ratio was 0.01, the steel tube with yield strengths was greater than 500 MPa, and concrete with compressive strengths was 100 MPa. To improve the stability of the thin-walled concrete-filled steel tubular wall and the bearing capacity and ductility of the test piece, Li et al. (Bin et al., 2017) proposed to set stiffeners in the steel tube and carried out relevant tests. The steel ratio of the specimens was between 0.041 and 0.086. Zhou et al. (Zhou et al., 2019) proposed a scheme in which diagonal binding ribs are welded at all the four pairs of adjacent sides of the square tube to strengthen the load-bearing performance of thin-walled CFST columns, the steel ratio of the specimens was between 0.027 and 0.097. There are five square CFST columns with a steel ratio of less than 0.05 for comparison specimens.
In addition, the confinement effect of square CFST stub columns with a low steel ratio and the reasonable matching between steel tubes and concrete have not been thoroughly studied.
Therefore, this study is to investigate the mechanical properties of square CFST columns with a low steel ratio of less than 0.05 and the confinement effect of steel tube on concrete. More specifically, this study completed the following work. 1) The square CFST columns with different low steel ratio were tested under axial loading to investigate the effects of different steel ratio on the mechanical properties; 2) A three-dimensional solid finite element (FE) model of square CFST stub columns with low steel ratio was established to investigate the effects of steel ratio, concrete and steel strength on the internal forces and the confinement effect between square steel tubes and concrete. The definition of the confinement index (ϕ = fsAs/(fcAc)) is also discussed. The FE analysis also provides a basis for the reasonable matching of the material of the square CFST stub columns with low steel ratio; 3) A calculation formula for the bearing capacity of square CFST columns with low steel ratio is established with consideration of the stress situation of stub columns under low steel ratio. The comparison was also conducted with the existing formulas and specifications. The results will be beneficial to provide a theoretical basis and calculation basis for the design of large cross-section and low steel ratio square CFST columns that may exist in actual engineering and propose a reasonable choice of steel ratio and strength of steel and concrete.
EXPERIMENTAL INVESTIGATION
Specimens and Materials
A total of four square CFST stub columns with different steel ratios were designed. Details of specimen numbers and parameters are shown in Table 1. In the table, B is the width of the square section. t is the wall thickness of the steel tube. L is the height of the specimen. fcu is the cubic compressive strength of concrete. fs is the yield strength of steel. ρ is the steel ratio of steel tube, defined as the ratio of the steel tube area to the entire cross-sectional area (ρ = As/Asc). Nu,e is the ultimate load-bearing capacity of stub columns from experimental results. Nu,fe is the ultimate load-bearing capacity of stub columns from FE results.
TABLE 1 | Details of specimens and their load-bearing capacity.
[image: Table 1]To observe the deformation of the specimen after the damage, the red paint was sprayed on the outer surface of the empty steel tube specimen, and a 50 × 50 mm grid has meshed for all specimens. After the square steel tubes were formed, 10 mm-thick steel plates were welded onto the bottom of the tubes then concrete was poured from the top of the steel tube. The concrete is non-self-compacting commercial concrete. Before curing, care was taken that the surface of the concrete was level with the end of the steel tube. Standard cubic concrete specimens 150 mm in length were made and cured under the same condition. After 28 days of curing, the concrete had achieved its compressive strength and its surface was then flattened with a grinding machine. The compressive strength fcu of the concrete cube is measured by the standard cubic concrete specimens according to the Standard for Method of Mechanical Properties on Ordinary Concrete (GB/T50081-2019) (GB/T50081-2019, 2019). Finally, epoxy was applied onto the concrete surface and the end of the steel tube to bond a 10 mm-thick steel plate. This was done to ensure that concrete and steel tubes were loaded uniformly. The steel is processed by a cold-rolled steel sheet. The empty steel tube is bent into a U-face by Q235 steel plate, and then the two U-shaped steel tubes are butt welded. The butt weld is welded according to the “Standard for design of steel structures” (GB/50017-2017) (GB/50017-2017, 2017). The seam is designed with a weld height of 1 times the thickness of the steel plate and a margin of 1 mm outside the weld. Refer to “Metallic materials tensile test Part 1: Room temperature test method” (GB/T 228.1-2010) (GB/T 228.1-2009, 2010), and make three 4 mm-thick steel plate standard test pieces. The tensile test was carried out on a tensile tester according to standard test methods. The measured steel yield strength is 310 MPa, and the ultimate tensile strength is 460 MPa.
Experimental Set-up and Measurements
The compression test of square CFST stub column specimens with a low steel ratio was carried out on the 20,000 kN multifunctional testing system at the National Engineering Laboratory of High-speed Railway Construction Technology of Central South University. The load is transferred to the specimen through a 4 mm thick steel plate covering the top of stub column to ensure that the load surface is flat, and the pressure value applied to the specimen is directly read by the loading program. The displacement gauge is arranged symmetrically at 1/3 of the height of the specimen and connected to a data acquisition system to collect relative displacement. In order to measure the deformation of the steel tube at different positions, three strain rosettes were arranged in the middle of each specimen, and the axial and transverse strains of the steel tube at three different positions were collected by the strain test system. Figure 1 shows the schematic diagram of displacement gauge and strain flower arrangement, and the picture of typical specimen compression.
[image: Figure 1]FIGURE 1 | Experimental instrumentation for all specimens.
The specimen was pre-loaded to ensure that the pressure surface is flat. The hierarchical loading method mentioned in the literature (Ding et al., 2020) was adopted until the specimen is close to the ultimate load. When the ultimate load was approached, specimens were loaded slowly and continuously until final failure.
Test Observations and Failure Modes
At the initial stage of the test loading, the specimen is in the elastic working stage, and its load-strain curve increases linearly. When the imposed load reached 60–70% of the ultimate load, the steel began to yield and the load (N) and axial strain (εL) curves demonstrated nonlinear elastic-plastic behavior, as shown in Figure 2. When the specimen reaches the ultimate load, the steel tube buckles locally, and the core concrete is shear-type displaced and crushed. The local buckling of steel tubes of all specimens did not occur until the ultimate load was approached. The typical failure modes of the SCFST stub columns with a low steel ratio show the drumming damage near the end of the specimen. After the loading, the Plumb line method is used to measure the bulge on all sides of the steel tube, and the maximum value is applied. The maximum drum value of the specimen SCFST-1 is 31mm, while the maximum drum value of the specimen SCFST-2, SCFST-3, and SCFST-4 are 23, 22 and, 18 mm, respectively. It can be seen that the increase of the wall thickness of the steel tube strengthens the stability of the steel tube wall, effectively delays and slows the buckling of steel tube, and the typical failure mode is shown in Figure 3.
[image: Figure 2]FIGURE 2 | Load (stress)-axial strain curves of stub columns under axially loading.
[image: Figure 3]FIGURE 3 | Typical failure modes of specimens.
FE MODELING
FE Models
Finite element (FE) models are established using the ABAQUS finite element software. In these models, the 8-node reduced integral format 3D solid element (C3D8R) is chosen to model the core concrete and cover plate. The square steel tube adopts a 4-node reduced integral format shell unit (S4R), and uses nine nodes of Simpson integral along the thickness direction of the shell unit to meet the calculation accuracy requirements. The structured meshing technique is adopted as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Mesh generation of FE models.
In these models, a surface-based interaction with “hard” contact in the normal direction and the Coulomb friction coefficient of 0.5 in the tangential direction is used to simulate the interfacial behavior between the steel tube and the core concrete, cover plate, and core concrete. The sliding formulation is finite sliding in the contact interaction. The “tie” option is adopted for the constraint between the steel tube and the cover plate so that no relative motion occurs between them.
The following non-dimensional mathematical form for the stress-strain relationship of concrete under uniaxial compression was proposed in (Ding et al., 2019):
[image: image]
where k is the ratio of the initial tangent modulus to the secant modulus at peak stress and equals [image: image]. m is a parameter that controls the decrease in the elastic modulus along the ascending portion of the axial stress-strain relationship and equals [image: image]. For a CFST stub column, parameter α1 can be taken as 0.15. The Poisson ratio vc of concrete was taken as 0.2. Eq. 2 can describe the stress-strain relationship of concrete with strengths ranging from 20 to 140 Mpa, as validated by experimental results in (Ding et al., 2019).
An elasto-plastic model, with consideration of Von Mises yield criteria, Prandtl-Reuss flow rule, and isotropic strain hardening, was used to describe the constitutive behavior of steel. The expression for the stress-strain relationship of steel was:
[image: image]
where σi is the equivalent stress of steel; fs is the yield strength; fu is the ultimate strength, and fu = 1.5 fs; Es is the elastic modulus, Es＝2.06 × 105 MPa; Est is the strengthening modulus, which is described by Est = ζEs; εi is the equivalent strain; εy is the yield strain; εst is the strengthening strain; and εu is the ultimate strain, which is described by εu = εst + 0.5fs/(ζEs), where εst = 12εy, εu = 120εy and ζ = 1/216.
Model Verification
The results calculated by the FE model are compared with the experimental results. Figure 2A takes the specimen SCFST2 as an example to compare the changing trends of overall stress of the specimen (σsc = N/Asc, Asc = Ac + As), the stress of the steel tube (σs), and the stress of the concrete (σL,c). It can be seen from the results that the σs reaches yield strength (point M3) before the σsc reaches the maximum value (point M1, that is, the bearing capacity), and the σL,c reaches the extreme (point M2) after the bearing capacity. Table 2 lists the axial strain values of each specimen at each characteristic point. As shown in the table, all the steel tubes of specimens first reach the yield strength. That means the steel tube will not buckle until the stub columns reaches the bearing capacity. Figure 2B is a comparison of the load-axial deformation curve of other specimens between the FE results and the test results.
TABLE 2 | Details of specimens and their load-bearing capacity.
[image: Table 2]Comparisons of axial strain (εL) curves and transverse strain (εθ,S) curves at the strain gauge location between experimental and FE results are shown in Figure 5. It can be seen that the test curve in the elastic phase is in good agreement with the FE calculation curve. In the elasto-plastic phase and the plastic phase, the difference between the FE calculation curve and the test curve becomes larger. That is mainly because of the internal defects of steel tubes and concrete FE which has not been considered into the simulation process. Such limitation caused that, the buckling and failure of the actual specimen could not be fully captured in FE analysis.
[image: Figure 5]FIGURE 5 | Comparison of load-strain curve of FE calculation results and test results.
Figure 6A shows the comparison of the bearing capacity of the FE calculation of the specimen with the experimental value. The accurate value about the results of load-bearing capacity modeled by FE (Nu,fe) and the experimental results (Nu,e) for all specimens have been shown in Table 1. The average ratio of Nu,e to Nu,fe is 1.037 with a dispersion coefficient of 0.026. Based on the comparison, the FE results agree well with the experimental results, with only slight underestimates.
[image: Figure 6]FIGURE 6 | Comparison of ultimate bearing capacities, stiffness and ductility indexes for all specimens.
The comparison between the measured and calculated values of the stiffness is shown in Figure 6B. The stiffness is defined as the secant stiffness at the 40% ultimate load corresponding to the load-axial strain rise section curve. It can be seen that the stiffness calculated by the FE is slightly larger. Simultaneously, according to the test results, the stiffness of the specimen SCFST-2 is increased by 5.7% compared with the specimen SCFST-1, and the stiffness of the specimen SCFST-3 is improved by 8.0% compared with the specimen SCFST-1. And compared with the specimen SCFST-1, the specimen SCFST-4 has a stiffness increase of 15.9%, which indicates that increasing the wall thickness is beneficial to improve the stiffness of the specimen.
The comparison between measured and calculated values of ductility is shown in Figure 6C. The ductile DI definition of square CFST stub columns is shown in the literature (Ding et al., 2019). Since the FE calculation is difficult to effectively simulate the buckling and failure of the specimen, the FE results overestimate the ductility of all specimens. Simultaneously, according to the test results, the ductility of the specimen SCFST-2 was increased by 20.8% compared with the specimen SCFST-1, and the ductility of the specimen SCFST-3 was improved by 40.0% compared with the specimen SCFST-1. And compared with the specimen SCFST-1, the specimen SCFST-4 increased the ductility by 43.6%, indicating that the ductility of the specimen increased with the increase of the wall thickness.
In sum, as the steel ratio increases, the stiffness and ductility of the specimen can be improved. The effect of steel ratio on the restraint between steel tube and concrete and the different restraint efficiency of different steel ratios will be discussed and studied in detail through parametric FE analysis. Simultaneously, the reasonable match of steel tubes and concrete with different strength grades will also be discussed.
Composite Action Analysis
Steel Ratio
The variation law of the ratio of axial average maximum stress of core concrete calculated by finite element model to the uniaxial compressive strength of concrete with the steel ratio is shown in Figure 7A. The variation law of the ratio of finite element calculation ultimate load-carrying capacity to nominal ultimate load-carrying capacity with the steel ratio is shown in Figure 7B. The variation law of the ratio of three sets of axial compression test ultimate load-carrying capacity to nominal ultimate load-carrying capacity with the steel ratio is shown in Figure 7C. It can be seen that the Nu/No and fL,c/fc of the specimen have the maximum value when the steel ratio(ρ) is 0.04, which indicates that the steel tube has the most confinement effect on the core concrete in the case of the steel ratio is 0.04. The axial compression test results of different literatures shown in Figure 7C also reflect similar laws.
[image: Figure 7]FIGURE 7 | Comparison of ratio of calculation results to theoretical values.
Taking square CFST stub columns under axial loading with steel strength of 345 MPa and concrete strength of 60 MPa as an example, the relationship between internal force and axial strain of the example with different steel ratio obtained by FE model is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Comparisons of mechanical behavior of specimens with different steel ratio.
It can be seen from Figures 8A,B that the axial stress (σL,s) and transverse stress (σθ,s) of the midpoint and endpoint of the middle section of steel tube intersect one another after the steel tube yielding, wherein the axial stress and the transverse stress of the stub columns with the steel ratio of 0.04 is the earliest intersect, followed by stub columns with the steel ratio of 0.02 and 0.05, and finally the stub columns with steel ratios of 0.06 and 0.08, which shows that the stub columns with a steel ratio less than 0.05 example has obvious confinement effect on the core concrete; Refer to the equivalent concrete lateral compression stress concept and calculation method proposed in the reference (Ding et al., 2018). The calculation diagram of core concrete in the limit state is shown in Figure 9. According to the limit equilibrium theory, the lateral force of the concrete subjected to the steel tube (2tσθ,s) is in equilibrium with the lateral restraint force of the steel tube in the core concrete reinforcement zone (σr,cB), that is, the relationship between the transverse stress of the core concrete and the transverse stress of the steel tube is defined as 
[image: image]
[image: Figure 9]FIGURE 9 | Stress zone division of square concrete filled steel tubular columns.
The equivalent radial stress-strain curve of the core concrete with stub columns under different steel ratios is obtained as shown in Figure 8C. It can be seen that the axial strain of the core concrete at the ultimate load-carrying capacity under different steel ratios is 0.00291, 0.00255, 0.00287, 0.00255, and 0.00313, respectively. In the interval of 0.0025–0.0031, the equivalent radial stress of the short column with the steel ratio of 0.04 and 0.05 is the largest. At this time, the confinement effect of the steel tube on the core concrete is greater than that of the remaining stub columns.
Reasonable Matching of Steel Tube Strength and Concrete Strength
In order to study the effect of strength matching between steel tube and concrete on the confinement effect, a thin-wall square CFST stub column with a steel ratio of 0.04 is used as a reference example. fs = 235 MPa is paired with fcu = 40, 60, and 80 MPa in the analysis; fs = 345 MPa is paired with fcu = 60, 80 and, 100 MPa; fs = 420 MPa is paired with fcu = 60, 80, and 100 MPa, and there are nine sets of FE models. Figure 10 compares the axial and transverse stress-strain curves of the steel tube at the end of the section of the square steel tube. It can be seen that the axial stress and the transverse stress of the steel tube strength 235 MPa with the concrete strength 40 MPa, the steel tube strength 345 MPa with the concrete strength 60 MPa stub columns intersect at the earliest. At this time, the confinement effect of the steel tube on the core concrete is better.
[image: Figure 10]FIGURE 10 | Stress-axial strain curves of steel tube among specimens from FE results.
And it can be seen from Figure 10C that when the ultimate load-carrying capacity is reached (i.e., the axial strain is equal to 0.00313), the transverse stress rise rate and the axial stress decrease rate of the examples with the steel yield strength of 420 MPa and compressive cubic concrete strength of 60 MPa are greater than those in other examples. The examples with steel yield strength of 420 MPa and compressive cubic concrete strength of 100 MPa show that the axial stress and the transverse stress of the steel tube intersect at the earliest after the ultimate load-carrying capacity, and the confinement effect is better. Therefore, considering the improvement effect of bearing capacity and ductility, it can play better material properties that the steel tube with the yield strength of 235 MPa is paired with compressive cubic concrete strength of 60 MPa.
Discussion on the Constraint Coefficient of Steel Tube and Concrete
The definition of the confinement index (ϕ = fsAs/(fcAc)) was derived from the axial compression test of circular CFST stub columns where only concrete subjected to compression. The confinement index can define the confinement effect of steel tube due to the circular steel tube is uniformly tensioned in the circumferential direction and yielding stress can be achieved when concrete compressed only. At the same time, many experimental results (Ding et al., 2017) show that there was no significant difference in the ultimate load-carrying capacity of the circular CFST stub columns subjected to full-section compression and only concrete compression. So confinement index was also used to define full-section compression of circular CFST stub columns under axial compression, and this definition had since been extended to all types of the CFST stub columns under axial compression. The finite element analysis of the circular CFST stub columns subjected to full-section compression was carried out by Ding (Ding et al., 2019). The results show that the average value of the transverse stress and the yield strength ratio of the circular steel tube at the ultimate load-carrying capacity is 0.55, which did not all play the role of confinement effect; The finite element analysis of the square CFST stub columns subjected to full-section compression was also carried out by Ding (Ding et al., 2019). The results show that the average value of the transverse stress and the yield strength ratio of the square steel tube at the ultimate load-carrying capacity is 0.33, which played a less restrictive role. Therefore, in order to investigate the relationship between the numerical value and the confinement effect of the square steel tube, the author collected the test bearing capacity of 46 sets of square CFST stub columns under axial compression. The variation law of the ratio of Nu,e to nominal ultimate load-carrying capacity N0 with the value of ϕ is shown in Figure 11. It can be seen that there is no clear linear relationship between them, so the confinement index is not accurate to describe the confinement effect of steel tube on concrete. It is more appropriate to define the ratio of the axial pressures of concrete and steel tubes.
[image: Figure 11]FIGURE 11 | Relationship between force ratio and bearing capacity improvement coefficient.
BEARING CAPACITY CALCULATION
Discussion on the Ordinary Calculation Formula
Based on the limited state stress cloud diagram obtained by the FE model, the concrete is divided into the constrained area and the unconstrained area. According to the force balance principle, the calculation formula of the bearing capacity of square CFST stub columns under axial loading is proposed as following (Ding et al., 2019):
[image: image]
where K = 1.2 is the confinement coefficient of square CFST columns.
According to the calculation results of the finite element model, the comparison between the ultimate load-carrying capacity values Nu,fe obtained by the FE model, and the ultimate load-carrying capacity values Nu,c(2) obtained by Eq. 4 is shown in Figure 12. The results show that for short columns with steel ratios of 0.06 and 0.08, the average value of Nu,c (2)/Nu, fe is 0.988 and the discrete value is 0.021. And for short columns with steel ratio ρ = 0.02, 0.04, and 0.05, the average value of Nu,c(2)/Nu,fe is 0.941 and the discrete value is 0.032. The comparison shows that the bearing capacity of the short column with the steel ratio less than 0.05 calculated by the Eq. 4 is too small. Therefore, it is necessary to correct the constraint coefficient of square CFST stub columns with a low steel ratio under axial loading by the same method.
[image: Figure 12]FIGURE 12 | Comparison between formula calculation results and FE calculation results.
Confinement Coefficient
Figure 13 shows the relationship between the ratio of the axial stress (σL,s) and the yield strength (fs) of the steel tube with the steel ratio less than 0.05 at the endpoint and the midpoint of the middle steel tube with the ultimate strength of the specimen (fsc= Nu/Asc) when the ultimate load-carrying capacity is reached.
[image: Figure 13]FIGURE 13 | Average ratios of axial compressive stresses to yield stresses of the steel tubes.
The average value of the ratio of the axial compressive stress of the square steel tube to the yield strength of the steel tube can be expressed as:
[image: image]
The transverse tensile stress of the square steel tube can be expressed as below in the Von Mises yield criterion.
[image: image]
According to the calculation method of the literature (Ding et al., 2019), the ultimate load-carrying capacity of square steel tubular concrete stub columns with a low steel ratio is obtained as:
[image: image]
where K = 1.3 is the confinement coefficient of the square CFST columns with the steel ratio less than 0.05.
Table 3 lists the values of the coefficient K in different cases. For the 18 short column examples with steel ratios of 0.02, 0.04, and 0.05, the average value of the calculated value of Eq. 7 and the FE calculation is 0.968, and the discrete value is 0.028.
TABLE 3 | Relationship between axial (transverse) stress and yield strength of steel tubes.
[image: Table 3]Analysis of Calculation Results
Table 4 shows the practical calculation formulas for the bearing capacity of square CFST columns under axial loading proposed by other scholars or norms. Table 5 shows the comparison of the test results of the three square CFST columns in this study and the collection of 19 square CFST columns with a steel ratio less than 0.05 and the calculation results of Eq. 7 and other formulas. It can be seen that Eq. 7 provides the most accurate results compared to the experimental value, and the average comparison ratio is 0.960, and the discrete value is 0.046. Comparisons of calculated results of ultimate load-carrying capacity using Eq. 7 (Nu,c(7)) to experimental results (Nu,e) are shown in Figure 14. This demonstrates the accuracy of the proposed Eq. 7 in this study.
TABLE 4 | Practical main calculation formula for bearing capacity of square steel tube concrete.
[image: Table 4]TABLE 5 | Comparison of calculation results and experimental results.
[image: Table 5][image: Figure 14]FIGURE 14 | Comparisons of calculated results of ultimate load-carrying capacity using Eq. (7) (Nu,c(7)) to experimental results (Nu,e).
CONCLUSION
In this paper, the mechanical behavior of square CFST columns with a low steel ratio is carried out through experimental and FE analysis. Based on the study, the main conclusions are summarized below:
(1) Based on the experimental results, the stiffness, bearing capacity and ductility coefficient of SCFST columns with low steel ratio under axial loading increase with the increase of steel ratio. The FE model reflects the experimental law, and the calculation results of bearing capacity are in good agreement with the experimental results;
(2) Based on FE analysis, the confinement index ϕ is not accurate to describe the confinement effect of steel tube on concrete. It is more appropriate to express it as the ratio of the axial pressures of concrete and steel tubes. And it’s found that the steel tube of the square CFST column with the steel ratio of 0.04 has the best confinement effect on the concrete. When the practical calculation formula of bearing capacity is used to calculate the square CFST column with the steel ratio below 0.05, the confinement coefficient (K) is more suitable for 1.3.
(3) In the thin-wall square CFST column under axial loading with the same low steel ratio, when the steel tube with the yield strength of 235 MPa is paired with compressive cubic concrete strength of 40MPa, the steel tube with the yield strength of 345 MPa is paired with compressive cubic concrete strength of 60 MPa and the steel tube with the yield strength of 420 MPa is paired with compressive cubic concrete strength of 100 MPa, the steel tube has better confinement effect on concrete.
(4) Based on the experimental results and FE modeling, a practical calculation formula for the ultimate load-carrying capacity of square CFST stub columns with low steel ratio was proposed. The formula calculation results presented in this paper show good agreement with the experimental results. Compared with the existing formulas, the proposed formula has better precision.
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