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To investigate the bearing capacity of the hollow Glass Fiber Reinforced Polymer (GFRP) pipe-concrete-steel tube composite long columns subjected to eccentrical compression load, 33 hollow GFRP pipe-concrete-steel tube composite long columns have been designed. The slenderness ratio (λ), compressive strength of concrete cube (fcu), eccentricity (e) and so on are the main parameters. Based on constitutive models for steel, GFRP and confined concrete, numerical simulation of the hollow GFRP pipe-concrete-high strength steel tube composite long columns has been carried out by using software ABAQUS. The rationality of the constitutive models and modeling method has been verified by comparing the experimental and simulated load-displacement curves. The influence of different parameters on the mechanical behavior of this kind of column has been investigated. Results show that with the increasing of t1, t2 and fcu, the ultimate eccentrical compression bearing capacity of the specimen increases. With the increasing of e, the ultimate displacement of the specimens increases, while the ultimate eccentrical compression bearing capacity decreases. The eccentricity has a significant influence on the ultimate eccentrical compression bearing capacity. With the increasing of λ, the ultimate eccentrical compression bearing capacity of the specimens gradually decreases. The specimens suffer from ductile failure. The formula of the ultimate eccentrical compression bearing capacity of the composite columns is obtained by statistical regression. The study can provide theoretical support for the application of the composite columns in practical engineering.
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INTRODUCTION
Glass Fiber Reinforced Polymer (GFRP) has been widely used in acidic, alkaline and wet environments because of its advantages of light weight, high tensile strength and good corrosion resistance (Dilum et al., 2018; Ji et al., 2021a). But it also has the shortcomings of poor rigidity and low shear strength, which severely restrict its popularization and application in structural systems. The GFRP material and concrete are organically combined to form a composite structural member, which can give full play to the superior mechanical properties of the material (Wang and Dai, 2019a). Based on this, a new type of hollow GFRP pipe-concrete-high strength steel tube composite columns is proposed. This type of column is composed of an outer layer of GFRP pipe, an inner layer of high strength steel tube and sandwich concrete. The outer layer of GFRP pipe and inner layer of steel tube can provide effective confined force for the sandwich concrete, thereby the bearing capacity and ductility of the composite columns can be greatly improved (Idris and Ozbakkaloglu, 2014). In actual engineering, this new type of composite member is not only convenient for construction, but also possesses excellent seismic performance and durability (Wang et al., 2019b).
In 2015, Mohammad et al. (2015) firstly proposed a circular GFRP pipe concrete column compression model, which could better predict the stress-strain behavior of GFRP pipe concrete columns subjected to compression load. In 2016, Abdelkarim et al. (2016) found that solid-web composite columns had better overall stiffness and seismic behavior than hollow FRP-concrete-steel tube composite columns. In the same year, Abdelkarim et al. (2016) proposed a design method for hollow FRP-concrete-steel tube columns under earthquake action. In 2017, Ekmekyapar and AL-Eliwi (2017) found that the bearing capacity, ductility and stiffness of double-layer concrete filled steel tube (CFST) columns were better than those of single-layer CFST columns. In 2018, Ahmed et al. (2018) proposed a bearing capacity formula for double CFST short columns under axial compression and developed a ideal mathematical model which could reflect well the stress-strain relationship of this type of column under compression. In 2019, AlAjarmeh et al. (2019) established a theoretical model of hollow concrete columns by GFRP reinforcement, which could well predict the axial compressive bearing capacity of this type of column. In 2015, Qian et al. (2015) found that the vertical strain of the mid-span section of the eccentrically compressed double CFST column basically conformed to the plane-section assumption, and its eccentric compression bearing capacity could be obtained by the superposition method. In 2015, Feng et al. (2015) found that steel tube-concrete-FRP composite columns had superior stiffness, ductility and stable residual bearing capacity. In 2016, Cheng (2016) established a calculation method for the compressive and flexural bearing capacity of steel tube-concrete-FRP-concrete columns and proved that this type of column had superior mechanical behavior. In 2017, Zhang et al. (2017) established the medium long column model of steel-encased concrete filled GFRP tubes, and proposed the calculation formula for reduction coefficient of bearing capacity considering the effect of slenderness ratio. In 2018, Teng et al. (2018) found that FRP-concrete-high-strength steel tube-concrete composite columns had excellent short-term and long-term bearing capacity, and both FRP tubes and high-strength steel tubes generated obvious restraint effects on concrete. Ji Jing’s research group (Yu, 2020; Ji et al., 2021b) found that the thickness of the outer GFRP tube had the most significant impact on the axial compression behavior of the GFRP tube-concrete-steel tube composite columns, and proposed that the best winding angle of the GFRP tube should be ±80°. So far, the research on the GFRP tube-concrete-steel tube composite columns has mainly focused on the axial compression behavior, and there are few experiments and numerical simulations involving the eccentric compression behavior of this type of composite columns. Therefore, it is essential to carry out the research on the eccentric compression bearing behavior of this type of composite long columns through finite element software.
Combined with large-scale finite element software ABAQUS (Ji et al., 2018; Ji et al., 2021c), and considering the nonlinear contact between materials, the finite element model of the hollow GFRP pipe-concrete-high strength steel tube composite long columns is established by introducing the nonlinear constitutive model of materials. Based on the experimental verification of the material constitutive model and finite element modeling, the influence regularity of different parameters on the eccentrical compression bearing capacity of the composite columns is explored, and the calculation formula of the composite columns under eccentric compression load is obtained by statistical regression.
Specimen Design
In order to obtain the eccentric compression behavior of the hollow GFRP pipe-concrete-high strength steel tube composite long columns, the slenderness ratio (λ), compressive strength of concrete cube (fcu), eccentricity (e), thickness of GFRP pipe (t1) and thickness of steel tube (t2) are taken as the main controlled parameters, and a total of 33 composite long columns are designed. The specific parameters of the specimens are shown in Table 1, and the overall diagram of the specimen is shown in Figure 1. In Table 1, H is the length of the column, DGFRP and Ds are the outer GFRP with a diameter of 300 mm and inner steel tubes with a diameter of 219 mm respectively, and the hollow rate (ρ) is 0.6. High-strength steel that the grade is Q345 is adopted for the steel tube, and the yield strength (fsy) is taken as 351 MPa. The modulus of elasticity and Poisson’s ratio are taken as 198.22GPa and 0.3, respectively. λ is equal to H/DGFRP.
TABLE 1 | Specific parameters of 33 specimens.
[image: Table 1][image: Figure 1]FIGURE 1 | Hollow GFRP pipe-concrete-steel tube composite long columns.
FINITE ELEMENT MODEL
Material Constitutive Model
GFRP Pipe
GFRP is an orthotropic material which could provide little axial compression resistance, so only the axial tension effect of GFRP is considered in this paper. The linear elastic constitutive model is shown in Figure 2. The mechanical properties of GFRP pipes are shown in Table 2. The axial stress-strain relationship of GFRP is as follows:
[image: image]
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Where [image: image] and [image: image] are the fracture strain and elastic modulus of GFRP, respectively.
[image: Figure 2]FIGURE 2 | Constitutive model of GFRP pipe.
TABLE 2 | Mechanical properties of GFRP pipe.
[image: Table 2]Concrete
The constitutive model of confined concrete is given by Han et al. (2001), Teng et al. (2006), Mander et al. (1988) and Pagoulatou et al. (2014), and the comparisons of different constitutive models are shown in Figure 3. The constitutive model of confined concrete proposed by L. H. Han is adopted in this article and the plastic damage model of concrete is selected in the ABAQUS software.
[image: Figure 3]FIGURE 3 | Different constitutive models of concrete.
The stress-strain relationship of concrete under uniaxial compression:
[image: image]
Where:
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The stress-strain relationship of concrete under uniaxial tension:
[image: image]
Where, [image: image], [image: image], [image: image] is the peak tensile stress, [image: image] is the peak tensile strain, [image: image] and [image: image] can be calculated respectively according to the following formulas:
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[image: image]
Steel
The double-broken line elastoplastic constitutive model considering stress hardening is adopted as the constitutive model of the inner steel tube, as shown in Figure 4. The stress-strain relationship is shown in Eq. 14, where E1 is taken as 0.01Es.
[image: image]
Where, Es is the elastic modulus of the steel tube. E1 is the modulus of the plastic stage of the steel tube. fsy and ɛsy are the yield strength and its corresponding strain of the steel tube, respectively.
[image: Figure 4]FIGURE 4 | Bilinear constitutive model of steel tube.
Element Selection and Contact Method
Based on the finite element software ABAQUS, finite element model of the hollow GFRP pipe-concrete-high strength steel tube composite column is established. Eight-node three-dimensional solid elements (C3D8R) are adopted to simulate the steel tube, concrete and GFRP pipe. The interface contact among GFRP pipe, steel tube and concrete consisted of two aspects, including the hard contact in the normal direction and the frictional contact considering relative slip in the tangent direction, as shown in Figure 5. In the normal direction, in order to make the interaction surface fully contact, the hard contact is adopted. The interface pressure of the contact unit is p. In the tangent direction, shear stress τ can be freely transferred between the interface of steel tube and concrete. When the shear stress reaches the critical value of interface bond stress τbond, the interfacial bond stress failed, that is, GFRP pipe, steel tube and concrete began to slip relatively, as shown in Eq. 15. In this paper, the relative slip between the interface of steel tube and concrete is considered during the analysis process, and the friction coefficient µ is taken as 0.5 (Ji et al., 2020).
[image: image]
[image: Figure 5]FIGURE 5 | Material contact relationship of composite long columns.
Boundary Conditions and Meshing
Two reference points RP1 and RP2 are set at both ends of the specimens, and RP1 and RP2 are coupled with the degrees of freedom at the end sections of columns. In order to ensure that the eccentric compression columns exhibits the flexure only in the XOZ plane during the loading process, the degrees of freedom (UX, UY, URX, and URY) of the eccentric compression columns are restricted at the upper end, while the degrees of freedom (UX, UY, UZ, URX, and URY) are restricted at the lower end. Vertical displacement is applied to the reference point RP1 at the upper end of the column. In order to ensure the accuracy and efficiency of the model calculation, a suitable mesh density is selected firstly to analyze the model, and then the density mesh of the model is taken as 2 times to analyze again. By comparing the calculation results of the two meshing methods, the error between them is less than 5%, which could be used as a suitable meshing for the composite columns. The meshing of the finite element model is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Meshing of finite element model.
EXPERIMENTAL VERIFICATION OF FINITE ELEMENT MODEL
Overview of Existing Tests
In order to verify the rationality of the finite element modeling, four GFRP pipe-concrete-steel tube composite columns from the literature (Xu, 2013) are selected for finite element simulation in this paper, and the load-displacement relationship curves of the composite columns can be obtained. By comparing the results of existing tests, the rationality of the finite element modeling of the composite columns in this paper is verified. The specific parameters of four specimens are shown in Tables 3, 4, here fc and Ec are the axial compressive strength of concrete and the elastic modulus of concrete, respectively.
TABLE 3 | Specific parameters of four specimens.
[image: Table 3]TABLE 4 | Specific parameters of four specimens of GFRP pipe and steel tube.
[image: Table 4]Comparisons of Results Between Simulations and Tests of four Specimens
The above modeling method is used to carry out numerical analysis for the eccentrical compression behavior of four test specimens, and the load-displacement relationship curves of the four specimens are obtained. The comparisons of the load-displacement curves between simulations and tests are shown in Figure 7. It can be seen by comparison that the trend of the test curves are basically consistent with that of the simulated curves, which are in good agreement. However, some specimens in the later plastic stage are in general agreement. The possible reason is that the concrete is regarded as an isotropic continuous element during the simulation analysis, while the concrete is regarded as a discrete element in the test. The ultimate eccentrical compression bearing capacity and ultimate displacement of the specimens can be extracted by load-displacement curves, as shown in Table 5.
[image: Figure 7]FIGURE 7 | Comparisons of load-displacement curves between simulation and test. (A) Specimen 1-30-10-3. (B) Specimen 1-60-10-4. (C) Specimen 2-30-6-3. (D) Specimen 2-60-6-3.
TABLE 5 | Comparisons of ultimate eccentrical compression bearing capacity and ultimate displacement.
[image: Table 5]It can be seen from Table 5 that the maximum error between the simulated eccentrical compression ultimate bearing capacity (Ns) and the test ultimate bearing capacity (Nt) is less than 10%, which can be seen that the analytical results of the finite element simulations and the tests are in good agreement. The comparisons of the failure modes between the simulations and tests of four specimens are shown in Figure 8. It can be seen that the overall deformation and failure position of the simulated composite columns are basically the same as those of the test composite columns, which can verify the rationality and feasibility of the finite element modeling method.
[image: Figure 8]FIGURE 8 | Comparisons of deformation between simulation and test for four specimens. (A) Specimen 1-30-10-3. (B) Specimen 1-60-10-4. (C) Specimen 2-30-6-3. (D) Specimen 2-60-6-3.
ANALYSIS OF EXTENDED PARAMETERS
Thickness of GFRP pipe (t1)
The comparisons of load-displacement curves of specimens with different t1 are shown in Figure 9, and the ultimate eccentrical compression bearing capacity (Ns) of the specimens is shown in Table 6. It can be seen from Figure 9 that the initial stiffness of the specimens is basically unchanged with the increasing of t1, and with the increasing of load, the stiffness of the specimens gradually increases. As can be seen from Figure 9A, when the eccentricity (e) is 30 mm and t1 increases from 6 to 8, 10 and 12 mm, respectively, Ns increases from 2979 to 3336kN, 3804 and 4564kN in turn, which increases by 12.0, 27.7 and 53.2%, respectively. As can be seen from Figure 9B, when e is 60 mm and t1 increases from 6 to 8, 10 and 12 mm respectively, Ns increases from 2472 to 2736kN, 3081 and 3698kN in turn, which increases by 10.7, 24.6 and 49.6%, respectively. As can be seen from Figure 9C, when e is 0mm, t1 increases from 6 to 8, 10 and 12 mm respectively, Ns increases from 3932 to 4404kN, 5022 and 6051kN in turn, which increases by 12.0, 27.7 and 53.9%, respectively. It can be concluded that Ns of the three groups of specimens show the same change regularity, that is, Ns increases gradually and the increase rate is larger with the increasing of t1. All specimens show good bearing capacity.
[image: Figure 9]FIGURE 9 | Comparisons of load-displacement curves for specimens with different GFRP thicknesses. (A) Load-displacement curves of group A specimens. (B) Load-displacement curves of group B specimens. (C) Load-displacement curves of group C specimens.
TABLE 6 | Ultimate eccentrical compression bearing capacity of specimens with different thicknesses of GFRP pipe.
[image: Table 6]Thickness of Steel tube (t2)
The comparisons of load-displacement curves of specimens with different t2 are shown in Figure 10, and the ultimate eccentrical compression bearing capacity (Ns) of the specimens is shown in Table 7. It can be seen from Figure 10 that the initial stiffness of the specimens is basically unchanged with the increasing of t2, while the ultimate eccentrical compression bearing capacity of the specimens increases gradually. As can be seen from Figure 10A, when the eccentricity (e) is 30 mm and t2 increases from 6 to 8, 10 and 12 mm, respectively, Ns increases from 3804 to 3961kN, 4381 and 4822kN in turn, which increases by 4.0, 13.2 and 21.1%, respectively. As can be seen from Figure 10B, when e is 60 mm and t2 increases from 6 to 8, 10 and 12 mm respectively, Ns increases from 3081 to 3248kN, 3589 and 3996kN in turn, which increases by 5.1, 14.2 and 22.9%, respectively. As can be seen from Figure 10C, when e is 0 mm and t2 increases from 6 to 8, 10 and 12 mm, respectively, Ns increases from 5022 to 5229kN, 5789 and 6361kN in turn, which increases by 4, 13.2 and 21.1%, respectively. It can be concluded that Ns of the three groups of specimens show the same change regularity, that is, Ns gradually increases and the increase rate is larger with the increase of t2. With the increasing of deformation, the curves tend to be horizontal and then begin to decrease slowly. All specimens show good bearing capacity.
[image: Figure 10]FIGURE 10 | Comparisons of Load-Displacement Curves of Specimens with Different Steel Tube Thicknesses. (A) Load-displacement curves of group A specimens. (B) Load-displacement curves of group B specimens. (C) Load-displacement curves of group C specimens.
TABLE 7 | Ultimate eccentrical compression bearing capacity of specimens with different thicknesses.
[image: Table 7]Compressive Strength of Concrete Cube (fcu)
The comparisons of load-displacement curves of specimens with different fcu are shown in Figure 11, and the ultimate eccentrical compression bearing capacity of the specimens is shown in Table 8. It can be seen from Figure 11 that the initial stiffness of the specimens is basically unchanged with the increasing of fcu, and with the increasing of load, the stiffness of the specimens gradually increases. As can be seen from Figure 11A, when e is 30 mm and fcu increases from 30 to 40, 50 and 60 MPa, respectively, Ns increases from 2693 to 3112kN, 3804 and 4502kN in turn, which increases by 13.5, 29.2 and 40.2%, respectively. As can be seen from Figure 11B, when e is 60 mm and fcu increases from 30 to 40, 50 and 60 MPa, respectively, Ns increases from 2235 to 2546kN, 3081 and 3737kN in turn, which increases by 12.2, 27.5 and 40.2%, respectively. As can be seen from Figure 11C, when e is 0 mm and fcu increases from 30 to 40, 50 and 60 MPa, respectively, Ns increases from 3555 to 4075kN, 5022 and 5921kN in turn, which increases by 12.8, 29.2 and 40%, respectively. It can be concluded that Ns of the three groups of specimens show the same change regularity, that is, Ns gradually increases and the increase rate is larger with the increasing of fcu. When fcu reaches 60MPa, the growth rate of ultimate eccentrical compression bearing capacity begins to slow down. All specimens show good ductility and bearing capacity.
[image: Figure 11]FIGURE 11 | Comparisons of load-displacement curves of specimens with different concrete strengths. (A) Load-displacement curves of group A specimens. (B) Load-displacement curves of group B specimens. (C) Load-displacement curves of group C specimens.
TABLE 8 | Ultimate eccentrical compression bearing capacity of specimens with different compressive strengths of concrete cubes.
[image: Table 8]Eccentricity(e)
The comparisons of the ultimate eccentrical compression bearing capacity of multiple groups of specimens with eccentricities of 0, 30 and 60 mm are shown in Figure 12. It can be seen from Figure 12 that eccentricity was an essential part in the ultimate eccentrical compression bearing capacity of specimens. With the increasing of eccentricity, the ultimate eccentrical compression bearing capacity decreases gradually. Taking Figure 12A as an example, when t1 is 6 mm and e increases from 0 to 30mm and 60 mm respectively, Ns decreases from 3932 to 2979kN and 2472kN in turn, which decreases by 32 and 59%, respectively. When t1 is 8 mm and e increases from 0 to 30mm and 60 mm respectively, Ns decreases from 4404 to 3336kN and 2736kN in turn, which decreases by 32.4 and 60.7%, respectively. When t1 is 10 mm and e increases from 0 to 30mm and 60 mm, respectively, Ns decreases from 5022 to 3804kN and 3081kN in turn, which decreases by 32.1 and 63.0%, respectively. When t1 is 12 mm and e increases from 0 to 30mm and 60 mm, respectively, Ns decreases from 6051 to 4564kN and 3698kN in turn, which decreases by 42.4 and 75.8%, respectively. To sum up, the eccentricity can be regarded as the most important factor affecting the ultimate eccentrical compression bearing capacity of the specimens.
[image: Figure 12]FIGURE 12 | Comparisons of ultimate bearing capacity of specimens with different eccentricities. (A) Specimens with different GFRP thicknesses. (B) Specimens with different steel tube thicknesses. (C) Specimens with different concrete strengths.
Slenderness ratio (λ)
The comparisons of load-displacement curves of specimens with different slenderness ratios are shown in Figure 13. It can be seen that the initial stiffness of the specimen decreases gradually with the increasing of slenderness ratio, and with the increasing of load, the curve deviates further and further from the coordinate axis, and the specimens have low ultimate eccentrical compression bearing capacity. As can be seen from Figure 13, when the slenderness ratio of the specimens increases from 6 to 7, 8 and 9, respectively, the ultimate eccentrical compression bearing capacity of the specimens decreases from 3804 KN to 3202, 2837 and 2689 KN in turn, which decreases by 15.8, 25.4 and 29.3%, respectively. It can be concluded that with the increasing of slenderness ratio, the ultimate eccentrical compression bearing capacity of the specimens decreases gradually and the decreasing amplitude becomes smaller and smaller, but the load-holding capacity becomes better and better.
[image: Figure 13]FIGURE 13 | Comparisons of load-displacement curves for specimens with different slenderness ratios.
FORCE MECHANISM
The partial pressure (N)-deformation (Δ) characteristic curve of hollow GFRP pipe-concrete-high strength steel tube composite long column subjected to eccentric compression is shown in Figure 14. At the initial loading stage, N is small and the specimen is at the elastic stage (OA segment). The longitudinal inhomogeneous compressive strain of the composite column section basically maintains a linear relationship, which conforms to the plane-section assumption. With the increasing of N, the curve gradually deviates from the ordinate, and the stiffness of the specimen decreases, then the specimen enters the elastic-plastic stage (AB segment). The longitudinal inhomogeneous compressive strain of the composite column section increases gradually, but it still conforms to the plane-section assumption. With the further increasing of N, the radial strain of sandwich concrete is greater than that of steel tube and GFRP pipe, then the deformation of concrete starts to be constrained by steel tube and GFRP pipe, which shows that the specimen enters the plastic stage (BC segment) (Yu and Hu, 2014; Zhang et al., 2015; Shen, 2019). The sandwich concrete is under triaxial compression. The outer GFRP pipe is under radial compression and hoop tension, while the inner steel tube is subjected to both radial and hoop compression, and the micro-stress state of the cross-section element is shown in Figure 15. After the peak compression load, the axial strain of GFRP pipe and steel tube at the lower compression side changes from compressive strain to tensile strain, and the steel tube at the larger compression side yields, resulting in outer bulging deformation of specimen. Then, the specimen enters the load-holding stage (CD segment), finally the GFRP pipe at the mid-span compression side of the long column breaks circumferentially. The restraint effect on the concrete disappears, and the specimen is declared to fail. All specimens show good load-holding capacity and deformation capacity. The failure process of specimens presents certain characteristics, which belongs to ductile failure.
[image: Figure 14]FIGURE 14 | Typical N-Δ curve.
[image: Figure 15]FIGURE 15 | Micro-stress state of section element. (A) GFRP pipe. (B) Concrete. (C) Steel tube.
Eccentric Compression Bearing Capacity Formula of Hollow GFRP Pipe-Concrete-High Strength Steel Tube Composite Long Columns
Since slenderness ratio and eccentricity have significant influence on the eccentric compression bearing capacity of hollow GFRP pipe -concrete-high strength steel tube composite long columns, the empirical coefficient method is adopted. Referred to the calculation formula of single-pillar bearing capacity in “Specification for Design and Construction of Concrete-filled Steel Tube Structures” (CECS28-90) (National Standards of the People’s Republic of China CECS28:901990), the calculation formula of the eccentric compression bearing capacity of hollow GFRP pipe-concrete-high strength steel tube composite long columns is given as follows:
[image: image]
Where, [image: image] is the ultimate bearing capacity of the eccentric compression columns; [image: image] is the reduction coefficient of bearing capacity considering slenderness ratio; [image: image] is the reduction coefficient of bearing capacity considering eccentricity; [image: image] is the ultimate axial compression capacity of hollow FRP-concrete-steel tube composite short columns.
The formula proposed in literature (Qian and Liu, 2006) is adopted as the calculation formula of axial compression capacity and slenderness ratio reduction coefficient of hollow GFRP pipe-concrete-steel tube composite short columns:
[image: image]
Where, [image: image] is the peak stress of concrete, and [image: image] is the yield compressive strength of steel tube, and [image: image] is the cross-sectional area of concrete, and [image: image] is the cross-sectional area of steel tube.
When the steel tube diameter-thickness ratio is greater than 20 for composite columns, [image: image] is taken in the reference (Qian and Liu, 2006), where [image: image] can be expressed by the following formula:
[image: image]
Where, A is the influencing factor considering the hollow ratio and the steel tube diameter-thickness ratio. Hollow ratio [image: image], [image: image] is the outer diameter of the steel tube, [image: image] is the inner diameter of GFRP pipe, [image: image] is the peak strain of the GFRP pipe confined core concrete. When [image: image], core concrete peak strain of the GFRP pipe can be calculated by Eq. 19. [image: image] is the fiber characteristic value of GFRP pipe confined concrete. When the laminate theory is used to study the material properties of the GFRP pipe at the axial and hoop directions, the formula [image: image] can be adopted. [image: image] is the hoop tensile strength of the GFRP pipe, and [image: image] is the thickness of GFRP pipe, and [image: image] is the axial compressive strength of concrete. If the steel tube diameter-thickness ratio is greater than 20, [image: image], and [image: image] is the influencing factor considering the hollow ratio. When [image: image], [image: image] = 0.848. [image: image] can be calculated by Eq. 20:
[image: image]
[image: image]
In the literature (Qian and Liu, 2006), experimental data is used to fit the reduction coefficient [image: image] considering the slenderness ratio, and its expression is as follows:
[image: image]
Where, [image: image] is the slenderness ratio.
In order to consider the reduction factor of eccentricity, the calculation formula is used as follows:
[image: image]
Where, [image: image] is the initial eccentricity of the eccentric composite columns; [image: image] is the radius of the core concrete; c in Eq. 22 can be obtained by regression of the experimental data in the literature (Cao, 2013), and its calculation formula is as follows:
[image: image]
The Eqs 17, 21, 22 are taken into Eq. 16 to obtain Eq. 24, and the calculation formula for the eccentric compression bearing capacity of the hollow GFRP pipe-concrete-high strength steel tube composite long columns is obtained.
[image: image]
The Eq. 24 is used to calculate the ultimate eccentric compression bearing capacity ([image: image]) of 33 composite long columns, as shown in Table 9 and Figure16. By comparing with the simulation results (Ns), it can be seen that the maximum error (Errormax) between the simulation and calculation is 10.5%, which can meet the engineering accuracy requirements.
TABLE 9 | Comparisons of Ns and Nu for 33 composite columns.
[image: Table 9][image: Figure 16]FIGURE 16 | Comparisons of simulated and calculated bearing capacity of DSTC composite columns.
CONCLUSION
The finite element models of 33 hollow GFRP pipe-concrete-high strength steel tube composite long columns are established by finite element software ABAQUS, and the eccentric compression behavior analysis of the composite long columns is carried out. The load-displacement curves of the specimens can be obtained during the whole process. The influence regularity of the different parameters on the ultimate eccentric compression bearing capacity of specimens can be clarified. The specific conclusions can be drawn as follows:
1) Based on the stress-hardening double-line elastic-plastic constitutive model for steel, line elastic constitutive model for GFRP and constitutive model for confined concrete, the contact element is introduced to simulate the hollow GFRP pipe-concrete-high strength steel tube composite long columns. The load-displacement curves obtained from the tests and simulations are compared and the rationality of constitutive models and finite element modeling method can be verified.
2) With the increasing of the thickness of GFRP pipe and steel tube, the ultimate eccentric compression bearing capacity of specimens increases gradually. Under the double-layer constraint of GFRP pipe and steel tube, concrete can be under a state of triaxial compression. It can be seen that GFRP pipe has a significant constraint effect on concrete. With the increasing of the compressive strength of the cube concrete, the ultimate eccentric compression capacity of the specimens increases gradually. However, when the compressive strength of cube concrete reaches 60Mpa, the growth rate of ultimate eccentric compression capacity begins to slow down. The greater the eccentricity is, the greater the ultimate displacement of specimens is. However, the ultimate eccentrical compression bearing capacity decreases with the increasing of the eccentricity. The eccentricity can be regarded as the most important factor affecting the eccentric compression capacity of the specimens. With the increasing of slenderness ratio, the ultimate eccentric compression capacity decreases gradually.
3) The load-displacement curves of the composite long columns consist of four stages of elastic, elastoplastic, plastic and load-holding. Due to the restraint of GFRP pipe on concrete, the bearing capacity and deformation capacity of the specimens can be improved. When the specimens fail, due to the hoop fracture of GFRP pipe, the restraint effect on concrete disappears, and the specimens lose bearing capacity and fail. All specimens show good load-holding capacity and deformation capacity. The failure process of specimen presents certain characteristics, which belongs to ductile failure.
4) Based on the empirical coefficient method, the calculation formula of the eccentric compression bearing capacity of hollow GFRP pipe-concrete-high strength steel tube composite long columns can be obtained by statistical regression. It can provide theoretical support for the application of this kind of composite columns in practical engineering.
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Note: Ey is the hoop elastic modulus, o is the hoop tensile strength, E;is the axial elastic
modulus, o1 is the axial tensile strength, and v is the Poisson’s ratio.
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