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Concrete-filled steel tubular (CFST) structures using high-strength materials have been increasingly used in civil engineering due to their exceptional mechanical performance. A comprehensive numerical analysis was performed in this study, where a finite element model was established for a CFST stub column using high-strength materials with consideration of fire and load combinations. The influence of critical parameters to the resistance in axial compression were analyzed based on the verified model, including the fire exposure time, the axial load level, the confinement factor, etc. The results showed that the residual resistance of a high-strength circular CFST (HCFST) column in axial compression decreased with the increase of axial load level and fire exposure time, while it increased with the increase of material strength.
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INTRODUCTION
The circular concrete-filled steel tubular (CFST) has been widely used in engineering structures for its high compressive capacity, exceptional seismic performance, and convenient constructability. Using high-strength steel (fy≥460 MPa) and high-strength concrete (fcu≥60 MPa) in CFST can further improve the structural compressive capacity and save the amount of materials and the cost. Therefore, CFST structures using high-strength materials have been increasingly used in civil engineering projects such as high-rise buildings (Han, 2016). On the other hand, fire occurs frequently in modern society. The performance of damaged structures after fire has been gravely scrutinised. It is of great scientific significance and engineering application value to study the compressive capacity of high-strength concrete-filled steel tubular structures after fire.
In the past, the mechanical properties of CFST structures with high strength concrete at room temperature have been studied extensively, and calculation methods of the compressive capacity of CFST structures at room temperature have been proposed (Liew and Xiong, 2012; Han, 2016). Experimental and theoretical analysis has also been conducted on the fire resistance of CFST structures with normal strength materials. Han and Feng (1995) conducted a fire resistance test of CFST short columns and analyzed the influence of various factors on the fire resistance of CFST columns. Huo and Han (2002) studied the compressive capacity of a CFST cross section after fire and proposed relevant calculation formulas. Xiong and Liew (2015), Xiong and Liew (2016), Han (2016), Han et al. (2017), and Mirmomeni et al. (2017) studied the fire resistance rating and mechanical properties of steel tube high-strength concrete under and after high temperature. Song et al. (2010) established a finite element model and studied the influence of load ratio during fire, fire exposure time, and other parameters on the compressive capacity of CFST short columns using normal materials after fire. Kamil et al. (2019a) and Kamil et al. (2019b) made a fiber element simulation of interaction behaviour of local and global buckling in axially loaded rectangular concrete-filled steel tubular slender columns under fire exposure and made a numerical analysis of axially loaded rectangular concrete-filled steel tubular short columns at elevated temperatures.
However, the research on the mechanical properties of HCFST after fire is still rather limited, which restricts the application of HCFST in practical engineering. In this paper, the research of high-strength steel and high-strength concrete of a concrete-filled steel tubular short column is conducted, and a finite element model on the high strength concrete-filled steel tubular short column under the effect of temperature and load coupling is established. The stress distribution, the effect of fire and load combination, and the residual loading capacity of the high-strength CFST stub column is studied, which will provide a scientific basis for the structural strength assessment after fire exposure.
FINITE ELEMENT MODELLING AND VERIFICATIONS
A finite element model was established in the ABAQUS software platform, while the whole fire process was analysed by the thermal mechanics sequential coupling method. The model consisted of a heat transfer analysis model and a mechanical analysis model.
The heat transfer analysis model is used to calculate the temperature field of the specimen during the fire. The temperature field result of heat transfer analysis is introduced into the stress analysis model, where the deterioration response of materials at high temperature and the compressive capacity of the section after fire was calculated accordingly.
Analysis Path
Figure 1 shows the analysis path under the combination of fire and load (Han, 2016), where T represents the temperature, N represents the load, t represents the time, T0 represents the ambient temperature, and N0 represents the load applied at ambient temperature. The typical analysis path is as follows: 1) loading at ambient temperature (AA′): the load increases from 0 to the initial value N0; 2) loading and heating stage (A’B’): the load N0 remains unchanged, the time t increases from 0 to the set time th while the temperature rises from T0 to set temperature Th following the ISO-834 standard fire curve; 3) loading and cooling section (B’C’D’): the load N0 remains unchanged, the temperature drops to T0, and the whole structure continues cooling down to the ambient temperature; and 4) loading after fire (D’E’): the load increases until the structure is damaged under ambient temperature. The path AA’B’C’D’E can reasonably reflect the loading situation of the structure in a real fire.
[image: Figure 1]FIGURE 1 | Temperature-load-time curve.
MATERIAL PARAMETERS
For the thermal parameters of steel and concrete, the calculation methods proposed by Lie (1994) were adopted, including the thermal conductivity coefficient, specific heat, and density.
For the mechanical properties, the constitutive relations of steel provided by Lie (1994) were used to calculate the steel at normal temperature and the heating stage, and the double-line model proposed by Yang et al. (2008) was used to calculate the constitutive relation after high temperature. For the concrete, the stress-strain relation at ambient temperature and the heating stage proposed by Han (2016) was adopted. And in the post-fire stage, the temperature correction was made to adjust the peak stress and strain (Song et al., 2010).
Element Type, Meshing, and Boundary Condition
In the heat transfer analysis model, the DS4 element was used for the steel tube, the DC3D8 element was used for the concrete and loading plates, and the global size of the grid was approximately 15 mm. For the surface heat exchange condition of the steel tube, the heat dissipation coefficient of the film layer was 25 W/(m2K) and the emissivity of the steel tube surface εm was 0.7. The interface heat transfer between the steel tube and concrete was set according to Ghojel (2004). The “Tie” contact was set between the concrete and upper and lower plates.
In the mechanical analysis model, the S4R shell element was used for the steel tube, and the C3D8R solid element was used for the concrete and loading plates. The mesh was consistent with that in the thermal analysis model to ensure the results imported correctly from the last step. For the contact between the steel tube and concrete, the friction coefficient of tangential behaviour was 0.6, the friction mode was selected as “Penalty”, and the normal behaviour was chosen as “Hard” contact. The “Tie” contact was set between the steel tube, concrete, and upper and lower plates. The load was applied at one end while the other end was fixed. The mesh of the finite element model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Mesh of the finite element model.
Model Verification
The axial compression performance of high-strength CFST at room temperature, the fire resistance rating of CFST, and the compressive performance of the CFST short column after the fire were calculated using the established finite element model, and compared with the existing test results.
Figure 3A shows the measured and predicted load-displacement curves of the high-strength CFST stub column under axial compression at ambient temperature (Specimen S1-three to three in Liew et al., 2016). Figure 3B shows the comparison results of the displacement time-history of the CFST column end (Specimen C1-1 in Han, 2016). Figure 3C shows the calculation and test comparison results of the load-strain curve of CFST short columns under compression after fire exposure (Specimen CF-1 in Song et al., 2010), while the load is kept constant during the fire. It can be seen that the predicted results were in good agreement with the experimental ones in terms of the compressive stiffness and compressive capacity of the CFST stub column using high-strength materials at ambient temperature, the fire resistance rating of normal CFST, and the compressive capacity of the CFST section after fire.
[image: Figure 3]FIGURE 3 | Verification results. (A) Axial compressive performance at ambient temperature. (B) Fire resistence. (C) Axial compressive performance after fire.
COMPRESSIVE PERFORMANCE OF STUB COLUMN AFTER FIRE
The finite element model was used to further analyse the compressive behaviour of high-strength CFST short columns after fire. The basic information of the numerical prototype is as follows: steel tube profile is D×t = 600 mm × 12 mm, column length L = 1800 mm (D:L = 1:3); the compressive strength of the high-strength concrete cube fcu = 80 MPa, the yield strength of the high-strength steel tube fy = 460 MPa; axial load level (defined as the ratio of initial load to ultimate compressive capacity at ambient temperature) n = 0.2; fire exposure time is 1 h.
Temperature Field Analysis
Temperature curves of points in the middle section of high-strength CFST specimens are shown in Figure 4. Among them, point 1 is the temperature measuring point of the outer surface of the steel tube, and points 2, 3, 4, and 5 are the temperature measuring points in the radial direction at the concrete section a total of 0, 96, 192, and 288 mm away from the outer surface of concrete, respectively.
[image: Figure 4]FIGURE 4 | T-t curve of middle section of high strength CFST.
It can be seen that the historical maximum temperature experienced by the section decreases successively from the outside to the inside. Due to the thermal resistance between the steel tube and concrete and the low thermal conductivity of concrete, the temperature change of concrete has a certain delay, and the concrete centre has the lowest historical maximum temperature.
Load-Displacement Curve
The axial load (N)- axial displacement (Δ) curve of a typical calculation example is shown in Figure 5. It can be seen that the curve of this numerical sample can be divided into four stages: 1) loading at ambient temperature (oa): the column develops axial compression deformation; 2) at the beginning of the loading-heating stage (aa’): when the column load is small, the compressive deformation is smaller than the expansion caused by thermal expansion, and the specimen has expansion deformation; 3) loading-heating and loading-cooling stage (a’b): when the temperature continues to rise, the compressive displacement exceeds the expansion due to the increasing degree of material deterioration, and the specimen begins to develop compressive deformation; when the ambient temperature starts to cool, the axial shortening of the column is further increased due to the continuous temperature increase inside the section and the deterioration of concrete material performance; and 4) post-fire loading stage (bc): with the increase of axial compressive deformation, the load increases to the peak value and then decreases.
[image: Figure 5]FIGURE 5 | N-Δ curve of specimen section.
In Figure 5, the N-Δ curve of the specimen without loading during fire is also presented, which follows the analysis path ABCDE in Figure 1. It can be seen that the post-fire compressive capacity of the section without load during fire was about 5% higher than that with constant load (n = 0.2) during fire. This was because the internal force redistribution occurred in the column during the whole process of fire, which affected the structural behaviour after fire.
Load Distribution
The proportion of axial load carried by the steel tube and core concrete in the post-fire loading stage is shown in Figure 6. In the initial loading stage, due to the residual stress and deformation generated in the heating and cooling stage, the steel tube bears approximately 40% of the load. With the increase of deformation, the proportion of axial load resisted by the steel tube decreased to the extreme point and then increased gradually.
[image: Figure 6]FIGURE 6 | Axial force distribution.
Contact Stress
Figure 7 shows the contact stress variation between the steel tube and concrete at different stages.
[image: Figure 7]FIGURE 7 | Change of contact stress between steel tube and concrete. (A) Heating and cooling stage. (B) Post-fire loading stage.
In the loading-heating stage, there was no contact stress between the steel tube and concrete, as the thermal expansion of the steel tube is much larger than that of the concrete. In the loading-cooling stage, the steel tube shrinks rapidly while the internal concrete is still being heated and expanding. The steel tube is in contact with concrete, and the maximum contact stress is 19.4 MPa. With the decrease of temperature, the concrete also begins to shrink gradually, and the contact stress decreases accordingly.
At the beginning of post-fire loading stage, the initial contact stress starts to decrease as the transverse deformation of the steel tube grows. It begins to increase as the plastic deformation develops in the concrete. The contact stress between the concrete and steel tube increases gradually with a maximum value of approximately 20 MPa. The contact stress decreases again with the deterioration of concrete with a minimum value of approximately 10 MPa, which ensures the confinement effect of high-strength steel tube to the high-strength concrete.
PARAMETRIC ANALYSIS
Based on the verified finite element model, the influence of the key parameters on the post-fire compressive strength of the high-strength CFST stub column is analysed. The geometry of the basic specimen is the same as that in Compressive Performance of Stub Column After Fire. The main parameters include: fire exposure time (0–180 min), diameter-thickness ratio (defined as D/t, where D and t represent the outer diameter and the thickness of the steel tube, respectively), axial load level (0∼0.3), the compressive strength of concrete (80∼120 MPa), and the yield strength of the steel tube (460∼690 MPa).
Exposure Time
Figure 8 shows the load-displacement (N-Δ) curves of each specimen after fire when n = 0.2, where the specimens are subjected to fire for 0, 90, and 180 min. It can be seen from the figure that, under the same other conditions, the post-fire compression capacity of high-strength CFST specimens decreased with the increase of fire exposure time. The specimens subjected to fire for 90 and 180 min reduced by 13 and 24% respectively when compared with those without fire exposure.
[image: Figure 8]FIGURE 8 | The influence of fire time on N-Δ curve.
Diameter to Thickness Ratio
Figure 9 shows the post-fire load-displacement curves of specimens with diameter to thickness ratios of 75, 60, 50, and 43 when the axial load level is 0.2 and the fire exposure time is 90 min. It can be seen that when other conditions were the same, the post-fire compressive strength of the high-strength CFST section increased with the decrease of the diameter to thickness ratio. For example, when the D/t reduced from 75 to 43, the post-fire compression capacity of the section increased by 23%. This was because the smaller the diameter to thickness ratio, the stronger the confinement effect of the high-strength steel tube provided, and the improvement of concrete strength was more significant.
[image: Figure 9]FIGURE 9 | The influence of D/t on N-Δ curve.
Axial Load Level
Load-displacement curves of specimens with axial compression levels of 0, 0.1, 0.2, and 0.3 after the same fire exposure time are shown in Figure 10. It can be seen that when the fire exposure time was 90 min, the influence of axial compression level on the residual compressive capacity of the specimen section is not significant. The cross-sectional compressive capacity with an axial load level of 0.3 decreased by less than 5% compared with that without constant axial load. When subjected to fire for 180 min, the compressive capacity of specimens with an axial load level of 0.3 was about 10% lower than that without axial load. During the fire, the internal force redistribution occurred in the specimen, which might affect the ultimate compressive capacity after fire. The effect increased when the fire exposure time was longer.
[image: Figure 10]FIGURE 10 | The influence of n on N-Δ curve. (A) tf = 90 min (B) tf = 180 min.
Yield Strength of Steel Tube
Figure 11 shows load-displacement curves of specimens with tube yield strengths of 460, 550, and 690 MPa. It can be seen that the post-fire compression capacity of the high-strength CFST short column increased with the increase of the yield strength of the steel tube. When the yield strength of the steel tube increased from 460 to 690 MPa, the cross-sectional compressive strength after fire increased by 25%.
[image: Figure 11]FIGURE 11 | The influence of fy on the N-Δ curve.
Compressive Strength of Concrete
Figure 12 shows load-displacement curves of specimens with concrete strength grades of C80, C100, and C120. It can be seen that the compressive strength of high-strength CFST short columns after fire increased with the increase of the compressive strength of concrete. When the concrete strength grade increased from C80 to C120, the compressive capacity increased by 28%.
[image: Figure 12]FIGURE 12 | The influence of fcu on the N-Δ curve.
CONCLUSION
In this paper, finite element analysis was carried out on the compressive performance of high-strength CFST stub columns after fire. The following conclusions were obtained within the parameters of this paper.
1) The results of the established comprehensive numerical model were in good agreement with the test results in terms of fire resistance rating and cross-sectional compressive strength before and after fire of CFST columns.
2) Using high strength materials could significantly improve the post-fire compressive capacity of specimens. For instance, when the yield strength of the steel tube increased from 460 to 690 MPa, the cross-sectional compressive strength after fire increased by 25%. When the concrete strength grade increased from C80 to C120, the compressive capacity increased by 28%.
3) In the post-fire loading stage, the high-strength steel tube still provided effective confinement to the core high-strength concrete. The compressive capacity of the section after fire decreased with the increase of axial load level, fire exposure time, and diameter to thickness ratio.
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