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Abstract

:

In order to analyze the post-fire seismic performances of scoria aggregate concrete (SAC) beam-column joints precisely and effectively, one finite element model (FEM) was developed to simulate the seismic behavior of SAC beam-column joints. The FEM consists of two sequential parts: firstly, the heat transfer analysis of the beam-column joints, and then the seismic analysis of the SAC joints by combining the temperature field distribution obtained from the heat transfer analysis with the mechanical properties of the SAC after fire, both of which were implemented in ABAQUS. In order to make the simulation results more accurate, spring elements were applied to simulate the bond–slip behavior with material degradation due to fire damage in the simulation of seismic analysis. Moreover, in order to validate the FEM, the seismic behavior of the natural aggregate concrete (NAC) beam-column joints after fire was simulated with the established FEM, and the simulation results were compared with the available test data. It is proved that the FEM we built was accurate and effective and provided efficient solutions for evaluating the seismic performance of post-fire beam-column joints so that the effects of various parameters, namely, fire time, longitudinal reinforcement ratio, and axial compression ratio on the seismic performance of SAC beam-column joints after fire were investigated in depth, which indicated the increase of axial compression ratio can improve the strength, initial stiffness, and energy dissipation capacity of SAC joints, while the increase of longitudinal reinforcement ratio can increase the strength and stiffness of SAC joints to a small extent, but too high reinforcement ratio will significantly weaken the energy dissipation capacity of SAC joints.
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1. Introduction


The rapid growth of the global economy has led to an increase in the density of urban buildings and of the facility circuits and gas pipelines in the city. When a city is hit by an earthquake, the fracture of public facility circuits and gas pipelines is apt to trigger fires. Moreover, the fire will last for a long time due to the breakdown of traffic, communication, water, and other systems. Prolonged exposure to fire may significantly diminish the performance of structural materials, thereby affecting structural integrity. In this case, buildings are likely to suffer significant damage or even collapse in the subsequent aftershocks. Therefore, it is of great theoretical significance and practical value to systematically research the seismic performance of structures after they have been subjected to fire [1,2].



So far, extensive experimental research has been conducted on the mechanical properties and seismic performance of structural components after exposure to fire. Al-Ameri conducted an experimental study to evaluate the effect of high temperatures on mechanical properties and repeated impact strength of normal strength concrete [3]. The results revealed that the compressive strength was increased by less than 2% after exposure to 100 °C, while it reduced to approximately 50% of the original strength at 600 °C; the impact strength decreased sharply by 74.2% after exposure to 200 °C. Krzysztof studied the thermal and mechanical properties of perlite concrete after exposure to fire and concluded that the thermal load decreased the compressive strength of the perlite concrete blocks; the efficiency of recovering heat from the blocks reached 23–30% [4].



Through the results of axial and biaxial bending tests of reinforced concrete (RC) columns after different duration of fire exposure, Chen et al., found that the residual load-bearing capacity decreased as fire exposure time increased, and the average reductions in ultimate loads were 27% and 38% for fire exposure times of 2 and 4 h, respectively [5]. Xu et al., found that the shear capacity of RC short columns decreased with the increase of fire exposure time and increased with the increase of axial compression ratio through the quasi-static test [6]. Sun et al., carried out the quasi-static tests of super early strength composite fiber RC columns at different temperatures. It was found that the downward trends of hysteretic curves and skeleton curves were the same, but the downward trends were discrepant in different time periods [7]. Li et al., carried out a quasi-static test on an RC frame with a different ratio of beam-to-column after fire under low-frequency cyclic load. The experimental results indicated that the ultimate bearing capacity, the stiffness, the ductility factor, and the energy dissipation capacity of the RC frames decreased after exposure to fire; additionally, the hysteretic loops for the post-fire RC frames were not as full as the corresponding unfired frames and they showed remarkable pinching, which indicated that the seismic performance of the specimens decreased after exposure to fire [8].



Since the earthquake forces affecting structures and buildings are proportional to the structural mass, reducing the self-weight of structures is one of the solutions to reduce the damage caused by earthquakes. Light aggregate concrete has been increasingly used in large-span structures and high-rise buildings because of its low density, low thermal conductivity, and good fire resistance [9]. The application of lightweight aggregates in seismic structures has also been extensively studied. Bo et al., investigated the effects of joint type, axial compression ratio, the stirrup ratio in the joint cores, and longitudinal reinforcement ratio on the strength, stiffness, and energy dissipation capacity of recycled aggregate concrete beam-column joints, and the results demonstrated that the increase of axial load could increase the strength, initial stiffness, ductility, and energy dissipation capacity, thus improving the seismic performance of joints; the increase of longitudinal reinforcement ratio could increase the strength of joints, but it would significantly decrease the ductility and energy dissipation capacity of joints [10]. Faleschini et al., investigated the seismic performance of electric arc furnace (EAF) concrete beam-column joints whose results illustrated that EAF concrete could provide higher load-bearing capacity for beam-column joints on a “sustainable development” basis and that the energy dissipation capacity of EAF concrete joints was better than that of ordinary concrete joints [11]. Xu et al., compared the seismic performance of cold-formed steel (CFS) shear walls incorporating high-strength lightweight foamed concrete (HLFC) with that of ordinary cold-formed steel and found that the use of HLFC reduced the weight and bearing capacity of shear walls by 59.4% and 24.6%, respectively, which indicated that the application of HLFC in cold-formed steel shear walls significantly reduced the resultant self-weight to improve the structural seismic performance while also leading to a small decrease in structural load carrying capacity [12].



As a kind of lightweight aggregate, scoria aggregate can not only improve the seismic performance of the structure due to its light weight but also improve the mechanical properties of the structure after fire due to its excellent heat insulation and heat resistance [13]. In addition, Jilin Province in China has the maximum reserves of scoria aggregate in the country, and the reserves in Huinan County alone are 800 million m³ [14]. Therefore, research on the seismic performance of SAC structures after fire can not only promote the development of research on the seismic performance of lightweight aggregate structures after fire but also save an army of energy for the country and drive the economic growth of the local construction market in Jilin, which brings substantial social and economic benefits to the individuals.



The best way to investigate the seismic behavior of structures is experimental investigations [15]. However, the tests of RC structural components under earthquake loads require good economic conditions and time costs. Consequently, numerical investigations into this topic are indispensable. Shuna performed a numerical analysis to quantify the impact of fire damage on the seismic resistance of flexure-controlled RC structural walls. Additionally, the numerical method was validated against tests of fire-damaged RC walls subject to lateral reversed-cyclic loads [16]. Faleschini et al., analyzed the seismic performance of EAF concrete beam-column joints using an FEM and concluded that the increase in both axial load and column transverse reinforcement ratio improved the seismic performance [17]. Do, T. N. presented a hysteretic damage model that was suitable for the large-scale seismic response simulation of structural systems with strength and stiffness deterioration [18]. Fabio Mazza presented a nonlinear model based on plastic and damage mechanisms for seismic analysis of inelastic structures [19]. Fabio Mazza carried out a series of numerical investigations on six-storey RC base-isolated framed buildings, and the results indicated fire exposure before an earthquake confirms the significant reduction of the mechanical and geometrical properties of High-Damping-Laminated-Rubber Bearings (HDLRBs) and Lead-Rubber Bearings (LRBs), inducing amplification in the structural response of base-isolated structures; seismic retrofit with hysteretic damped braces (HYDBs) represents a satisfactory means of reducing the ductility demand [20,21].



The conventional FEMs for RC seismic performances neglected the bond–slip relationship between rebars and concrete, but the bond failure between them is one of the major causes for the reduction of structural seismic performance [22]. Thus, the seismic performances of structural components were usually overestimated. Nevertheless, there has been a limited number of numerical investigations that have presented FEMs taking bond failure between rebars and lightweight concrete [23,24,25], much less numerical investigations about the impact of fire exposure on bond failure between rebars and lightweight concrete.



To this end, aiming at the seismic performance of SAC beam-column joints after the fire exposure, this paper presented a FEM based on ABAQUS. The post-fire seismic analysis of SAC column joints consisted of thermal analysis and seismic analysis. The thermal analysis captured the temperature distribution of joints during the fire exposure. The temperature was used to establish the modified mechanical material properties of the concrete, which were subsequently used in the seismic analysis. Additionally, the FEM was validated by referring to the dissertation of Wang et al. [26].




2. Analysis Procedure


The seismic response of a SAC joint after fire is greatly affected by the temperature distribution when it is in fire. Therefore, the post-fire seismic behaviors of SAC beam-column joints were analyzed by sequentially thermal and mechanical analysis available in ABAQUS. The process is as follows:




	(1)

	
Heat transfer analysis: the heat transfer analysis was performed first in ABAQUS to determine the temperature distributions of the joints. This type of analysis is used when the stress or deformation field in a structure depends on the temperature field in that structure, but the temperature field can be found without knowledge of the stress/deformation response. Additionally, this type of analysis is usually performed by first conducting an uncoupled heat transfer analysis and then a stress/deformation analysis.




	(2)

	
Seismic analysis: after the thermal damage of both rebars and SAC was both transmitted to the mechanical model, the seismic analysis considering thermal degradation of the material was implemented. However, the mechanical properties of SAC after fire needed to be measured experimentally. For this reason, before simulating the seismic performance of SAC beam-column joints, an experiment to get the mechanical properties of SAC after fire was designed and conducted in this paper.




	(3)

	
Validation: to validate the FEM, the results of seismic performance of post-fire NAC joints simulated by the same FEM were compared with the test data of the reference [26] and analyzed. On the basis of this, effects of various parameters on the seismic performance of SAC beam-column joints after fire were investigated in depth reasonably. The workflow is shown in Figure 1.










3. Heat Transfer Analysis of SAC Joints


Since the post-fire performances of real structures are related to both thermal and seismic loading, the effects of fire load density, fire exposure duration, and boundary conditions on the temperature field of SAC beam-column joints were all considered in the simulation. Based on real fire temperature curve, the temperature distribution was simulated according to specific working conditions in the FEM.



3.1. Thermal Material Modelling for SAC


To analyze the temperature fields of SAC beam-column joints, thermal parameters of materials were first determined. The longitudinal reinforcement of the beams and columns in the model was HRB400, while the hoop reinforcement in the beams and columns was HPB300. The thermal parameters of rebars, namely, thermal conductivity and specific heat capacity, were determined following the Eurocode 4, which displayed more realistic results when the temperature fields for RC beams were simulated [27]. Additionally, the thermal parameters of SAC were determined following the formulas for the thermal parameters of lightweight aggregate concrete (LAC) in Eurocode 2 because SAC is one kind of LAC [14,28].



Due to the evaporation of free water, the density of concrete drops after 100 °C but not significantly, which was thus ignored during our computation. Thus, the density of SAC was regarded as constant at ρ = 1900 kg/m3 [29].




3.2. Heat Transferring Analysis in ABAQUS


The numerical model for heat transfer analysis was established in ABAQUS to capture the temperature distribution of RC structural members after exposure to fire. In order to simulate the fire scene more realistically, parametric fire curves from Eurocode 4 were used in the analysis [27]. When structural members were exposed to fire, the heat was transferred to the structural members through convection and radiation [30,31,32,33,34]. The convection coefficients for the exposed and non-exposed surfaces were set as 1500 and 540 J/(min·m²·°C), respectively; the comprehensive radiation coefficient was 0.5, the absolute zero temperature was −273.15 °C, and the Stefan–Boltzmann constant was 3.402 × 10−6 J/(min·m²·°C4) [35]. The major internal heat transfer inside structural components is conduction.



The SAC members were simulated by using DC3D8 8-node linear hexahedron heat transfer elements, and rebars were simulated by using DC1D2 2-node heat transfer elements. The thermal resistance between rebars and SAC is very low and does not largely affect the temperature fields. Thus, they were ignored.





4. Post-Fire Seismic Analysis of SAC


The results from the heat transferring analysis model were input into the subsequent post-fire seismic analysis using the sequential thermodynamic coupled analysis function available in ABAQUS. Post-fire structural damages of the SAC components are the basis of the further seismic analysis. The mechanical properties of rebars and SAC are both degraded during the fire, including the strength and elastic modulus. Therefore, the seismic performances of structural components and the overall structure are also deteriorated. To replicate these effects, appropriate thermomechanical damage model, element types, contact relations, and mesh sizes needed to be first determined.



4.1. Thermomechanical Damage Modeling for SAC


During post-fire seismic performance simulation, the damage to the mechanical properties due to temperature should be considered. Thus, the damage material model to be used in the simulation should be determined.



Scoria aggregate as a kind of high-quality light aggregate has better thermal resistance than natural aggregate so that the trend in the mechanical properties of SAC when subjected to fire is clearly different from that of NAC. The decisive factor in bringing out this difference in the FEM is the thermomechanical damage model of the concrete. In order to determine the mechanical damage model of SAC after fire, we designed and carried out tests to investigate the mechanical properties of SAC after high temperatures and recorded and analyzed the results.



4.1.1. Test Program


A total of 55 specimens of SAC was prepared as 100 mm × 100 mm × 100 mm cubic specimens and 100 mm × 100 mm × 300 mm prismatic specimens. The test instrumentation follows reference [35,36,37,38,39]. Of these, 30 cubic specimens were used for compressive and splitting tensile strength tests and 25 prismatic specimens were used for constitutive relationship tests. The specimens were divided into five groups according to various temperatures: 20 °C, 200 °C, 400 °C, 600 °C, and 800 °C, respectively. Another 55 test blocks of the same specification of NAC were prepared as the control group.



The uniaxial compressive stress-strain relationship of SAC after exposure to high temperatures, and the peak strain, modulus of elasticity, ultimate strain, and splitting tensile strength of SAC after different temperatures, were obtained by extracting the test results. Based on the regression analysis, the variations of cubic compressive strength, splitting tensile strength, peak strain, ultimate strain, and modulus of elasticity of SAC with temperature were obtained.




4.1.2. Material Simulation through Experimental Tests Results Regression


	(1)

	
Compressive and splitting tensile strengths







The compressive and splitting tensile strengths of the specimens of SAC and NAC after various temperatures were conducted. The effects of temperatures on the strength of SAC are shown in Table 1. Figure 2 shows the strength reduction of NAC and SAC after different temperatures.



As the water in the calcium hydroxide inside the test block desorbed at about 450 °C and calcium oxide was generated, the hydration products decreased significantly, the cracks inside the concrete increased rapidly, and the strength loss increased, so the strength of the test block decreased significantly. From Table 1 and Figure 2, the trend of strength reduction of SAC was similar to that of NAC, but the strength reduction of SAC after all temperatures was 4.4% less than that of NAC on average, which indicated that the degree of influence of high temperature on the strength of SAC was smaller compared to that of NAC. After 600 °C, the cubic compressive strength and splitting tensile strength of SAC decreased by 55.8% and 63.2%, respectively.



Curve fitting of the data in Table 1 yielded the cubic compressive strength of SAC after high temperature and the splitting tensile strength of SAC after high temperature, as in Table 2.



The axial tensile strength of SAC can be calculated according to calculation method of Hu with the following equation [40],


   f  L t k   = 1.18  f  L p t    



(1)




where fLtk is the axial tensile strength of concrete and fLpt is the splitting tensile strength of concrete.



	(2)

	
Peak Strain







Table 3 shows the peak strains of NAC and SAC after different temperatures. From Table 3, the peak strains of both NAC and SAC decreased with temperature between 20 °C and 200 °C. When the temperature exceeded 200 °C, the peak strains of both increased with temperature. After 400 °C, the increase in peak strain with increasing temperature was significantly higher for NAC than for SAC, due to the excellent refractoriness of the scoria aggregate that allowed the SAC to produce fewer cracks and thus smaller peak strains after being subjected to the same high temperatures as NAC.



Curve fitting of the test data in Table 3 yielded the variation law of peak strain versus temperatures for SAC, as in Table 2.



	(3)

	
Ultimate strain







The strain at the falling section of the stress-strain curve corresponding to 0.5 times the peak stress value was taken as the ultimate strain, and Table 4 shows the ultimate strain and relative ultimate strain of concrete after elevated temperatures. From Table 4, it can be obtained that the ultimate strains of both NAC and SAC decreased with increasing temperature in the range of 20 °C to 200 °C. Conversely, the ultimate strains of both increased with increasing temperature after the temperature exceeded 200 °C. After the same temperature, the ultimate strain of SAC decreased by 42% on average compared to that of NAC. After the temperature exceeded 400 °C, the ultimate strain of SAC decreased by 26% on average compared to that of NAC.



Curve fitting of the test data in Table 4 yielded the variation law of ultimate strain versus temperature for SAC, as in Table 2.



	(4)

	
Elastic modulus







The secant elastic modulus at 40% of the peak stress of the stress-strain curve was taken as the elastic modulus, and Table 5 shows the residual elastic modulus of the test blocks after elevated temperatures. From Table 5, it can be obtained that the residual modulus of elasticity of SAC was on average 5.1 times larger than that of NAC after the same temperature, especially after the temperature reached 400 °C; the former was on average eight times larger than the latter because, on the one hand, the cylinder compressive strength of scoria aggregate was higher and the stiffness was larger; on the other hand, scoria aggregate had better fire resistance. As the temperature increased, the residual modulus of elasticity of both NAC and SAC showed a decreasing trend; after 400 °C, the rate of decrease of SAC began to increase significantly, and the residual modulus of elasticity of SAC after 600 °C and 800 °C was 13% and 3% of that at ambient temperature, respectively.



Curve fitting of the experimental data in Table 5 yielded the variation law of the residual modulus of elasticity versus temperature for SAC, as in Table 2.



	(5)

	
Stress-strain curve







Figure 3a shows in detail the uniaxial compressive stress-strain curves of SAC after different temperatures obtained from the test. Figure 3b shows the stress-strain curves of SAC after different temperatures obtained by regression fitting. As shown in Figure 3a, after the temperature reached 200 °C, the area of the stress-strain curve gradually decreased with the increase of temperature, the peak strain kept moving to the right side of the curve, the peak strain gradually increased, and the elastic modulus sharply decreased.



	(6)

	
Constitutive equation







The constitutive relations for steel concrete in the Chinese code for Design of Concrete Structures was selected for the regression fitting of the constitutive equation of SAC after fire, as shown in Equations (2)–(5) [41]. The whole stress-strain curve in the code is divided into ascending and descending portions. The parameters n and α in Equations (2) and (5) are independent parameters to control the shapes of the ascending and descending portions, respectively. Among them, the parameter n is determined by the modulus of elasticity, peak strain, and peak stress of concrete, as shown in Equation (5). Additionally, the value of α is related to the deformation characteristics of concrete and its changes; for example, when the value of α increases, the plasticity deformation capacity of concrete decreases.


      y =   n x   n − 1 +  x n      x ≤ 1     y =  x  α     x − 1    2  x     x ≥ 1      



(2)






  x = ε /  ε  c , r    



(3)






  y = σ /  f  c , r    



(4)






  n =    E c   ε  c , r      E c   ε  c , r   −  f  c , r      



(5)




where fc, r is the peak stress of concrete, MPa; εc,r is the peak strain corresponding to the peak stress of concrete.



Based on the experimental data, the parameters n and α of the ascending and descending portions of the stress-strain curves of SAC after different temperatures were fitted by regression analysis, and the conclusions are shown in Table 6. Combined with Figure 2b and Table 6, it can be obtained that the ascending portions parameter n did not change much after different temperatures, while the descending portions parameter α was very large at ambient temperature and after 200 °C, and decreased significantly with the increase of temperature, which indicated that the brittleness of SAC was larger and the ductility was poorer after lower temperatures, making the descending portions very steep.




4.1.3. Thermal Damage Coefficient of SAC


When simulating joints under earthquake load, the SAC material under low-cycle repeated loading is partially irrecoverable and degraded. Therefore, the deterioration of the modulus in each cycle should be considered. So, the damage index d (T) from Sidoroff was introduced in the model, as shown in Equation (6) [42]. By reducing the stiffness of SAC, the characteristics of the unloading stiffness of SAC with decreasing damage were simulated.


  d  T  = 1 −    σ   E c   T  ε      



(6)




where Ec(T) is initial elastic modulus of SAC after temperature T, and σ and ε are the stress and strain corresponding to each point on the constitutive curve at each temperature, respectively. Damage factors d (T) is defined in damage plasticity model available in ABAQUS.




4.1.4. Thermomechanical Damage Model for Rebars


The rebars material was simulated by using the bilinear strengthening model in ABAQUS, which considered both the Bauschinger effect and cyclic hardening of rebars material. The longitudinal reinforcement of the beams and columns was HRB400 with a yield tensile strength of 450 MPa and a modulus of elasticity of 20,000 MPa at 20 °C, while the hoop bars in the beams and columns were HPB300 with a yield tensile strength of 330 MPa and a modulus of elasticity of 21,000 MPa at 20 °C.



During reciprocating cyclic loading, the elastic limit of the rebars is significantly reduced during the intersecting change of compression and tension. When the yield reaches the limit, the resistance to failure increases and the strain reduces. When the reciprocating rebars reach the yield strength, Bauschinger effect and cyclic hardening effect are considered. The bilinear strengthening model of ABAQUS fits the curve of linear elasticity and elastoplasticity of rebars under reciprocating load, so this model was selected to model and simulate the rebars [43].





4.2. Bond–Slip Model Considering Material Degradation of Rebars and SAC


The bond strength between rebars and concrete is mainly related to chemical bonding, mechanical interlocking between rebars and concrete, and the friction between rebars and concrete after debonding. Especially before debonding, the bond strength between rebars and concrete is mainly ensured by the mechanical interlocking between rebars and concrete, when the mechanical strength of concrete is crucial.



The bonding failure between rebars and concrete is one of the major causes for the failure of RC elements. It also affects the ductility, moment capacity, and energy dissipation of the joints. However, most of the conventional FEMs ignore the bond–slip between rebars and concrete, leading to the overestimation of seismic performance of structural components. Therefore, in order to accurately analyze the seismic performance of SAC structures after fire, a three-spring rebar-concrete interface bond–slip model was implemented in ABAQUS considering the effect of scoria aggregate on the mechanical strength of concrete with reference to the study [44].



4.2.1. Bond–Slip Model


The constitutive relation curves of bond stress τ and slip S between rebars and SAC after fire in the study [44] were used to calculate the seismic performance of structural components of SAC after fire with good results:



The constitutive relation of bond strength at 20 °C


  τ =     14.877 s    0 ≤ s   <   0.61      − 0.1219  s 4  + 1.7537  s 3  − 8.2479  s 2  + 13.133 s + 3.7416    0.61 ≤ s <   3.95      − 0.001059 s   3.95 ≤ s      



(7)







The constitutive relation of bond strength after 200 °C


  τ =     11.0465 s   0 ≤ s   <   0.86     − 0.0371  s 4  + 0.6629  s 3  − 4.1551  s 2  + 9.9.34 s + 3.6702   0.86 ≤ s <   6     − 0.4167 s   6 ≤ s      



(8)







The constitutive relation of bond strength after 400 °C


  τ =     17.9605 s   0 ≤ s   <   0.38     − 0.1611  s 4  + 2.1439  s 3  − 9.1993  s 2  + 13.121 s + 3.0406   0.38 ≤ s <   3.54     − 0.0119097 s   3.54 ≤ s      



(9)







The constitutive relation of bond strength after 600 °C


  τ =     19.3182 s   0 ≤ s   <   0.22     − 0.1366  s 4  + 1.8269  s 3  − 7.8188  s 2  + 10.928 s + 2.2165   0.22 ≤ s <   3.53     − 0.0259188 s   3.53 ≤ s      



(10)







The constitutive relation of bond strength after 800 °C


  τ =     3.4961 s   0 ≤ s   <   0.64     − 0.0292  s 4  + 0.4281  s 3  − 2.0807  s 2  + 3.5715 s + 0.6883   0.64 ≤ s <   4     − 0.0303688 s   4 ≤ s      



(11)








4.2.2. Implementation in ABAQUS Using Spring Element


Since the bonding between rebars and SAC is weakened after fire, spring elements were inserted in the X, Y and Z directions between them to simulate the bond–slip behaviors accurately. The spring elements had certain rigidity but no real spatial sizes, so that the bond–slip between rebars and SAC could be well simulated. The linear springs in the Y and Z directions were used to determine the dowel action between rebars and SAC, and their rigidity was cited from the elastic modulus of SAC. The nonlinear spring in the X direction was used to determine the bonding force between rebars and SAC, and its bond–slip relation was converted from the bond stress-slip relation, as in Figure 4.


  F = π D d x τ  



(12)




where F is the bond force between rebars and SAC, N; D is the diameter of the rebar, mm; dx is the half of the length sum from the rebar elements at the two sides of a spring element, mm; and τ is the bond stress between the rebars and SAC, MPa.





4.3. Element Selection


SAC was simulated by using C3D8R 8-node hexahedron linear reduced integration elements, and concrete plastic injury model was adopted as its constitutive model for SAC. Rebars were simulated as T3D2 2-node linear 3D truss elements, and their constitutive model was a bilinear follow-up hardness model. The files (.inp) on ABAQUS were compiled, spring elements were inserted in between longitudinal rebars and SAC, and the bond–slip relation was determined from Equations (7) to (12). The results of the temperature field model were imported as a predefined field into the seismic performance model.




4.4. Geometrical Modeling


The grid division and node numbering were both consistent between the temperature field model and the seismic performance model, which ensured the temperature at each node can be successfully imported into the seismic performance model. In the seismic performance model, the lower end of each column was not allowed to slip in the X, Y, and Z directions, while its upper end could slip in the X and Z directions, and its crest was applied with vertical load according to the axial pressure ratio. The ends of each beam were imposed with cyclic repeated slip. The details of grid sizes are shown in Figure 5.



Due to the evident slip between the vertical rebars and SAC in the beams and not between the vertical rebars and SAC in the columns, a three-spring element interface model was set between the vertical rebars and SAC in the beams, which reduced computations. In this way, the effects of rebar-concrete slip on the seismic performance were considered, and the computation was reduced, but the precision was still satisfactory. The spring elements between rebars and SAC were marked red in Figure 6.



The times subjected to fire for the beam-column joints of SAC were 0 min, 60 min, and 90 min, respectively. The dimensions and rebars conditions of the beam-column joints specimens were as follows: section dimensions of columns and beams were 300 × 300 and 200 × 300 mm2, respectively; the beam-columns were all symmetrically reinforced, and the columns were made as 3C20 on each side, with stirrup B8@100. The beams were set as 3B16 at both upper and lower parts. The covers of beams and columns were 30 mm thick; the stirrup of beams was B8@100, and axial compression ratio was 0.3. Table 7 listed the material parameters of rebars at ambient temperature. The ends of beams were applied with low-cyclic repeated loading. The dimensions and reinforcement of the specimens were as in Figure 7.



Displacement-controlled scheme was used to apply the vertical loading during the entire loading process. The amplitude of longitudinal displacement was 2 mm, 4 mm, 6 mm, 8 mm, 12 mm, 18 mm, 24 mm, and 36 mm for each cycle, respectively. Yield displacement was initially determined with yielding of the longitudinal reinforcements in beams. The amplitude of longitudinal displacement turned to integer multiple of yield displacement when the longitudinal reinforcements yielded. The vertical loading was gradually removed when the residual load-carrying capacity reduced to around 85% of the peak load-carrying capacity.




4.5. Analysis Results


Hysteretic curves show the loaded deformation of structures under cyclic loading and reflect the deformation characteristics, rigidity deterioration, and energy dissipation capacity of structures during repeated enforcement. Hysteretic curves are the foundation for analysis of nonlinear seismic responses and reflect the seismic performance of structures. Figure 8 shows the displacement-load hysteresis curves of the joint specimens after different times subjected to fire, where the specimens after exposure to fire for 0, 60, and 90 min were numbered “SAC0-0.012-0.2”, “SAC60-0.012-0.2”, and “SAC90-0.012-0.2”, respectively. In “SAC60-0.012-0.3”, “SAC” stands for SAC; “60” represents the time exposure to fire in minutes; “0.012” stands for the beam’s longitudinal tensile reinforcement ratio; and “0.3” represents the axial compression ratio.



The segment in one loading with the slip exceeding the maximum slip of the previous loading is connected to form a skeleton curve. Figure 9 shows the skeleton curves corresponding to the hysteresis curves above.



Figure 10 shows the relationship between stiffness degradation and displacement after different fire times. Stiffness is a measure of the deformation capacity of the structure, and this paper refers to the specification for seismic test method to assess the stiffness degradation of each hysteresis loop using the secant stiffness, which is calculated as follows [45]:


   K i  =     +  P i    +   −  P i        +  δ i    +   −  δ i       



(13)




where Ki is the secant stiffness of specimen at ith cycle; +Pi and -Pi are lateral pushing and pulling actions at ith cycle, respectively; and +δi and -δi are the corresponding lateral displacement at ith cycle, respectively.





5. Analysis Procedure Validation


In order to validate the effectiveness of the FEM, the FEM established above was used to numerically simulate the seismic performance of NAC beam-column joints after exposure to fire [26].



5.1. Heat Transfer Analysis of NAC Joints


According to the test of the reference [26], a simulation study of the temperature field of NAC after 0, 60, and 90 min of fire was required, which was the same as that of SAC.



5.1.1. Thermal Material Modelling for NAC


In order to simulate the temperature field of NAC beam-column joints, the thermal parameters of the reinforcement and NAC must be determined first. Among them, the thermal parameters such as thermal conductivity and specific heat capacity of reinforcement and the model of thermomechanical damage after fire were consistent with the previous paper and determined following Eurocode 4 and Eurocode 2 [27,28].



The effect of temperature on density of NAC was ignored during our computation which was consistent with SAC. Thus, the density of NAC was regarded as constant at ρ = 2400 kg/m3 [29].




5.1.2. Heat Transferring Analysis in ABAQUS


As with SAC, the temperature field of the members was simulated using DC3D8 8-node linear hexahedron heat transfer elements for NAC and DC1D2 2-node heat transfer elements for rebars. The comprehensive radiation coefficient was set to 0.5, the absolute zero temperature was −273.15 °C, and the Stefan-Boltzmann coefficient was 3.402 × 10−6 J/(min-m²-°C4). The internal heat of the structure was mainly transferred by heat conduction. The thermal resistance between the NAC and rebars was very small and therefore was neglected.





5.2. Post-Fire Seismic Analysis of NAC


Due to the difference between natural aggregate and scoria aggregate, the thermomechanical damage model and bond–slip model of NAC are different from that of SAC. Consequently, when simulating the seismic performance of NAC joints after exposure to fire, it is essential to determine the thermomechanical damage model of NAC and the bond–slip relationship between NAC and rebars after exposure to fire.



5.2.1. Thermomechanical Damage Model of NAC and Rebars


The thermomechanical damage model of rebars in this part was consistent with the previous paper. From the existing research, the thermomechanical damage model of NAC was established by the references [46,47,48,49]. The stress-strain relationship of post-fire NAC is expressed as Yu and Ding [48]:


  y =        A 1  x −  x 2    1 +    A 1  − 2   x     x ≤ 1      x   α 1       x - 1     2  + x     x > 1      



(14)




where   y =  σ c  /  f c   T  , x =  ε c  /  ε 0   T   , and σc and εc are the pressure stress and compressive strain of post-fire NAC, respectively. Reference parameter at ambient temperature is    A 1  = 9.1  f  c u   − 4 / 9    ; fcu is the cubic compressive strength of NAC at ambient temperature, MPa;    α 1  = 2.5 ×   10   − 5    f  c u  3   . The stress-strain curves of NAC after different temperatures are shown in Figure 11.




5.2.2. Bond–Slip Model Considering Material Degradation of Rebars and NAC


The cause of the bond strength between rebars and NAC is the same as that between rebars and SAC. However, the difference in aggregates results in significantly different bond–slip models between concrete and rebars. Thus, the bonding stress τ and slip S constitutive relation curves of post-fire rebars from Tianyi were selected to calculate the seismic performances of NAC structure components, which yielded excellent results [50]:


  τ =        τ  s T       S /   S  s T      4      0 ≤ S ≤  S  s T          k  1 T   +  k  2 T    S 4       S  s T   < S ≤  S  cr T          k  3 T   +  k  4 T   S −  k  5 T    S 2       S  cr T   < S ≤  S  u T          τ  u T   −   S −  S  u T          τ  u T   −  τ  r T      /     S  r T   −  S  u T            S  u T   < S ≤  S  r T          τ  r T       S >  S  r T          



(15)




where    S  s T   = 0.0008 D  k  s T    ,    S  c r T   = 0.0240 D  k  s T    ,    S  u T   = 0.0368 D  k  s T    , and    S  r T   = 0.540 D  k  s T     are the maximum slips at the minimal slip stage, slip stage, splitting stage, and drop stage, respectively, mm;    k  1 T   =  τ  c r T   −  k  2 T      S  c r T    4   ,    k  2 T   =    τ  c r T   −  τ  s T        S  c r T    4  −    S  s T    4     ,    k  3 T   =  τ  u T   −  k  4 T    S  u T   +  k  5 T    S  u T  2   ,    k  4 T   = 2  S  u T      τ  u T   −  τ  c r T     /      S  u T   −  S  c r T      2   , and        k  5 T   =    τ  u T   −  τ  c r T     /      S  u T   −  S  c r T      2        are the control parameters at the curve slip stage and splitting stage;    T  s T   = 1.01  f t   k  τ T    ,    T  c r T   =   1.01 + 1.54   c / D      f t   k  τ T    ,    T  u T   =   1.01 + 1.54   c / D       1 + 8.5  ρ  s v      f t   k  τ T    , and    T  r T   =   0.29 + 0.43   c / D       1 + 8.5  ρ  s v      f t   k  τ T     are the bond stresses corresponding to the maximum slip at the minimal slip stage, slip stage, splitting stage, and drop stage, respectively, MPa; and kτT and ksT are the deduction coefficient of bond strength and ultimate slip of RC after fire, which change with temperature, as in Equations (16) and (17).



Where ft is the tensile strength of concrete, MPa; S is the relative slip, mm; D is the diameter of rebars, mm; c is the thickness of the RC cover, mm; and ρsv is the stirrup ratio per unit area.



The deduction coefficient of post-fire bond strength ksT is:


   k  τ T   =     1 − 0.535 ×  10  − 3   T   0 ° C ≤ T ≤ 400 ° C     1.581 − 1.987 ×  10  − 3   T   T > 400 ° C      



(16)







The deduction coefficient of post-fire limit slip kτT is:


   k  s T   =     1 + 7.325 ×  10  − 3   T   0 ° C ≤ T ≤ 400 ° C     − 3.11 + 17.56 ×  10  − 3   T   T > 400 ° C      



(17)







The spring elements used to simulate the bond and slip between the rebars and the NAC were consistent with the previous description. The spring elements were also inserted in the X, Y, and Z directions. Among them, linear springs were used in the Y and Z directions, and nonlinear springs were used in the X direction to simulate the bond–slip relation between rebars and NAC. The bond–slip relationship was also converted from the bond stress-slip relation, as was shown in Equation (12).





5.3. Test from the Reference


In reference, the specimens after exposure to fire for 0 min, 60 min, and 90 min were numbered D1, C1, and C2, respectively. The dimensions and reinforcement conditions of the beam-column joints specimens were consistent with the previous description of that SAC. The elastic modulus of C30 concrete measured at ambient temperature was 33000 MPa, and cubic and axial compressive strengths were 31.9 and 21.3 MPa, respectively. Additionally, the details of fire exposure conditions can be found in reference [26].




5.4. Validation Results


Figure 12 shows the longitudinal load p and longitudinal slip Δ hysteretic curves of beam ends determined by the FEM in comparison with the result of the test [26]. At early loading, the curve slopes changed very slightly, the unload curves and the load curves formed minor hysteretic loops, and the rigidity was nearly unchanged, indicating the specimens were at the elastic stage. After the specimens cracked, the curve slopes gradually decreased with the increment of slip and cycle number, especially after the occurrence of rebars yielding. After the rebars yielding, with the slight increment of slips, the loads peaked, and with the increase of cycles, the rigidity and strength both deteriorated. With the prolonging of fire exposure, the bearing capacity and limit slip from both simulations and tests declined, and the simulations accurately reflected the changing trends of post-fire seismic performances.



Figure 13 shows that the skeleton curves from our simulation and previous tests were both S-shaped, indicating the failure processes were similar. At the elastic stage, the slip linearly increased with the rising load, and the rigidity recovered in the same way during the unloading. At the plastic stage, with the increment of loading, the curve slopes gradually declined, and the rigidity of joint was weakened. At the failure stage, the curves, after reaching the limit bearing capacity, started to decline. After first unloading and then re-loading, the rigidity could not recover and severely decreased. With the prolonging of fire exposure, the slopes and limit deformations on skeleton curves at early loading stage all declined in both the tests and our simulations.



Combining Figure 12 and Figure 13, there were some errors between the simulation results and the test results since the changes of post-fire mechanical properties were random to some extent. For instance, the initial stiffness errors of D1, C1, and C2 specimens were 0.9%, 1.1%, and 2.3%, respectively; the ultimate bearing capacity errors of D1 and C1 were, respectively, 1.3% and 4.7%, and that of C2 was 7.8%. However, the simulation results and the test results were generally consistent, which indicated the FEM was accurate and effective.



Accordingly, the FEM built here could be used to analyze and compute the skeleton curves, bearing capacity, rigidity, energy dissipation ability, and failure modes of post-fire RC beam-column joints. Based on this, the results of the previous simulation analysis of the seismic performance of SAC beam-column joints after fire with our FEM proved to be valid and worthy of study.





6. Analysis of the Effect of Different Parameters on Seismic Performance of Post-Fire SAC Beam-Column Joints


Based on the validated FEM above, the effects of other parameters, namely, ratio of reinforcement and axial compression ratio, on the post-fire seismic performance of SAC beam-column joints were simulated and analyzed in addition to the effects of the time for exposure to fire. The numbers and corresponding parameters of the simulated specimens are shown in Table 8.



6.1. Analysis of the Effects of Fire Time


As can be seen from Figure 8, at the beginning of loading, the slope of the curve after different fire times changed slightly, the hysteresis curve was linear, the unloading curve formed a small hysteresis loop with the loading curve, the stiffness of the joints hardly changed, and the specimen was in the elastic stage. As the displacement and the number of cycles increased, the curves became non-linear and the slope decreased. After yielding the reinforcement, the load increased slightly with displacement, and as the load reached its peak, the hysteresis curves tended to move along the displacement axis and take a spindle shape. The area surrounded by the loops gradually increased, and the energy dissipation capacity increased. After the peak load, the hysteresis curves first changed from a spindle shape to a bow shape and then to an inverse-S-shape.



With the increasing of fire time, the pinching effect of the hysteresis curves became larger, and the bearing capacity and ultimate displacement of the joints both decreased, indicating that the ductility of joints decreased with the increase of fire time. The area enclosed by the hysteresis curves gradually decreased, and the energy dissipation capacity of the joints obviously deteriorated, especially after fire time for 90 min. From Figure 9 and Figure 10 it can be seen that, with the loading of displacement, the stiffness of joints degraded to different degrees, and the stiffness degradation curves before yielding were relatively steep, while they tended to be flat after yielding; with the increasing of fire time, the stiffness of joints degraded continuously; the initial secant stiffness of SAC60-0.012-0.3 and SAC90-0.012-0.3 were approximately 88.9% and 83.9% of that of SAC0-0.012-0.3, respectively; SAC60-0.012-0.3 and SAC90-0.012-0.3 show significant degradation at displacements of 34.51 mm, 33.70 mm, and 34.67 mm, respectively, which might be mainly due to cracking of the concrete, yielding of the reinforcement, and degradation of the concrete in the joint core zone.




6.2. Analysis of the Effects of Reinforcement Ratio


Figure 14 shows the displacement-load hysteresis curves of joint specimens with different tensile reinforcement ratios, and Figure 15 shows the corresponding skeleton curves. Figure 16 shows the relationship between stiffness degradation and displacement for different tensile reinforcement ratios.



From Figure 14, with the increasing of reinforcement ratio, the joints’ bearing capacity slightly increased, but the fullness of the hysteresis curve gradually decreased, and the ultimate displacement gradually decreased; especially, the SAC60-0.015-0.3 ultimate displacement decreased most obviously, which indicated that the increasing of longitudinal tensile reinforcement ratio could improve the strength of the joints, but it also caused the reduction of ductility and energy dissipation capacity, which was consistent with the reference [10]. From Figure 15 and Figure 16, it can be seen that the overall stiffness of the joints increased with the increasing of the reinforcement ratio, indicating that the increasing of the reinforcement ratio in a certain range could enhance the stiffness of the joints, which was due to the fact that after the concrete cracks, the main tensile force was carried by the reinforcement, and the different reinforcement ratios had a greater impact on the position of the neutral axis in the sections of joints and the stiffness of joints. SAC60-0.009-0.3 and SAC60-0.012-0.3 show significant stiffness degradation at displacements of 31.54 mm and 33.69 mm, respectively, while the overall stiffness degradation curve of SAC60-0.015-0.3 was flatter because the increasing of reinforcement ratio increases the bond between the reinforcement and concrete and thus delays the yielding of the joints.




6.3. Analysis of the Effects of Axial Compression Ratio


Figure 17 shows the displacement-load hysteresis curves of the joint specimens with different axial compression ratios, and Figure 18 shows the corresponding skeleton curves. Figure 19 shows the relationship between stiffness degradation of joints and displacement with different axial compression ratios.



As can be seen in Figure 17, with the increase of axial compression ratio, the ultimate bearing capacity of the joints increased obviously, the ultimate displacement increased slightly, and the pinching effect of the curves became weaker and the curves became fuller and fuller, which indicated that the increase of axial compression ratio could increase the strength, ductility, and energy dissipation capacity of the joints since, on the one hand, the increase of axial pressure ratio reduced the upward shift of the neutral axis of the beam section in the joint core zone of beam-column joints and increased the compression zone, and, on the other hand, the larger axial loading strengthened the bond between the longitudinal reinforcement and the concrete in the beam, which reduced the effect of the pinching of the curves and thus increased the energy dissipation capacity of the joints. It can be seen from Figure 18 and Figure 19 that SAC60-0.012-0.7 and SAC60-0.012-0.5 were 1.39 times and 1.20 times that of SAC60-0.012-0.3, respectively. This indicates that the increase in axial compression ratio can significantly increase the initial stiffness of the joint, and as the axial compression ratio increases, the degradation of joint stiffness is gradually delayed.





7. Conclusions


In this paper, nonlinear spring elements were used to simulate the bond–slip between rebars and SAC in seismic post-fire analysis. In addition, our FEM was validated by comparing and analyzing the results of simulation and the test [26]. Then, the effects of different parameters on seismic performance of post-fire SAC beam-column joints were analyzed. The main conclusions can be made as follows:




	(1)

	
The simulated hysteretic curves and skeleton curves are in good agreement with the test data, indicating the proposed FEM is accurate and can be used to predict the seismic behaviors of post-fire SAC beam-column joints.




	(2)

	
Nonlinear spring elements were used between the reinforcement and concrete with both scoria and natural aggregate to simulate the bond–slip behavior. The spring elements can simulate the pinching hysteretic curves well and avoid the overestimation of seismic performance of post-fire RC beam-column joints.




	(3)

	
Analysis of the simulation results shows that the increase of fire time causes a significant decrease in the load bearing capacity, stiffness, and energy dissipation capacity of the SAC joints. The application of spring elements can simulate the pinching effect of the hysteresis curves well, but the simulations of the falling section of the curves are not very obvious, which may be caused by the insufficient consideration of the spalling of concrete after high temperature by the FEM delaying the strength degradation of the concrete.




	(4)

	
Although the increase in the reinforcement ratio of tensile rebars can slightly increase the strength and stiffness of the SAC joints, an excessively high reinforcement ratio will weaken the energy dissipation capacity and ductility of the SAC joints. Therefore, when the reinforcement ratio exceeds 1.5%, it will be detrimental to the seismic performance of post-fire SAC structures.




	(5)

	
The increase of the axial compression ratio can increase the strength and initial stiffness of the SAC joints, reduce the degrees of pinching effects of the hysteretic curves, increase the energy dissipation capacity of the SAC joints, and delay the stiffness degradation of the SAC joints.









In summary, the application of spring elements in the seismic model of post-fire SAC beam-column joints reflects the influence of various parameters on the seismic performance of post-fire SAC beam-column joints well, but there are still certain shortcomings. For instance, the simulations of the falling section of the hysteresis curves are not very obvious; the fitting accuracy for stiffness, bearing strength, and pinching effect by the FEM needs to be improved. Hence, the tests on the seismic performance of post-fire SAC beam-column joints will be designed and carried out to verify the consistency of the FEM and provide a basis for further optimization of the FEM.
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Figure 1. Analysis procedure for seismic performance of post-fire beam-column joints. 






Figure 1. Analysis procedure for seismic performance of post-fire beam-column joints.



[image: Fire 04 00070 g001]







[image: Fire 04 00070 g002 550] 





Figure 2. The strength reduction of NAC and SAC after fire: (a) the cubic compressive strength reduction of NAC and SAC after fire; (b) the splitting tensile strength reduction of NAC and SAC after fire. 
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Figure 3. The stress-strain curves of SAC after different temperatures: (a) stress-strain curves after different temperatures obtained from the test; (b) stress-strain curves after different temperatures obtained by regression fitting. 
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Figure 4. Illustration of spring element setting: (a) spring element setting; (b) spring elements. 
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Figure 5. Grid division. 
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Figure 6. Spring cell setting. 
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Figure 7. Dimensions and reinforcement of SAC beam-column joints. 
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Figure 8. Hysteretic curves of SAC joints after exposure to different temperatures. (a) Specimen SAC0-0.012-0.3, (b) Specimen SAC60-0.012-0.3, (c) Specimen SAC90-0.012-0.3. 
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Figure 9. Skeleton curves of specimens. 






Figure 9. Skeleton curves of specimens.
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Figure 10. Relationship between stiffness degradation and displacement. 






Figure 10. Relationship between stiffness degradation and displacement.
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Figure 11. The stress-strain curves of NAC after different temperatures. 






Figure 11. The stress-strain curves of NAC after different temperatures.
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Figure 12. Comparison of hysteretic curves. (a) Specimen D1, (b) Specimen C1, (c) Specimen C2. 
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Figure 13. Comparison of skeleton curves, (a) Specimen D1, (b) Specimen C1, (c) Specimen C2. 






Figure 13. Comparison of skeleton curves, (a) Specimen D1, (b) Specimen C1, (c) Specimen C2.
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Figure 14. Hysteresis curves with different reinforcement ratios, (a) Specimen SAC60-0.009-0.3, (b) Specimen SAC60-0.012-0.3, (c) Specimen SAC60-0.015-0.3. 






Figure 14. Hysteresis curves with different reinforcement ratios, (a) Specimen SAC60-0.009-0.3, (b) Specimen SAC60-0.012-0.3, (c) Specimen SAC60-0.015-0.3.
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Figure 15. Skeleton curves of specimens. 






Figure 15. Skeleton curves of specimens.
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Figure 16. Relationship between stiffness degradation and displacement. 
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Figure 17. Hysteresis curves with different axial compression ratios, (a) Specimen SAC60-0.012-0.3, (b) Specimen SAC60-0.012-0.5, (c) Specimen SAC60-0.012-0.7. 






Figure 17. Hysteresis curves with different axial compression ratios, (a) Specimen SAC60-0.012-0.3, (b) Specimen SAC60-0.012-0.5, (c) Specimen SAC60-0.012-0.7.
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Figure 18. Skeleton curves of specimens. 






Figure 18. Skeleton curves of specimens.
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Figure 19. Relationship between stiffness degradation and displacement. 






Figure 19. Relationship between stiffness degradation and displacement.
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Table 1. Strength of concrete after different temperatures.






Table 1. Strength of concrete after different temperatures.





	
T (°C)

	
Cubic Compressive Strength (MPa)

	
Splitting Tensile Strength (MPa)




	
SAC

	
NAC

	
SAC

	
NAC






	
20

	
41.66

	
39.95

	
2.69

	
2.02




	
200

	
37.33

	
34.25

	
2.26

	
1.44




	
400

	
34.83

	
32.67

	
1.96

	
1.37




	
600

	
20.74

	
17.66

	
1

	
0.65




	
800

	
11.1

	
8.09

	
0.6

	
0.22
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Table 2. Mechanical properties of post-fire SAC obtained by regression fitting.






Table 2. Mechanical properties of post-fire SAC obtained by regression fitting.





	Mechanical Properties
	Equations





	Cubic compressive

strength
	      f  cu , T   /  f  c u   = 0.9872 + 0.005142   T / 100   − 0.0169    T / 100   2      + 0.0006114    T / 100   3    20 ° C ≤ T ≤ 800 ° C     



	Splitting tensile

strength
	      f  L p t , T   /  f  L p t   = 0.9902 − 0.009663   T / 100   − 0.02479    T / 100   2      + 0.001725     T / 100    3    20 ° C ≤ T ≤ 800 ° C     



	Peak strain
	      ε  cp , T   /  ε  c p   = 0.9874 − 0.08143   T / 100   + 0.03687    T / 100   2      + 0.0007655    T / 100   3    20 ° C ≤ T ≤ 800 ° C     



	Ultimate strain
	      ε  cu , T   /  ε u  = 1.105 − 0.5083   T / 100   + 0.1971    T / 100   2      − 0.004385    T / 100   3    20 ° C ≤ T ≤ 800 ° C     



	Elastic modulus
	      E  c , T   /  E c  = 1.045 − 0.1864   T / 100   − 0.002428    T / 100   2       + 0.001255     T / 100    3     20 ° C ≤ T ≤ 800 ° C     
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Table 3. Peak strain of concrete after different temperatures.






Table 3. Peak strain of concrete after different temperatures.





	
T (°C)

	
Peak Strain




	
SAC

	
NAC






	
20

	
0.00187

	
0.001887




	
200

	
0.001646

	
0.001551




	
400

	
0.002683

	
0.003564




	
600

	
0.003549

	
0.010222




	
800

	
0.005809

	
0.011266
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Table 4. Ultimate strain of concrete after different temperatures.






Table 4. Ultimate strain of concrete after different temperatures.





	
T(°C)

	
Ultimate Strain




	
SAC

	
NAC






	
20

	
0.00209

	
0.005243




	
200

	
0.00184

	
0.003438




	
400

	
0.003959

	
0.008294




	
600

	
0.008862

	
0.013817




	
800

	
0.015472

	
0.018866
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Table 5. Residual elastic modulus of concrete after different temperatures.






Table 5. Residual elastic modulus of concrete after different temperatures.





	
T(°C)

	
Residual Elastic Modulus




	
SAC

	
NAC






	
20

	
57,851

	
33,898




	
200

	
40,441

	
23,691




	
400

	
17,456

	
7100




	
600

	
7861

	
499




	
800

	
2039

	
229











[image: Table] 





Table 6. Parameters of constitutive equation for post-fire SAC.






Table 6. Parameters of constitutive equation for post-fire SAC.





	T(°C)
	n
	   α   





	20
	1.898
	49.31



	200
	2.17
	72.44



	400
	1.827
	9.993



	600
	2.201
	1.079



	800
	1.991
	0.676
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Table 7. Material parameters of rebars.






Table 7. Material parameters of rebars.





	Diameter/mm
	Elastic Modulus/MPa
	Yield Strength/MPa





	20
	1.993 × 105
	484



	16
	2.053 × 105
	452.5
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Table 8. Numbers and parameters of joint specimens.






Table 8. Numbers and parameters of joint specimens.





	

	
Parameters

	
Time for Exposure to Fire (min)

	
Ratio of Reinforcement

	
Axial Compression Ratio




	
Numbers

	






	
SAC0-0.012-0.3

	
0

	
0.012

	
0.3




	
SAC60-0.012-0.3

	
60

	
0.012

	
0.3




	
SAC90-0.012-0.3

	
90

	
0.012

	
0.3




	
SAC60-0.009-0.3

	
60

	
0.009

	
0.3




	
SAC60-0.015-0.3

	
60

	
0.015

	
0.3




	
SAC60-0.012-0.5

	
60

	
0.012

	
0.5




	
SAC60-0.012-0.7

	
60

	
0.012

	
0.7








Note: For example, in “SAC60-0.012-0.3”, “SAC” stands for SAC; “60” represents the time for exposure to fire in 60 min; “0.012” stands for the beam’s longitudinal tensile reinforcement ratio; and “0.3” represents the axial compression ratio.
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