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Abstract

:

Compared to more complex structures, simply configured reinforced concrete column–steel beam (RCS) composite structures have more promising application prospects, especially in regions with moderate–high seismic levels, due to their ease of construction. However, the current understanding of the seismic performance of simplified RCS joints is not sufficient. Validated by experimental results, a nonlinear finite element analysis (FEA) model was developed in this study to reveal the seismic behavior of simplified RCS joints. Six vital design parameters, namely axial load ratio, concrete strength, yield strengths of steel webs and flanges, and diameters of transverse and longitudinal reinforcements, were comprehensively studied. Research has shown that the axial compression ratio has a significant impact on the failure mode and bearing capacity of joints. When the concrete strength increases, the load-bearing capacity of the joints significantly increases, while the brittleness of high-strength concrete leads to a decrease in its deformation capacity. In addition, when the steel beam strength is constant, higher flange and web yield strengths have a limited influence on crack propagation and strain development. The stirrup reinforcement ratio and longitudinal reinforcement ratio play a significant role in inhibiting crack propagation and improving the bearing capacity, respectively. With the help of the numerical results, six theoretical models introduced by national codes and other researchers were compared. Among them, the modified model proposed by Kanno demonstrated the highest accuracy and was the most suitable for simply configured RCS joints.
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1. Introduction


With the advantages of both reinforced concrete (RC) and steel, RC column–steel beam (RCS) structures have a lower structural self-weight and demonstrate outstanding seismic performance. This attractive structure system has been widely used all over the world, especially in high-rise buildings and large-span structures. The connections between the beam and column are usually vulnerable to earthquakes [1,2]. Therefore, as well as being an important structural component, the RCS structure’s joints are also the weakest part of the whole system under seismic action, which has been shown by many scholars. The existing strengthening measures for RCS joints mainly include the use of prestressed steel bars, steel cover plates, and other strengthening elements, as well as the use of new materials and energy dissipation components. Changes in joint structure and the use of different materials have varying degrees of impact on the seismic performance and failure mode of joints, hindering improvements to the design and seismic performance of RCS joints [3,4,5,6,7,8,9,10]. Therefore, to ensure the safety and reliability of the RCS structure, it is both theoretically and practically vital to understand the seismic behavior of RCS joints.



Since the mechanical mechanism of the RCS joints is usually influenced by the connection configuration, there have been numerous experimental works focusing on developing effective joints and improving their seismic resistance. Nabati et al. [11] determined the impacts of the form and thickness of web stiffeners on the seismic behavior of RCS joints experimentally and proved that the correct utilization of web stiffeners could enhance the strength, stiffness, and resilience of the joint. Both web stiffeners and flange stiffeners were extensively studied by Le et al. [12] from the aspects of capacity, story drift, and energy dissipation, demonstrating that they have a positive effect on the seismic performance of RCS joints. Herdiansah et al. [13] utilized bearing plates, band plates, and U-shape stirrups to improve the resistance of the RCS joints. Doost and Khaloo [14] employed a steel web panel for joint enhancement and found that it could highly strengthen the joint’s shear capacity and control crack development. The effects of transverse stiffeners and beams on the RCS joint capacity were determined by Chen et al. [15] and Cheng et al. [16], respectively. In addition, steel fibers were also considered for RC joint enhancement by Nguye et al. [17].



Although the seismic performances of RCS joints can be directly reflected in experiments, the high costs of specimen preparation and testing usually hinder a more comprehensive investigation. Additionally, the stress and strain statuses of RCS joints have been poorly studied in experiments as well. In order to address these issues, a numerical approach is commonly adopted to reveal the mechanisms in RCS joints. With the help of a numerical model, the impacts of various design parameters can be further explored [18,19,20]. For example, Alizadeh et al. [21] used a numerical model to demonstrate the seismic behavior of RCS joints with an additional bearing plate and a wide face bearing plate. The numerical model developed by Jafari et al. [22] illustrated the benefits of tube plates in RCS joints. Li et al. [23,24] used both experimental and numerical approaches to highlight the superiority of three novel demountable RCS joints.



Most previous experimental and numerical studies attempted to improve the capacity of RCS joints by adopting various complex configurations, some of which are hard to use in practice. Compared to these complex RCS joints with high seismic performances, simply configured RCS joints could be applied in more regions, especially those with moderate–high seismic requirements, due to their ease of construction and lower costs. The vast majority of regions only require moderate–high seismic performance joints, and the application of an RCS joint with a reliable mechanical performance, low cost, and easy construction has broad prospects. Due to limited experimental data, the seismic performance of simplified RCS joints is not fully understood, and due to different strengthening designs and loading methods, these data cannot be directly compared. Therefore, using finite element analysis to study the seismic performance of RCS joints under cyclic loads is a practical and economical option. It is important to comprehensively understand the mechanical mechanism of simply configured RCS joints during earthquakes. In order to reveal the seismic behavior of simply configured RCS joints with a high seismic capacity, in this study, we developed a nonlinear finite element analysis (FEA) model validated by the experimental results to numerically investigate the effects of different design parameters. By means of simulation results, a suitable capacity evaluation method was conceptualized to assist in the design of simply configured RCS joints with a high seismic performance. The results presented in this study could further promote the real-world application of RCS joints.




2. Experimental Setup


The experimental study on the RCS joint specimens with the middle seismic design level and the scale of 2/3 in Reference [25] was selected to validate the nonlinear finite element analysis (FEA) model for the numerical investigation. The details of the specimen design and the experimental setup are reproduced below.



A schematic diagram and the dimensions of the RCS structure studied in this paper are shown in Figure 1. Through-beam-type RCS joints were used in this structure which consist of a concrete column, an H-section steel beam, a face bearing plate (FBP), U-crossties, studs, and reinforcements. Four kinds of joint configurations were considered in reference [25], namely TF6, TF16, SF6, and F16, which are detailed in Figure 2. T, S, and F indicate transverse beams, vertical studs, and FBPs, respectively, while the number indicates the thickness of the FBP. For example, TF6 refers to an RCS joint with a transverse beam and a face bearing plate with a thickness of 6 mm. The longitudinal reinforcement and the stirrup adopted here were an SD500 steel bar with a diameter of 29 mm and an SD400 steel bar with a diameter of 13 mm. The arrangement of the steel reinforcements is exhibited in Figure 3. The concrete strength was 40.4 MPa, while the steel properties of the beam, FBP, and reinforcement are presented in Table 1.



The loading apparatus for the RCS joints is shown in Figure 4. Two sides of the steel beams and the end of the column were pin supported. The space between the loading center and the column end support was 3060 mm. The loading scheme met the AISC 2010a specifications [26] and is demonstrated in Figure 5. Ten loading levels were used, namely 0.375%, 0.5%, 0.75%, 1%, 1.5%, 2%, 3%, 4%, 5%, and 6%. Six and four cycles were repeated for the first three levels and the fourth level, respectively, while two cycles were conducted for the rest of the loading levels. The horizontal displacement at the top of the column and the vertical displacements at the beam ends were recorded using an LVDT, as indicated in Figure 4. The rebar and steel plate inner joints strains were also detected using strain gages.




3. Numerical Modeling


3.1. Model Setup


The nonlinear FEA model detailed in Figure 6 was developed in Abaqus to numerically model four RCS joints with a moderate–high seismic capacity. The steel beam, the FBP, and the concrete column were modeled by the solid element C3D8R, while the truss element T3D2 was used to describe the reinforcements. The contacts between the concrete and steel components, including the steel beam and rebars, were described by the “embedded” constraint. The stud, FBP, and steel beam were connected by the “tie” constraint to simulate welding. The FEA model’s boundary conditions were consistent with the experimental setup. Except for the in-plane rotation, all other degrees of freedom of the column bottom and the beam ends were fixed. For simplicity, the portion of the column above the loading center, that is, 3060 mm above the end of the column, was not modeled here. As indicated by a sensitive study of the mesh size, element sizes of 30 and 50 for the column and steel beam, respectively, were sufficient for both the accuracy requirement and calculation efficiency, and they were used in this study.



The mean compressive strength of concrete was used to describe the concrete strength in this study. The Poisson ratio and concrete density were set to 0.2 and 2400 kg/m3, respectively. The steel strengths used are shown in Table 1. The Poisson ratio and density of the concrete were set to 0.3 and 7800 kg/m3, respectively. The concrete damage plasticity model in ABAQUS was used to model concrete behavior, as shown in Figure 7a. The stress–strain relationship suggested in the Chinese concrete code GB 50010-2010 [27] was used here. Experimental observations of brittle materials, including concrete, indicate that when the load changes from tension to compression, the compressive stiffness recovers with crack closure. In addition, when the load changes from compression to tension, once micro-cracks occur during compression, the stiffness during tension cannot be restored. Thus, we set     w   t   = 0   and     w   c   = 1   to evaluate the stiffness recovery ability [18]. The von Mises plastic model with isotropic strain hardening was used for a fundamental steel bar and steel structure models without considering the equivalent yield plateau. The stress–strain curve is shown in Figure 7b. The analytic form of the bilinear hardening model is presented below:


    σ   s   =          E   s     ε   s       ε ≤   ε   y         f   y   + α   E   s       ε   s   −   ε   y         ε >   ε   y         



(1)




where     σ   s     and     ε   s     are the stress and strain of the steel, respectively;     f   y     and     ε   y     are the yield stress and strain, respectively;     E   s     is the elastic modulus;   α   E   s     is the stiffness at the hardening stage; and   α   and     E   s     are recommended to be 0.01 and 200 GPa for steel, respectively [28].




3.2. Model Validation


3.2.1. Hysteresis Curves


The hysteresis curves determined in experiments and by numerical modeling are illustrated in Figure 8. It can be observed that the numerical hysteresis loops were in good agreement with the experimental ones, which validated the feasibility of the FEA model for simulating the seismic performance of RCS joints. All hysteresis loops of RCS joints had a fusiform shape and demonstrated a high energy dissipation capacity. The simulated loads and stiffnesses of the first several loops were slightly higher than the experimental ones. This difference may be attributed to the non-uniform contact between the MTS actuator and the specimens [29]. The pinching effect observed in experiments was not fully reflected in the numerical simulations. Slipping between the steel and concrete led to pinched hysteresis loops during experiments. However, in the FEA model, the steel was embedded into the concrete, and the bond slip behavior between them was hard to model in simulations, resulting in a partial loss of the pinching effect. Additionally, perfect contact between the MTS actuator and the specimens also reduced the pinching effect in the simulations. Without the transverse steel beam, RCS joint specimens SF6 and F16 had a lower contact area between the steel and concrete, which mitigated the side effects caused by the omission of bond slip behavior. Hence, the simulated and test hysteresis loops of these two specimens were more alike compared to specimens TF6 and TF16.




3.2.2. Skeleton Curves and Capacity


Skeleton curves and peak capacities were determined from the hysteresis curves and are exhibited in Figure 9 and Table 2, respectively. The simulated skeleton curves of different RCS joints were consistent with those determined in experiments, and the relative errors of the estimated peak capacity were lower than 3%, which highlights the high accuracy of the developed numerical model. With a thicker FBP, the capacity of specimen TF16 is higher than that of specimen TF6. The existence of a transverse beam increased the contact area between the concrete and the steel beam and improved the integrity of the joints, resulting in higher capacities of specimens TF16 and TF6 compared to the other two. Without additional shear-resistant elements, such as transverse beams and vertical studs, specimen F16 exhibited a lower capacity than the others. However, the lack of additional shear-resistant elements resulted in the formation of a plastic hinge in the joint regions; thus, the skeleton curves of specimen F16 had a gentler descending phase than the others and exhibited better ductility.




3.2.3. Crack Patterns


The tension damage patterns of the RCS joints obtained from the FEA model were used to represent the crack pattern of the RCS joints, and they are illustrated in Figure 10 alongside experimental crack patterns. “DAMAGET” in Figure 10 refers to the damage degree under tension force. Its value ranges from 0 to 1, where 0 indicates the concrete is not damaged and 1 indicates the concrete is fully damaged. The damage degree is positively correlated to the crack widths and cracking level and can be used to reflect crack or failure patterns. The cross-oblique crack modes of all specimens observed in the experiments could be clearly observed in the numerical models. The specimens TF6, TF16, and F16 exhibited a similar level of cracks, while the crack pattern of specimen SF6 was milder than the other three, which was reflected in both experiments and numerical simulations. This is because the vertical studs improved the load transmission and the coupling between the steel beam and the concrete in the joint region. Consistent crack patterns between experiments and numerical simulations indicate the validity of the FEA models.





3.3. Steel Stress Development in RCS Joints


The four kinds of RCS joint specimens exhibited similar crack modes and hysteresis loops. Therefore, without a loss of generality, the numerical model of the TF6 specimen was adopted to investigate the stress development in the steel beam in the concrete column, which is hard to measure in experiments. Steel stresses at different drift ratios are visualized in Figure 11. The connection between the beam flange at the tension side and the FBP first failed at a drift of 2.0%. This indicates that both the joint and beam failed under seismic load and the developed RCS joint exhibited a hybrid joint–beam failure mode. As the story drift rose, the concrete in the RCS joint core suffered shear deformation, which increased the stress of the steel web in the concrete and made the steel web fail starting from the inner part to the outer part. Surrounded by the concrete, the edge of the FBP exhibited a higher stress than the center and failed first.





4. Parametric Studies


By means of the validated FEA model, parametric studies were conducted to further reveal the mechanism of the RCS joint under seismic action. The influences of six key design parameters, namely the axial load ratio, concrete strength, steel strength, and reinforcement diameter, were investigated. The TF6 specimen was selected as the benchmark, and the seismic performance of the RCS joints was evaluated using a series of measures, including skeleton curves, load capacities, ductility, energy dissipation, and concrete damage modes. The scheme of the parametric studies is shown in Table 3.



4.1. Effect of Axial Load Ratio


The axial compressive load is a key factor for evaluating the seismic performance of column beam joints [30]. Figure 12 exhibits the skeleton curves, load capacity, ductility, and energy dissipation of the joints. It can be observed that the elastic stages of all skeleton curves coincided with each other and demonstrated a similar stiffness regardless of the axial load ratio. The increased axial load ratio significantly increased the joint capacity as the axial load enhanced the constraint effect and the contact between steel and concrete and prevented tensile crack development in the concrete to some extent. In addition, the axial load limited the joint’s deformation ability, which also worsened the ductility of the RCS joints. The ductility coefficient dropped by 16.45% at the axial load ratio of 50%, as shown in Figure 12b,c. It could be observed in Figure 12d that specimens with different axial load ratios had similar cumulative energy dissipation curve trends, and those with a lower axial load could dissipate more energy. This positive effect may be attributed to the fact that a lower axial load has a fuller and more stable hysteresis loop. When the axial load ratio was over 30%, further increases in the axial load brought minor benefits, as the high axial compression load induced additional compressive cracks. Figure 13 demonstrates the tensile and compressive crack patterns determined using numerical modeling. Cross-tensile cracks could be effectively reduced by increasing the axial load, while compressive crack patterns were slightly improved by a low-level axial load. When the axial load was over 30%, further increases in the axial load introduced additional compressive cracks and gradually enlarged the compressive crack area.




4.2. Effect of Concrete Strength


The skeleton curves and load capacities of RCS joints at different concrete strengths are exhibited in Figure 14a,b. With an increase in concrete strength, the skeleton curve gradually went up, which resulted in a higher stiffness and load capacity. It could be noted in Figure 14 that the load capacity increased by 15.6% when the strength increased from 30 to 70 MPa. However, the low ductility of the high-strength concrete weakened the ductility of the joints by 7.6%, as indicated in Figure 14c. The cumulative energy dissipation in the RCS joint is demonstrated in Figure 14d. When the story drift was lower than 1%, the energy dissipation was barely influenced by the concrete strength. With a rise in story drift, the concrete strength had a positive effect due to an increase in capacity. The cumulative energy dissipation improved by 16.39% when 70 MPa concrete was used. Figure 15 illustrates the concrete damage status at different concrete strengths. The utilization of high-strength concrete could suppress cross-tensile crack formation to some extent. With an increase in the concrete strength, the compressive damage was mainly concentrated in the joint core region and damage to other parts was mitigated, as noted in Figure 15b.




4.3. Effect of Steel Flange Strength


The effect of the steel flange’s yield strength was similar to that of the concrete strength. A higher steel flange strength could make the skeleton curve fuller and improve the lateral capacity, as exhibited in Figure 16a,b, as the lateral constraints on the concrete column were strengthened. However, the enlarged stiffness and strength difference between the steel flange strength and the concrete reduced the ductility of the RCS joint. When the yield strength increased from 235 to 460 MPa, the load capacity increased by 25.97% and the ductility coefficient decreased by 17.68%. The steel flange strength did not affect the cumulative energy dissipation when the drift was lower than 4%, but it did make the final energy dissipation increase, as observed in Figure 16d. A yield strength increase from 235 to 460 MPa improved the final energy dissipation by 11.36%. Figure 16e exhibits the highest flange strain development at different flange strengths. Flanges with different yield strengths reached the yield point at a similar drift ratio, namely around 4%. The maximum flange strain decreased with a rise in yield strength, which indicates that high-strength steel flanges can reduce steel beam deformation at failure. The tensile and compressive damage statuses of the concrete column are shown in Figure 17. Both compressive and tensile damages worsened when enhancing the steel flange, since a steel flange with a higher yield strength can exert a higher reactive force on the column under lateral cyclic loading.




4.4. Effect of Steel Web Strength


The seismic behavior of RCS joints with various steel web strengths is demonstrated in Figure 18 and Figure 19. Enhancing the steel web had similar influences on the RCS joint performance as strengthening the steel flange. When the web yield strength grew from 235 to 460 MPa, the load capacity and cumulative energy dissipation of the RCS joint were improved by 33.45% and 20.85%, respectively, but the ductility was reduced by 39.14%. The compressive and tensile damage patterns also worsened. Web enhancement exhibited a more significant effect than flange enhancement. In addition, high-strength web utilization could also restrain web deformation and reduce web strain.




4.5. Effect of Transverse Reinforcement Diameter


For most column beam joints, the constraints enforced by the stirrup are the main contributor to the seismic performances of the joint. As observed in Figure 20a, the RCS joint skeleton curves tended to be full with an increase in the reinforcement diameter. Figure 20b–d indicate that the peak capacity, ductility coefficient, and final cumulative energy dissipation were improved by 21.26%, 16.54%, and 25.93%, respectively, when the diameter grew from 4 to 18 mm. The improvements in peak capacity and cumulative energy dissipation were attributed to the stronger constraints caused by transverse reinforcement. The effect of the transverse reinforcement diameter on the ductility was contrasting to that of the concrete and steel strength. An increase in stirrup diameter could restrain the cracking and spalling of the concrete, resulting in a higher RCS joint ductility. The stirrup constraint benefits are also reflected in the concrete compressive and tensile damage status presented in Figure 21. Concrete damage, especially tensile damage, was effectively controlled by using transverse reinforcements with a higher diameter. Additionally, increasing the stirrup diameter could postpone stirrup failure under lateral cyclic loading, as illustrated in Figure 20e. The stirrup with a diameter of 4 mm failed at the drift ratio of 2.5%, while that with a diameter of 18 mm failed at the drift ratio of 4.5%. The maximum stirrup strain increased first and then decreased with an increase in diameter. When the stirrup diameter was low, the stirrup broke before the concrete was crushed, so the final strain increased with the diameter. When the stirrup diameter was over 8 mm, the stirrup was completely used and a smaller strain was sufficient to exhibit the same tensile force, so the final strain decreased with the diameter.




4.6. Effect of Longitudinal Reinforcement Diameter


As demonstrated in Figure 22a, the skeleton curves of the RCS joints were dramatically modified by varying the longitudinal reinforcement diameter. It can be observed in Figure 22b,d that both the peak load and the energy dissipation were enhanced by 80.38% and 71.37%, respectively, when the diameter increased from 12 to 29 mm, since a larger diameter enables the reinforcement to resist a higher load and dissipate more energy. As noted in Figure 22e, an increase in the longitudinal bar diameter could also postpone rebar failure. A reinforcement bar with a small diameter, i.e., 12 mm, breaks before the concrete is crushed, which adversely influences RCS joint ductility. When the rebar diameter was large, i.e., 29 mm, the steel bar could not yield or sufficiently deform, which also worsened the ductility. Therefore, the ductility coefficient exhibited a tendency to increase and then decrease with an increase in rebar diameter, as highlighted in Figure 22c. In addition, the longitudinal bar could effectively control horizontal tensile crack development, which mitigated the tensile damage, as demonstrated in Figure 23a. Since the compressive load was mainly sustained by the concrete, the change in the longitudinal bar diameter had little influence on the compressive damage status, as shown in Figure 23b.





5. Theoretical Capacity Estimation


Six commonly used capacity evaluation methods were employed to theoretically estimate the RCS joint capacity. Three of them, namely ASCE [31], CECS [32], and AIJ [33], were introduced by the national codes of USA, China, and Japan, while the others, namely Kanno [34], Modified-Kanno [35], and Nishiyama et al. [36], were proposed by researchers. These six methods are listed and detailed in Table 4. The calculated and simulated values obtained under different evaluation methods for specimens with different parameters are shown in Figure 24, and the average relative error is shown in Figure 25. The average value and average relative error of the ratio of the two were consistent. The ASCE, Kanno, and M-Kanno methods estimated more conservative bearing capacity evaluation values, as they did not consider the strengthening effects of transverse beams and other reinforcing elements, resulting in negative average relative errors. The calculation method provided by CECS additionally considered the strengthening effect of the web, resulting in its calculated value being much larger than the simulated value with an average relative error exceeding 50%. Through an analysis of evaluation indicators such as average value, standard deviation, coefficient of variation, and average relative error, the modified M-Kanno method had the highest accuracy in bearing capacity evaluation and is suitable for seismic bearing capacity evaluations of this simple structural RCS joint.




6. Conclusions


A finite element analysis (FEA) model, validated by the experimental data, was adopted to numerically investigate the seismic performance of simply configured reinforced concrete column–steel beam (RCS) joints and determine a theoretical evaluation equation. The following conclusions were drawn:




	(1)

	
The comparison between finite element analysis and experimental results indicated that the finite element model could accurately reproduce the hysteresis characteristics and cracking modes of simplified RCS joints under earthquake conditions. The experimental and numerical results were used as the basis for a theoretical analysis, providing a theoretical basis for the subsequent seismic design of simplified RCS joints.




	(2)

	
An increase in the axial compression ratio enhanced the vertical constraint effect, suppressed tensile crack development, and improved the bearing capacity of concrete columns. At the same time, the deformation capacity was constrained, resulting in a significant decrease in ductility and energy consumption. When the axial compression ratio was 30%, the overall seismic performance of the specimen was good. However, when the axial compression ratio exceeded 30%, the increase in bearing capacity was limited, while the ductility and energy consumption were significantly reduced, which had a negative impact on seismic performance. High-strength concrete utilization can improve the load capacity and energy dissipation in RCS joints and reduce concrete damage, although the ductility will be adversely affected.




	(3)

	
The use of high-strength concrete could significantly improve the bearing capacity and energy consumption of simplified RCS joints and reduce concrete damage. The bearing capacity and energy consumption increased by 15.6% and 16.39%, respectively.




	(4)

	
Increases in web and flange steel strengths could strengthen the energy dissipation and load capacity under cyclic loads, but they reduced the ductility and aggravated concrete damage. When the yield strength exceeded 420 MPa, the concrete damage reached its limit, and crack propagation was no longer significant. The load capacity, energy dissipation, and concrete damage pattern could be effectively improved by increasing the diameters of either the longitudinal or transverse reinforcements. Utilizing a stirrup with a larger diameter is a good way to increase joint ductility.




	(5)

	
By increasing longitudinal or transverse steel bar diameters, the steel bar restraining effect on concrete was enhanced, effectively improving the bearing capacity, energy dissipation, and concrete damage mode. Using a larger diameter stirrup was a good method to improve the joint’s ductility. However, from the perspective of strain development, the deformation capacity of larger steel bars was constrained and the strain increase was slower, resulting in a decrease in the ductility of the specimen.




	(6)

	
In a comparison of various bearing capacity calculation methods, it was found that the calculation methods provided by ASCE, Kanno, and M-Kanno were relatively conservative due to the lack of consideration of the influence of transverse beams. The formula provided by CECS takes into account the additional strengthening effect of the web, and its calculated value was much greater than the simulated value. Through a comparative analysis, the modified calculation method proposed by Kanno showed a relative bearing capacity error of less than 5%, demonstrating it could better predict the bearing capacity of simplified RCS joints.
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Figure 1. Schematic diagram of the RCS structure developed in reference [25]. 
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Figure 2. Details of four RCS joint configurations: (a) TF6, (b) TF16, (c) SF6, and (d) F16. 
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Figure 3. Longitudinal reinforcement arrangement in RCS connection types: (a) TF6, (b) TF16, (c) SF6, and (d) F16 and (e) the stirrup arrangement [25]. 
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Figure 4. Experimental loading apparatus for the RCS joint. 
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Figure 5. Experimental loading scheme. 
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Figure 6. FEA model for four types of RCS joints. 
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Figure 7. Fundamental behavior of (a) steel and (b) concrete. 
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Figure 8. Hysteresis curves of the four RCS joints determined in experimental tests and numerical simulations. 
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Figure 9. Skeleton curves of four RCS joints determined in experimental tests and numerical simulations. 
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Figure 10. Crack patterns of the specimens (a) TF6, (b) TF16, (c) SF6, and (d) F16 determined in experiments and numerical simulations. 






Figure 10. Crack patterns of the specimens (a) TF6, (b) TF16, (c) SF6, and (d) F16 determined in experiments and numerical simulations.



[image: Buildings 13 02718 g010]







[image: Buildings 13 02718 g011] 





Figure 11. Stress development in the RCS joint steel beam of the TF6 specimen at drifts of (a) 1.5%, (b) 2.0%, (c) 4.0%, (d) 5.0%, and (e) 6.0%. 
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Figure 12. Influence of the axial load ratio on (a) skeleton curves, (b) load capacity, (c) ductility coefficient, and (d) cumulative energy dissipation. 
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Figure 13. (a) Tensile and (b) compressive damage status at different axial load ratios when the story drift reached 6%. 
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Figure 14. Influence of concrete strength on (a) skeleton curves, (b) load capacity, (c) ductility coefficient, and (d) cumulative energy dissipation. 






Figure 14. Influence of concrete strength on (a) skeleton curves, (b) load capacity, (c) ductility coefficient, and (d) cumulative energy dissipation.



[image: Buildings 13 02718 g014a][image: Buildings 13 02718 g014b]







[image: Buildings 13 02718 g015a][image: Buildings 13 02718 g015b] 





Figure 15. (a) Tensile and (b) compressive damage status at different concrete strength when the story drift reached 6%. 
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Figure 16. Influence of the steel flange strength on (a) skeleton curves, (b) load capacity, (c) ductility coefficient, (d) cumulative energy dissipation, and (e) strain on the flange. 
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Figure 17. (a) Tensile and (b) compressive damage status at different steel flange strengths when the story drift was 6%. 
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Figure 18. Influence of the steel web strength on (a) skeleton curves, (b) load capacity, (c) ductility coefficient, (d) cumulative energy dissipation and (e) strain on the web. 
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Figure 19. (a) Tensile and (b) compressive damage status at different steel web strengths when the story drift was 6%. 
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Figure 20. Influence of the transverse reinforcement diameter on (a) skeleton curves, (b) load capacity, (c) ductility coefficient, (d) cumulative energy dissipation, and (e) strain on transverse reinforcement. 
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Figure 21. (a) Tensile and (b) compressive damage status at different transverse reinforcement diameters when the story drift was 6%. 
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Figure 22. Influence of the longitudinal reinforcement diameter on (a) skeleton curves, (b) load capacity, (c) ductility coefficient, (d) cumulative energy dissipation, and (e) strain on longitudinal reinforcement. 
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Figure 23. (a) Tensile and (b) compressive damage status at different longitudinal reinforcement diameters when the story drift was 6%. 
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Figure 24. Shear capacity comparison between the calculated and simulated results of the six evaluation methods. 
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Figure 25. Error of the theoretical capacity evaluation methods for the RCS joint. 
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Table 1. Material properties of the steel used for different purposes in RCS joints.
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Purpose

	
Types

	
Strength Grade

	
Yield Strength

(MPa)

	
Tensile Strength

(MPa)

	
Elongation

(%)






	
FBP

	
Thickness of 6 mm

	
SM490

	
443

	
586

	
30.6




	
Thickness of 16 mm

	
SM490

	
369

	
545

	
33.9




	
Beam

	
Web

	
SM490

	
386

	
553

	
34.4




	
Flange

	
SM490

	
336

	
548

	
20.0




	
Steel bar

	
Longitudinal

	
SD500

	
539

	
697

	
-




	
Stirrup

	
SD400

	
507

	
635

	
-











 





Table 2. Load capacities of different RCS joint specimens.
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Capacity

	
Specimen




	
TF6

	
TF16

	
SF6

	
F16






	
Experimental value (kN)

	
923.00

	
951.72

	
868.18

	
804.17




	
Numerical value (kN)

	
919.97

	
979.31

	
844.93

	
816.67




	
Relative error (%)

	
0.33

	
2.90

	
−2.68

	
1.55











 





Table 3. Scheme of the parametric studies.
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Parameters

	
Specimen No.

	
Concrete Strength (MPa)

	
Axial Load Ratio

(%)

	
Yield Strength (MPa)

	
Reinforcement Diameter (mm)




	
Flange

	
Web

	
Transverse

	
Longitudinal






	
Benchmark

	
RCS0

	
40.4

	
0

	
336

	
386

	
13

	
29




	
Axial load ratio

	
RCS1

	
40.4

	
10

	
336

	
386

	
13

	
29




	
RCS2

	
40.4

	
20

	
336

	
386

	
13

	
29




	
RCS3

	
40.4

	
30

	
336

	
386

	
13

	
29




	
RCS4

	
40.4

	
40

	
336

	
386

	
13

	
29




	
RCS5

	
40.4

	
50

	
336

	
386

	
13

	
29




	
Concrete strength

	
RCS6

	
30

	
0

	
336

	
386

	
13

	
29




	
RCS7

	
60

	
0

	
336

	
386

	
13

	
29




	
RCS8

	
70

	
0

	
336

	
386

	
13

	
29




	
Steel flange strength

	
RCS9

	
40.4

	
0

	
235

	
386

	
13

	
29




	
RCS10

	
40.4

	
0

	
420

	
386

	
13

	
29




	
RCS11

	
40.4

	
0

	
460

	
386

	
13

	
29




	
Steel web strength

	
RCS12

	
40.4

	
0

	
336

	
235

	
13

	
29




	
RCS13

	
40.4

	
0

	
336

	
420

	
13

	
29




	
RCS14

	
40.4

	
0

	
336

	
460

	
13

	
29




	
Transverse reinforcement diameter

	
RCS15

	
40.4

	
0

	
336

	
386

	
4

	
29




	
RCS16

	
40.4

	
0

	
336

	
386

	
8

	
29




	
RCS17

	
40.4

	
0

	
336

	
386

	
18

	
29




	
Longitudinal reinforcement diameter

	
RCS18

	
40.4

	
0

	
336

	
386

	
13

	
12




	
RCS19

	
40.4

	
0

	
336

	
386

	
13

	
16




	
RCS20

	
40.4

	
0

	
336

	
386

	
13

	
20











 





Table 4. Theoretical capacity evaluation methods for RCS joints.
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No.

	
Capacity Evaluation Method

	
Equation






	
1

	
USA Code: ASCE [31]

	
    V   c   =       V   s     d   f   + 0.75   V   n     d   w   +   V   n   ′     d +   d   o             L   c   − d −     L   c       L   b     j h      

where                                 

    V   s   = 0.6   F   y w     t   w   j h    ,     V   n   = 1.7    f   c   ′      b   p   h ≤ 0.5   f   c   ′     b   p     d   w    

    V   n   ′   =   V   c   ′   +   V   s   ′   = 0.4    f   c   ′      b   o   h +   A   s h     F   y s h   0.9 h /   s   h   ≤ 1.7    f   c   ′      b   o   h  




	
2

	
Chinese Code: CECS [32]

	
     V   c   =     L   b     d −   t   f         L   b       L   c   − d +   t   f     − b   L   c         1     γ   R E     0.14 α b h   f   c   + 0.58   t   w   d     F      w         y w       




	
3

	
Japanese Code: AIJ [33]

	
     V   c   =     L   b     d −   t   f         L   b       L   c   − d +   t   f     − b   L   c     [     k   w   ·   t   w   · h ·   F   y w      3    + 0.25   p   w   ⋅   F   y s h   ⋅ b ⋅     d      m       +   c     k   1     ⋅   c     k   2   ⋅ 0.4 b ⋅ h ⋅ 0.3   f   c   ′   ]   




	
4

	
Kanno [34]

	
    V   c   =     L   b       L   c     ⋅   0.9 d     L   b   − h       V   s   +   V   s f   +   V   n   +   V   n   ′      

where                                 

    V   s   =   t   w       F   y w      3    j h    ,     V   s f   =   4   M   p f       d   f        ,     M   p f   =     t   f   2     4     F   y f     b   f      ,     V   n   = 1.65    f   c   ′      b   p   h  

    V   n   ′   =   V   c   ′   +   V   s   ′   = 1.05    f   c   ′      b   o   h +     A   s h     F   y s h   0.9 h     s   h      




	
5

	
Modified-Kanno

(M-Kanno) [35]

	
    V   c   =     V   s     d   f   + 0.75   V   n     d   w   +   V   n   ′     d   j         L   c   −   d   j        

where                                 

    V   s   =       F   y w      3        t   w   j h    ,     V   n   = 1.65    f   c   ′      b   i   h  

    V   n   ′   =   V   c   ′   +   V   s   ′   = 1.05    f   c   ′      b   i   h +     A   s h     F   y s h   0.9 h   /   s   h    




	
6

	
Nishiyama et al. [36]

	
    V   c   =     L   b     d −   t   f         L   b       L   c   − d +   t   f     − b   L   c         V   s   +   V   s   ′   +   V   c   ′      

where                                 

    V   s   =   C   1     t   w     d   w     F   y w   /  3   

    V   s   ′   = 0.25   p   w     F   y s h   /  3   

    V   c   ′   = 0.04   C   2     C   3   b h   f   c   ⋅ J δ  




	
Symbols:




	
    V   s    : horizontal shear force in the steel panel

	
    V   s   ′    : shear strength of transverse reinforcement




	
    V   n    : internal concrete shear strength

	
    V   n   ′    : external shear strength




	
    V   s f    : flange shear strength

	
    V   c   ′    : external concrete shear strength




	
    L   c    : vertical calculation length of beam

	
    L   b    : horizontal calculation length of the column




	
    d   w    : height of the web

	
    d   f    : distance between beam flange centerlines




	
    d   j    : effective connection height

	
  d  : depth of the steel beam




	
    t   f    : thickness of beam flanges

	
    t   w    : thickness of the beam web




	
    b   o    : effective width of the outer concrete panel

	
    b   p    : width of the FBP




	
    b   f    : width of the flange

	
    b   i    : width of the inner concrete panel




	
    F   y w    : yield strength of the beam web

	
    F   y f    : yield strength of the beam flange




	
    F   y s h    : yield strength of column ties

	
    p   w    : transverse reinforcement ratio




	
  J δ  : shape factor of beam-column joints

	
  j h  : effective width of the beam web




	
    f   c   ′    : characteristic compressive strength of concrete

	
    M   p f    : full plastic moment of the steel beam




	
    f   c    : design value of concrete compressive strength

	
    s   h    : center-to-center spacing of stirrup




	
    A   s h    : cross-sectional area of the reinforcement parallel to the beam




	
    d   o    : additional effective joint depth provided by attachments to beam flanges




	
    d      m        : maximum distance between tensile and compressive steel bars




	
  α  : influence coefficient of joint position (1.0 for the middle joint)




	
    k   w    : joint effective coefficient (0.9 for the case without cover plates)




	
    C   1    : joint construction factor (0.9 for the case with an FBP)




	
    C   2   :   joint construction factor (1.0 for the case with an FBP)




	
    C   3   :   joint construction factor (1.0 for the case with a transverse beam)




	
        c     k   1    : joint enhancement coefficient (1.0 for the base case)




	
        c     k   2    : joint enhancement coefficient (1.0 for the case with the transverse beam going through the column)




	
b: width of concrete column measured perpendicular to the beam




	
  h  : depth of concrete column measured parallel to the beam




	
    γ   R E    : seismic capacity adjustment coefficient, 0.85

	




	
Schematical diagram:
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