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Abstract

:

The seismic performance of four different kinds of steel plate shear walls (SPSWs) before and after corrosion are investigated in this paper, including flat steel plate shear walls (FSPSWs), SPSWs with vertical slots in the middle (VSSPSWs), SPSWs with orthogonal stiffeners (OSPSWs) and SPSWs with silts on both sides (BSPSWs). A numerical model that can be validated by existing quasi-static cyclic tests is developed by ABAQUS 6.13. The seismic performance of SPSWs under cyclic loading and atmospheric corrosion is investigated. The results show that (1) compared with FSPSWs, the ultimate shearing strength, initial stiffness, energy dissipation, and ductility of OSPSWs are significantly improved under cyclic loads when both VSSPSWs and BSPSWs are reduced in ultimate shearing strength and energy dissipation. (2) The performance of the FSPSW is most affected by atmospheric corrosion but setting stiffeners can significantly improve the hysteretic performance after corrosion. Meanwhile, the effect of the VSSPSW is better than that of the BSPSW in decreasing the ultimate shearing strength, although both decrease more tardily than that of the FSPSW. (3) The relationships between the ultimate shearing strength and corrosion time of SPSWs are fitted into four equations in this paper, which can be used in practical situations.
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1. Introduction


Steel structure buildings have the advantages of better seismic performance, shorter construction periods, and environmental protection and can be widely used for China’s urban construction in the future. With the advantages of high initial stiffness, excellent ductility, and uncomplicated connection, the steel plate shear wall (SPSW) is an ideal lateral force-resisting system [1,2,3,4,5]. Meanwhile, the SPSW can carry loads using the post-buckling strength and dissipate energy by the plastic development of steel under earthquake loads, so there exist outstanding mechanical properties and energy dissipation capacity on SPSW [6,7]. However, the SPSW easily buckles and has poor out-of-plane stiffness when subjected to earthquake loads, and due to connecting with the boundary column, the tension field can be formed in the SPSW, which can decrease the ultimate shearing resistance of the SPSW [8,9].



In order to solve the above problems of the SPSW, many experimental and theoretical investigations were conducted. Ahmadi et al. [10] conducted experimental and numerical investigations on the seismic performance of steel slit shear walls, and the results showed this lateral force-resisting system had a good seismic performance. Compared to the non-stiffened flat steel plate, the stiffener can effectively improve the seismic performance of the SPSW [11]. Haddad et al. [12] conducted an experimental investigation on the seismic performance of stiffened and unstiffened SPSWs; the results showed that the SPSW with stiffeners could considerably improve the ultimate shearing resistance, ductility, and energy dissipation capacity.



All this time, the corrosion problem of steel structures has attracted much attention. There have been lots of studies on the corrosion mechanism and mechanical property degradation of corroded steel; the results showed that corrosion could lead to the rapid aging of steel, reduction in strength, and stress concentration, which finally decreases the ultimate shearing strength of structure [13,14,15,16,17,18,19,20,21,22,23,24,25,26], so it is significant to investigate the performance of corroded steel structures. Woloszyk et al. [27,28,29] applied a random field approach to the modeling of corroded steel surfaces and confirmed that the irregularity of corrosion for steel surfaces is one of the main reasons for the decrease in mechanical properties. Zhao et al. [30,31,32] conducted a numerical investigation of pitting steel and systematically explored how factors such as the shape, depth, and arrangement of pitting holes can reduce the tensile performance of steel.



In addition to material properties, some experimental and numerical investigations have also been conducted on the properties of corroded components. Zheng et al. [33,34] implemented an accelerated corrosion test in a chloride environment and obtained a mutual verification between his finite element (FE) model and the experimental results. Wang et al. [35,36] investigated the effect of corroded steel frame joints on seismic performance through experimental and numerical investigations. Xu and Zhang et al. [37,38,39] established FE numerical models of corroded steel columns in simulated corrosion and cyclic loading tests. The above results indicated that the seismic performance of the steel frame and components was seriously damaged by corrosion. As the corrosion degree increased, the deformation capacity, energy dissipation capacity, and mechanical properties of the steel frame and components were significantly reduced.



Although scholars have conducted a large number of experimental and numerical studies for SPSWs, the comparative research on the seismic performance of different types of flat steel plates is still insufficient. Meanwhile, although many experiments and numerical analyses on corroded steel components have been finished, there is still little research on the seismic performance of SPSWs after corrosion [40,41,42]. Therefore, in order to investigate the seismic performance of different kinds of SPSWs before and after corrosion, four different types of SPSWs are proposed in this paper, and numerical analyses of four kinds of SPSWs are performed by using ABAQUS based on the test-validated modeling method. In addition, the seismic performance of specimens at different corrosion levels is investigated. Finally, the fitted formulae of ultimate shearing resistance for corroded SPSWs are proposed. The analyses results of seismic performance and fitted formulae can be applied to practical engineering design.




2. FEM of SPSWs


2.1. Model Design


Four different kinds of SPSWs are studied in this paper, including flat steel plate shear walls (FSPSWs), SPSWs with orthogonal stiffeners (OSPSWs), SPSWs with vertical slots in the middle (VSSPSWs), and SPSWs with silts on both sides (BSPSWs), as presented in Figure 1. According to the Chinese codes GB50017-2017 [43], JCJ/T380-2015 [44], and GB50011-2010 [45], the dimension details of specimens are designed as shown in Figure 1. Meanwhile, HW 400 × 400 × 20 × 24, HN 350 × 250 × 14 × 20, and HN 300 × 200 × 12 × 20 are used as the boundary column, boundary beams (top beam and bottom beam), and middle beam, respectively. The flat steel plate, which has a 6 mm thickness, is only welded to the boundary beam, and the welded connection is adopted between the beams and boundary columns. The section dimension of the stiffener of specimen OSPSW is −3000 × 50 × 6, and stiffeners are arranged on two surfaces of flat steel plate. Q235 steel is used for the infilled flat steel plate, and Q355 steel is selected for all other components.



The detailed dimensions and profiles of the four kinds of SPSW specimens are presented in Figure 2. The boundary conditions of FEM models for specimens are shown in Figure 3, and the boundary condition of flat steel plates is that the upper and lower sides are only connected with the frame beam. The constitutive relation of the material is shown in Figure 4, and σy is the yield strength, σu is the ultimate strength, σst is 85% of σu. Modeling with S4R four-node shell elements, the “Merge” command is used to simulate the connection between the beam and frame column, and the “Tie” command is applied to simulate the infilled steel plate welded to the beam. The element size of the infilled steel plate is 30 mm × 30 mm, and the element size of the boundary frame is 35 mm × 35 mm. The vertical load, such as gravity, is simulated with an axial force of 2500 kN, and the horizontal load is applied at a coupling point consisting of the top of the boundary column until the specimen is damaged.




2.2. Model Validation


Due to the lack of tests on flat steel plate shear walls, test specimen S–4 from Ref. [46] is selected to compare the test results with the FEM results. The dimensions of each component are shown in Table 1, the material properties are shown in Table 2, and the test specimens are shown in Figure 5.



According to the literature [46] and the Chinese standards of JGJ101-96 [47], the lateral load was applied by using the combination of the load control method and displacement control method, as shown in Figure 6. Before the test specimen yielded, the lateral load was applied by using the load control method, the spacing between each loading step was 100 kN and repeated once at each loading step; when the test specimen yielded, the lateral load was applied by using the displacement control method, and the story drift ratio θ was used as load displacement, the spacing of θ between each load step was 0.25%, and the spacing of θ between each load step increased to 0.5% after of the θ reached 1.0%, with two cycles for each loading step.



The comparisons of load-displacement curves derived from the FEM and test are shown in Figure 7, and the characteristic values are shown in Table 3. There existed strong consistency between the two hysteretic curves, which were obtained from the FEM and test, respectively, and there was little difference in the initial stiffness of the FEM model and test at the elastic stage. The general trend of the skeleton curves was primarily in line with the ultimate shearing resistance. Compared to the test data, the errors of the lateral stiffness, load, and displacement at the yield point, peak load, and corresponding displacement from the FEM model were 4%, 15%, 11%, 16%, 16%, and 8%, respectively, so the FEM results are by and largely coincident with the test.



The comparisons of the invalidation phenomenon of specimen S−4 from the test and FEM are shown in Figure 8. There was an awfully noticeable out−of−plane deformation on the whole steel plates, parts of them were torn, and severe buckling occurred at the boundary column flanges and webs. By contrast, it can be concluded that the model accurately forecasts the buckling effects of specimen S−4. Therefore, it is observed that the modeling method in Section 2.1 is practicable, and subsequent studies can also be modeled using this method.





3. Comparative Study of SPSW Seismic Performance


3.1. Comparison of the Load−Displacement Curves


The FEM and numerical analysis of the four kinds of SPSWs under cyclic loads are conducted through a modeling method similar to that in Section 2. Figure 9 depicts the load-displacement curves of the specimens, and Table 4 shows their characteristic results. After yielding, the hysteretic loop of the OSPSW is the fullest among them, the pinching of the hysteretic loop of BSPSW is the most obvious, and the initial stiffness of the FSPSW decreases more slowly after arriving at the peak load, while the trends of initial stiffness degradation for the VSSPSW, OSPSW, and BSPSW are mainly consistent. Compared with the FSPSW, the initial stiffness, yield load, peak load, and ductility of the OSPSW increased by 86.3%, 25.9%, 29.3%, and 34%, respectively, while the four corresponding values of the BSPSW decreased by 15.1%, 31.4%, 28.8%, and 48.2%, respectively. The initial stiffness and ductility of the VSSPSW are 35.6% and 22.2% lower than those of the BSPSW, respectively, but the yield and peak loads are 27.9% and 19.6% higher, respectively.



The results show that the OSPSW has a larger initial stiffness, ultimate shear-resistant capacity, and better stretchability, while the initial stiffness, yield load, peak load, and ductility of the VSSPSW and BSPSW are lower than those of the FSPSW. Therefore, setting stiffeners can effectively improve the hysteretic performance of SPSWs. Slotting results in a reduction in the hysteretic performance of the SPSW to a certain extent, while the hysteretic property of the VSSPSW is superior to that of the BSPSW.




3.2. Comparison of Energy Dissipation Capacity


How much energy a structure or component absorbs after plastic deformation during an earthquake is its energy dissipation capacity, which is evaluated by the energy dissipation coefficient he and calculated according to Equation (1).


   h e  =    S  ABC   +  S  CDA      S  OBE   +  S  ODF     ,  



(1)




where SABC and SCDA represent the areas surrounded by the hysteretic curve and the x-axis, respectively, and SOBF and SODE represent the areas of OBE and ODF, respectively, as shown in Figure 10.



The energy dissipation values at each loading step for the specimens are shown in Figure 11. Compared with FSPSW, VSSPSW, and BSPSW, the total energy dissipation of OSPSW increases by 38%, 89.3%, and 138.6%, respectively. At each loading step, the energy dissipation value and rate of the OSPSW are larger than those of the FSPSW, VSPSW, and BSPSW. The energy dissipation value of each loading step of the FSPSW is larger than that of the VSSPSW and BSPSW, and the energy dissipation rate of the FSPSW slightly decreases after the loading step reaches 6δ. Meanwhile, before reaching 4δ, the energy dissipation value of the BSPSW is greater than that of the VSSPSW. With increasing loading steps, the energy dissipation rate of the BSPSW becomes slower, and the energy dissipation value is less than that of the VSSPSW. Therefore, setting reinforcement can enhance the energy dissipation capacity of SPSWs, and slotting will decrease the energy dissipation capacity of SPSWs. It is noted that slotting in the middle part has a better energy dissipation capacity than slotting on both sides.




3.3. Stress Development and Distribution Comparison


The stress distributions of the SPSWs at failure are shown in Figure 12. For the FSPSW, the infilled steel plate buckles slightly, and severe buckling occurs at the top and bottom parts of the boundary column and connections between the columns and middle beam. For the OSPSW, because of the stiffeners, the buckling on the flat steel plate is less than that of the FSPSW, and slight buckling deformation occurs at the top and bottom parts of the columns. The plastic hinge occurs successively at both ends of the middle beam and column. For the VSSPSW, due to slotting at the middle part, the distribution of stress on the flat steel plate is well proportioned, slight buckling deformation occurs at the top and bottom of the columns, and there is no full section yielding. For the BSPSW, the variation in stresses for the steel plate is diagonally distributed along the tensile band. The peak stress still arises at the bottom of the column and the beam-column connection. This result is consistent with the failure mode of this result and FSPSW, and the bottom of the boundary column exhibits severe buckling. Therefore, setting stiffeners and slotting in the middle part can inhibit the generation of the plastic hinge at the column end and inhibit the buckling of the flat steel plate, in which slotting in the middle part has a better effect.




3.4. Comparison of Implementation Costs of SPSWs


The usage amount of steel specimens is presented in Table 5. Compared to FSPSW, the usage amount of steel of OSPSW increases by 19.9%, and the usage amount of steel of VSSPSW and BSPSW decreases by 3.4%. It can be seen from Section 3.1 that compared to FSPSW, the K0, Pm, and μ of OSPSW increase 86.3%, 29.3%, and 34%, and the three corresponding values of VSSPSW decrease 56.1%, 7.6%, and 81.3%, respectively; and the three corresponding values of BSPSW decrease 15.1%, 28.8%, and 48.2%. It is revealed that the OSPSW has better seismic performance. Meanwhile, it can be seen from Section 3.1 that compared with FSPSW, VSSPSW, and BSPSW, the total energy dissipation of OSPSW increases by 38%, 89.3%, and 138.6%, respectively. The above analysis results show that although the specimen OSPSW has a little more usage amount of steel than other specimens, the values of K0, Pm, and μ of OSPSW are much larger. Therefore, the specimen OSPSW is suggested to be used for practical engineering.





4. Comparative Research on the Seismic Performance of SPSWs under Atmospheric Corrosion


4.1. Material Properties after Corrosion


The results of the accelerated corrosion test from Ref. [33] are selected in this paper, and the fitting formula of Ref. [33] is picked to compute the yield strength of steel after corrosion, as shown in Equation (2).


     f y     f  y 0     = 1 − 0.902 ×   1 − E /  E 0    0.897   ,  



(2)




where fy represents the yield strength of corroded steel; E represents the elastic modulus of corroded steel; fy and E0 represent the yield strength and elastic modulus of steel that is not corroded, respectively, and fy0 = 235 MPa or 355 MPa, E0 = 206,000 MPa.



In this paper, the corrosion rate of the test is calculated to be 1208 μm·a−1, and the atmospheric corrosion rate in the Beijing area is 11.7 μm·a−1 [48]. The actual corrosion time is obtained through these two rates. Table 6 shows the switch from the simulated corrosion test time to the actual corrosion time.




4.2. Comparison of the Hysteretic Performance of Eroded SPSWs


Hysteretic curves and envelope curves of the eroded test piece for three kinds of corrosion days is shown in Figure 13a–f, with characteristic results shown in Table 7. At different corrosion levels, the hysteretic curve of the OSPSW is the fullest, with the largest initial stiffness, peak load, and ductility coefficient, but the stiffness degradation of the OSPSW is the most obvious at 60 and 120 days of corrosion. The BSPSW, which has the minimum hysteretic loop area, is basically consistent with the FSPSW in the trend of stiffness degradation and ultimate shearing resistance decrease. VSPSWs have the lowest stiffness and ductility among them, but the energy dissipation capacity of VSPSWs is second only to that of OSPSWs.



When the experimental corrosion time of SPSWs is 20 days, in contrast to FSPW, the characteristic results of the OSPSW are increased dramatically; more specifically, the initial stiffness and ductility coefficient is improved by 129.3% and 100.0%, respectively. Meanwhile, the yield and peak load increased by 56.0% and 57.7%, respectively. The initial stiffness and ductility coefficient of the VSSPSW decrease by 25.0% and 16.6%, respectively, whereas the yield load and the peak load increase by 19.4% and 13.8%, respectively. The ductility coefficient is reduced by only the initial 2.1% less than the other initial stiffness, and the yield load and peak load are decreased by 5.2%, 5.1%, and 5.5%, respectively.



When the experimental corrosion time of SPSWs is 60 days, in contrast to FSPW, the characteristic results of the OSPSW are obviously increased. The initial stiffness and ductility coefficient improved by 134.8% and 101.7%. Simultaneously, the yield load and peak load increased by 60.9% and 62.0%, respectively. The initial stiffness and ductility coefficients of the VSSPSW decrease by 22.8% and 14.2%, respectively, while the yield and peak load increase by 19.1% and 13.6%, respectively. The BSPSW decreases by 4.3%, 4.1%, and 4.5% in the initial stiffness, yield load, and peak load, respectively, while the ductility coefficient increases by 1.7%.



When the experimental corrosion time of SPSWs is 120 days, in contrast to FSPW, the characteristic results of the OSPSW are increased. The initial stiffness and ductility coefficient improved by 137.7% and 108.9%, respectively, while the yield load and peak load rise by 66.1% and 63.8%, respectively. The initial stiffness and ductility coefficients of the VSSPSW decrease by 23.0% and 19.0%, respectively, while the yield and peak load increase by 23.3% and 17.6%, respectively. The BSPSW decreases by 4.0%, 4.8%, and 5.4% in the initial stiffness, yield load, and peak load, respectively, while the ductility coefficient increases by 5.8%.



Consequently, the initial stiffness, ductility, yield load, and energy dissipation capacity of SPSWs are improved effectively through setting stiffeners, which also can inhibit the stiffness degradation of SPSWs under different corrosion levels. With increasing corrosion time, the initial stiffness and ductility coefficient of the FSPSW decrease faster than those of the VSSPSW and BSPSW. Thus, the slotting of the flat steel plate can effectively inhibit the hysteretic performance decrease after corrosion.




4.3. The Hysteretic Performance of SPSWs under Different Corrosion Days


Load-displacement curves of SPSWs under different corrosion days are shown in Figure 14. Pinching occurs in the hysteretic loop of the FSPSW with the passage of corrosion time, and the ultimate shearing resistance decreases rapidly in the early stage of corrosion. Compared to FSPSW without corrosion, when the corrosion time reaches 20 days, 60 days, and 120 days, the initial stiffness of the FSPSW falls by 21.1%, 25.5%, and 31.8%, respectively; the yield load decreases by 20.0%, 24.3%, and 30.3%, respectively; the peak load decreases by 18.9%, 23.2%, and 29.4%, respectively; and the ductility coefficient decreases by 35.1%, 37.6%, and 40.8%, respectively.



As the corrosion time increases, no pinching occurs in the hysteretic loop of the OSPSW, but the ultimate shearing resistance decreases significantly when the corrosion time is 120 d, indicating that the OSPSW has good hysteretic performance after corrosion. Compared to OSPSW without corrosion, when the corrosion time reaches 20 days, 60 days, and 120 days, the stiffness of the corroded OSPSW reduces by 2.8%, 6.1%, and 12.9%, respectively; the yield load decreases by 0.8%, 3.3%, and 8.1%, respectively; the peak load decreases by 1.0%, 3.8%, and 10.5%, respectively, bringing ductility coefficients down 3.1%, 6.2%, and 7.7%, respectively.



As the corrosion time increases, the pinching occurs in the hysteretic loop of the VSSPSW, and the overall trend of the envelope curves is consistent in principle. Compared with the non-corrosion, the initial stiffness of the VSSPSW decreases by 7.6%, 10.3%, and 18.0%, respectively, when the accelerated corrosion time reaches 20 days, 60 days, and 120 days; the yield load decreases by 1.9%, 7.4%, and 11.7%, respectively; the peak load decreases by 0.6%, 6.1%, and 10.6%, respectively; and the ductility factor decreases by 1.9%, 3.0%, and 13.0%, respectively.



As the corrosion time increases, the pinching occurs in the hysteretic loop of the BSPSW similarly, and the overall tendency of the envelope curves is broadly the same. Compared with the BSPSW without corrosion, the initial stiffness of corroded BSPSW decreases by 13.9%, 18.0%, and 24.6%, respectively, after 20 days, 60 days, and 120 days; yield load decreases by 0.3%, 4.6%, and 12.9%, respectively; peak load decreases by 1.2%, 5.7%, and 13.9%, respectively; and ductility factor decreases by 5.8%, 6.0%, and 7.1%, respectively.



Consequently, due to the corrosion, the ultimate shearing resistance, initial stiffness, ductility, and energy dissipation capability of specimens are reduced. For the FSPSW, when uncorroded, the ultimate shearing resistance decreases, and the stiffness degradation is gentle. After corrosion, the decline in the envelope curve is significant, and furthermore, the initial stiffness, yield load, and ultimate load decrease more severely than those of the other three specimens. At the same time, the area of the FSPSW hysteretic loop is greatly reduced after corrosion, so corrosion greatly affects the seismic performance of the FSPSW. For the OSPSW, the initial stiffness, yield load, and ductility coefficient decrease slightly before 60 days of corrosion. The performance indexes decrease after corrosion for 120 days, but the reduction is the gentlest among the four specimens. The hysteretic loop is still full, indicating that the OSPSW has good seismic performance. For corroded VSSPSWs and BSPSWs, the decline in the indexes is gentler than that of FSPW, indicating that slotting can effectively inhibit the decline in SPSW performance after corrosion. At the same time, the hysteretic curve of the corroded VSSPSW is more abundant than that of the corroded BSPSW, with greater ultimate shearing resistance and better seismic performance.




4.4. Comparison of Stress Distribution of SPSWs before and after Corrosion


The stress distributions after the corrosion of the specimens are shown in Figure 15. As the corrosion time increases, the plastic area at the boundary column end of the FSPSW gradually increases. After corrosion for 120 days, serious buckling deformation occurs in the flat steel plate. Comparative analyses show that for the corroded SPSW, setting stiffeners and slotting can restrain the generation of plastic hinges at both ends of the boundary column, inhibit the buckling of flat steel plate, and improve the ductility after corrosion. Among them, the middle vertical slot effect is better.




4.5. Fitting the Ultimate Shearing Resistance


After converting 0, 20, and 120 days, which are accelerated corrosion test times to 5.657, 16.972, and 33.945 years in actual outdoor corrosion times, respectively, the ultimate shearing resistance of SPSWs with changing etching time is shown in Figure 16. Equations (3)–(6) are fitting formulae for the ultimate shearing resistance of the SPSWs with an exponential function.


  y = 602.178  e  − x / 5.362   + 1618.560 ,  



(3)






  y = − 144.203  e  x / 30.030   + 3021.959 ,  



(4)






  y = − 29.545  e  x / 16.630   + 2068.212 ,  



(5)






  y = − 205.511  e  x / 43.391   + 1936.920 ,  



(6)







From the fitting curve, it is observed that with increasing corrosion time, the ultimate shearing resistance of the FSPSW decreases remarkably, and it mainly occurs when it starts to corrode. Stiffeners or slotting of the flat steel plate can effectively inhibit the decline of ultimate shearing resistance after corrosion.





5. Conclusions


This paper proposes four kinds of SPSWs and studies the seismic performance of the four specimens before and after corrosion through FE models. The research results are summarized as follows:



(1) The FEM model that can be validated by quasi-static cyclic tests of specimen S–4 in Ref. [46] is developed. The comparative results indicate that the errors between the FEM results and test data in lateral stiffness, yield load, yield displacement, ultimate load, and ultimate displacement are 4%, 15%, 11%, 16%, and 8%, respectively, so the results of the FEM model can validate well the test results.



(2) Under cyclic loading, compared to other specimens, the ultimate shearing resistance, initial stiffness, and ductility of OSPSW are higher, and the total energy dissipation value of the OSPSW is 38% higher than that of FSPSW, while that of the VSSPSW and BSPSW are less 23.5% and 44.8%, respectively. The stiffener can also retard the formation of a plastic hinge at the column end and inhibit the buckling of the flat steel plate. It is revealed that although the OSPSW has a little more usage amount of steel, setting stiffeners can make the SPSW has a better seismic performance.



(3) Under atmospheric corrosion, the seismic performance of OSPSW is affected least among them. Compared to other specimens, the ultimate shearing resistance, ductility, and energy dissipation capacity of the OSPSW are largest under different corrosion levels. With corrosion time increasing, the stiffness of OSPSW degrades most slowly; stiffeners can also inhibit the occurrence of plastic hinges and out-of-plane buckling. It is indicated that setting stiffeners can make corroded SPSWs have better seismic performance.



(4) Under atmospheric corrosion, the seismic performance of FSPSW is affected most among them, but its peak load and energy dissipation capacity are still higher than those of the BSPSW. Although slotting reduces the energy dissipation capacity and ultimate shearing resistance of SPSWs, it can effectively inhibit the reduction in the seismic performance after corrosion, and slotting at the middle part is better than at both sides.



(5) In order to truly reflect the variation of ultimate shearing resistance with corrosion time, the formulae of ultimate shearing resistance for the four specimens are fitted, which can be used for practical engineering.
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Figure 1. Diagrams of specimens: (a) FSPSW; (b) OSPSW; (c) BSPSW; (d) VSSPSW. 
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Figure 2. Dimension details of specimens: (a) FSPSW; (b) OSPSW; (c) Section 1-1 of FSPSW; (d) Section 2-2 of OSPSW; (e) BSPSW; (f) VSSPSW; (g) Section 3-3 of BSPSW; (h) Section 4-4 of VSSPSW. 
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Figure 3. The boundary conditions of FEM models for SPSWs: (a) FSPSW; (b) OSPSW; (c) VSSPSW; (d) BSPSW. 
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Figure 4. The constitutive relation of steel in the FEM model. 
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Figure 5. Test specimen S–4 [46]: (a) Test site equipment; (b) Dimensions of the test specimen. 
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Figure 6. Cyclic loading of S−4 [46]. 
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Figure 7. The contrast of load-angle curves of S−4: (a) Hysteretic curves; (b) Envelope curves. 
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Figure 8. Comparison of the invalidation phenomenon: (a) Test phenomenon; (b) FEM result. 
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Figure 9. Load-displacement curves of the FSPSW, OSPSW, VSSPSW, and BSPSW: (a) Hysteretic curves; (b) Envelope curves. 
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Figure 10. Calculation diagram of the energy dissipation coefficient. 
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Figure 11. Energy dissipation of the FSPSW, OSPSW, VSSPSW, and BSPSW. 






Figure 11. Energy dissipation of the FSPSW, OSPSW, VSSPSW, and BSPSW.



[image: Buildings 12 01881 g011]







[image: Buildings 12 01881 g012 550] 





Figure 12. Stress distribution of damaged FEM specimens: (a) FSPSW; (b) OSPSW; (c) VSSPSW; (d) BSPSW. 
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Figure 13. Load-displacement curves of corrosion SPSWs: (a) hysteretic curves of corrosion for 20 d; (b) envelope curves of corrosion for 20 d; (c) hysteretic curves of corrosion for 60 d; (d) envelope curves of corrosion for 60 d; (e) hysteretic curves of corrosion for 120 d; (f) envelope curves of corrosion for 120 d. 
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Figure 14. Comparison of SPSWs under different corrosion days: (a) Hysteretic curves of FSPSW; (b) Envelop curves of FSPSW; (c) Hysteretic curves of OSPSW; (d) Envelop curves of OSPSW; (e) Hysteretic curves of VSSPSW; (f) Envelop curves of VSSPSW; (g) Hysteretic curves of BSPSW; (h) Envelop curves of BSPSW. 
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Figure 15. Stress distribution of FEM results for different corrosion times: (a) corroded FSPSW for 20 d; (b) corroded FSPSW for 60 d; (c) corroded FSPSW for 120 d; (d) corroded OSPSW for 20 d; (e) corroded OSPSW for 60 d; (f) corroded OSPSW for 120 d; (g) corroded VSSPSW for 20 d; (h) corroded VSSPSW for 60 d; (i) corroded VSSPSW for 120 d; (j) corroded BSPSW for 20 d; (k) corroded BSPSW for 60 d; (l) corroded BSPSW for 120 d. 
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Figure 16. Fitting formulae of ultimate shearing resistance of SPSWs. 
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Table 1. Dimension details of test components [46].
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Component

	
Sectional Dimension/mm

	
Steel Grade






	
Upper and lower beams

	
HN 250 × 200 × 12 × 14

	
Q355




	
Middle beam

	
HN 175 × 175 × 8 × 10




	
Column

	
HW 200 × 200 × 8 × 12




	
Infilled vertical infilled corrugated steel plate
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Q235
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Table 2. Material properties [46].
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	Component
	E/GPa
	fy/MPa
	fu/MPa
	Elongation%
	fu/fy
	Steel Grade





	Infilled steel plate
	176.0
	301.43
	397
	34.0
	1.32
	Q235



	Middle beam web
	228.0
	388.83
	518
	27.0
	1.33
	Q355



	Middle beam flange
	219.0
	370.27
	495
	29.2
	1.34
	Q355



	Upper beam flange
	203.0
	330.90
	529
	32.9
	1.60
	Q355



	Upper beam web
	205.7
	360.17
	507
	32.1
	1.41
	Q355



	Column web
	216.7
	360.93
	533
	33.4
	1.48
	Q355



	Column flange
	207.3
	363.43
	540
	34.6
	1.49
	Q355







Note: E represents the elastic modulus; fy and fu represent the yield stress and ultimate stress, respectively.
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Table 3. Characteristic parameters of specimens.
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	Results
	K0/(kN/mm)
	Py/kN
	Δy/mm
	Pm/kN
	Δm/mm





	FEM
	25.81
	758.39
	22.35
	876.05
	42.70



	Test
	24.81
	654.67
	25.23
	750.39
	39.55



	FEM/Test
	1.04
	1.15
	0.89
	1.16
	1.08







Note: K0 represents the initial lateral stiffness; Py and Pm represent the yield load and ultimate load, respectively; Δy represents the yield displacement; Δm represents the displacement at Pm.
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Table 4. Characteristic results of the FSPSW, OSPSW, VSSPSW, and BSPSW.
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	Specimen
	K0/(kN/mm)
	Py/kN
	Δy/mm
	Pm/kN
	Δm/mm
	μ





	FSPSW
	54.64
	1781.69
	47.09
	2225.77
	174.91
	6.67



	OSPSW
	101.77
	2243.52
	35.23
	2877.79
	171.82
	8.94



	VSSPSW
	35.01
	1734.91
	74,63
	2067.81
	209.95
	3.68



	BSPSW
	47.46
	1356.42
	51.07
	1728.70
	140.00
	4.50







Note: µ is the ductility factor.
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Table 5. Characteristic results and usage amount of steel of specimens.
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	Specimen
	Usage Amount of Steel/t
	K0/(kN/mm)
	Pm/kN
	μ





	FSPSW
	0.848
	54.64
	2225.77
	6.67



	OSPSW
	1.017
	101.77
	2877.79
	8.94



	VSSPSW
	0.82
	35.01
	2067.81
	3.68



	BSPSW
	0.82
	47.46
	1728.70
	4.50
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Table 6. The actual corrosion time and elastic modulus of corrosion steel.
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	Corrosion Time/d
	20
	60
	120





	Actual corrosion time/a
	5.657
	16.972
	33.945



	E/MPa [33]
	204,798
	194,170
	178,805



	Modulus loss ratio η/%
	0.58%
	5.74%
	13.2%







Note: η = 1 − E/E0, and E0 is 206,000 Mpa.
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Table 7. Characteristic results of FSPSW, OSPSW, VSSPSW, and BSPSW at diverse corrosion days.






Table 7. Characteristic results of FSPSW, OSPSW, VSSPSW, and BSPSW at diverse corrosion days.





	
Corrosion Time/d

	
Specimen

	
K0/(kN/mm)

	
Py/kN

	
Δy/mm

	
Pm/kN

	
Δm/mm

	
μ






	
20

	
FSPSW

	
43.13

	
1425.15

	
53.68

	
1806.20

	
139.93

	
4.33




	
OSPSW

	
98.90

	
2223.85

	
36.36

	
2847.81

	
171.84

	
8.66




	
VSSPSW

	
32.35

	
1702.09

	
77.20

	
2055.89

	
209.36

	
3.61




	
BSPSW

	
40.87

	
1352.97

	
52.13

	
1707.28

	
138.99

	
4.24




	
60

	
FSPSW

	
40.69

	
1348.88

	
53.35

	
1708.60

	
139.91

	
4.16




	
OSPSW

	
95.53

	
2170.32

	
36.98

	
2768.22

	
171.23

	
8.39




	
VSSPSW

	
31.40

	
1607.10

	
76.58

	
1940.59

	
209.07

	
3.57




	
BSPSW

	
38.93

	
1293.38

	
51.41

	
1630.94

	
139.94

	
4.23




	
120

	
FSPSW

	
37.29

	
1241.67

	
53.44

	
1572.02

	
139.91

	
3.95




	
OSPSW

	
88.65

	
2062.38

	
36.83

	
2575.38

	
171.05

	
8.25




	
VSSPSW

	
28.72

	
1531.44

	
79.46

	
1848.06

	
171.68

	
3.20




	
BSPSW

	
35.79

	
1181.56

	
50.13

	
1487.89

	
139.99

	
4.18
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