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Abstract

:

A steel plate shear wall (SPSW) is a useful component for resisting lateral action. To improve the performance of frame columns, some studies focus on a two-side connected SPSW, in which the wall plate is not connected with the frame columns. However, few studies conducted on a two-side connected SPSW consider the effect of frame constraints or the connections between the infill plates and frame beams. In this study, by using finite element modeling (FEM), two unstiffened SPSW models with two-side fixed connections and six unstiffened SPSW models with two-side bolt connections were simulated. Their performance under the presence of out-of-plane frame beam flange constraints and different numbers of bolts between the infill plates and frame beams was analyzed. The mechanical performances such as hysteretic behaviors, the capacity of energy dissipation and the out-of-plane deformation of the members were investigated by applying monotonic and cyclic loading. The results revealed that non-negligible deformation would be generated at the lateral border of the bolt connections and that the out-of-plane deformation of the frame could be significantly affected by constraints. These findings can guide the engineering design of SPSWs in the future.
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1. Introduction


Steel plate shear walls (SPSWs) have been adopted worldwide as novel lateral force-resisting members in the field of high-rise structural engineering. Since the invention of the new component, many studies on SPSWs have focused on their overall comprehensive performance, such as SPSW hysteresis. In addition, the influence of the stiffness of one component on the performance of other components in an SPSW [1,2,3] and simplified analysis models of SPSWs [4,5,6,7,8,9,10,11] have also been studied.



Good connections ensure the transmission of force under an external load to guarantee the safety and reliability of steel structural buildings, which is not an exception for SPSWs. Therefore, researchers focused on improving the connections between the infill plates and boundary members of SPSWs. Elgaaly et al. [10,12] designed welding models and four types of SPSW models having different connection conditions at the same component size. Experiments on the above models under cyclic loading revealed that the slippage of bolt connections between the infill plate and frame members could cause the yielding of the model. Therefore, the yielding bearing capacity and stiffness of the model having bolt connections were slightly lower than those of the welding model. They also found that increasing the bolt spacing from 4 times to 8 times the bolt diameter had little effect on the failure mode of the SPSW. Ma [13] studied the mechanical mechanism and seismic behavior of an SPSW consisting of two-side connections. The influence of the out-of-plane force of the infill plate on the frame beam was determined. A formula, proposed by Ma [13] to calculate the tension in the bolts at this location, was later adopted by JGJ/T380-2015 [14]. Schumacher et al. [15] fabricated four specimens of unstiffened SPSWs welded to steel plates and frames under different structural conditions. These specimens were tested under quasi-static loading. The tearing was suppressed more in the infill plate connection directly welded to the boundary members than the connection using fish plates. Paslar et al. [16] used the ratios of the connection lengths between the infill plate and boundary components as a variable to perform finite element modeling (FEM) and analysis. The results indicated that the stiffness, ductility, ultimate bearing capacity and energy absorption of the SPSW whose infill plates were connected only to columns were all slightly lower than those of the wall with the infill plates connected only to beams. Choi et al. [17] established five types of three-story single-span SPSW models for loading tests. The results showed that the initial stiffness of bolt-connected SPSWs could be improved by increasing the number of bolts; however, it displayed little effect. In addition, the bearing capacity and energy dissipation of bolt-connected SPSWs could not be improved via this measure. In addition, scholars have developed a variety of novel connections between the infill plates and boundary components of SPSWs [18,19,20]. It can be found that the frames of SPSW models in many quasi-static tests are often subjected to out-of-plate constraints to prevent the excessive out-of-plane deformation of the frame during loading. However, in engineering practice, the frame of the SPSW system is often not completely constrained in the out-of-plane direction. However, the effect of changing the constraint conditions of the boundary components on the performance of bolt-connected SPSWs is not considered in most studies.



All column failures occur easily in SPSWs with four-side connections. Therefore, an SPSW with two-side connections has been developed [21]. The infill plate of the SPSW only connects with the frame beams and not with the columns (Figure 1), which can effectively prevent the damage inflicted by the reaction force of the infill plate on the columns. In addition, a two-side connection SPSW is convenient for pipe laying and building doors and windows. Some studies have been conducted on SPSWs with two-side connections. Miu [22] analyzed the elastic and elastic-plastic buckling behaviors of SPSWs with two-side connections under three different stiffening situations and explored the influences of the initial imperfection and residual stress on this SPSW. Ma [13] and Xu et al. [23] studied the forced mechanism and failure modes of two-side connected SPSWs under different stiffening situations.



Unlike welded connections, bolt connections possess advantages, such as good ductility, no mechanical defects caused by residual stress in the weld and the easy replacement of assembled joints (for post-earthquake repair). In a word, exploring the specific performance of two-side bolt-connected SPSWs considering top-seat constraints with frame beams is of practical significance.



Various simulation methods for the analysis of steel structures have been proposed and their reliabilities have been verified [24,25,26,27,28]. In the present study, several two-side bolt-connected SPSW models with a different number of bolts were established using the FEM method to explore the seismic performances of these models. While analyzing these models, the constraints of the upper-frame beam flanges were considered as one of the controlling conditions. The key characteristics of the mechanical performances of these models were examined and compared. In addition, the out-of-plane deformation of the frames and steel plates of these models was also investigated. Finally, some conclusions with certain reference significance for engineering design were obtained. The flow chart (Figure 2) shows the structure of this article.




2. Research Method


2.1. Verification of FEM Model


An experimental model from the test by Jiang et al. [29,30] was considered for verifying the FEM methodology in ABAQUS 2020 [31]. The FEM model for simulating the model SPWF-A is shown in Figure 3. Each component in the FEM model was dimensioned and placed according to its size and location in the experimental model, without considering the cover plates of the beam–column joints. Only the upper flange of the base beam was modeled as a rigid body.



The values of the material properties of the members in the model, except for the breaking elongation rate, were borrowed from [29,30]; the values are shown in Table 1. The material properties of all steel members, except the upper flange of the base beam and bolts, were defined using a trilinear model, in which the tangent modulus in the elastic-plastic stage was 3% of the elastic modulus E (Figure 4a). The real stress–strain data were derived and imported into the ABAQUS software [31] according to the relationship between the nominal and true stresses and strains, as shown in Equations (1) and (2) [31]:


    σ   t r u e   =   σ   n o m     1 +   ε   n o m      



(1)






    ε   t r u e   p l   =   ln  ⁡    1 +   ε   n o m       −     σ   t r u e     E    



(2)




where     σ   t r u e    ,     σ   n o m    ,     ε   n o m     and     ε   t r u e   p l     denote the true stress, nominal stress, nominal strain and real plastic strain, respectively.



The material properties of the grade 8.8 high-strength bolt were defined using a bilinear model (Figure 4b). Its true stress at the ultimate strength and the corresponding actual plastic strain were derived according to the nominal stress and strain at the ultimate strength (830 MPa, 0.12 [32]); the values are listed in Table 2. The Poisson’s ratios of all the components were defined as   ν = 0.3  .



The welded connections in beam-to-column joints, stiffeners and column footings were not tied but rather merged directly into a member. The friction between the steel plate wall, angles and beam flanges was defined by surface-to-surface contact. The tangential interaction was defined as a penalty function in which the friction coefficient was 0.35. Normal interaction was defined as “hard contact”. A reference point was created to couple the loading end to the outside flange of the right column, and a displacement-controlled cyclic load was applied at this point.



The element type C3D8R was chosen for all members in the model. The global mesh sizes of the members are listed in Table 3. There is only one integral point in each C3D8R grid, which is easy to produce hourglass mode, that is, the bending deformation of the grid does not produce strain energy. To prevent the sandglass problem, the element meshes of the steel plate wall and column flanges were divided into three layers along their thickness.



Before loading the horizontal cyclic load, two 300 kN axial loads, representing the gravity loads transmitted from the upper stories, were applied to the top face of each column. The introduction of geometric initial imperfections into a model with frictional contacts renders convergence difficult; therefore, the initial imperfections were not considered in the model. The steps undertaken for analysis and the corresponding loads set were in the following order.



	(1)

	
Apply corresponding pre-tightening loads to each bolt.




	(2)

	
Apply two axial loads on the top of the two columns.




	(3)

	
Apply displacement-controlled horizontal cyclic load at the reference point, coupling the loading end. In the elastic stage, increase the displacement by 1 mm per cycle. In the elastic-plastic stage, increase each lateral displacement by 4 mm. Apply each displacement periodically three times (Figure 5).







The hysteretic curves obtained from the FEM model and Jiang’s study are shown in Figure 6. The overall trends displayed by the two hysteresis curves are consistent, although the magnitudes of the forces on the FEM model were always higher than the test data under the same cyclic peak displacement. This phenomenon was attributed to the following. (1) In FEM model, the anchor bolt connections between the base beam and the ground were simplified as a rigid constraint applied to the upper flange of the base beam. (2) The model did not consider the initial imperfection of the steel plate wall or frame members. (3) Weld cracking was not considered in the FEM model. The simulated hysteresis curves exhibited slight pinches owing to the slipping of some bolts in the later stages of cyclic loading. The forces corresponding to the positive and negative displacements of 10 mm and 40 mm in the FEM model and the model from the literature are listed in Table 4.



As can be observed, the solid element model simulates the behaviors of the forces and displacements of the SPSW model with relative accuracy.




2.2. Design of FEM Model for Performance Analysis


The overall sizes of the numerical analysis models used in this section are shown in Figure 7a. Both the frame beam and columns were welded using I-shaped steel (500 mm × 400 mm × 30 mm × 30 mm; overall depth × flange width × web thickness × flange × thickness). The thickness of the steel plate, tw, was 6 mm. The steel plate was connected using two connections to the upper and lower frame beams at the upper and lower edges, and each edge connection of the steel plate consisted of two lines of bolts and a flat steel connector. Welding connections were applied to connect the flat steel connectors and the flanges of the frame beams. The length of the flat steel lcon was the same as that of the steel plate. However, the height and thickness of the flat steel were different: hcon = 198 mm and tcon = 10 mm. For each edge connection, the bolts were arranged in two rows along the width of the steel plate. For different models, 8, 14 and 20 bolts (n) were arranged in each row according to the rectangular array; the spacing between two adjacent bolts was the same in all rows, and the spacing between two adjacent rows of bolts was the same (Figure 7b,c); sb is the bolt spacing along the horizontal direction. The diameter (d) and hole diameter (d0) of the bolts were 30 mm and 33 mm, respectively. The pre-tension force applied to each bolt was 355 kN [33]. The bolt-nut size was defined according to GB/T 1229-2006 [34].



FEM SPSW models with different numbers of bolts per row in the connections were established as described in Figure 7. They were labeled “SPSW-N8”, “SPSW-N14” and “SPSW-N20”; the number succeeding the letter “N” represents the number of bolts per row. In addition, an SPSW model with two-side fixed connections (named “SPSW-T”) and a frame (named “FRAME”), whose steel plates and frames had the same sizes as those of the models with bolt connections, were established to compare the performance of SPSWs with different types of connections. The trilinear and bilinear models (Figure 4) were used to define the material properties of the bolts and other components in all the FEM models. The material properties of the 10.9 grade high-strength bolt were defined. In addition, the stress and strain values of the other components were similar to those reported by Jiang et al. [29] (Table 1). The density of all the steel materials for all the components is 7850 kg/m3, the elastic modulus is 2.06 × 105 MPa and the Poisson’s ratio is 0.3. Other data on the material properties of the bolts and other components are presented in Table 5.



No models were established using base beams. Instead, for models with bolt connections, the lower end face of the lower connector and the bottom of the column were fixed with a boundary condition named “ENCASTRE,” while the upper connector and the frame beam were fixed using a “Tie” constraint (Figure 8a,b). For the model “SPSW-T,” the lower end face of the steel plate and the bottom of the column were fixed (the same treatment method applied to models with bolt connections), while the upper end face of the steel plate and the frame beam were fixed using a “Tie” constraint (also the same treatment). The meshes between the bolted region and middle of the bolt-connected steel plates were generated using the transitional mesh shown in Figure 8c. In addition, to explore the influence of frame conditions on each model, the models were established with and without the frame beam flange constraints. The frame beam flanges were constrained in the out-of-plane direction of the steel plate. An “X” suffix in the model’s name indicates that the frame beam flanges of the model were constrained (Figure 8d); otherwise, the model did not include these constraints. The names of and differences between the models are listed in Table 6. None of the models considered initial imperfections.



All models were prepared for monotonic loading and hysteretic loading. Similar to FEM model verification, for each model, the corresponding pre-tightening force was applied first. Subsequently, horizontal loading was performed at the reference point, coupling the loading end. For each model under monotonic loading, the displacement angle was 0.025 (corresponding to an 87.5 mm horizontal displacement of the column top). For each model, cyclic loading was applied at the reference point, coupling the loading end; the cyclic loading mechanisms are summarized in Table 7.



Some models used for performance analysis are shown in Figure 9a–c.



An equal energy method was used to determine the yield point and calculate the related mechanical property parameters (Figure 10) [35,36]. In this method, the yield displacement (    δ   y    ) and yield bearing capacity (    V   y    ) are determined using an idealized elastoplastic envelope curve. Maximum displacement (    δ   m a x    ) is defined using two methods. If softening behavior occurs in the envelope curve,     δ   m a x     is equal to 0.8 times the ultimate strength during the softening stage in the force–displacement curve. However, if softening does not occur,     δ   m a x     is determined as the maximum displacement of the envelope curve. Then, the yield point (    δ   y   ,   V   y    ) is defined such that the yield displacement (    δ   y    ) is equal to the displacement at the turning point of elasticity and the ideal plasticity of the idealized elastoplastic envelope curve. The elastic stage of the idealized elastoplastic envelope curve must pass through the initial yield point (    δ   y i   ,   V   y i    ), which is the point at which permanent residual deformation develops for the first time under cyclic loading. Moreover, based on equal plastic energy, the area enclosed by the idealized elastoplastic envelope curve from 0 to     δ   m a x     is equal to that enclosed by the actual envelope curve. The yield displacement (    δ   y    ) was calculated using Equation (3), where   V ( δ )   is a function that describes the force   V   at a displacement   δ   from the actual envelope curve. The formula for calculating the ductility ratio   μ   is given in Equation (4). The energy dissipation capacity of SPSWs can be evaluated using the energy dissipation coefficient from Equation (3) [37]. In Equation (5),     S   ( A B C + C D A )     is the area of the hysteresis curve and     S   ( O B E + O D F )     represents the corresponding triangular areas (Figure 11).


      V   y i       δ   y i     ·   δ   y   ·   δ   m a x   =   1   2       V   y i       δ   y i       δ   y   2   +   ∫  0     δ   u      V ( δ ) d δ    



(3)






  μ =     δ   max       δ   y      



(4)






    E   d   =     S   ( A B C + C D A )       S   ( O B E + O D F )      



(5)









3. Result Analysis


3.1. Hysteretic Curves


The hysteretic and pushover curves of each model are shown in Figure 12, and Figure 13 shows a comparison between the hysteresis envelope and pushover curves of the models with and without constraints on the frame beam flange. Figure 14 shows a comparison between the secant stiffness reduction curves of the different models separately. The related parameters such as the initial stiffness, deformation, load of the initial yield point and ductility ratio are presented in Table 8. The hysteretic and pushover curves of these models displayed the following characteristics:




	
For all bolt-connected models, the hysteretic loops gradually opened and formed an increasingly pronounced “S shape” after the initial yield points. However, the fullness of the curves was inferior to that of the model “SPSW-T-X.” The stiffness degradation of these models slowed, and the hysteretic curves exhibited a discernible pinching phenomenon during the later stages of the cyclic loading.



	
For the model with two-side fixed connections without frame beam flange constraints, the load at the loading end in the push direction decreased in advance because of the out-of-plane displacement of the beam-column joint. However, the frame beam flange constraints had a negligible effect on the hysteretic curves of the bolt-connected model.



	
The number of bolts did not significantly influence the hysteretic curves of the bolt-connected models. However, the load on the models using the highest number of bolts (SPSW-N20 and SPSW-N20-X) decreased in the later stages of the monotonic loading or cyclic loading.








As can be observed from Table 8 and Figure 13 and Figure 14, the initial stiffness of each SPSW model is more than three times that of the frame. However, the yielding displacement of each SPSW is half that of the frame. Therefore, a steel plate could greatly improve the lateral stiffness of the frame in the elastic stage and decrease the yield displacement of the frame. However, the secant stiffness of these models (except for SPSW-T) in the elastic-plastic stage showed negligible differences. The improvement in the bearing capacity of the SPSWs benefits from the contribution of the steel plate to the elastic lateral stiffness of the members. In addition, the improvement in the ductility ratio of the SPSWs benefits from the early yield of the steel plate. The ductility ratios of the SPSW models were in the range 5.6–5.9, which indicated that the connection types and number of bolts had little influence on the ductility ratio of the bolt-connected SPSW models. As evident from the secant stiffness reduction curves shown in Figure 14, (1) the decrease in stiffness in each SPSW model is significantly higher than that of the frame model and (2) the slope of the stiffness degradation curve of the bolt-connected SPSW models is higher than that of the SPSW models with two-side fixed connections (SPSW-T or SPSW-T-X) within the range of 0–±5 mm of the monotonic loading (Figure 14e,f). In other words, the bolt-connected SPSW models exhibited a nonlinearity more apparent than that of the SPSW models with two-sided fixed connections before yielding in the initial stage of the loading.



For the SPSW models without frame beam flange constraints, the initial stiffnesses of SPSW-N8, SPSW-N14 and SPSW-N20 were 6.43% lower, 1.31% higher and 3.10% higher, respectively, than that of SPSW-T, and the ultimate bearing capacities of SPSW-N8, SPSW-N14 and SPSW-N20 were 11.42% lower, 0.20% higher and 4.81% lower, respectively, than that of SPSW-T. For the SPSW models with frame beam flange constraints, the initial stiffnesses of SPSW-N8-X, SPSW-N14-X and SPSW-N20-X were 5.63% lower, 0.90% higher and 3.37% higher, respectively, than that of SPSW-T-X, and the ultimate bearing capacity of SPSW-N8-X, SPSW-N14-X and SPSW-N20-X was 14.46% lower, 3.14% lower and 8.29% lower, respectively, than that of SPSW-T-X. These data indicate that increasing the number of bolts slightly increases the initial stiffness of the SPSWs with bolt connections; however, the effect is limited. In other words, the conclusion obtained from the experiment on four-side connected SPSWs by Choi et al. [17] was consistent with the numerical analysis results on the two-side connected SPSWs obtained in this study. However, to improve the ultimate bearing capacity, the number of bolts should be appropriately selected rather than randomly increased. For any bolt-connected SPSW model with a constant number of bolts, the initial stiffness, yield bearing capacity and ultimate bearing capacity of an SPSW model with frame beam flange constraints were all higher by 2%, 4% and 1%, respectively, than those of the model without the constraints.



The energy dissipation area   S   (i.e.,     S   ( A B C + C D A )    , shown in Figure 11) and energy dissipation coefficient     E   d     of each model under all levels of the loading displacement of the cyclic loading are listed in Table 9.



The ratios,     S   2   /   S   1     and     E   d 2   /   E   d 1    , shown in Table 9, indicate that the energy dissipation metrics of the two-side fixed SPSW models with frame beam flange constraints (SPSW-T-X) were much higher than those of the SPSW model without the constraints (SPSW-T). For all the bolt-connected SPSW models, except SPSW-N8 at a drift ratio of 0.005, the energy dissipation metrics were slightly improved after applying the frame beam flange constraints.



The ratios, ③/②, ④/② and ⑤/②, are listed in Table 9. During the later stages of the cyclic loading (drift ratio more than 0.01), these ratios were in the range of 0.7–1.3 when the frame beam flange constraints were absent, while these ratios were in the range of 0.6–1 when these constraints were applied. In other words, the energy dissipation capacity of all the bolt-connected SPSW models without frame beam flange constraints in the late stages of cyclic loading was comparable to that of SPSW-T. However, the capacity of SPSW-T-X was noticeably higher than that of any bolt-connected SPSW model with frame beam flange constraints.



In other words, the data in Table 9 indicate that restricting the out-of-plane deformation of the frame can significantly improve the energy dissipation of the two-side connected SPSW in the elastic-plastic stage but does not affect the bolt-connected SPSW.




3.2. Out-of-Plane Deformation of Steel Plate


During the process of pull monotonic loading of the bolt-connected SPSWs, out-of-plane bending occurred in two regions: at the corner of the upper end of the steel plate far from the side of the loading end and the side of the upper connector near it (Figure 15a), and at the corner of the lower end of the steel plate near the side of the loading end and the side of the lower connector near it (Figure 15b). However, during the process of push monotonic loading, bending occurred at the other two corners of the steel plate. During the cyclic loading of the bolt-connected SPSWs, the steel plate sagged downward along the lower connectors, and drastic tensile deformation occurred at the bolt holes next to the left and right sides of the steel plate, as shown in Figure 15c,d.



The out-of-plane deformation cloud diagrams of the two bolt-connected SPSW models (SPSW-N8 and SPSW-N8-X), SPSW-T and SPSW-T-X at a drift ratio of 0.02 under cyclic loading are displayed in Figure 16. The out-of-plane deformations of the left edge, right edge and middle region of the steel plate of each SPSW model at a drift ratio of 0.02 under cyclic loading were determined and are displayed in Figure 17. As can be observed, for the bolt-connected SPSW models, the largest out-of-plane deformation easily appeared at the region of the steel plate aligned with the length edge of the connectors under cyclic loading.



In other words, measures must be taken for SPSWs with two-sided connections with bolts and flat steels (such as adding stiffening ribs, adding connectors, increasing bolt distribution density, etc.) to strengthen the corners of the steel plate to prevent excessive deformation of the steel plate.




3.3. Out-of-Plane Deformation of Frame


At a drift ratio of 0.005 under cyclic loading, local buckling occurred at the frame beam web of SPSW-T (Figure 18a). At a drift ratio of 0.025 in the push direction under cyclic loading, the upper part of the frame was flipped approximately in the vertical direction (Figure 18c). However, the out-of-plane deformation was smaller at the same drift ratio in the pull direction (Figure 18d). The out-of-plane deformation of SPSW-X-T at the peak displacements in the tension or push directions during the elastic-plastic stage was quite lower than that of SPSW-T, and only larger frame out-of-plane deformation (also x-direction deformation) relative to itself occurred at the flanges near the bottom of the columns (Figure 18b,e). At a drift ratio of 0.005 under cyclic loading, pronounced local buckling occurred at the frame beam webs of both SPSW-N8 and SPSW-N8-X (Figure 18f,g). At a drift ratio of 0.025 under cyclic loading, the most severe x-direction deformation occurred in the SPSW-N8 frame. However, the extent of the deformation was smaller than that in SPSW-T in both the pull and push directions of the loading ends (Figure 18h,i). For SPSW-N8-X, the local buckling at the frame beam web at a drift ratio of 0.025 was higher than that at a drift ratio of 0.005, and this buckling also occurred at the web near the bottom of the frame column where the loading end was located (Figure 19d). For models SPSW-N14 and SPSW-N20, and the corresponding models with frame beam flange constraints, the distribution trends of their frame deformation in the x-direction at each moment were similar to those of SPSW-N8 and SPSW-N8-X but with different values (Figure 18k–t and Figure 19b,c,e–g). However, for FRAME and FRAME-X, the out-of-plane deformation at each moment under cyclic loading was quite small (within 2 mm). In addition, the maximum out-of-plane deformation of SPSW-T at any time point was higher than that of SPSW-T-X but always within 20% (Figure 20). The effect of the frame beam flange constraints on the pure frame models was small.



The maximum out-of-plane displacement values of each model without frame beam flange constraints at a drift ratio of 0.025 were determined and are listed in Table 10. As shown in Figure 18 and Table 10, without frame beam flange constraints, the out-of-plane displacement of the steel plate of the SPSW with two-sided fixed connections is noticeably larger than that of the steel plate bolt-connected SPSWs. The minimum difference was more than two times, and the maximum difference was approximately one hundred times. In other words, the bolt connections between the steel plate and frame components in two-side connected SPSWs can avoid the excessive deformation of the frame members.





4. Conclusions


In this study, to investigate the mechanical performance of unstiffened SPSWs with two-side bolt connections and different numbers of bolts with or without frame beam flange constraints in the out-of-plane direction, ten models were established and analyzed using FEM technology. Numerous analysis results on the behavior of the models under monotonic loading and cyclic loading were obtained, such as hysteretic curves, energy dissipation, data and charts for the out-of-plane deformation of each component. By comparing the results from each model, the characteristics of the two-side bolt-connected SPSWs and two-side fixed SPSWs under lateral loading were determined. The conclusions of this study are as follows.



	
For unstiffened SPSWs with two-side bolt connections, an increase in the number of bolts by a factor of 2.5 increases the initial stiffness by approximately 10%. This shows that increasing the number of bolts can improve the initial stiffness of the unstiffened two-side bolted SPSWs slightly. However, this method is not necessarily helpful in improving the ultimate bearing capacity: too many bolts reduce the ultimate bearing capacity of the unstiffened two-side bolted SPSWs.



	
For any bolt-connected SPSW model having a constant number of bolts, the initial stiffness, yield bearing capacity and ultimate bearing capacity can only increase by 5% if the out-of-plate frame beam flange constraints are implemented. For two-side bolted SPSWs, the energy dissipation area   S   and energy dissipation coefficient     E   d     can improve by 10% at most when the drift ratio is more than 0.01. This indicates that the out-of-plane frame constraints have a negligible influence on the cyclic loading performance of the two-sided bolt-connected SPSWs.



	
For an SPSW model with any type of connection between the steel plate and frame beam, when the upper frame beam does not have out-of-plane constraints, cyclic loading to a displacement angle exceeding 0.02 causes an out-of-plane deformation of the steel plate greater than 30 mm. However, this phenomenon is more significant for the two-sided fixed SPSWs.



	
The most severe deformation develops rapidly in the region of the steel plate aligned with the length edge of the flat steel connectors at a large drift ratio (0.02) in two-side bolted SPSWs. This region should be strengthened to prevent the excessive deformation of the steel plate and an overall performance reduction in the SPSWs.






In general, the out-of-plane constraints of the frame beam flange slightly affect the performance indices of the two-side bolted steel plate shear wall. In the elastic-plastic stage, the constraint has different effects on the deformation of the steel plate. However, it exerts a significant influence on the out-of-plane deformation of the frame and should be considered by designers. Research on the influence of the different out-of-plane frame restraint stiffness values on two-side bolted SPSWs and on the corresponding multi-story and multi-span SPSW system can be carried out in the future.
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Figure 1. Steel plate shear walls (SPSWs) with two-side connections. 






Figure 1. Steel plate shear walls (SPSWs) with two-side connections.



[image: Buildings 13 00970 g001]







[image: Buildings 13 00970 g002 550] 





Figure 2. Structure of this article. 
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Figure 3. Finite element modeling (FEM) for verification: (a) whole model; (b) bolts on the column foot; (c) bolts on the steel plate and the base. 
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Figure 4. Stress–strain curve of steels in FEM model: (a) trilinear model (applied to members except bolts or base beam); (b) bilinear model (applied to bolts). 
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Figure 5. Horizontal cyclic load. 
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Figure 6. Hysteretic curves of FEM model and test model. 
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Figure 7. Sizes of FEM models for performance analysis. 
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Figure 8. Construction details of the models used for performance analysis: (a) upper part of the bolt connection of the steel plate; (b) lower part of the bolt connection of the steel plate; (c) transitional meshes of the steel plate; (d) out-of-plane constraints for frame beams. 






Figure 8. Construction details of the models used for performance analysis: (a) upper part of the bolt connection of the steel plate; (b) lower part of the bolt connection of the steel plate; (c) transitional meshes of the steel plate; (d) out-of-plane constraints for frame beams.



[image: Buildings 13 00970 g008]







[image: Buildings 13 00970 g009 550] 





Figure 9. Partial models: (a) SPSW-N8; (b) SPSW-T; (c) FRAME. 
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Figure 10. Definition of the idealized elastoplastic envelope curve. 
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Figure 11. Definition of the energy dissipation coefficient. 
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Figure 12. Comparison between hysteretic curves and pushover curves of SPSWs with different numbers of bolts, SPSWs with two-side fixed connections and frames: (a) SPSW-N8; (b) SPSW-N14; (c) SPSW-N20; (d) SPSW-N8-X; (e) SPSW-N14-X; (f) SPSW-N20-X; (g) SPSW-T; (h) SPSW-T-X; (i) FRAME; (j) FRAME-X. 
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Figure 13. Comparison between the pushover and envelope curves of different models with and without frame beam flange constraints: (a) pushover curves (models without frame beam flange constraints); (b) envelope curves (models without frame beam flange constraints); (c) pushover curves (models with frame beam flange constraints); (d) envelope curves (models with frame beam flange constraints). 
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Figure 14. Comparison between the secant stiffness reduction curves of different models separately with and without frame beam flange constraints: (a) without frame beam flange constraints under monotonic loading; (b) without frame beam flange constraints under cyclic loading; (c) with frame beam flange constraints under monotonic loading; (d) with frame beam flange constraints under cyclic loading; (e) without frame beam flange constraints within the range of 0: ±5 mm of monotonic loading; (f) with frame beam flange constraints within the range of 0: ±5 mm of monotonic loading. 
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Figure 15. Stress and deformation cloud diagrams of model SPSW-N8: (a) stress cloud of bolt holes at the upper end of steel plate under pull monotonic loading (unit: MPa); (b) stress cloud of bolt holes at the lower end of steel plate under pull monotonic loading (unit: MPa); (c) deformation cloud of steel plate at the end of cyclic loading (unit: mm); (d) left-view cloud of deformed and undeformed steel plate at the end of cyclic loading (unit: mm). 
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Figure 16. Out-of-plane deformation cloud of partial models at the drift ratio of 0.02 under cyclic loading (unit: mm): (a) SPSW-N8; (b) SPSW-T; (c) SPSW-N8-X; (d) SPSW-T-X. 
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Figure 17. Out-of-plane deformation of steel plate of each model at the drift ratio of 0.02 under cyclic loading (in the tension direction of loading ends): (a) edge far from the loading end of steel plate; (b) center along the height direction of steel plate; (c) edge near the loading end of steel plate. 
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Figure 18. Out-of-plane deformation of steel plate of each SPSW model under cyclic loading: (a) SPSW-T at a drift ratio of 0.005; (b) SPSW-T-X at a drift ratio of 0.005; (c) SPSW-T at a drift ratio of 0.025 in push direction of the loading end; (d) SPSW-T at a drift ratio of 0.025 in pull direction of the loading end; (e) SPSW-T-X at a drift ratio of 0.025; (f) SPSW-N8 at a drift ratio of 0.005; (g) SPSW-N8-X at a drift ratio of 0.005; (h) SPSW-N8 at a drift ratio of 0.025 in push direction of the loading end; (i) SPSW-N8 at a drift ratio of 0.025 in pull direction of the loading end; (j) SPSW-N8-X at a drift ratio of 0.025; (k) SPSW-N14 at a drift ratio of 0.005; (l) SPSW-N14-X at a drift ratio of 0.005; (m) SPSW-N14 at a drift ratio of 0.025 in push direction of the loading end; (n) SPSW-N14 at a drift ratio of 0.025 in pull direction of the loading end; (o) SPSW-N14-X at a drift ratio of 0.025; (p) SPSW-N20 at a drift ratio of 0.005; (q) SPSW-N20-X at a drift ratio of 0.005; (r) SPSW-N20 at a drift ratio of 0.025 in push direction of the loading end; (s) SPSW-N20 at a drift ratio of 0.025 in pull direction of the loading end; (t) SPSW-N20-X at a drift ratio of 0.025. 
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Figure 19. Local buckling at frame beams and columns of SPSWs with bolt connection at the drift ratio of 0.025: (a) frame beam web of SPSW-N8; (b) frame beam web of SPSW-N14; (c) frame beam web of SPSW-N20; (d) column web near column bottom of SPSW-N8; (e) column web near column bottom of SPSW-N14; (f) column web near left column bottom of SPSW-N20; (g) column web near right column bottom of SPSW-N20. 
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Figure 20. Out-of-plane deformation of steel plate of FRAME and FRAME-X under cyclic loading: (a) FRAME at a drift ratio of 0.005; (b) FRAME-X at a drift ratio of 0.005; (c) FRAME at a drift ratio of 0.025 in push direction of the loading end; (d) FRAME at a drift ratio of 0.025 in pull direction of the loading end; (e) FRAME-X at a drift ratio of 0.025. 






Figure 20. Out-of-plane deformation of steel plate of FRAME and FRAME-X under cyclic loading: (a) FRAME at a drift ratio of 0.005; (b) FRAME-X at a drift ratio of 0.005; (c) FRAME at a drift ratio of 0.025 in push direction of the loading end; (d) FRAME at a drift ratio of 0.025 in pull direction of the loading end; (e) FRAME-X at a drift ratio of 0.025.



[image: Buildings 13 00970 g020]







[image: Table] 





Table 1. Constitutive relationship of steel in FEM model for verification.
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	Name of Components [24]
	Yield Strength from Experiment [24] (MPa)
	Ultimate Strength from Experiment [24] (MPa)
	Elastic Modulus from Experiment [24] (MPa)
	Real Stress of the Ultimate Strength (MPa)
	Real Plastic Strain of Ultimate Strength





	H-flange
	277.81
	460.13
	208,720
	474.140
	0.028



	H-web
	276.05
	449.37
	209,770
	462.338
	0.026



	Sole plate
	270.88
	426.71
	210,240
	437.802
	0.024



	Stiffening plate
	307.78
	473.64
	206,400
	487.033
	0.026



	SPW
	306.19
	462.73
	210,150
	474.894
	0.024
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Table 2. Constitutive relationship of grade 8.8 high-strength bolt in FEM model for verification.
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	Name of Components [24]
	Yield Strength from Experiment [24] (MPa)
	Ultimate Strength from Experiment [24] (MPa)
	Elongation Ratio [24]



	bolt
	660
	830
	0.12



	Elastic modulus

(MPa)
	Real stress of the ultimate strength (MPa)
	Real strain of the ultimate strength
	Real plastic strain of ultimate strength



	206,000
	929.6
	0.113
	0.109
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Table 3. Global mesh sizes of members (mm).
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	Bolts
	Steel Plate and Angles (Non-Thickness Direction)
	Other Components





	4
	15
	25
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Table 4. Some data from cyclic loading of FEM model and literature test.
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Model

	
Monotonic Loading in Pull Direction

	
Monotonic Loading in Push Direction

	
Cyclic Loading in Pull Direction

	
Cyclic Loading in Push Direction




	
Force Magnitude at 10 mm

(kN)

	
Force Magnitude at 40 mm

(kN)

	
Force Magnitude at −10 mm

(kN)

	
Force Magnitude at −40 mm

(kN)

	
Force Magnitude at 10 mm

(kN)

	
Force Magnitude at 40 mm

(kN)

	
Force Magnitude at −10 mm

(kN)

	
Force Magnitude at −40 mm

(kN)






	
SPWF-A

[24]

	

	

	

	

	
413.28

	
692.83

	
407.03

	
612.11




	
FEM model

	
629.18

	
818.31

	
647.86

	
846.91

	
561.05

	
796.66

	
563.08

	
795.41











[image: Table] 





Table 5. Material properties of the components.
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	Components
	Real Stress of the Yield Strength

(MPa)
	Ultimate Strength from Experiment

(MPa)
	Real Plastic Strain of the Ultimate Strength





	bolts
	940
	1133.6
	0.081



	other components
	300
	480
	0.028
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Table 6. FEM models used for performance analysis.
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Model Name

	
Type of Connection between Steel Plate and Frame Beam

	
Number of Bolts

	
Beam Flange Constraint






	
FRAME

	

	

	
no




	
SPSW-T

	
fixed

	




	
SPSW-N8

	
bolt connected

	
16 (8 × 2 rows)




	
SPSW-N14

	
bolt connected

	
28 (14 × 2 rows)




	
SPSW-N20

	
bolt connected

	
40 (20 × 2 rows)




	
FRAME-X

	

	

	
yes




	
SPSW-T-X

	
fixed

	




	
SPSW-N8-X

	
bolt connected

	
16 (8 × 2 rows)




	
SPSW-N14-X

	
bolt connected

	
28 (14 × 2 rows)




	
SPSW-N20-X

	
bolt connected

	
40 (20 × 2 rows)
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Table 7. Cyclic loading mechanism.
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	Cyclic Ordinal Number
	1
	2
	3
	4
	5
	6
	7



	Drift Ratio
	0.001
	0.0025
	0.005
	0.01
	0.015
	0.02
	0.025
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Table 8. Analysis results for SPSWs with different numbers of bolts, SPSWs with two-side fixed connections and frames 1.






Table 8. Analysis results for SPSWs with different numbers of bolts, SPSWs with two-side fixed connections and frames 1.





	
Model

	
Initial Stiffness

K (kN/mm)

	
Initial Yield Point

	
Yield Point




	
δyi (mm)

	
Vyi (kN)

	
δy (mm)

	
Vy (kN)




	
FRAME

	
108.00

	
17.50

	
1887.64

	
25.02

	
2167.82




	
FRAME-X

	
110.11

	
17.50

	
1924.06

	
24.76

	
2186.43




	
SPSW-T

(in pull direction)

	
377.70

	
8.75

	
3100.61

	
14.64

	
3947.21




	
SPSW-T

(in push direction)

	
377.69

	
8.58

	
2898.74

	
13.29

	
3676.22




	
SPSW-T-X

	
380.31

	
8.75

	
3121.76

	
14.82

	
4049.92




	
SPSW-N8

	
353.41

	
8.75

	
2584.31

	
15.34

	
3455.42




	
SPSW-N14

	
382.63

	
8.75

	
2876.15

	
15.51

	
3881.54




	
SPSW-N20

	
389.42

	
8.75

	
2913.96

	
15.18

	
3871.96




	
SPSW-N8-X

	
358.91

	
8.64

	
2645.42

	
15.04

	
3560.92




	
SPSW-N14-X

	
386.08

	
8.75

	
2988.89

	
15.13

	
4006.55




	
SPSW-N20-X

	
393.11

	
8.75

	
3027.94

	
14.78

	
3946.85




	
Model

	
Ultimate bearing capacity

	
Ultimate displacement

	
Ductility ratio

μ




	
δu (mm)

	
Vu (kN)

	
δmax (mm)

	
kN (mm)




	
FRAME

	
87.50

	
3052.34

	
87.50

	
3052.34

	
3.497




	
FRAME-X

	
87.50

	
3087.76

	
87.50

	
3087.76

	
3.534




	
SPSW-T

(in pull direction)

	
86.28

	
5729.78

	
86.28

	
5729.78

	
5.893




	
SPSW-T

(in push direction)

	
34.30

	
4965.16

	
63.67

	
3972.13 2

	
4.793 2




	
SPSW-T-X

	
86.51

	
5981.15

	
86.51

	
5981.15

	
5.838




	
SPSW-N8

	
87.48

	
5075.70

	
87.48

	
5075.70

	
5.704




	
SPSW-N14

	
87.48

	
5741.05

	
87.48

	
5741.05

	
5.641




	
SPSW-N20

	
69.96

	
5454.26

	
87.14

	
5379.36

	
5.741




	
SPSW-N8-X

	
87.23

	
5116.31

	
87.23

	
5116.31

	
5.801




	
SPSW-N14-X

	
87.48

	
5793.15

	
87.48

	
5793.15

	
5.782




	
SPSW-N20-X

	
69.01

	
5485.05

	
86.78

	
5426.48

	
5.872








1 The data presented in Table 8 were obtained from the hysteretic and envelope curves in the tension direction of the loading ends unless otherwise specified. 2 The displacement at ultimate strength and the ductility ratio of the bolt-connected SPSWs were 0.8 times the corresponding values of SPSW-T displayed during the softening stage of force–displacement curve stage in the push direction of the loading ends.
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Table 9. Energy dissipation   S   and energy dissipation coefficient     E   d     of each model under all levels of cyclic loading displacements.






Table 9. Energy dissipation   S   and energy dissipation coefficient     E   d     of each model under all levels of cyclic loading displacements.





	
Drift Ratio: 0.005

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME

	
②

SPSW-T

	
③

SPSW-N8

	
④

SPSW-N14

	
⑤

SPSW-N20




	
     S   1     

	

	
42.217

	
33.058

	
36.364

	
37.040

	
0.783

	
0.861

	
0.877




	
     E   d 1     

	

	
0.569

	
0.516

	
0.508

	
0.513

	
0.908

	
0.893

	
0.901




	

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME-X

	
②

SPSW-T-X

	
③

SPSW-N8-X

	
④

SPSW-N14-X

	
⑤

SPSW-N20-X




	
     S   2     

	

	
64.734

	
32.995

	
42.049

	
39.935

	
0.510

	
0.650

	
0.617




	
     E   d 2     

	

	
0.829

	
0.515

	
0.587

	
0.553

	
0.621

	
0.708

	
0.666




	
     S   2   /   S   1     

	

	
1.533

	
0.998

	
1.156

	
1.078

	

	

	




	
     E   d 2   /   E   d 1     

	

	
1.458

	
0.998

	
1.156

	
1.078

	

	

	




	
Drift ratio: 0.01

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME

	
②

SPSW-T

	
③

SPSW-N8

	
④

SPSW-N14

	
⑤

SPSW-N20




	
     S   1     

	
86.330

	
247.928

	
182.789

	
201.573

	
205.257

	
0.737

	
0.813

	
0.828




	
     E   d 1     

	
0.972

	
1.431

	
1.189

	
1.189

	
1.198

	
0.831

	
0.831

	
0.838




	

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME-X

	
②

SPSW-T-X

	
③

SPSW-N8-X

	
④

SPSW-N14-X

	
⑤

SPSW-N20-X




	
     S   2     

	
89.558

	
277.638

	
190.841

	
218.141

	
216.981

	
0.687

	
0.786

	
0.782




	
     E   d 2     

	
1.002

	
1.546

	
1.242

	
1.287

	
1.267

	
0.803

	
0.833

	
0.820




	
     S   2   /   S   1     

	
1.037

	
1.120

	
1.044

	
1.082

	
1.057

	

	

	




	
     E   d 2   /   E   d 1     

	
1.031

	
1.080

	
1.044

	
1.082

	
1.057

	

	

	




	
Drift ratio: 0.015

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME

	
②

SPSW-T

	
③

SPSW-N8

	
④

SPSW-N14

	
⑤

SPSW-N20




	
     S   1     

	
246.137

	
499.496

	
378.890

	
426.968

	
431.230

	
0.759

	
0.855

	
0.863




	
     E   d 1     

	
1.712

	
1.900

	
1.585

	
1.579

	
1.582

	
0.834

	
0.831

	
0.833




	

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME-X

	
②

SPSW-T-X

	
③

SPSW-N8-X

	
④

SPSW-N14-X

	
⑤

SPSW-N20-X




	
     S   2     

	
250.909

	
543.885

	
398.951

	
447.014

	
445.393

	
0.734

	
0.822

	
0.819




	
     E   d 2     

	
1.734

	
1.905

	
1.669

	
1.653

	
1.634

	
0.876

	
0.868

	
0.858




	
     S   2   /   S   1     

	
1.019

	
1.089

	
1.053

	
1.047

	
1.033

	

	

	




	
     E   d 2   /   E   d 1     

	
1.012

	
1.003

	
1.053

	
1.047

	
1.033

	

	

	




	
Drift ratio: 0.02

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME

	
②

SPSW-T

	
③

SPSW-N8

	
④

SPSW-N14

	
⑤

SPSW-N20




	
     S   1     

	
408.460

	
639.760

	
578.038

	
642.860

	
642.569

	
0.904

	
1.005

	
1.004




	
     E   d 1     

	
2.013

	
1.988

	
1.744

	
1.714

	
1.744

	
0.877

	
0.862

	
0.877




	

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME-X

	
②

SPSW-T-X

	
③

SPSW-N8-X

	
④

SPSW-N14-X

	
⑤

SPSW-N20-X




	
     S   2     

	
412.447

	
807.112

	
598.468

	
663.790

	
701.679

	
0.741

	
0.822

	
0.869




	
     E   d 2     

	
2.014

	
2.030

	
1.806

	
1.769

	
1.905

	
0.890

	
0.872

	
0.938




	
     S   2   /   S   1     

	
1.010

	
1.262

	
1.035

	
1.033

	
1.092

	

	

	




	
     E   d 2   /   E   d 1     

	
1.001

	
1.021

	
1.035

	
1.033

	
1.092

	

	

	




	
Drift ratio: 0.025

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME

	
②

SPSW-T

	
③

SPSW-N8

	
④

SPSW-N14

	
⑤

SPSW-N20




	
     S   1     

	
571.580

	
697.943

	
773.883

	
851.056

	
837.175

	
1.109

	
1.219

	
1.199




	
     E   d 1     

	
2.147

	
1.810

	
1.815

	
1.774

	
1.853

	
1.002

	
0.980

	
1.024




	

	
Model

	
③/②

	
④/②

	
⑤/②




	
①

FRAME-X

	
②

SPSW-T-X

	
③

SPSW-N8-X

	
④

SPSW-N14-X

	
⑤

SPSW-N20-X




	
     S   2     

	
574.773

	
1074.334

	
791.923

	
883.528

	
893.428

	
0.737

	
0.822

	
0.832




	
     E   d 2     

	
2.136

	
2.076

	
1.857

	
1.842

	
1.978

	
0.894

	
0.887

	
0.953




	
     S   2   /   S   1     

	
1.006

	
1.539

	
1.023

	
1.038

	
1.067

	

	

	




	
     E   d 2   /   E   d 1     

	
0.995

	
1.147

	
1.023

	
1.038

	
1.067
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Table 10. Maximum out-of-plane displacement of the frame of each model without frame beam flange constraints at a drift ratio of 0.025 (unit: mm).






Table 10. Maximum out-of-plane displacement of the frame of each model without frame beam flange constraints at a drift ratio of 0.025 (unit: mm).





	
Model

	
In Pull Direction of the Loading End

	
In Push Direction of the Loading End




	
X Positive Direction

	
X Negative Direction

	
X Positive Direction

	
X Negative Direction






	
FRAME

	
1.64

	
1.64

	
1.70

	
1.70




	
SPSW-T

	
60.17

	
114.29

	
411.44

	
721.50




	
SPSW-N8

	
2.51

	
30.82

	
136.54

	
7.76




	
SPSW-N14

	
3.73

	
64.55

	
201.26

	
8.20




	
SPSW-N20

	
3.66

	
65.65

	
188.05

	
7.95
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