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Abstract

Double-corrugated steel shear walls (DCSSWs), made of two connected trapezoidal corrugated plates, were developed to address the limitations of single-CSSWs. In recent years, flat-corrugated steel shear walls (FCSSWs) built from flat and corrugated plates have been introduced to benefit from the advantages of flat and corrugated steel plates. In this exploration, the lateral behavior of the DCSSWs and FCSSWs with different corrugation angles and infill plate thicknesses is investigated under cyclic lateral loading in ABAQUS software. The outcomes indicate that FCSSWs exhibit superior performance compared to DCSSWs due to the interaction effect in the flat and corrugated plates. The maximum strength of the FCSSWs is increased by at least 1.7% and a maximum of 12.0% compared to the DCSSWs. Additionally, energy absorption in DCSSWs is not significantly different from that in FCSSWs, with variations ranging from 0.7% to 4.5%. In some samples, flat-corrugated walls absorb more energy, while in others, double-corrugated walls do. The flat-corrugated system uses 3.4%, 6.8%, and 12.04% less steel at corrugation angles of 30°, 45°, and 60°, respectively, and shows higher maximum strength, making it more economical than the double-corrugated system. The outcomes displayed that with the increase in plate thickness, the equivalent viscous damping increases.
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1 Introduction
FSSWs were developed in the 1970s. This system is used in many executive applications due to its significant advantages [1]. SSWs, initially employed in the form of flat plates, have since evolved into various forms, including hardened SSWs [2–5], SSWs with slotted plates [6–8], and composite SSWs [9,10]. One of the biggest shortcomings of using a flat plate in a SSW is the premature buckling of the plate, which may even buckle under gravity loads. The out-of-plane buckling stiffness of the flat plates is very low, which causes buckling of the infill plates [11,12], resulting in a pinching phenomenon in the hysteresis curves [13]. In addition, in a conventional steel plate shear wall, the main factor in resisting lateral loads is the formation of diagonal tensile fields in the web plate, which may cause high bending demands on the columns and even damage them [14,15]. Therefore, research was conducted on the use of infill elements with better buckling strength. The research depicted that the corrugated plate has an elastic buckling strength compared to a flat plate. In this regard, Qiu et al. [16], and Emami et al. [17] displayed that the stiffness and energy absorption of a CSSW are greater than those of an FSSW with the same boundary members. However, the lateral strength of the FSSW exceeded that of the corrugated wall. Numerous studies conducted on CSSWs at the laboratory indicate that it is a system with high resistance capacity, energy dissipation, and ductility [18–24]. CSSWs generally show a strength loss in the lateral load-displacement curve just after buckling at low drifts [25]. In addition, since corrugated plates are produced in a cold-rolling process, their maximum thickness is confined to 7∼8 mm owing to the capacity of cold rolling machines [26]. To overcome these problems, Tang et al. [26–28] proposed DCSSWs, which consist of two identical trapezoidal corrugated plates. These walls exhibit better stiffness and stability performance compared to ordinary CSSWs. They also found that DCCWs have a significant energy dissipation capacity. Ghodratian-Kashan et al. [29] observed through laboratory studies that double corrugated walls have a spindle-shaped hysteresis curve with excellent lateral bearing capacity and energy absorption. Deng et al. [21] noted, through laboratory research and numerical simulations, that DCSSWs exhibit stable energy absorption and better shear stiffness than single-layer corrugated walls. Single-layer corrugated walls have a lower load-bearing capacity compared to flat walls [16,17]. Hosseinzadeh et al. [30] also studied the behavior of DCSSWs with low yield points. Tong et al. [31] observed that the hysteresis curve of the DCSSWs is steady and plump. Continuing the development of SSWs, a new system called FCSSWs has recently been proposed. The infill plates in this system are composed of combined flat and corrugated plates. It was introduced drawing on the notion that the interacting effect in the flat and corrugated plates can effectively enhance the lateral performance [32,33]. Boroujerdian et al. [25] examined a four-layer SSW entailing a double trapezoidal corrugated plate and two surrounding flat plates. They found this system more economical than traditional steel walls, with reduced stress on the boundary members. Dou et al. [33] tested a three-layer SSW with a buried trapezoidal corrugated plate and two surrounding flat plates, finding that the residual strength in this configuration was 50% higher than in a standard CSSW. LV [34] also investigated an FCSSW comprising a flat and corrugated plate, while Abbaszadeh et al. [35] studied a novel four-layer SSW, revealing that four-layer walls have superior seismic parameters compared to DCSSWs. Nayel et al. [36] reviewed the behavior of four-layer semi-constrained FCSSWs. Given the limited research in this field, this exploration aims to compare the hysteresis behavior of DCSSWs with FCSSWs made from an embedded trapezoidal corrugated plate surrounded by flat plates. For this purpose, a single-story and one-span steel frame with trapezoidal double-corrugated and three-layer flat-corrugated plates with diverse corrugation angles and thicknesses is reviewed under cyclic loads utilizing finite element software Abaqus. The hysteresis curve, maximum strength, gained energy, initial stiffness, and equivalent viscous damping were investigated in the current paper.
2 Research methodology
2.1 Specifications of the frameworks
In the present investigation, a trapezoidal DCSSW was developed at the first stage. The design of DCSSWs was conducted according to Refs. [37,38].
As per the classical elastic theory, the interactive shear buckling stress of a trapezoidal corrugated plate ([image: Mathematical equation]) is computed as equation (1) [38,39]:
[image: Mathematical equation](1)
Where [image: Mathematical equation] and [image: Mathematical equation] denote the local and global shear buckling stresses, respectively. τy signifies the shear yield stress. [image: Mathematical equation] and [image: Mathematical equation] values are obtained via equations (2) and (3):
[image: Mathematical equation](2)
[image: Mathematical equation](3)
In the above equations, E, ν, t, h, φ, and γ are Young's modulus, Poisson's ratio, the sum of the thicknesses of the trapezoidal double corrugated plates, panel height, boundary condition factor, and flat sub-panel width, respectively. The flat sub-panel width is determined as follows:
[image: Mathematical equation](4)
a, b, and c signify the metrics of the trapezoidal corrugated plate depicted in Figure 1. Here, θ displays the corrugation angle.
When [image: Mathematical equation] and [image: Mathematical equation] values were obtained via equations (2) and (3), then [image: Mathematical equation] are obtained via equation (1). Hereafter, σty (yield tension field stress) is determined by equation (5) [38]:
[image: Mathematical equation](5)
Then, boundary elements of the perimeter frame, including the beam and columns of the DCSSW, are satisfied as per equation (6) [38,39]:
[image: Mathematical equation](6)
Where Mpb and Mpc are the plastic moments of the beam and columns.
In addition, the minimum moment of inertia of the column should be met by equation (7) [41]
[image: Mathematical equation](7)
tw implies the thickness of the web plate, h signifies the height of the panel, and L depicts the width of the panel. Ic depicts the moment of inertia of the column.
In this paper, the first stage involves designing a single-bay, one-story DCSSW. For the vertical and horizontal boundary elements (VBE and HBE), the cross-sections I380 × 300 × 35 × 25 and I300 × 300 × 25 × 20 were employed, respectively. The thickness of each single-corrugated infill plate was considered to be 1, 2, and 3 mm, resulting in total thicknesses of 2, 4, and 6 mm for the double-layer infill plates. After investigating the behavior of the DCSSWs, the productivity of FCSSWs is also studied.
In the FCSSW systems, the infill plates consist of both corrugated and flat plates. This combination of a flat plate and a trapezoidal-corrugated plate forms FCSSW, as illustrated in Figure 2. Additionally, a double-corrugated plate consists of two identical plates, as shown in Figure 3.
Figure 4 illustrates the details of the studied models. As depicted, the distance between the axes and the axes of the columns is 3680 mm. Also, the distance from the axis to the axis of the beams is 3050 mm.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Parameters of the trapezoidal corrugated plate [40].



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Flat-corrugated steel shear plates.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Double-corrugated plates.



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Details of the studied models.



2.2 Boundary conditions and lateral loading
Figure 5 displays that the out-of-plane displacements of the panel zone were restricted (UX in Abaqus), and the bottom nodes of the column feet and the bottom beam were fixed. A lateral load was deployed to the upper beam according to the SAC loading protocol until a drift proportion of 2% was attained [42].
Figure 6 displays the geometrical details of the corrugated plates. As shown, the flat sub-panel width and inclined sub-panel width are both set at 150 mm, with three corrugation angles of 30, 45, and 60 degrees used for the corrugations. Figure 7 depicts a plan view of double-corrugated plates, indicating that each single-corrugated plate in double-corrugated walls with corrugation angles of 30, 45, and 60 degrees measures 3552 mm, 3838 mm, and 4360 mm, respectively. Figure 8 shows a plan view of flat-corrugated plates, where each single-corrugated plate in flat-corrugated walls with the same angles measures 3552 mm, 3838 mm, and 4360 mm, respectively. The flat plate width is consistently 3310 mm across all flat-corrugated samples. Consequently, the total length of steel employed in DCSSWs with 30, 45, and 60-degree corrugation angles is 7104 mm, 7676 mm, and 8720 mm, respectively. In contrast, the total length of steel in FCSSWs with corrugation angles of 30, 45, and 60 degrees is 6862 mm, 7148 mm, and 7670 mm, respectively. These comparisons indicate that the steel used in flat-corrugated walls is 3.4%, 6.8%, and 12.04% less than in the corresponding double-corrugated walls, respectively.
All steel components in this exploration were simulated using S4R shell elements in Abaqus. Tie constraints were employed to simulate the connection between infill plates and edge components. Additionally, the connections between flat-corrugated plates and double-corrugated plates were modeled using the tie command.
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Boundary conditions and lateral loading.



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Details of the corrugated plates, Corrugation angle of a:30°, b:45°, and c:60° (unit: mm).



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Plan view of double corrugated plates (unit: mm).



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Plan view of flat-corrugated plates (unit: mm).



2.3 Materials
Q235B steel with a yield strength of 235 MPa and an ultimate tensile strength of 370 MPa was used for the steel components in this exploration. Poisson's proportion was set to 0.3, and the modulus of elasticity was considered to be 200 GPa. Additionally, the true behavior of the steel material components was accounted for in the analysis.
3 Validation
A vertically placed CSSW examined by Ding et al. [43] was employed for validation. As depicted in Figure 9, specimen CSPSW-1 from Ding et al.'s test was selected. This specimen employs 150 × 100 × 6 cross-sections that were used for the beams and columns. Also, a trapezoidal corrugated plate with a thickness of 1.6 mm was employed. Table 1 presents the material properties of CSSW tested in Ding et al.'s study. As presented, the yield stress of the corrugated plate and boundary element is 388 and 394 MPa, respectively.
This sample was loaded horizontally in the upper beam during the test. Applying boundary conditions and lateral loading in the software Abaqus has been depicted in Figure 10.
The comparison of the hysteresis diagrams attained from both the test and the finite element evaluation in the Abaqus software is depicted in Figure 11. The empirical findings and the Abaqus simulation are strongly correlated. The maximum strength recorded in the test for the positive and negative directions is 287 kN and 283 kN, respectively. In contrast, the hysteresis curve from the Abaqus simulation shows the highest strengths of 308 kN and 318 kN in the positive and negative directions, respectively. Thus, the prediction error in Abaqus for the highest strength is 7.3% and 12.3% for the positive and negative directions, respectively. Additionally, Figure 12 compares the deformation observed in the test with that predicted [43] by Abaqus at the end of loading. The comparisons suggest that Abaqus is a reliable tool for projecting the reaction of CSSWs.
	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 The real shape of the Specimen CSPSW-1 in Ding et al.'s test [43].



Table 1 
Material capacities of the steel components in Ding et al.'s study [43].

	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Applying boundary states and lateral loading in Abaqus.



	[image: Thumbnail: Fig. 11 Refer to the following caption and surrounding text.]	Fig. 11 Verification of CSSW with the finite element method in Abaqus software.



	[image: Thumbnail: Fig. 12 Refer to the following caption and surrounding text.]	Fig. 12 Juxtaposition of the deformation of the test [43] and Abaqus modeling.



4 Discussion and outcomes
4.1 Hysteresis curves
The hysteresis curves for the studied samples with thicknesses of 2, 4, and 6 mm are depicted in Figures 13–15, respectively. The outcomes reveal that DCSSWs with an angle of 30 degrees experience a strength loss at approximately 0.5% relative drift. In contrast, flat-corrugated walls with varying corrugation angles maintain their lateral bearing capacity up to a 2% relative drift without a reduction in strength. As illustrated in these figures, some FCSSWs (e.g., the FC-SSW-30-4 sample) exhibit noticeable pinching. Although pinching is also present in double-CSSWs, these walls display a fuller hysteresis curve. The curves further demonstrate that raising the plate thickness across different samples outcomes in fuller hysteresis curves.
	[image: Thumbnail: Fig. 13 Refer to the following caption and surrounding text.]	Fig. 13 Hysteresis curvature of the FCSSW and DCSSW samples with the thick 2 mm infill plates.



	[image: Thumbnail: Fig. 14 Refer to the following caption and surrounding text.]	Fig. 14 Hysteresis curvature of the FCSSW and DCSSW samples with the thick 4 mm infill plates.



	[image: Thumbnail: Fig. 15 Refer to the following caption and surrounding text.]	Fig. 15 Hysteresis curvature of the FCSSW and DCSSW samples with the thick 6 mm infill plates.



4.2 Maximum strength
Figure 16 compares the maximum strength of the samples investigated in the research. It is noted that the maximum strength means the peak load of the hysteresis curve. Flat-corrugated samples exhibit greater bearing capacity than their double-corrugated counterparts. Specifically, the strength of flat-corrugated samples with 2 mm thick plates and various corrugation angles is at least 1.7% and up to 12.0% higher than that of double-corrugated walls. For samples with a 4 mm plate thickness, the strength difference ranges between 2.2% and 5.4%. The FC-SSW-60-6 samples show a strength that is 1.9% lower than the DC-SSW-60-6 samples. Conversely, the strength of flat-corrugated samples with a 6 mm plate thickness and corrugation angles of 30 and 45 degrees is higher by 5.4% and 1.8%, accordingly, compared to the double-corrugated samples. Additionally, the outcomes indicate that raising the corrugation angle of the plate consistently leads to greater maximum strength in different samples. Specifically, raising the angle from 30 to 60 degrees outcomes in strength improvements of 3.1%, 5.4%, and 6.1% for flat-corrugated samples with 2, 4, and 6 mm thicknesses, respectively. Therefore, since the rise in strength with higher corrugation angles is relatively modest and considering that more steel is used for angles of 60 degrees, using a flat-corrugated wall with a 30-degree corrugation angle is recommended. For double-corrugated samples, raising the angle from 30 to 60 degrees increases strength by 13.6%, 5.1%, and 14.0% for thicknesses of 2, 4, and 6 mm, accordingly.
	[image: Thumbnail: Fig 16 Refer to the following caption and surrounding text.]	Fig 16 Comparing the maximum strength of the reviewed models.



4.3 Absorbed energy
Figure 17 depicts the amount of absorbed energy in the studied cases. The energy absorption has been determined by the area enclosed within the hysteresis loops. As shown, energy absorption in flat-corrugated wall samples is typically lower than in double-corrugated wall samples, except for the FC-SSW-30-2 sample. However, according to Figure 17, the difference in energy absorption between these two types of samples is relatively small. Specifically, the reduction in energy absorption for flat-corrugated samples compared to double-corrugated samples ranges from 0.7% to 4.4%. It is noted that the difference in the energy absorption of the FCSSWs and DCSSWs with the plate thickness of 2 mm and a corrugation angle of 30°, 45°, and 60° is 3.75%, 1.13%, and 0.7%, respectively. For the plate thickness of 4 mm, these differences are 2.5%, 2.7%, and 1.6%, respectively. Also, these differences are 2.8%, 3.9%, and 4.4%, respectively, for the plate thickness of 6 mm. Notably, the FC-SSW-30-2 sample absorbs 3.7% more energy than the DC-SSW-30-2 sample. Additionally, Figure 17 highlights the significant impact of the corrugation angle of the plate on energy absorption in FCSSWs. The comparisons indicate that raising the corrugation angle from 30 to 60 degrees results in raised energy absorption for flat-corrugated cases with thicknesses of 2, 4, and 6 mm by 8.3%, 15.8%, and 14.0%, respectively. Similarly, for double-corrugated samples with the same thicknesses, raising the angle from 30 to 60 degrees leads to energy absorption increases of 13.2%, 14.6%, and 19.1%, respectively.
	[image: Thumbnail: Fig. 17 Refer to the following caption and surrounding text.]	Fig. 17 Comparing the gained energy of the reviewed schemes.



4.4 Primary stiffness
The amount of primary stiffness in the reviewed samples is depicted in Figure 18. As depicted, the primary stiffness of FCSSWs is greater than that of double-corrugated samples, with a difference ranging from a minimum of 3.0% to a maximum of 12.1%. Additionally, a rise in the angle in flat-corrugated samples outcomes in a decrease in primary stiffness. Specifically, as the angle rises from 30 to 60 degrees, the primary stiffness of the samples decreases by an average of 5.5%.
	[image: Thumbnail: Fig. 18 Refer to the following caption and surrounding text.]	Fig. 18 Comparing the primary stiffness of the investigated patterns.



4.5 Equivalent viscous damping (ζeq)
ζeq is another important index that displays the energy dissipation efficacy of the samples. It is computed by equation (8)
[image: Mathematical equation](8)
Figure 19 displays the energy dissipation factor measurement tactic.
In this article, ζeq for some samples is calculated for the last cycle. The load-displacement curve for the last cycle for some models is depicted in Figure 20.
The ζeq of the reviewed cass is depicted in Figure 21. As shown, the ζeq in flat-corrugated walls with full connection ranges from 39.07% to 46.6%. In contrast, double-corrugated samples exhibit viscous damping ranging from a lowest of 40.4% to a highest of 47.71%. Notably, the equivalent viscous damping in flat-corrugated walls is lower than that in double-corrugated walls, with a difference ranging between 2.7% and 11.5%. As discussed in Section 4.1, the hysteresis curves for double-corrugated walls are more pronounced than those for flat-corrugated walls, with a more noticeable pinching phenomenon. Therefore, the observed reduction in equivalent viscous damping in flat-corrugated walls compared to double-corrugated walls can be attributed to these factors. For plate thicknesses of 2, 4, and 6 mm, the ζeq of the FCSSWs is 40.49%, 42.34%, and 43.84%, respectively. For plate thicknesses of 2, 4, and 6 mm, the ζeq of the DCSSWs is 42.02%, 45.22%, and 47.07%, respectively. Therefore, with the increase in plate thickness, ζeq has increased.
	[image: Thumbnail: Fig. 19 Refer to the following caption and surrounding text.]	Fig. 19 Energy dissipation factor measurement tactic.



	[image: Thumbnail: Fig. 20 Refer to the following caption and surrounding text.]	Fig. 20 The last cycle of some samples.



	[image: Thumbnail: Fig. 21 Refer to the following caption and surrounding text.]	Fig. 21 Comparing the ζeq of the studied models.



4.6 Deformations
The deformed shapes of some studied models at their ultimate state are illustrated in the figures below. Figures 22–24 show the distribution of out-of-plane displacement in samples FC-SSW-30-2, FC-SSW-45-2, and FC-SSW-60-2, respectively. As observed, diagonal tensile fields have appeared in both plates, with the plates in the flat-corrugated system experiencing global buckling. In contrast, Figure 25 illustrates that double-CSSWs have undergone interactive buckling.
	[image: Thumbnail: Fig. 22 Refer to the following caption and surrounding text.]	Fig. 22 Out-of-plane displacement spread of the (a) FC-SSW-30-2, (b) corrugated plate, and (c) flat plate.



	[image: Thumbnail: Fig. 23 Refer to the following caption and surrounding text.]	Fig. 23 Out-of-plane displacement spread of the (a) FC-SSW-45-2, (b) corrugated plate, and (c) flat plate.



	[image: Thumbnail: Fig. 24 Refer to the following caption and surrounding text.]	Fig. 24 Out-of-plane displacement spread of the (a) FC-SSW-60-2, (b) corrugated plate, and (c) flat plate.



	[image: Thumbnail: Fig. 25 Refer to the following caption and surrounding text.]	Fig. 25 Out-of-plane displacement spread of the (a) DC-SSW-30-2 sample.



5 Conclusion
In the investigation, the behavior of double-corrugated and double-layer SSWs, consisting of a flat and corrugated plate—referred to as a flat-corrugated shear wall—was explored under cyclic loading using Abaqus software. A one-story, one-span perimeter frame with trapezoidal corrugated plates at corrugation angles of 30°, 45°, and 60°, and thicknesses of 2 mm, 4 mm, and 6 mm, was considered. The outcomes indicated that FCSSWs exhibit the highest strength and primary stiffness compared to trapezoidal DCSSWs. Specifically, the maximum strength and initial stiffness of flat-corrugated walls are 12% and 12.1% higher, respectively, than those of the corresponding trapezoidal systems. However, energy absorption between the two systems was not significantly different. The lateral load-displacement curves for flat-corrugated walls consistently displayed an ascending trend, while some double-corrugated walls experienced a sudden drop in strength after buckling at low relative drift. Additionally, the equivalent viscous damping in FCSSWs was found to be between 2.7% and 11.5% lower than in double-corrugated walls.
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