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Abstract 

Corrugated Steel Shear Wall (CSSW) is an efficient shear wall system, which has higher energy dissipation capacity, 

ductility and stiffness when compared to the Steel Plate Shear Wall (SPSW) with flat infill plate. Despite of these 

advantages, the ultimate load of CSSW is lower than that of SPSW. Various studies conducted to improve the cyclic 

behavior of CSSW revealed that increasing corrugation angle might enhance energy dissipation capacity and toughness 

of CSSWs. However, the ultimate load of CSSW was not improved by increasing the corrugation angle. Thus, the 

current study proposed new corrugated infill panel schemes to improve the ultimate load of CSSWs. To this end, Finite 

Element (FE) models were established using ABAQUS/Standard and verified with the experimental results from 

previous researches. The corrugation angle of the proposed plates was found based on a numerical investigation on seven 

CSSW FE models with the corrugation angle ranges from 30° to 120°. The FE results revealed that the model with the 

corrugation angle of 120 achieved highest ultimate load, energy dissipation capacity and toughness amongst the CSSW 

models. In addition, the ultimate loads, energy dissipation capacities and toughness of the proposed infill plates were up 

to 11.8%, 53.9% and 8.8% respectively higher than those of CSSW model with the corrugation angle of 120°. 

Furthermore, the proposed infill plates use up to 13.4% lower amount of steel compared to the corrugated plate with the 

corrugation angle of 120. 
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1. Introduction 

Steel Plate Shear Wall (SPSW) is an economic and highly efficient lateral load resisting system suitable for steel 

structures in seismic hazard zones, due to its high strength, ductility, stiffness and energy absorption capacity. The 

steel shear wall consists of boundary frame and an infilled steel plate. The behavior of SPSWs is mostly affected by 

the early elastic buckling of the infilled plate. Several experimental and numerical studies revealed that welding 

stiffeners to the infill steel plate could improve the stiffness and strength of SPSWs [1–3]. However, welding stiffeners 

is a time-consuming procedure and mainly increase the cost of construction. Using corrugated steel plate is another 

way to improve the buckling resistance of the thin steel plate. To date, several numerical and experimental studies have 

investigated the behavior of Corrugated Steel Shear Walls (CSSW) with curved and trapezoidal corrugated steel plate 

under monotonic and cyclic loading.  Based on the comparison of the numerical results [4-6], trapezoidal CSSWs 

depicted slightly higher ultimate load, energy dissipation and toughness compared to the curved CSSWs. Furthermore, 

the connection between thin steel plate and boundary frame is easier for the trapezoidal corrugated plate. 
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In Recent decade, numerous experimental and numerical studies have established to evaluate the behavior of the 

trapezoidal CSSWs. Berman and Bruneau [7] studied the behavior of SPSWs under cyclic loading using three half-

scale specimens including a corrugated infill plate and two flat infill plate specimens by means of an experimental 

research. Shon et al. [8] experimentally studied the behavior of two vertically- and horizontally- trapezoidal CSSW 

specimens under cyclic loading. The experimental results showed that the corrugation direction did not make much 

difference in the structural behavior and energy dissipation capacity of the specimens, while it affected the failure 

mechanism.   

Emami et al. [9] performed an experimental study on the cyclic behavior of the trapezoidal CSSWs using two 

vertically- and horizontally- trapezoidal CSSW specimens and a SPSW specimen with flat infill plate. The obtained 

results showed that the initial stiffness, energy dissipation capacities and ductility ratios of the CSSW specimens were 

about 20%, 40% and 52% higher than the SPSW specimen. However, the ultimate strength of SPSW specimen was 

17% higher compared to CSSW specimens. In other researches, the impact of corrugation angle (30°, 45°, 60°, and 

90°) and infill plate thickness (1.25, 2, 3 and 4 mm) on the behavior of the horizontally- trapezoidal CSSWs have been 

numerically investigated [10-12]. It was concluded that increasing the corrugation angle improved more or less the 

energy dissipation and ductility as well as reducing the pinching effect of the hysteresis loops. However, increasing the 

corrugation angle did not improve the ultimate load of CSSWs unless when using thicker plate. The experimental and 

numerical investigation on the vertically- trapezoidal CSSWs also showed that increasing corrugation angle could not 

enhance the ultimate load of the vertically- trapezoidal CSSWs.  

Hosseinzadeh et al. [13] experimentally investigated the performance of vertically- trapezoidal CSSW with the 

corrugation angle of 30°, 45° and 60°. The results reveal that increasing the corrugation angle from 30° to 60° reduced 

the ultimate load of the specimens. Fadhil et al. [14] performed a numerical investigation on the trapezoidal CSSW 

with both vertical and horizontal corrugated plate. The corrugation angle of the infill plate ranged from 10° to 90°. The 

numerical results indicated that despite the hysteresis loops of the models enlarged by increasing the corrugation angle 

from 10° to 90°, the highest ultimate load belonged to the models with the corrugation angle of 10°. 

The above literatures stated that the ultimate load of CSSW is lower than that of the SPSW with flat infill plate. 

Increasing corrugation angle is not much efficient on the ultimate load of CSSW. Moreover, increasing corrugation 

angle and thickness of the infill plate requires consuming more steel material, which consequently increases the 

construction cost. Hence, an efficient infill panel is needed to earn higher ultimate load, energy dissipation and 

toughness compared to the corrugated plates. 

On basis of the aforementioned problem, this study proposed new infill plate configurations based on a 

combination of flat and trapezoidal corrugated plate to optimize the amount of material consumption and also to 

achieve a reasonable ultimate load, energy dissipation capacity, toughness and stiffness. For this purpose, numerical 

models were developed and verified using the experimental results conducted by Emami et al. [9]. Then, parametric 

study was conducted on vertically- trapezoidal CSSWs to find the most favorable corrugation angle for designing the 

proposed infilled plate configuration. Finally, the performance of the CSSW with the proposed infilled plate design 

was evaluated by comparing its numerical results with the numerical results of vertically- trapezoidal CSSWs and the 

SPSW made of flat infill plate. Figure 1 shows the methodology of the study 

2. Finite Element Modeling 

2.1. Model Description 

Nonlinear FE analysis was employed to study the behavior of CSSWs under cyclic loading using 

ABAQUS/Standard software. The specifications and material properties of all the components of the FE model used 

in this study were adopted from the experimental test specimen (Sample No. 1 and 2) conducted by Emami et al. [9]. 

The first specimen was made of a boundary frame and a flat infill steel plate, and the second specimen contained a 

similar boundary frame and a vertically corrugated infill steel plate as detailed in Figure 2 and Figure 3, respectively. 

The boundary frame included I sections of HE-B140, HE-B200 and HE-B160, which were used for the top beam, 

bottom beam and columns, respectively. Moreover, the frame components were reinforced by means of stiffener 

plates. Steel plate which trapezoidal corrugated with a corrugation depth and flat width of 50 mm and 100 mm, 

respectively, were used as the infill panel with dimensions of 1480×2000 mm and thickness of 1.25 mm shown in 

Figure 3.b. 
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Figure 1. Methodology of the study 

 
Figure 2. Detail of FE model with flat infill steel plate (unit: mm) 

 

Figure 3. Detail of FE model (mm) a) the model with trapezoidally corrugated plate; b) Infill panel with a corrugation angle of 30° 
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2.2. Material Properties 

The material properties of all components in this study were adopted from experimental test conducted by Emami 

et al. [9]. For the steel material in the FE model, the isotropic bilinear stress-strain relationship was assumed with 

similar properties for both tension and compression.  The yield criteria of Von Mises was used to specify the material 

yield surface, as well as a related flow rule to evaluate the plastic deformation. The material properties of the 

components were presented in Table 1. The steel Poisson’s ratio was 0.3. 

Table 1. The mechanical properties of the steel components 

Type 
Young’s Modulus 

E (GPa) 

Yield stress 

fy (MPa) 

Ultimate Stress 

fu (MPa) 
fy/fu Elongation (%) 

Plate 210 207 290 0.71 41 

Column 210 300 443 0.67 33 

Beam 210 288 456 0.63 37 

2.3. Elements Description 

To model beams, columns and plates of steel shear wall, a four-node Shell element with reduced integral S4R has 

been used that is shown in Figure 4. This element has six degrees of freedom in global coordinates in each node and 

can model large strains and displacements. 

The S4R element is an isotropic element, meaning the same shape functions have been used to calculate the spatial 

displacement field and element geometry [13]. This element uses an integration point in the middle of its surface 

which reduces the time of structural analysis and increases the results accuracy. In this element, by default, five 

integral points by thickness are used, which are sufficient to simulate the elastoplastic behavior of the shell structures. 

 

Figure 4. The S4R element in 3-D FE model (a) model with flat infill plate (b) model with corrugated infill plate 

2.4. Surface Interaction 

The interaction between the shear wall component surfaces is one of the most significant parameters needed for 

efficient modeling of the proposed FE model. In the experimental test, the frame components were connected to each 

other using welding. The infill plate was welded and bolted to the frame to avoid any probable failure in the 

connection. In fact, proper design of the connections would be very important since the steel infill panel can undergo 

post-yield stage if no failure occurs in the connections. Any failure in the connection between the steel plate and the 

frame can lead to loss of the shear wall strength. Since no failure in the connections was recorded in the experimental 

study [9], tie constraint was utilized for the connection between all the elements of the FE model with presumption 

that the connection was properly designed. 

2.5. Boundary Condition and Loading Program 

Fix support assigned to the base beam's bottom flange in the FE models and the translation of nodes at the top 

beam restricted in global X–direction, as shown in Figure 5. This scenario was conducted in the experimental test to 

avoid the uplift force and constrain the horizontal and out–of- plane movements. In the global Z–direction, a tabular 

displacement load was assigned to the exterior column flange at top of the frame, which reflected the horizontal cyclic 

loading. The cyclic consequence loading was adopted from the experimental test [9] as indicated in Figure 6. 
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Figure 5. The boundary conditions of the FE model 

 

Figure 6. Cyclic displacement load consequences of the FE model 

2.6. Meshing Convergence Study 

A convergence research was undertaken for the numerical analysis of the FE models to achieve the correct meshing 

scale for the proposed FE models. The ultimate load capacities of five FE models with specific number of elements 

were compared to the experimental result [13]. No major difference was found between the load values of the last two 

iterations, as shown in Figure 7. Since the software requires a fair amount of system running time on a standard PC 

with higher number of elements, the models with 2475 and 3153 elements were chosen to reflect the FE models with 

flat and corrugated infill plate, respectively. 
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Figure 7. Meshing Convergence Study (a) model with flat infill plate (b) model with corrugated infill plate 

3. Validity of FE Modelling 

The accuracy of the FE models was verified by comparing the lateral load vs displacement hysteresis results and 

failure modes of FE analysis and their corresponding experimental results conducted by Emami et al. [13]. The models 

with flat infill plate and trapezoidal corrugated steel plate were referred by the specimens No. 1 and No. 2 in the 

experimental test, respectively. Figures 8 and 9 compare the lateral load vs displacement hysteresis results of the FE 

analysis and the experimental test, which show the hysteresis loops of the FE analysis were well matched with those of 

the experimental test. Table 2 presents a comparison between the results obtained from FE analysis and the 

experimental test, which indicates that the FE analysis overestimated the ultimate lateral loads of the specimens No. 1 

and 2 by approximately 1% and 3%. Figure 8 displays the deformed shape of the FE model. Severe buckling of the 

infill plate was observed in both the experimental test and FE results. In addition, the buckling of triangular plates was 

also observed in both FE result and the experimental test. Figure 10 shows the deformed shapes of the FE models. 

Table 2. Comparison of FE analysis and the experimental test results 

Specimens 
Ultimate load (kN) FE/EX 

Ultimate load EX FE 

No 1 580 595 1.03 

No 2 500 507 1.01 

 

Figure 8. Comparing the lateral load vs. displacement hysteresis results (specimens No. 1) 
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Figure 9. Comparing the lateral load vs. displacement hysteresis results (specimens No. 2) 

 

Figure 10. Von Mises stress and deformation of the FE models  

4. Parametric Study 

In this study, the influence of corrugation angle on the hysteretic behavior, ultimate lateral load, energy dissipation 

capacity, toughness of CSSWs were investigated by means of seven FE models with corrugation angles (θ) of 30°, 

45°, 60°, 75°, 90°, 105° and 120°. For all models, the width of the flat parts and depth of the corrugated infill plate 

were 100 and 50 mm, respectively, as shown in Table 3. Furthermore, the other parameters such as the material 

properties, the boundary frame specifications and infill plate thickness were similar to the experimental specimens as 

described in Section 2.2.  

Table 3. Corrugated plate sections 

Model Section Angle a (mm) b (mm) c (mm) 

C30 

 

30 100 100 100 

C45 

 

45 100 100 70.71 

C60 

 

60 100 100 57.73 

C75 

 

75 100 100 51.76 

C90 

 

90 100 100 50 

C105 

 

105 100 100 51.76 

C120 

 

120 100 100 57.73 
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In order to identify the model’s properties easily (the type and corrugation angle of the infill plate), the CSSW 

models were labeled with letter “C” and the number next to that represents the corrugation angle. While, the FE model 

with flat infill plate labeled with “Fl”. 

Figure 11 displays the hysteresis curves of the FE models. As observed in Figure 11, the pinching effect in the 

hysteresis loops of the models was reduced with an increase of the corrugation angle, which leads to wider and 

spindle-shaped loops.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Hysteretic curves of the FE models with different corrugation angles 

Table 4 presents the ultimate loads of the FE models. The comparison of the results show that the ultimate load of 

the models decreased 16.9% as the corrugation angle increased from 30° to 60°, and then improved more or less by 

increasing the corrugation angle from 60° to 120°. The experimental research on the vertically- trapezoidal CSSWs 

also showed that the CSSWs gained lower ultimate load as the corrugation angle increased from 30° to 60° [13]. In 
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other study on the vertically- trapezoidal CSSWs, Fadhil et al. [14] also found a reduction in the ultimate load of the 

FE models by increasing the corrugation angle up to 60°, and then the ultimate loads improved with an increase of 

corrugation angle from 60° to 90°. Furthermore, the hysteresis loops of the FE models got wider and more stable 

cyclic behavior as the corrugation angle increased, which is also in good agreement with the FE results of the current 

study. Figure 12 compares the ultimate loads of the CSSW models (Vu-C) with that of the model with flat infill plate 

(Vu-Fl). It is observed that C30 and C120 achieved Vu-C/Vu-Fl of 0.85, which is highest value amongst the other FE 

models. 

Table 4. The results of the FE models with different corrugation angle 

Model Corrugation Angle 
Ultimate Load 

(kN) 
Energy Dissipation Capacity (kN.m) 

Toughness 

(kN.m) 

Fl 0 595 756.2 36.6 

C30 30 507 1002.4 43.1 

C45 45 452 1038.3 41.4 

C60 60 421 960.6 38.7 

C75 75 469 1084.1 43.3 

C90 90 466 1043.2 41.2 

C105 105 483 1134.6 43.9 

C120 120 505 1152.9 45.6 

 

Figure 12. Comparison of the ultimate loads of the CSSW models with Fl 

Table 4 also presents the energy dissipation capacities of the FE models. It is observed that except in the case of 

60° and 90°, increasing the corrugation angle from 30° to 120° enhanced the energy dissipation capacities of the FE 

models up to 15%. Figure 13 shows the ratios of the energy dissipation capacities of the CSSW models to the energy 

capacity of Fl (DEC /DEFl). From Figure 13, C60 achieved DEC /DEFl of 1.27, which was the lowest value of DEC 

/DEFl among the other CSSW models. The values of DEC /DEFl revealed 52% improvement in the energy dissipation 

capacities of the CSSW models compared to the energy capacity of Fl, when the corrugation angle of infill plate was 

120°. 

The toughness of the FE models is provided in Table 4. The results show that the model’s toughness reduced 10.2% 

by increase in the corrugation angle from 30° to 60° and increased 17.8% as the corrugation angle increased from 60° 

to 120°. Figure 14 compares the CSSW model’s toughness (TC) with that of Fl (TFl). The results of TC/TFl indicated 

that C30 achieved TC/TFl of 1.18%. Whilst, increasing the corrugation angle from 30° to 120° increased the TC/TFl to 

1.25. 
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Figure 13. The ratios of the energy dissipation capacities of the CSSW models to the energy capacity of the model with flat 
infill plate 

 

Figure 14. Comparison of the CSSW models’ toughness with the flat infill plate 
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presented in Equation 1 [9].  

Vw = 𝐿𝑡(𝜏𝑐𝑟 + 1/2𝜎𝑡𝑦𝑠𝑖𝑛2𝛼) (1) 

Where; τcr, σty, α, L and t are the critical shear buckling stress, tension field stress, tension field angle, total length of 

flat sub panel, and thickness of the infill plate, respectively. 

The pure shear in SPSWs with a thick infill plate generates steady plastic cyclic behavior due to widespread shear 
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reduction in the tension field mechanism due to increase of the tension field inclination angle, as shown in Figure 15. 

Therefore, the ultimate load of the models reduced as the corrugation angle increased from 30 to 60 due to the 

reduction in the tension field mechanism. Meanwhile, the total length of flat subpanels (L) considerably enlarged by 

increasing the corrugation angle from 60° to 120°, which leads to higher ultimate load. 

 

Figure 15. The tension field inclination angles of the CSSW models 
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5. Proposed Infill Plate 

This study proposed two infill plate configurations to increase the ultimate load of CSSWs as well as optimizing 

the amount of steel consumption used for the infill plate. The proposed infill panels were a combination of flat and 

trapezoidal corrugated plates. Figure 16 shows the models with the proposed infill panels, which were labeled with 

“CS120” and “CM120”, respectively. Berman et al. [15] and Lv et al. [16] reported that the tension field in the infill 

plate occurs in three zones. Zone one and three were at the side of plate and zone two was at the middle of plate. Each 

zone has its own tension field inclination angle as shown in Figure 17. In this research, same concepts were utilized to 

design the proposed infill panels. For CS120, the flat part with the width of one-third of the total infill panel was 

located at the middle of the panel, while the rest of the panel was corrugated. On the contrary, in case of CM120, one-

third of total infill panel width at the middle of the infill panel was corrugated and the rest of the panel kept flat while 

the flat part with the width of one-third of the total infill panel located at the middle of the panel, while the rest of the 

panel was corrugated. For CS120, the flat part with the width of one-third of the total infill panel located at the middle 

of the panel, while the rest of the panel was corrugated. On the contrary, in case of CM120, one-third of total infill 

panel width at the middle of the infill panel was corrugated and the rest of the panel kept flat. The corrugation angle, 

depth and flat part of the corrugation were 120°, 50 mm and 100 mm respectively for both models. Furthermore, the 

other parameters of CS120 and CM120 such as the specification of boundary frame, infill plate thickness and material 

properties were similar to the experimental test as described in Section 2.1. 

 

Figure 16. Configurations of the models with proposed infill plates (a) CS120 (b) CM120 

 
Figure 17. Three Zones of infill plates 

Figure 18 illustrates the hysteretic curves of CS120 and CM120, which indicated that CS120 had wider loops and 

less pinching effect compared to CM120. However, the ultimate load of CM120 was 7.5% higher than that of CS120 

as presented in Table 5. 

Table 5. FE results of CS120 and CM120 

Model 
Corrugation 

Angle 

Ultimate Load 

(kN) 

Energy Dissipation Capacity 

(kN.m) 

Toughness 

(kN.m) 

CS120 120 524 1742.3 47.1 

CM120 120 563 1767.6 49.9 
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Figure 18. The hysteretic curves of CS120 and CM120 

Figure 19 compares the ultimate loads of C120, CS120 and CM120 (Vu-C) with Vu-Fl. The ultimate loads of CS120 

and CM120 were 12% and 5% lower than Vu-Fl, respectively. In addition, the results show that the ultimate loads of 

CS120 and CM120 were 3.5% and 11.8% higher than that of C120. 

 

Figure 19. Comparison of the ultimate loads of C120, CS120 and CM120 with the ultimate load of Fl 
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capacity of the model with flat infill plate (DEC /DEFl). The results show that the energy dissipation capacities of 
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considerably higher energy dissipation capacities compared to C120 as their energy dissipation capacities were 53.9% 
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The toughness of C120, CS120 and CM120 (TC) were compared with TFl in Figure 21. The comparison shows that 

CS120 and CM120 gained the toughness approximately 29% and 36% higher than that of the model with flat infill 

plate. Meanwhile, the toughness of C120 was 3.1% and 8.1% lower than those of CS120 and CM120, respectively. 

 

Figure 20. The ratios of the energy dissipation capacities of C120, CS120 and CM120 to the energy capacity of Fl 

 

Figure 21. Comparison of the toughness of C120, CS120 and CM120 with the toughness of Fl 

The results reveal that CS120 and CM120 performed better than C120 as the ultimate loads, energy dissipation 

capacities and toughness were higher than those of C120. While, the amount of steel consumption for infill plates of 

CS120 and CM120 were 24.6% and 28.4% less than that of C120, respectively. 

The reason of better performance of the proposed infill plates than flat plate through energy absorption and 

toughness could be attributed to the shear buckling of the plates (τcr) as presented in Equation 2 [9].  

1
𝜏𝑐𝑟⁄ = 1

𝜏𝑐𝑟,𝐿⁄ + 1
𝜏𝑐𝑟,𝐺⁄  

𝜏𝑐𝑟,𝐿 =
𝑘𝜋𝐸

12(1 − 𝜐2)
(
𝑡

𝑎
)2 

𝜏𝑐𝑟,𝐺 = 36𝛽𝐸[[(𝑑 𝑡⁄ )2 + 2] 𝜂⁄ ]
3
4⁄ (

𝑡

ℎ
)
2

12(1 + 𝜐2)⁄  

(2) 

Where, E and υ are the elastic modulus, Passion ratio, respectively. β and k are factors associated with the boundary 

condition of the infill plate. η is defined as (a+b)/(a+c). a, b, c and d are the width of flat panel, the width of inclined 

panel, the projected width of inclined panel and corrugation depth, respectively. h is infill panel height. 

Based on Equation 2, the infill of CM120 and CS120 gained higher τcr compared to Fl, since the flat panel width (a) 

is shorter than that of Fl. Thus, CM120 and CS120 (similar to CSSWs) can reach to greater displacement than Fl, 

which could lead to higher energy dissipation capacity and toughness. In addition, due to superior shear strength of the 
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flat plate compared to the corrugated plate, CS120 and CM120 gained higher ultimate loads than that of C120. It’s 

obvious that the proportion of flat plate can affect the ultimate load of the models. Therefore, the ultimate load of 

CM120 is greater than that of CS120, as its infill panel specified larger area of flat plate. However, the corrugated 

plate exhibited better performance in damping the lateral load. Hence, the energy dissipation capacity of CS120 was 

higher than that of CM120, because the proportion of the corrugated plate used in the infill panel of CS120 was 

greater. The damping effect of corrugated plate can be observed in the hysteretic behavior of CS120; in which the 

hysteresis loops CS120 showed minor pinching effect. 

6. Conclusions 

This study proposed new infill plate designs to improve the cyclic behavior of CSSWs as well as reducing the 

amount of steel used for infill panel. In this study, combinations of flat and corrugated plates were suggested based on 

a numerical investigation on the CSSW models with a variation of corrugation angle ranged from 30 to 120. 

According to the FE results, following conclusions were drawn: 

 

 Based on the numerical investigation on the CSSW models with different corrugation angles, it was concluded 

that increasing corrugation angle from 30° to 120° improved the energy dissipation capacity and toughness up to 

15% and 24.6%, respectively. In addition, C120 and C30 gained highest ultimate loads among the CSSW models. 

 The proposed infill plate designs earned satisfactory results as the ultimate loads, energy dissipation capacities 

and toughness of CS120 and CM120 were up to 11.8%, 53.9% and 8.8% higher than those of C120, respectively. 

Meanwhile, the infill panels of CS120 and CM120 used 24.6% and 28.4% less steel material compared to that of 

C120, respectively. 

 And it is concluded that using corrugated plate at the middle of the infill panel is a better option as the ultimate 

load and toughness of CM120 was greater 7.4% and 5.9% than those of CS120, respectively. While, its energy 

dissipation capacity was negligibly lower than that of CS120. Furthermore, infill panel of CM120 used 13.4% 

lower steel material compared to that of CS120. 
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