International Journal of Civil Engineering (2023) 21:1631-1642
https://doi.org/10.1007/s40999-023-00855-z

RESEARCH PAPER q

Check for
updates

Investigation of the Behavior of Steel Plate Shear Walls Considering
Double Corrugated Low-Yield-Point Steel Infill Plate

Leila Hosseinzadeh' @ - Denise-Penelope N. Kontoni*? @ - Behnam Babaei'

Received: 21 January 2023/ Revised: 7 May 2023 / Accepted: 31 May 2023 /Published online: 20 June 2023
© The Author(s) 2023

Abstract

During the last three decades, interest in the application of steel shear walls has increased worldwide. Steel shear walls are
used as stiffened and unstiffened walls. One of the main shortcomings of the steel plate shear wall (SPSW) is the infill plate
buckling mainly under lateral wind and seismic loads. One of the useful solutions to prevent lateral buckling is the use of
walls with corrugated plates. In this research, the behavior of a steel shear wall consisting of two corrugated plates was
investigated in the two material cases of the conventional ASTM A36 steel and the low-yield-point (LYP) steel. The use of
steel with low yield strength improves the seismic performance of the steel shear wall system. In this study, the effect of the
corrugation angle and aspect ratio of the plate were investigated. The results showed that the effect of corrugation angle on
the structural parameters of walls with LYP steel is greater than that of walls with A36 steel. By increasing the corrugation
angle from 30° to 60°, the elastic stiffness of A36 and LYP walls decreased about 24 and 36%, respectively, and the
response modification factor (R,) of A36 and LYP walls decreased by about 24 and 56%. The corrugation angle has a
lower effect on the ultimate strength and energy absorption. Investigating the effect of aspect ratio showed that increasing
the aspect ratio improves the seismic performance of the wall.

Keywords Steel plate shear wall (SPSW) - Stiffness - Ultimate strength - Energy absorption - Double corrugated plate -
Low-yield-point (LYP) steel

1 Introduction

Steel plate shear wall (SPSW) systems have suitable per-
formance in experimental and numerical studies. This
system has enjoyed high stiffness and strength and con-
siderable energy absorption. In the SPSW system, the infill
plate plays an important role as a ductile lateral force-
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resisting system [1-3]. Buckling and dynamics are pressing
problems in many engineering applications, e.g., thin-
frame, column-like, thin-wall, and aerospace/automotive
structures. These types of structures are often susceptible to
instability, failure due to buckling, and dynamics issues
[4, 5]. In steel shear walls, due to the low buckling capacity
of the infill plate, buckling appears under the service load,
which is a problem mainly under wind loads. To overcome
this problem, some ideas have been presented, such as:
utilizing stiffener, covering infill plates with concrete [6] or
Fiber Reinforced Polymer (FRP) [7], utilizing semi-sup-
ported SPSW [8], and utilizing corrugated infill plates [9].
Among the proposed methods, utilizing corrugated infill
plates is the most practical and easier to build than other
ones.

The steel plate shear wall utilizing corrugated plates (C-
SPSW) has shown acceptable seismic behavior. The
C-SPSW enjoys larger out-of- and in-plane stiffness and
lateral resistance than the conventional steel plate shear
walls (SPSWs) under lateral loading [10]. The shape of
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corrugated infill plates was sinusoidal [11], rectangular
[12], or trapezoidal corrugations [13]. The trapezoidal
corrugated form was most commonly utilized in practice
[14].

The use of corrugated plates as shear-resistant members
was first developed in the late 1930s by Bergman and
Reissner [15]. After the finding of Bergman, the shear
buckling of the corrugated plates was widely studied
[16-21].

The behavior of the C-SPSW was investigated com-
prehensively [22, 23] and research was focused on pre-
dicting the load—displacement curve of the system under
monotonic loading.

Several researchers [24-31] studied the hysteretic
behavior of the C-SPSW experimentally and numerically,
and they confirmed the capability of the C-SPSW as a
successful system under lateral loading.

Although the C-SPSW system has significant advan-
tages but corrugated plates are produced from flat steel
plates using cold rolling machines, so their thickness must
be limited. The maximum thickness of corrugated plates
used in practice is 8 mm. If high ultimate strength is
required in the design, a thick corrugated plate should be
used. To overcome the problem, Tong et al. [32] proposed
utilizing double corrugated plates in the C-SPSW system.
He investigated the behavior of the double corrugated
plates in C-SPSW numerically and parametrically [33, 34].

The present study intends to provide an investigation
into the behavior of double corrugated steel plate shear
walls (DC-SPSWs). Although double corrugated plate has
high elastic stiffness and strength, it suffered from low
ductility due to the bucking of the infill plate. This dilemma
was confirmed by Tong et al. [33]. To overcome the
problem, an infill plate made of low-yield-point (LYP)
steel was proposed. Since LYP steel possesses lower
strength than A36, it is expected to have higher ductility.
Herein, the finite element method is used to simulate the
double corrugated steel plate shear wall (DC-SPSW). The
effects of the corrugated angle (0), the ratio of length (L) to
height (H), and the steel type (A36 and LYP) of the infill
plate on the behavior of the DC-SPSW are investigated.

2 Method of Study

In this study, the behavior of SPSW, composed of double
corrugated plates for infill plate (DC-SPSW) made of low-
yield-point steel (LYP) or ordinary steel (ASTM A36), is
investigated numerically and parametrically. To do this,
first, a wall with L = H=3000 mm and A36 steel is
designed based on Ref. [32]. The designed boundary frame
is shown in Fig. 1. In this model, the thickness of the
double infill plate was measured as 2 x 2 mm. The
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boundary frame was designed according to the stress
transferred from the infill plate. To do so, it was designed
based on the AISC-guide 20 [35]. the wall was determined
with a corrugated angle 0 of 30 degrees, and the corruga-
tions were considered horizontal. To investigate the effect
of the LYP steel on the behavior of the wall system, by
keeping the strength of the plate, its thickness was

increased by g:;:’,, where the Fysss and Fypyp are the

yielding stress of infill wall with A36 steel and LYP steel,
respectively [36]. Since the ratio is % = 2.5, for models

with LYP steel, double corrugated plates with a thickness
of 2 x 5 mm were used. For both walls with different
yielding stress, the lateral strength of the infill plate is the
same.

To investigate the effect of the L/H ratio with a fixed
height of 3000 mm, the walls with L/H =1, 1.5, and 2
were analyzed for both LYP steel and A36 steel. Also,
models with 0 equal to 30, 45, 60, and 90 (degrees) were
investigated.

3 Numerical Study
3.1 Numerical Models

The introduced 24 numerical models are listed in Table 1,
where for each numerical model, a name has been
designed. The first letters of the name stand for the Double
Corrugated (DC) SPSW. The second and third letter rep-
resents the L/H ratio and 6, respectively. Finally, the last
letter, A and L, shows the material of the infill plates that
are A36 and LYP, respectively.

The finite element (FE) method and the ABAQUS
software [37] were used to simulate the DC-SPSW through
a set of one-story, one-bay frame models. Beams, columns,
and corrugated infill panels were modeled with the four-
node shell element (S4R). This element is a doubly curved
thin or thick shell, with reduced integration, hourglass
control, and finite membrane strain. Each element node has
six degrees of freedom [38, 39]. The finite element models
were loaded under horizontal load. Geometric nonlineari-
ties were applied in the analysis of the finite element
models under monotonic loading. The stress—strain curve
of the material was modeled with a bilinear representation.
Therefore, the material nonlinearities were applied in all
the finite element analyses.

3.2 Verification of Results
In this study, the experimental investigation carried out by

Hosseinzadeh et al. [9] was used for the verification of the
finite element (FE) model, as shown in Fig. 2. The
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Fig. 1 Schematic view of DC-SPSW

Table 1 Numerical model properties

No  Model L(@m) L/H 0 Deg) Infill plate steel

1 DC-1-30-A 3.00 1.00 30 A36

2 DC-1-45-A 3.00 1.00 45 A36

3 DC-1-60-A 3.00 1.00 60 A36

4 DC-1-90-A 3.00 1.00 90 A36

5 DC-1-30-L 3.00 1.00 30 LYP

6 DC-1-45-L 3.00 1.00 45 LYP

7 DC-1-60-L 3.00 1.00 60 LYP

8  DC-1-90-L 3.00 1.00 90 LYP

9  DC-1.5-30-A  4.50 150 30 A36

10 DC-1.5-45-A  4.50 150 45 A36

11 DC-15-60-A  4.50 150 60 A36

12 DC-1.5-90-A  4.50 150 90 A36

13 DC-15-30-L 450 150 30 LYP : 7 N

14  DC-15-45-L  4.50 150 45 LYP - R

15 DC-15-60-L  4.50 150 60 LYP T :
16 DC-1.590L 450 150 90 LYP R R e
17 DC-2-30-A 6.00 200 30 A36 R

18  DC-2-45-A 6.00 200 45 A36 imen
19  DC-2-60-A 6.00 200 60 A36 B =S ~=xatalt

20  DC-2-90-A 6.00 200 90 A36 it :

21  DC-2-30-L 6.00 200 30 LYP : s :
22 DC-2-45-L 6.00 200 45 LYP

23 DC-2-60-L 6.00 200 60 LYP )

24 DC-2-90-L 6.00 200 90 LYP

Fig. 2 a Experimental model; b FE model
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specimens of C-SPSW with one-story and single-bay in
half-scale were tested. The load—displacement curves and
the model’s overall behavior were compared with those of
the experimental studies. The results, as depicted in Fig. 3,
show a very good comparison between the experimental
results and the FE results.

3.3 Loading Regime and Boundary Conditions

Lateral loads are applied to the beam-column connections
and are gradually increased from zero to a magnitude
beyond the system’s capacity. The ultimate displacement
limit is considered to occur at a drift ratio of 2.5% per
ASCE/SEI 7-22 [40]. To simulate the fixed condition of
the column-to-base plate connections, the bottom nodes of
both columns’ flanges and webs are restrained from dis-
placement and rotation in all directions. To simulate the
constraints imposed by slabs of the story floors, the out-of-
plane displacements of beam webs were restrained from
translation in the global z-direction. The connections of the
two corrugated plates are completely interlocked, and the
screw connections are omitted to simplify the calculations.

3.4 Materials Properties

The ASTM A36 and LYP steels were selected for
numerical models. The boundary frame was made of
ASTM A36 steel, and the wall plate was made of ASTM
A36 and LYP steel. The material stress—strain behavior
curves [35] are shown in Fig. 4, where Young’s modulus is
200 GPa, and Poison’s ratio is 0.3.

3.5 Defining the Seismic Behavior Parameters

To estimate the seismic parameters, the actual load—dis-
placement response curves are usually idealized, as
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Fig. 3 Comparison of the load—displacement curves between the
experimental [9] and the FE results
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Fig. 5 Actual and idealized response curves of a common structure

illustrated in Fig. 5. This idealization is based on the fol-
lowing assumptions and definitions:

e The maximum displacement of the structure, Apax, Will
be considered based on the requirements of the local
regulations.

e The ductility factor is b = Amay/Ay.

e The elastic stiffness is equal to the initial slope of the
load-deformation curve and is K = Vy/A,.

e The over-strength factor, Q, is defined as the ratio of
yield resistance, Vy, to the lateral force corresponding
to the first yield of structure, Vi.

e The energy absorbed by the system, E, is equal to the
closed area under the load—displacement curve.

e The response modification factor is R, = V¢/V;
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Fig. 6 Comparing the pushover curve of the FE models
Table 2 Structural parameters of numerical models with L/H = 1
Models A (mm) V; (kN) Ay (mm) V. (kN) K (kN/mm) E (kN.m) Q R,
DC-1-30-A 3.40 992.87 9.88 2993.91 302.93 247.28 3.02 12.33
DC-1-45-A 3.85 1070.72 10.02 2844.90 283.84 238.90 2.66 10.88
DC-1-60-A 4.03 1029.86 10.80 2780.89 257.39 234.92 2.70 10.68
DC-1-90-A 6.04 1172.66 13.81 2700.49 195.49 229.32 2.30 8.07
DC-1-30-L 1.30 724.85 6.49 3819.11 588.46 311.03 5.27 26.40
DC-1-45-L 1.75 912.79 6.75 3729.96 552.84 306.21 4.09 20.16
DC-1-60-L 1.84 919.58 7.24 3632.42 501.73 297.29 3.95 18.78
DC-1-90-L 2.70 976.99 9.21 3463.71 375.95 281.64 3.55 14.89
_ 12000 .
3500 T Wall with A36 steel Wall with LYP steel
3000 + 10000
5 2500 5 8000
[ & *
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Fig. 7 Comparing the normalized response curves
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Fig. 8 The effect of angle 6 on the infill plate behavior

4 Discussions and Results

4.1 General Finding

Load versus displacement and also stiffness versus dis-
placement plots, which are drawn in Fig. 6, reveal some
valuable information conserving the behavior of structures.

In addition, the structural parameters are listed in Table 2.
According to Fig. 6 and Table 2, both the corrugated angle
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and infill materials affect the behavior of walls. An overall
view reveals that the larger ultimate strength, energy dis-
sipating capacity, and elastic stiffness are obtained by the
corrugated plate with an angle of 30°. Moreover, the LYP
steel has a better performance than the A36 steel walls. In
doing so, the exact influence of the parameters on the
behavior of the models is investigated in the next sections.

To have a fair comparison, the load has been normalized
with (t.Fy). As shown in Fig. 7, the LYP walls showed a
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Table 3 Comparing the results of walls to investigate the effect of angle 6 on the wall’s behavior
Models A \'A Ay \'A K E n Q R,
% DC-1-45-A 1.13 1.08 1.01 0.95 0.94 0.97 0.99 0.88 0.88
DC-1-60-A 1.19 1.04 1.09 0.93 0.85 0.95 091 0.90 0.87
DC-1-90-A 1.50 1.14 1.28 0.97 0.76 0.98 0.78 0.85 0.76
% DC-1-45-L 1.35 1.26 1.04 0.98 0.94 0.98 0.96 0.78 0.76
DC-1-60-L 1.42 1.27 1.12 0.95 0.85 0.96 0.90 0.75 0.71
DC-1-90-L 2.08 1.35 1.42 0.91 0.64 0.91 0.70 0.67 0.56
4500 6=30 (Deg) 4000 8=45 (Deg)
4000 3500
= 3500 =
éSOOO §’3000
b % 2500
2 2500 2
® < 2000
o 2000 DC-1-30-A 2 DC-1-45-A
g 1500 g 1500
m DC-1-30-L-5 § DC-1-45-L-5
1000 1000
500 500
04— ey 0 ey
0 20 40 60 80 100 0 20 40 60 80 100
Displacement (mm) Displacement (mm)
4000 =
0=60 (Deg) 4000 0=90 (Deg)
3500 3500
Z 3000 Z 3000
& 2500 i 2500
‘S 2000
o DC-1-60-A @ 2000 DC-1-90-A
& 1500 @ 1500
@ DC-1-60-L-5 & DC-1-90-L-5
500 500
S — 0 F——— e ey
0 20 40 60 80 100 0 20 40 60 80 100
Displacement (mm) Displacement (mm)
Fig. 9 Comparing the pushover curve of the FE models considering the LYP effect
Table 4 Comparing the results of walls to investigate the effect of LYP steel on the wall’s behavior
Models A V, Ay \'A u Q R,
LYP /A36 30 0.38 0.73 0.66 1.28 1.52 1.75 2.14
45 0.45 0.85 0.67 1.31 1.49 1.54 1.85
60 0.46 0.89 0.67 1.31 1.49 1.46 1.76
90 0.45 0.83 0.67 1.28 1.50 1.54 1.84

better performance in the case of ultimate strength and
dissipating energy. Also, for both walls with A36 and LYP
steels, the walls with a corrugated angle of 30° possess
greater performance. The lowest curve is obtained by
corrugated walls with an angle of 90°.

4.2 Effect of the Corrugated Angle 0
on the Behavior of Walls

Figure 8 illustrates the share of the infill plate considering
the corrugated angle, 0, in resisting lateral loading. As

@ ﬂ? @ Springer
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Fig. 10 Comparing the effect of materials in the share of infill plate in
load-bearing

shown in Fig. 8, the corrugated angle affects the behavior
of walls with A36 and LYP steels. The comparison results
driven by the pushover curves of FE results, and Table 2,
are listed in Table 3. The results indicate that by increasing
the angle 0, the seismic performance of the wall decreases.
The effect of 6 on the structural parameters of walls with
LYP steel is more than on walls with A36 steel. For both
walls, by the 6 = 90°, the stiffnesses of the walls are sig-
nificantly reduced. The elastic stiffness of the walls is
reduced by 24% for A36-wall by changing the 6 from 30°
to 6 = 60°, whereas it is reduced by 36% for LYP walls.
Also, it has a similar effect on the R, and Q. The R, for
A-36 walls is reduced by 24% by changing the 6 = 30° to

M
@ x[} @ Springer

6 = 60°, whereas it is reduced by 56% for LYP walls. This
decrease is considerable. The 0 has a lower effect on the
ultimate strength, V,, and energy absorption, E, in com-
parison with other structural parameters. Increasing the 6
reduces 2 to 9% of the V, and E.

In addition to the 0, the L/H ratio also affects the share
of the infill plate (which will be examined in the next
section) in lateral loading. For all L/H ratios, by increasing
the 0, the share of the infill plate in lateral load-bearing is
reduced. For L/H =1 with A36 materials, during drift
equals 0.23 to 0.27, the 0 does not affect the share of infill
plate in load-bearing that is drift = 0.1 to 0.255 for wall
with LYP steels. As the L/H ratio increases, the interval
between the effect of angle on the shear share of the infill
plate increases; of course, LYP-steel sheets are less
affected.

4.3 Effect of Infill Plate’s Materials Properties

In Fig. 9, the comparison of the wall to investigate the
effect of the infill plate’s materials properties on the
behavior of walls is plotted. As shown in Fig. 9, the LYP
materials improve the behavior of walls.

According to the structural parameters listed in Table 4,
using the LYP steel instead of A36, the ultimate strength is
increased by around 31%. But, the A, and V are reduced
by 55 to 62% and 27 to 17%, respectively. Reducing the
parameters leads the structures to yield to reach better
performance. Therefore, the 1, Q, and R, are improved by
around 50, 54 to 75%, and 1.84 to 2.14 times, respectively.
This comparison confirms the ability of the LYP to
improve the behavior of the wall.

Figure 10 reveals that by changing the materials from
A36 to LYP, the share of the infill plate in load-bearing is
considerably amplified. As the share of the infill plate in
load-bearing is raised, the susceptibility of hinge formation
in columns is reduced. Therefore, it is expected that by
using LYP steel for the infill plate, the safety of the
structure is enhanced.

4.4 Investigating the L/H Ratio on the Behavior
of the Wall

In Fig. 11, the response of walls has been compared to
investigate the L/H aspect ratio. As the L/H ratio increases,
the pushover diagram moves upwards, which increases the
seismic parameters. Therefore, by increasing the L/H ratio
with a constant thickness, which leads to an increase in the
slender ratio of the infill plate, not only does it not reduce
seismic performance, but it also improves the seismic
performance of the wall. In DC-2-30-A and DC-1.5-30-A
models, compared to the DC-1-30-A model, the resistance
has increased by about 33% and 13%, respectively; also,
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Fig. 12 Stiffness diagram of models with a wave angle of 30 degrees

for all models by doubling the dimensional ratio (L/H), we
have seen an increase in resistance of about 25% to 35%.
According to Fig. 11, with increasing the aspect ratio, we
see an increase in sheet stiffness, which was 66% and 33%
in DC-2-30-A and DC1.5-30-A models compared to DC-
1-30-A, respectively. As shown in Fig. 12, the stiffness of
the LYP steel models (with double and a half thickness) is
about twice that of the A36 steel models. According to the
results, it can be explained that increasing the length of the
filler plate, in any case, is more important than increasing
the thickness. However, increasing the thickness of the
sheet has a greater effect on the stiffness of the samples. It
is suggested to use of wall with a L/H ratio greater than 1
for both A36 and LYP steel walls.

5 Proposed Relation to Predicting
the Ultimate Strength

Figure 13 shows the load vs. drift diagram for all models.
According to Fig. 13, the frame behaves almost the same
for all dimensional ratios (L/H). However, with the
increase of the dimensional ratio (IL/H) for all models, we
see an increase in the contribution of the filler plate to the
frame, which is more in LYP steel.

Therefore, according to Refs. [41, 42], the ultimate
strength of the boundary frame is measured as Eq. (1) and
(2). The shear force of the frame after the formation of the
plastic joint in the columns, Fy, was introduced as the shear
capacity or ultimate shear force of the frame. The dis-
placement A, was corresponded to the displacement of the
elastic limit (beginning of the plastic displacement) of the
frame and considered:

H?

p

_ 1

f T GEL (1)
aM

Fr="3 )

where E, is the modulus of elasticity of columns, /. is the
moment of inertia of the column, and My, is the lowest
plastic moment capacity.

Based on the fitting of the results, the following relation
is proposed for predicting the ultimate strength of the infill
plate

L F,
F, = L'tPFy,walll <0~01 + vicol ) (3)

Hsin0 Fy.,walll

where F, ¢, and Fy . are the yielding stress of columns
and infill wall, respectively, and ¢, is the total thickness of
the double corrugated infill plate.

Therefore, the ultimate strength of the double corrugated
SPSW is proposed as follows:

Fu=F;+F,

(4)

As shown in Fig. 14, the simple proposed relation (4)
predicts the ultimate strength of the double corrugated
SPSW with good accuracy. Since the proposed relation
predicts the ultimate strength lower than FE modeling, it
would be conservative in the design of the system.
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6 Conclusions

To increase the buckling resistance of the infill steel plate,
its thickness can be increased, but with the increase in
thickness, the amount of stress transferred to the boundary
frame increases. For this reason, made the assumption of
equal capacity where increased thickness and decreased
yield stress. In this paper, the effects of the steel type (A36
and LYP) of the infill plate on the behavior of the double
corrugated steel plate shear walls were investigated. The
results are summarized as follows:

e The results showed that LYP steel improves the seismic
behavior of corrugated double walls.

e In walls with both materials (A36 and LYP), by
increasing the 0, the seismic performance of the wall is
reduced. But The effect of 6 on the structural param-
eters of walls with LYP steel is more than that of walls
with A36 steel.

e For a wall with both materials (A36 and LYP), by
0 =90 °, the strength and stiffness of the wall are
significantly reduced.

e The elastic stiffness of walls is reduced by 24% for
A36-walls by changing the 6 from 30° to 6 = 60 °,
whereas it is reduced by 36% for LYP walls. Also, it
has a similar effect on R, and Q. The R, for A36 walls
is reduced by 24% by changing the 6 = 30° to 6 = 60 °,
whereas it is reduced by 56% for LYP walls.

e The 0 has a lower effect on the ultimate strength, V,
and energy absorption, E, in comparison with other
structural parameters. Increasing the 6 reduces 2% to
9% of the V, and E.

e For L/H =1 with A36 materials, during drift equals
0.23 to 0.27, the 6 does not affect the share of infill
plate in load-bearing that is drift = 0.1 to 0.255 for wall
with LYP steel.

e As the L/H ratio increases, the seismic parameters
improve.

e Increasing the L/H ratio, which leads to an increase in
the slender ratio of the infill plate, not only does not
reduce seismic performance, but also improves the
seismic performance of the wall. It is suggested to use
of wall with a L/H ratio greater than 1 for both the A36
wall and the LYP wall.

e A practical relation was proposed for predicting the
ultimate strength of the double corrugated SPSW with
good accuracy.
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