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Abstract Corrugated steel plate shear walls (CSPSWs) are most commonly used
as a lateral load resisting mechanism in earthquake prone areas. They are used in
modular building structures (MBS) and steel structures for its high ductility, and
strength. Double corrugated steel plate shear wall (DCSPSW) contains two trape-
zoidal corrugated steel plates that are connected together either by weld or bolts. It
is most often used as an alternative for the conventional steel plate shear walls.
Since openings like window and door are unavoidable, the performance of the
system with and without openings must be studied. The performance and change of
strength of the walls on addition of stiffeners around the openings are to be eval-
uated. In this paper, the seismic performance of DCSPSW with and without,
openings and stiffeners are investigated and compared with that of the ordinary
(single) CSPSW.

Keywords Corrugated Steel Plate Shear Wall (CSPSW) � Double-Corrugated
Steel Plate Shear Wall (DCPSW) � Seismic performance � Modular building
structures

1 Introduction

Steel structures are commonly used in seismic hazard area, for its high strength and
malleability. CSPSW are generally used as seismic resisting member principally in
MBS and in steel structures in those seismic zones. It includes infill plate (stiffened
or unstiffened), with and without openings, with vertical and horizontal structural
components. From similar researches, the CSPSW is found to be a cost-effective
economical methodology for high rise buildings than typical strategies.

Numerical studies concerning the SPSW was carried out in the past was on flat
plates being used as infill plates. The corrugated steel plates are used as replacement
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for their high out-of- plane geometric stability. Due to the high stiffness of corru-
gated plates despite of its lower thickness than flat plates have been helpful for the
construction of light girders [1–3].

The strength of the RBS shear wall could be calculated by a proposed equation,
verified on comparison with the value obtained by FE analysis by providing RBS
on the beam section to ensure the plastic hinges form on the beam rather on the
beam span or on columns [4].

By experimental and numerical means the seismic performance of low and
midrise buildings with CSPSW with slits indicated that the shear walls with per-
foration provided desirable ductility and strength than shear walls without perfo-
ration [5]. On application of monotonic loading on CSPSW with and without
opening the parameters such as ductility, stiffness, strength and buckling stability
were studied to understand the seismic performance by preparing FE models [6].

Predominantly the factor to be considered in the corrugated plates is their low
stiffness is the direction perpendicular to the corrugation of the plates and the high
strength to arrest the in-plane forces along the direction of the corrugation.
The CSPSW in the MBS are commonly a part of the walls incorporated with
openings such as doors and windows. The connection of the CSPSW in the normal
and MBS make them distinct [7].

In regular structures they are connected on the edges whereas in modular
structures they are connected in corners. Since the modules in MBS are connected
in corners it helps in the load transfer vertically from column to column. Due to the
high stiffness in MBS the CSPSW act as seismic resisting mechanism. On the
studies that have been done by other researchers to understand the behavior of the
CSPSW, the addition of the openings to the walls impairs the strength and per-
formance of the element [8].

On comparison studies done by the application of pushover and cyclic loading
on CSPSW and SPSW on numerous models [9]. Experimental studies on CSPSW
with and without openings was carried out and addition of constructional column
around the openings to arrest the buckling of the infill plate. The results showed that
the initial stiffness of the models with openings are reduced when compared to the
model without opening [10].

Since the slit and perforation on the walls are inevitable, small steel strips are
used as reinforcement in CSPSW. They are connected, welded in perpendicular to
the peak of each corrugation. Since the reinforcement are provided, they enhance
the out-of-plane stiffness of the walls. They also enhance the ductility of the plates
and also limit the deformation by energy dissipation betwixt the corrugations [11].

A DCSPSW was recently planned by the authors, consist of two corrugated steel
plates connected together either by weld or by bolts. The general dimension of the
DCSPSW as shown in Fig. 1.

An analytical formula was proposed to predict the ultimate shear strength of
DSCSW. Proposal for calculation of the shear yield and the local and global shear
elastic buckling were given as three analytical formulas and accuracy was defined
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by experimental means [12]. By the application of monotonic shear loads on finite
element models the shear resisting behaviors of the double corrugated walls were
investigated [13].

2 Methodology

SCSPSWs and DCSPSWs were modelled and analyzed using ANSYS 16.1 finite
element software. Fixed support was provided at the bottom of the columns as a
boundary condition for the wall. Monotonic loading was provided in transverse
direction.

The load was provided at the top edge of the column in displacement control and
in incremental manner. the elements used around the openings for this study is
considered from Korean Standard (KS) profiles.

The element type used for the analysis is 20-node solid 186 element, which is
higher order 3D element which exhibits quadratic displacement behavior. The 20
nodes of the element have 3 degrees of freedom i.e., translation in nodal x, y, and z
direction. The element supports plasticity, hyper elasticity, creep, stress stiffening,
large deflection, and large strain capabilities. The meshing used in the model is
combined tetra and hexa mesh. The meshing near the opening is not refined.

For the current study, a corrugated wall of a single-story residential building of
height 3.1m and length of 4.5m from center to center was considered. The
dimensional description of the beams and columns used in the study are provided in
Table 1 and material properties of plates, beam and column are shown in Table 2.
The material properties of the boundary elements are provided in Table 3 and
cross-sectional details are shown in Fig. 2.

CSPSW for the analysis was modelled by changing the corrugation angle with
0°, 45°, 90°. Angle of inclination changed with respect to X axis. The main purpose
of changing angle of corrugation for selecting best angle which carrying higher
ultimate strength. Some models with different openings, alignment and stiffeners

Fig. 1 Geometrical model of
double corrugated plate
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are shown in Fig. 3. The dimensional details of the panel element are given in
Table 4.

Study was carried out on the journal of “Alireza Farzampour (Analysis and
design recommendations for corrugated steel plate shear wall reduced beam sec-
tion)” and the results obtained on comparison is less than 0.5% error. Table 5 shows
the dimensions of openings used for the study.

Deformation was mostly affected around the door and the window opening
provided, therefore to arrest these deformations a small thickness steel element was
provided around the opening and thereby improving the strength of the load car-
rying capacity. The size of the element provided around the opening were

Table 1 Cross sectional dimensions [4]

Specimen Dimension (mm)

Beam Width of flange (bf) 398

Depth 394

Thickness of web (tw) 11

Thickness of flange (tf) 18

Column Width of flange (bf) 432

Depth 498

Thickness of web (tw) 45

Thickness of flange (tf) 70

Table 2 Material model behaviour [4]

Type Young’s modulus (MPa) fy (MPa) fu (MPa) Fu/Fy
Plate 210,000 341 341 1

Columns and beams 210,000 390 480 1.23

Table 3 Material model behaviour [10]

Type Young’s modulus (MPa) fy (MPa) fu (MPa) Fu/Fy
Stiffener elements 192 441 544 1.23

Fig. 2 Geometry of the model [4]
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120 � 60 � 4mm [10]. Steel plate shear walls with boundary elements were one in
all of the advanced models.

Therefore, getting more accurate results, frame elements and infill plates were
meshed separately by using different element size. The mesh size was kept 150 mm
for the frame column and beam and constructional column and 100 mm for the
infill plate.

3 Results

In this part, analysis and discussion on the performance of the CSPSW and
DCSPSW considering both provision for perforation and without perforations, with
different alignment of corrugations were carried out. The ultimate load carrying

(a) Corrugations vertically aligned 
with window opening at middle

(b) Corrugations inclined to 45° 
with window opening at end

(c) Corrugations horizontally 
aligned with door opening at middle

(d) Corrugations horizontally aligned 
with door opening at end

(e) Corrugations inclined to 45° 
with door and window opening

(f) Corrugations aligned vertical-
ly with door and window opening

(g) Corrugationsaligned horizontal-
ly with door and window opening at

ends

(h) Double corrugated plate aligned 
horizontally with window opening 

middle

(i) Corrugations aligned vertically with stiffeners around door opening (j) Double corrugations aligned horizontally with door opening at middle

Fig. 3 Models of CSPSW and DCSPSW

Table 4 Corrugated panel
geometry [4]

Specimen t a d a

Dimension (mm) 1.5 100 50 30

Table 5 Dimensions of
opening [10]

Function of opening Size l � h (mm)

Door 1000 � 2290

Window 1000 � 1600
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capacity of each model was different. The ultimate strength of different angle of
CSPSW was shown in Tables 6, 7 and 8. The pushover curve and stiffness of the
CSPSW under lateral loading are shown in Fig. 4. On incorporation of stiffeners
around the window openings, the model with corrugation aligned horizontally was
found to be more effective by having better load carrying capacity than other
models. But when the door opening was provided with stiffeners the maximum load
carrying capacity was found for the model with corrugations aligned vertically. For
models with stiffeners for combined door and window opening, the maximum load
carrying capacity was obtained for models with corrugations aligned horizontally
with a negligible increase in strength than model of corrugation aligned vertically.

For DCSPSW, load carrying capacity of models with corrugations aligned
vertically has augmented by 5% to 13% than CSPSW. Likewise, for models with
corrugations aligned at 45°, the strength has augmented by 6% to 11% and with
corrugations intensified horizontally the strength has increased by 7% to 9%.

As the results signify, the strength of the CSPSW have increased by providing
stiffeners around the opening and additionally it can be made more effective by
connecting the constructional column from top beam to bottom beam. The strength
of the CSPSW have increased much more by making single corrugated plate shear
wall to double corrugated shear wall, than the models with stiffeners provided
around openings. Among the three-corrugation alignment the maximum load car-
rying capacity for the DCSPSW was obtained for the model with corrugation
aligned vertically.

The addition of stiffeners adds auxiliary strength to the model as for CSPSW,
since the openings on the model in real life are unavoidable, the addition of stiff-
eners to the models are applicable and hence it provides more strength to DCSPSW
with openings. The position of the openings, i.e., providing the perforation at the
center of the wall and at the end of the walls also affect the strength and stiffness of
the models.

For CSPSW models, with corrugations aligned vertically, at 45° and horizon-
tally, with the door and window openings when provided separately, the maximum
loads were carried when the placement of the openings were provided at the ends.
From the results obtained the maximum loads were carried when the corrugations
were aligned horizontally and on the placement of the opening at the end.

On providing both the openings on the shear wall the loads were significantly
reduced, and the maximum load were carried on the positioning of the openings on
the ends of the plate. On providing both the openings on the same wall, the
maximum load was found to be carried by the models with corrugations aligned
vertically. Among the models of three configurations, on providing window and
door opening separately, the plates aligned horizontally was found to be effective
and for models with combined door and window opening the models with plates
aligned vertically was found to be more effective under lateral loads.

For DCSPSW models, with corrugations aligned vertically, at 45° and hori-
zontally, with the door and window openings when provided separately, the
maximum loads were carried when the placement of the openings were provided at
the ends.
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From the results obtained the maximum loads were carried when the corruga-
tions were aligned vertically and on the placement of the opening at the end. On
providing both the openings on the shear wall the loads were significantly reduced
as similar to CSPSW, and the maximum load were carried on the positioning of the
openings at the ends of the plate. On providing both the openings on the same wall,
the maximum load was found to be carried by the models with corrugations aligned
vertically.

Among the models of three configurations, on providing window and door
opening separately and for models with combined door and window opening the
shear wall models with plates aligned vertically was found to be more effective
under lateral loads. Addition of stiffeners to the model increases strength to shear
wall as in CSPSW.

On providing stiffeners around the opening and throughout the top beam to
bottom beam, the lateral out plane bucking of the plates can be arrested. On the
model with window opening the maximum load was carried on the positioning of

CSPSW vertically aligned CSPSW with stiffeners vertically aligned

DCSPSW vertically aligned DCSPSW with stiffeners vertically aligned

CSPSW with corrugation inclined to 45° CSPSW with corrugation inclined to 45° with stiffeners

Fig. 4 Load–displacement curves for CSPSW and DCSPSW with and without stiffeners
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the opening on the end of plate and on models with door opening maximum load
was carried by models with openings provided at the ends.

Based on the change in the alignment the maximum load was carried by the
models with corrugations vertically aligned and model with combined door and
window openings the maximum load was carried by the models with the posi-
tioning of the door at the middle and window at the end with the corrugations
aligned vertically.

4 Conclusion

By inferring from the results, the study was carried out to identify the performance
and change in strength of the models with openings, by changing the position of the
opening, i.e., by providing the opening at the end and middle and by the addition of

DCSPSW horizontally aligned DCSPSW horizontally aligned with stiffeners

DCSPSW with corrugation inclined to 45° DCSPSW with corrugation inclined to 45° with stiffeners

CSPSW horizontally aligned CSPSW horizontally aligned with stiffeners

Fig. 4 (continued)
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stiffeners around the opening and also providing two infill corrugated plates in
CSPSW making it DCSPSW. Similarly, study on different corrugation alignment
(horizontal, vertical and aligned 45°) was carried out to identify the best alignment
for the shear wall to carry the maximum lateral load.

Addition of the opening to the models reduce the strength of the model and
addition of the stiffeners around the opening increase the strength of the model.
DCSPSW provides better strength when compared to that of CSPSW without
openings and addition of stiffeners to the openings in DCSPSW increases the
strength of the model to 15% to 18% than CSPSW with openings. Based on the
study of change in the alignment of the corrugations the maximum load was carried
by the models with corrugations aligned horizontally for models with door and
window opening separately. And for models with combined door and window
opening the maximum loads was carried by the models with corrugations aligned
vertically.

For DCSPSW models with and without stiffeners the maximum load was carried
on the arrangement of corrugations in vertical direction. On the models with door
and window opening separately, and on models without stiffeners, the maximum
load was carried by the models with perforations at the end of the plate of wall. On
the models with stiffeners maximum load was carried by the models with corru-
gations vertically aligned and the model with combined door and window openings
the maximum load was carried by the models with the positioning of the door at the
middle and window at the end with the corrugations aligned vertically.
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