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Abstract

Based on considerable out-of-plane stability of corrugated plates, such plates can be considered
as viable alternatives to unstiffened and stiffened steel plates in structural systems such as steel
plate shear walls (SPSWs). This study investigates the effects of variation of corrugation
parameters and inclusion of infill plate opening on the structural performance of trapezoidally-
corrugated SPSWs under monotonic loading through finite element simulation using ANSYS.
Buckling stability, stiffness, strength, and ductility performances of numerous SPSW models
developed based on web-plate thickness, corrugation angle, and opening size parameters are
investigated. Square openings are implemented at the center of the infill plates with areas equal
to 5, 10, 15, 20, 25, and 30 percent of the web-plate out-of-plane projected area. The accuracy of
the finite element modeling is verified through comparison of numerical and experimental
results. Findings of this study show that proper design of the boundary frame members and
optimal selection of the web-plate thickness as well as corrugation parameters can result in
desirable performance of steel shear walls with trapezoidally-corrugated and perforated infill
plates, particularly despite the detrimental effects of web-plate opening, as partly shown in this

paper.

1. Introduction

Steel plate shear wall (SPSW) is an efficient lateral force-resisting system. A properly-designed
SPSW can have high initial stiffness, strength, energy absorption capacity, and ductility. SPSWs
have been commonly designed with unstiffened and stiffened infill plates based on economical
and performance considerations. Advantageous structural features of corrugated plates have led
to the employment of such elements in stiffened SPSWs with the aim of lowering the high
construction cost of such high-performing systems.

Research has been conducted on shear walls employing corrugated steel plates. Mo and Perng
(2000) conducted an experimental study on framed shear walls with corrugated infill plates and

! Department of Civil and Environmental Engineering, Amirkabir University of Technology, Tehran, Iran
<mbahrebar@aut.ac.ir>

2 Department of Civil Engineering & Environmental Science, Loyola Marymount University, Los Angeles, CA, USA
<Tadeh.Zirakian@lmu.edu>

3 School of Engineering Sciences, University of Liverpool, Liverpool L69 3BX, UK and Civil Engineering Department, Xian
Jiaotong-Liverpool University, Suzhou Industrial Park, Jiangsu Province, China <mohammad.hajsadeghi@liverpool.ac.uk>



demonstrated the improved seismic performance of such structural systems. Berman and
Bruneau (2005), also, performed experimental study on light-gauge and single-story SPSW
specimens with flat and corrugated infill plates using quasi-static loading. It was shown that the
specimen utilizing corrugated infill plate can achieve significant ductility and energy dissipation
while minimizing the system demand on the surrounding framing. Recently, the behavior of
trapezoidally-corrugated SPSWs under monotonic and cyclic loadings was further investigated
by Emami et al. (2013) and Emami and Mofid (2014) through experimental and numerical
approaches. In addition, Bayat (2014) performed a comparative study on SPSWs with
trapezoidally- and sinusoidally-corrugated infill plates and demonstrated the relatively higher
structural performance of trapezoidally-corrugated shear walls. Kalali et al. (2015), also, have
reported a detailed numerical parametric study on the stiffness, strength, and hysteretic
performances of SPSWs with flat and trapezoidally horizontal corrugated infill plates.

Research on SPSWs with openings has also gained researchers’ attention. Roberts and Sabouri-
Ghomi (1992) carried out an experimental and theoretical investigation on the hysteretic
characteristics of unstiffened perforated steel plate shear panels with centrally placed circular
openings under quasi-static cyclic loading. It was observed that the strength and stiffness of the
panels decrease approximately linearly by increasing of the opening size. Vian and Bruneau
(2005) conducted experimental tests to examine the efficiency of steel infill panels with circular
openings where an effective reduction factor was proposed to take the reduced strength and
stiffness of panels with circular holes into account. Recently, Barkhordari et al. (2014) reported a
numerical study on the behavior of SPSWs with perforated flat infill plates. In this study, two
types of opening, i.e. partial-height and full-height, were considered. It was demonstrated that the
behavior of a SPSW with opening depends on the opening type and the stiffened full-height
opening.

In this paper, the buckling stability and structural performances of SPSWs with trapezoidally-
corrugated and perforated infill plates are investigated by performing numerical parametric
studies on the experimental specimens tested and reported by Emami et al. (2013) and Emami
and Mofid (2014). To this end, various finite element models of the considered flat- and
corrugated-web test specimens are developed by varying the geometrical and corrugation
parameters including the web-plate thickness, corrugation angle, and opening size.

2. Specifications of SPSW models

To investigate the performances of SPSWs under monotonic loading, two SPSWs tested by
Emami et al. (2013) are adopted (Fig. 1) and parametric studies are performed by changing the
geometrical properties of the infill plates including the web-plate thickness (z,), corrugation
angle (), and opening size (O). On this basis, 100 SPSW models are considered in this study.
Properties of the considered SPSW models are illustrated in Fig. 2 and summarized in Table 1.
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Figure 1: Details of the modeled experimental specimens tested by Emami et al. (2013)
(Note: All units are in millimeters.)
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Figure 2: Geometrical properties of considered SPSW models
(Note: All units are in millimeters.)

Table 1: Specifications of considered SPSW models

0 P 0
_plate f Label W _of model
Web-plate form abe (deg.) (mm) %) No. of models

Flat Ft, ; 125.2.3.4 ; 4
30 125,2,3.4 0,5,10,15,20,25,30 24
. 45 125,2,3.4 0.5,10, 15,20, 25,30 24
Trapezoidal I-0-4,-0 60  125.2,3.4 0,5,10,15,20,25,30 24
90  125,2,3,4 0,5,10,15,20,25,30 24

As it is seen in Table 1, the SPSW models are labeled such that the infill plate form and
geometrical as well as corrugation properties of each model can be identified from the label. For
instance, the label F-4 indicates that the model has an unstiffened and flat infill plate with a
thickness of 4 mm, and also the label 7-60-6-5 indicates that the model has a corrugated web-
plate of trapezoidal form with a corrugation angle of 60°, web-plate thickness of 6 mm, and an
opening with an area equal to 5 percent of the infill plate area. It should be noted that all
corrugated web-plates have eight corrugation half-waves.



3. Finite element modeling and verification

SPSWs are modeled and analyzed using ANSYS 11.0 (2007) finite element software. The eight-
node SHELL93 element with three translational and three rotational degrees of freedom at each
node is used to model the steel shear walls. This element has plasticity, stress stiffening, large
deflection, and large strain capabilities, and is well-suited for modeling shells.

In order to ensure high accuracy in modeling and analysis, convergence and mesh refinement
studies are performed. A typical finite element model is shown in Fig. 3. The boundary condition
at the bottom of the shear wall model is set to fixed support. In-plane lateral load is applied at the
top of the model in a displacement-controlled and incremental manner. All SPSW models are
restrained against out-of-plane displacement at their beam-to-column joints as per test setup.

The multilinear representation of the stress-strain relationships for the considered steel material
is shown in Fig. 4, which was obtained from tensile coupon tests (Emami and Mofid, 2014). The
yield stresses of the plate, beam, and column components are 207 MPa, 288 MPa, and 300 MPa,
respectively. Young’s modulus of elasticity and Poisson’s ratio are considered to be 210 GPa and
0.3, respectively, for the steel material. Moreover, the von Mises yield criterion is adopted for the
steel material yielding.

Btress (WFPa)

Figure 4: Stress-strain relationships of the steel material
(Emami and Mofid, 2014)

Initial imperfections are applied in the finite element models in order to initiate buckling in the
nonlinear analyses. Eurocode (2003) suggests that out-of-plane imperfection of plates (U) shall
be taken as the smaller of w/200 and 4,,/200, where w and 4,, are the fold width (Fig. 2) and web
height, respectively. Accordingly, initial imperfections consistent with the first buckling mode
shapes of the SPSWs are introduced to all models by considering a scale factor determined from
dividing the minimum of w/200 and 4,/200 by the maximum out-of-plane deformation of the
web-plate resulted from eigen buckling analysis. The first buckling mode shapes of two typical
SPSW models with flat and corrugated web-plates are shown in Fig. 5.



Flat-web model Corrugated-web model
Figure 5: First buckling mode shapes of two typical SPSW models

Finally, the accuracy of the numerical simulation is verified by comparing the finite element
analysis results with the experimental results of two specimens tested by Emami et al. (2013), as
shown in Fig. 6. From the figure, the agreement between numerical and experimental results is
pretty good in cases of both flat- and corrugated-web SPSWs. This is indicative of validity of the
finite element modeling and analysis.
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Figure 6: Validation of numerical simulation

4. Discussion of results

The effects of stiffness of the boundary frame members and variation of web-plate thickness and
corrugation angle on the buckling stability of SPSWs are investigated in this section. In addition,
considering the significance of stiffness, strength, and energy dissipation characteristics of lateral
force-resisting systems, the performances of the SPSW models in terms of initial stiffness,
ultimate strength, and ductility are also evaluated through assessment of the numerical results
from nonlinear buckling analyses.

4.1 Buckling strength

Two issues are investigated in case of buckling behavior and strength of SPSWs. These include
the plate-frame interaction in buckling of SPSWs with flat infill plates (Fig. 7) and variation of
buckling strength of SPSWs with non-perforated infill plates (Fig. 8). In general, results of this



study confirm that (i) use of corrugated infill plates is quite effective in increasing the buckling
strength of SPSWs, and (i1) introduction of web opening and increasing the opening size lower
the buckling strength of SPSWs remarkably.

The Pcr-s.s. / Pcr-infill and Pcr-cl. / Per-infill ratios for flat-web SPSW models are shown in Fig.
7, where Pcr-s.s. and Pcr-cl. are the theoretical critical loads for plates under pure shear with
respective simple and clamped support conditions and Pcr-infill is the buckling load of the
partially-restrained infill plate in steel shear wall determined form eigen buckling analysis. As it
is seen in Fig. 7, by increasing of the web-plate thickness from 1.25 mm to 4 mm the Pcr-s.s. /
Pcr-infill ratios get closer to unity while Pcr-cl. / Pcr-infill ratios stray farther from unity. This
indicates that increasing of infill plate thickness without proper design of the boundary frame
members can result in large deformation of the boundary frame members and consequently weak
performance of the system. On this basis and as demonstrated by Zirakian and Zhang (2015), the
support conditions of infill plates in code-designed SPSW systems should be quite close to the
clamped support condition in order to ensure high performance of the system.

From Fig. 8 it is evident that increasing of web-plate thickness is quite effective in increasing the
buckling capacity of non-perforated and flat- as well as corrugated-web SPSWs. It is also found
that the rate of increase of the buckling strength due to increase of the web-plate thickness gets
higher as 6 increases from 30° to 90°. On this basis, the highest rate of increase of the buckling
strength is found in case of SPSWs with 90° corrugation angle.
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Figure 7: Plate-frame interaction in buckling of SPSWs Figure 8: Variation of buckling strength of SPSWs
with flat infill plates with non-perforated infill plates

4.2 Initial stiffness

The stiffness performance of the corrugated-web SPSW models is investigated by considering
the finite element analysis results illustrated in Fig. 9. It is observed that increasing of & from 30°
to 90° is in general somewhat effective in decreasing the initial stiffness. On the other hand, it is
evident that increasing of ¢, from 1.25 mm to 4 mm is effective in increasing the initial stiffness.
Furthermore, it is found that introduction of 5% opening results in a considerable drop in initial
stiffness, while increasing of opening size from 5% to 30% is comparatively less effective in
reducing the initial stiffness.
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Figure 9: Initial stiffnesses of the SPSW models with 30°, 45°, 60°, and 90° corrugation angles

4.3 Ultimate strength

The strength performances of the SPSW models are investigated in here. To achieve this, the
ultimate strengths of the trapezoidally-corrugated and perforated infill plates in the SPSW
models are determined by subtracting the load-displacement curves of the surrounding frames
from the curves of the SPSW panels. Consideration of ultimate strengths of the infill plates is
due to the fact that SPSW panels did not undergo strength degradation. On the other hand,
subtraction of the two curves is based on the inspiration taken from Sabouri-Ghomi et al.’s
(2005) plate-frame interaction (PFI) model whose applicability and effectiveness has been
demonstrated through numerous studies. The von Mises stress contour plots of 7-45-3-0 and 7-
45-3-15 models at rotations corresponding to the ultimate strengths of the infill plates are shown
in Fig. 10. The determined ultimate strengths are also presented in Fig. 11.
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Figure 10: von Mises stress contour plots of 7-45-3-0 and 7-45-3-15 models

From Fig. 11, increasing of & from 30° to 90° does not seem to have a remarkable effect on the
ultimate strength, while increasing of #,, from 1.25 mm to 4 mm is found to be quite effective in
increasing of the strength. In addition, inclusion of 5% perforation in the fill plate results in 58%
strength reduction on average, while increasing of opening size from 5% to 30% decreases the
strength with a lower rate.



(N) pEuans aewmn|n

0e-CZ 1-06-L
0g-62'1-0%-1
0e-6Z'1-S+-L
08621081
G262 1-06-1
G265 1-0%-1
SrA e el
Ce e 10 L
02-62'1-06-L
0262 1-09-L
0Z-CT 1S+ L
0262 1-0e-L
CI-CZ1-06-L
CI-CZ 17091
GI-CT I-5F L
GI-6Z2'1-0¢-1
01-62 1-06-L
01-62'1-0%-1
01-62'1-6+ L
01-62'1-0&-L
G-GZ'1-06-1
C6Z1-09°1
e e
GETI-0eL
Fumado JNoyPm-E 1061
Fumado noypm-cz 1-09-1,
Zuruado MoyPM-CZ [-CH- I,
Guruado Joypm-cz [-0g-1

0e-2-086-1
0e-2-0%-1
0g-Z-5t-1
0g-2-0¢e-1
CZ- 2061
CZ- 2091
S
Ce-g-0eL
02-2-06-1
02-2-09-1
02-2-S+-1
02-2-0¢-1
CI-2-06-1
CI-2-05-1
Cl-2-5F-1
Cl-g-0e-L
01-2-06-1
01-2-09-1
01-2-+1
01-2-0e-1
G-Z2-06-1
G081
C-T-SF 1
G T 0e L
Sundo noypm-z-06-1

| Suedo TouPM-Z-09-1

Sundo noyps-z-c-1,

[ Guruedo Jnoupa-g-0g-1

Tl
o o
= N

300 4
250 1
200 A
150 4

o
[l
e

450 4
400 4

(N) pBuans ajewm|n

©

0£-£-06-1
0£-£-09-1
0E-£CF 1
0£-£-0e-1
G2 £ 061
G201
[l S S
G2 e 0e L
02-£-06°1
02-€-09-1
0g-e-CF-L
02-€-0¢-L
Gl-£-05-1
Gl-¢-09-1
Cl-eCF 1
Cl-¢-0¢-L
0l-£-06-1
0l-£-09-1
01-€-54-1
01-€-0¢-L
C-£-06-1L
C-€-09-L
C-e-C L
C-e-0g-L
Burua do noyps-¢-06-1
Fune do noyra--09-1

B do oyga-¢-CF- 1,

i Bunedo Jnoyra-¢-0g-1

—
==
[=Ei=]
< Oy
=

(NT) pau=ns aewn

(a T (= o B =]
o e @ @
N D W D

NI) pEuans Sewn)

0e-F#06-1

0e-F-09-1

0e-F P L

0e-$0¢-L

ST 061

CE-F09-L

CEFot L

Ser0e-L

02-F#-06-1

02091

0Z-F 6+ 1

02-F#0¢- 1

Sl-+-06-1L

Cl-+-09-L

Cl-t-Ct-L

Sl-v-0e-L

01-%-06-1

01-%-08-1

OL-F&F L

01-F-0¢-L

S 061

C-P-09-1

(St =)

C-F-0e-1

Suns do noypm--05-1
Buns do noypm--09-1,
Bums do noypm-- -1,
g do oypa-+-0§-1

Strength performance of the SPSW models with 1.25, 2, 3, and 4 mm web-plate thicknesses

Figure 11



4.4 Ductility

Ductility is an important parameter in seismic performance assessment of lateral force-resisting
systems. In SPSWs, web plates should effectively participate in providing the system ductility.
On this basis, the ductility performance of the SPSW models is evaluated by considering a
ductility factor defined as the ratio of displacement corresponding to the ultimate strength (A4x)
to displacement corresponding to the yield strength (A)), i.e. ductility ratio = A,. / A,. The
ductility factors of the SPSW models are provided in Fig. 12.
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Figure 12: Ductility of the SPSW models with 30°, 45°, 60°, and 90° corrugation angles

Due to the scatter in results, it seems that ductility of the SPSW models is not affected
remarkably by variation of the corrugation angle. In contrast, it is clearly observed that
increasing of web-plate thickness lowers the ductility of the system to some extent. The
minimum and maximum values of ductility factor for models with 4 mm and 1.25 mm web-plate
thicknesses are about 1.5 and 4.0, respectively. In addition, as seen in Fig. 12, variation of the
web-plate opening size does not have a clear and specific effect on the ductility of the system.

5. Conclusion

In this paper, the buckling stability, stiffness, strength, and ductility performances of steel shear
walls with trapezoidally-corrugated and perforated infill plates were investigated via detailed
numerical simulations. Numerous finite element models were considered based on web-plate
thickness, corrugation angle, and opening size parameters for the purpose of this study.
Increasing of web plate thickness was shown to be quite effective in improving the buckling
stability, stiffness, and strength, reducing the ductility, and also increasing the overall system
demand on the boundary frame members of SPSWs. Variation of the corrugation angle, on the
other hand, was not found to have a specific effect on the strength and ductility of the system,
while increasing of this corrugation parameter was found to be somewhat effective in decreasing
the initial stiffness. In addition, introduction of web-plate perforation and increasing of the
opening size were shown to have detrimental effects by reducing the buckling strength, initial



stiffness, and strength of the system, while ductility of the system was not affected specifically
by the variation of the opening size. Overall, it can be concluded that proper design and detailing
of SPSWs with trapezoidally-corrugated and perforated infill plates can result in desirable
performance of such systems. Further numerical and especially experimental studies can provide
significant insight into the efficient design and application of steel shear wall systems with
trapezoidally-corrugated web-plates.
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