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Abstract.

Steel plate shear walls are recently used as efficient seismic lateral resisting systems. These lateral resistant

structures are implemented to provide more strength, stiffness and ductility in limited space areas. In this study, the seismic
behavior of the multi-story steel frames with steel plate shear walls are investigated for buildings with 4, 8, 12 and 16 stories
using verified computational modeling platforms. Different number of steel moment bays with distinctive lengths are
investigated to effectively determine the deflection amplification factor for low-rise and high-rise structures. Results showed that
the dissipated energy in moment frames with steel plates are significantly related to the inside panel. It is shown that more than
50% of the dissipated energy under various ground motions is dissipated by the panel itself, and increasing the steel plate length
leads to higher energy dissipation capability. The deflection amplification factor is studied in details for various verified
parametric cases, and it is concluded that for a typical multi-story moment frame with steel plate shear walls, the amplification
factor is 4.93 which is less than the recommended conservative values in the design codes. It is shown that the deflection
amplification factor decreases if the height of the building increases, for which the frames with more than six stories would have
less recommended deflection amplification factor. In addition, increasing the number of bays or decreasing the steel plate shear
wall length leads to a reduction of the deflection amplification factor.
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1. Introduction

Steel plate shear walls (SPSW) as lateral resisting
systems are recently used for seismic resistance and
fortification purposes. The steel plate shear walls are
implemented in high-rise buildings due to high strength,
initial stiffness, and ductility to limit the damages caused by
external forces (Barua and Bhowmick 2019, Deng et al.
2019, Dhar and Bhowmick 2016, Kanvinde and Grilli 2012,
Roberts and Ghomi 1991, Timler and Kulak 1983).
Compared to concrete shear walls, these systems are able to
reduce the total mass of the system while effectively use the
space leading to less gravity forces transformed into the
foundations, higher speed of construction and better quality
control (Farzampour et al. 2015, Ghosh and Kharmale 2010,
Ozcelik and Clayton 2017, Sabouri-Ghomi et al. 2012).

The steel plate shear walls are constructed based on the
steel panels supported by beams and columns forming a
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large cantilever system. Several studies determined that
SPSW is an efficient and economical system especially for
mid-rise and high-rise buildings, which effectively reduces
the dead load and increase the unused floor space (Han ef al.
2019, Ma et al. 2018, Pavir and Shekastehband 2017,
Youssef et al. 2010). SPSWs are previously designed with
thick infill plates or with stiffener to reduce the buckling
occurrence possibilities; however, studies on the thin
unstiffened SPSWs showed that the thin plates are able to
reserve the strength with post-buckling characteristics
leading to a desirable alternative system. The advantages of
using thin plates are high initial stiffness, full hysteric
behavior, ductility, and lightweight buildings compared to
conventional systems (Farzampour et al. 2015, Qiu et al.
2018, Zhao et al. 2017). The SPSW systems are recently
used in high rise buildings for reducing the seismic design
and foundation load with more than 35% weight of the
structure (Berman 2011, Youssef ef al. 2010). However,
large demand on the first and the upper most story of steel
plate shear walls due to the tension field action is reported
as an essential issue for high-rise buildings. The
implementation of steel plate shear walls specifically limits
the secondary structural damages in high-rise buildings
(Driver et al. 1998). The major lateral resisting feature in
steel plate shear walls is the post-buckling resistance, which
allows out-of-plane deflections under relatively small shear
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leading to developed tension field action resisting the shear
loads (Berman et al. 2005, Elgaaly 1998).

Many studies are conducted to elaborate on the seismic
behavior of the steel plate shear walls (Brando and De
Matteis 2011, 2013, 2014, Curkovic et al. 2019, De Matteis
et al. 2018, Farzampour and Yekrangnia 2014, Gholhaki
and Ghadaksaz 2016, Liu ef al. 2018, Paslar et al. 2020a, b,
Phillips and Eatherton 2018, Qin ef al. 2017, Qureshi and
Bruneau 2019). According to the tension field theory, the
multistory model is considered as a pin-ended tension only
elements oriented diagonally for representing the tension
field action. The angel of strip models is calculated initially
based on the principle of the least work which is improved
by considering bending strain energy (Berman and Bruneau
2003, Thorburn et al. 1983). The strip model is employed to
analytically estimate the ultimate strength of the steel plate
shear walls. Along the same lines, many design guidelines
based on the plate frame interaction for analysis and design
of shear walls are recently proposed to separately consider
the plate, and the boundary element contribution in
resistance of the structure (Farzampour ef al. 2018a, b).

To wunderstand the behavior of a system under
earthquakes, nonlinear hysteretic response history analysis
considering the nonlinear behavior of the beams and
columns should be evaluated. However, the computational
cost of nonlinear investigations and sensitiveness of the
results to the selected ground motions makes the elastic
structural analysis approach with lower seismic demand, a
desirable approach for structural analysis. The elastic
demand forces are typically reduced by reduction factor (R)
based on the engineering judgment considering previous
seismic behavior of the structures under harsh earthquakes
(FEMA-P695 2009; FEMA-P1051 2015). The seismic
deflections estimated under reduced demand forces, are
typically less than the real deflection values; hence,
deflection amplification factors (Cd) are wused to
accordingly modify the deflections estimations based on the
nonlinear behavior, which is schematically described in Fig.
1. It is noted that Vs, Vy and Ve represent the design shear,
yielding shear and elastic shear in Fig. 1. Du and Ds are the
ultimate story drift and design story drift.

Base Shear, V
A

Ve ‘/Elastic
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Story Drift, D
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Fig. 1 The schematic representation of the deflection
amplification factor (Cd) and the reduction factor (R)

In this study, the amplification factors for the multi-story
moment frame with steel plate shear walls are investigated.
Steel moment frames with 4, 8, 12, and 16 stories and
SPSW are investigated. In addition, the effect of story
height, bay number, story number, SPSW span length are
computationally investigated to derive amplification factor,
energy dissipation capability of the components, and
seismic deflections. In addition, static analysis and
nonlinear dynamic analysis are subsequently conducted to
evaluate the seismic behavior of the frames with steel
plates.

2. Modeling methodology

The studied models are selected to cover various
designed buildings with specific geometrical properties.
The steel plate shear wall in all the models are located at
the middle, and the sectional properties are designed with
aid of the design software (ETABS). All the beams are
designed with IPE sections and the infill plate thickness is
varying from 3 mm to 6 mm. Subsequently, the linear
static analysis and nonlinear response history analysis is
conducted with OpenSees after modeling methodology
verification study. The frames are designed with different
story levels of 4,8, 12 and 16 stories with a constant story
height of 3.1 m and the frame length of 3 m or 6 m
simulating typical office buildings. The steel plate shear
wall infill thickness is assumed to be varying from 3 mm
up to 6 mm representing the typical values in SPSW
application. The applied dead load and live loads are
assumed to be 450 kg/m? and 200 kg/m?, respectively. The
soil type is assumed to be type II and the base design
acceleration is assumed to be 0.35g based on the BHRC
design code [23]. It should be noted that the steel plate
shear buckling angle for use in tension field action
simulation is based on the reference (Thorburn ef al. 1983)
proposed equation represented in Eq. (1).

2 1
—_ + —_
tan* a = (LA (1)
7 2h R
tL T A, 180112

in which ¢, L and #; are the thickness of the plate, length and
the height of the story, respectively. A., A and I. are the
column cross-section, beam cross-section and column
moment of inertia. Table 1 shows the studied models, the
first letter number indicates the number of stories and the
second number indicates the number of bays. It is noted that
I, II, 11, IV shown in Table 1 indicate the first four stories,
second four stories, third four stories and fourth four stories
of the building. For example, S4-36 indicates a steel
moment with four stories and three bays in which the steel
plate shear is located at the middle and designed based on
the strip model theorem with infill plate length of 6 m,
which is schematically shown in Fig. 2. The selected
ground motions for nonlinear response history analysis are
shown in Table 2 which are based on the Iranian Seismic
Code of practice for the seismic-resistant design of
buildings (BHRC 2014).
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Table 1 The selected strip angles for steel plate shear wall design

. Strip Selected . Strip Selected
Name Strip Angle NO Angle Name Strip Angle NO Angle
All the stories 1 11 111
S4-33 10 39.8 S12-33 10 39.8
38.7 37.6 38.9 38.7
All the stories 1 1I 111
S4-36 9 40.6 S12-36 40.6
41.3 39.9 41. 413
All the stories 1 1I 111
S4-53 10 39.8 S12-53 10 39.8
39.5 37.5 38.94 38.7
All the stories 1 1I 111
S4-56 9 40.6 S12-56 40.6
41.3 39.2 41.0 413
I 11 1 11 111 v
S8-33 10 39.8 S16-33 10 39.8
39.5 38.7 39.9 39.9 39.7 38.7
I 11 1 11 111 v
S8-36 9 40.6 S16-36 9 40.6
41.1 41.3 39.2 39.9 41.2 41.3
I 11 1 11 111 v
S8-53 10 39.8 S16-53 10 39.8
39.0 38.7 39.9 39.9 39.7 38.7
1 11 1 11 111 v
S8-56 9 40.6 S16-56 9 40.6
40.1 41.3 38.6 38.9 39.8 38.7
Table 2 Ground motion selected for nonlinear response history analysis
Earthquake
No. -
Magnitude Year Event PGA (g)
1 7.1 1999 Duzce, Turkey 0.739
2 7.6 1999 Chi-Chi, Taiwan 0.473
3 7.6 1999 Chi-Chi, Taiwan 0.398
4 7.5 1999 Kocaeli, Turkey 0.364
5 6.9 1995 Kobe, Japan 0.225
6 6.9 1995 Kobe, Japan 0.483
7 6.7 1994 Northridge 0.471
8 6.7 1994 Northridge 0.488
9 7.3 1992 Landers 0.417
10 6.9 1989 Loma Prieta 0.559
11 6.9 1989 Loma Prieta 0.511
12 6.5 1979 Imperial Valley 0.366
13 6.5 1979 Imperial Valley 0.349

3. Verification of the modeling methodology

Steel plate shear wall test experiment conducted by
Roberts and Sabouri-Ghomi (Roberts and Ghomi 1991) is
investigated for capturing the hysteretic response under
cyclic loading in which the infill plate is made of steel and
aluminum. The boundary elements in this work are pinned
and the panels are designed without stiffener. Fig. 3 shows
the test experiment and the computational model for
capturing the cyclic behavior. The panel ratio is equal to
1.0, and the plate thickness is equal to 0.83 mm for the steel
material. In addition, Roberts and Sabouri-Ghomi reported

that the modulus of the elasticity is 2.02 GPA and yielding
stress is 219 MPA for the studied steel plate shear wall
(Roberts and Ghomi 1991). In the test specimen, two
diagonally opposite pinned corners of the panel are
connected to hydraulic grips which are considered in the
computational model. The computational model is
established by defining 30 elements working under
compression simulating the strip model concept in
OpenSees computational software. In order to
computationally model the steel plate shear wall with
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Fig. 2 The schematic representation of the model S4-36
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Fig. 3 Verification of modeling methodology with
experimental test (Roberts and Ghomi 1991)

sufficient accuracy, the uniaxial material model proposed by
Jalali and Banazadeh (2016) is used. The implemented
material model considers the elastic modulus (E), hardening
ratio (b), yielding stress (Fy), plate thickness, plate height
(H), plate length (L), which are schematically shown in 0.a.
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(a) Choi-Park strip hysteric model (Jalali and
Banazadeh 2016)
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(b Hysteretic behavior comparison of the experimental
test and computational model

Fig. 4 Comparison between the predicted response in
finite element verification study and experimental
result of the Specimen SW2 (Roberts and Ghomi
1991)

To effectively capture the buckling branches of the
laboratory test, Choi-Park strip force-deformation hysteretic
model is implemented based on the force-deformation of
the shell elements represented in previous literature and
showed in Fig. 4(a) (Jalali and Banazadeh 2016). The strips’
tensional performance in re-loading after compressional
buckling is considered, which is validated based on the
proposed improvements for pinching cyclic rules. It is noted
that recently-proposed Choi-Park force-displacement model
considers the in-cycle and cyclic deterioration by
introducing normalized cap strain and negative slope with
respect to initial elastic modulus as compared to
conventional strip model which is based on the
computational cost-efficient macro-modeling techniques.
Compared to conventional strip modeling methodology, the
implemented modeling Choi-Park model assumes realistic
rigid boundary action leading to precision in cyclic
deterioration modes in larger displacements and accurate
buckling prediction.
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The deterioration and residual strength under cyclic
loading condition are also considered to effectively capture
the hysteretic behavior. The hysteretic behavior of this
model is captured with the strip modeling theory, which is
represented in Fig. 4(b). Results show that the
computational model is able to capture the peak forces
under cyclic loadings with the accuracy of more than 93%.
In addition, the computational model was able to capture
the hysteretic behavior in loading and unloading parts with
more than 91% accuracy, which is shown in 0 Fig. 4(b).

4. Discussion of results

The Eigenvalue analysis is initially conducted for all
the sixteen models developed for further computational
investigations. The general trends indicate that by
increasing the number of stories the natural period of the
building increases and the model with the higher number
of bays are stiffer than systems with the lower bay number.
It is shown that the steel plate shear bay length is
correlated with stiffening of the system in which the
models with higher steel plate bay length have higher
natural frequencies compared to the models with smaller
bay length. Fig. 5 shows the natural periods of the verified
models based on the number of stories, number of bays
and bay length values.

The drifts of the moment frames with steel plate shear
walls are calculated based on the nonlinear response
history analysis. It is shown that the system with smaller
shear wall span length has higher drift ratio due to the low
stiffness. Higher number of moment frames would
adversely affect the drift ratios, for which the steel plate
shear effect on the total drifts are tangible especially in
high-rise buildings.

Along the same lines, the deflection amplification factor
for all the models is estimated based on the linear and
nonlinear analysis shown in Fig. 1. From Figs. 6 and 7, it is
concluded that for four-story buildings, increasing the
number of bays and decreasing the SPSW bay length result
in deflection amplification factor reduction. For eight-story
structures, the highest amplification factors are related to
the first stories, and it decreases if the number of bays
increases or the SPSW bay length decreases. As it is shown
in Fig. 7, there is 50% reduction in amplification factor
values for eight-story buildings with SPSW compared to the
corresponding four-story structure; however, for higher
stories, the amplification factor values differences are less.
It is noted that the amplification factor is reduced if the
number of stories increases. In addition, it is shown that by
increasing the height over length ratio of the SPSW, not
only the amplification factor is reduced, but also the
difference between the amplification factor of the higher
stories with those of the lower stories are significantly
reduced.

Based on the AISC 341, the amplification factor for
steel plate shear walls with steel moment frames is reported
to be 6.5. Story levels higher than sixth story in high rise
buildings have generally less amplification factor than the
prescribed values which shows the conservative proposed
amplification factors by AISC standards for the structures

with six stories or more.
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Fig. 5 Eigen Value analysis for evaluating the natural
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Fig. 8 Energy dissipation capability of S4-33 under Northridge earthquake

Table 3 Dissipated energy by different components in multi-story steel moment frame with SPSW

Dissipated Normalized Energy

Earthquake Studied model

Number S12-33 S12-36 S12-53 S12-56 S16-33 S16-36 S16-53 S16-56

1 0.46 0.82 0.49 0.87 0.5 0.8 0.3 0.8

2 0.76 0.85 0.53 0.75 0.82 0.82 0.69 0.82

3 0.13 0.36 0.16 0.59 0.17 0.49 0.13 0.43

4 0.11 0.27 0.11 0.51 0.14 0.32 0.1 0.34

5 0.24 0.4 0.22 0.58 0.22 0.46 0.18 0.48

6 0.6 0.78 0.47 0.81 0.39 0.82 0.35 0.82

7 0.53 0.65 0.32 0.74 0.54 0.79 0.4 0.67

8 0.36 0.43 0.27 0.63 0.41 0.57 0.29 0.53

9 0.49 0.55 0.35 0.66 0.54 0.71 0.41 0.69

10 1 0.96 0.85 0.95 0.99 0.97 0.97 0.96

11 0.45 0.51 0.25 0.69 0.66 0.71 0.42 0.68

12 0.23 0.49 0.22 0.73 0.23 0.44 0.17 0.49

13 0.24 0.43 0.19 0.65 0.26 0.55 0.18 0.53

Average 0.43 0.58 0.34 0.71 0.45 0.65 0.35 0.63

5 0.25 0.21 0.19 0.12 0.25 0.18 0.24 0.18

Cv* 0.57 0.36 0.57 0.17 0.55 0.28 0.67 0.28

Average Total 0.51 0.52

4.1 Normalized dissipated energy

The dissipated energy is calculated for each of the steel
plate shear wall models under all the ground motions. The
normalized dissipated energy is calculated based on infill
plates’ normalized dissipated energy divided by the
corresponding total energy dissipated by the steel plate
shear wall. The steel plate shear wall and the moment frame
contribute to the total dissipated energy of the structure. The
effect of SPSW bay width, number of stories, and number
of moment farms are investigated. Fig. 8 shows the energy
dissipated by SPSW and the frame related to S4-33 model
under Northridge earthquake. It is concluded that the
structure with SPSW has approximately 130% increase in

the total dissipated energy compared to the structure built
with steel moment frame only. Tables 3 and 4 show the
contribution of SPSW in total energy dissipation capability
of the system. It is shown that for buildings with 8, 12, and
16 stories SPSW were able to dissipate 56%, 51% and 52%
of the total energy. In addition, the contribution of the steel
plate shear walls in dissipating the energy caused by
earthquakes are significant in low-and mid-rise buildings.
The SPSW bay length increase, from 3 m to 6 m, increased
the energy dissipation ratio of the steel plates by 25% on
average, specifically for high-rise buildings. The number of
steel moment frames has significant effect on the high-rise
buildings energy dissipation capability especially for the
systems with larger steel plate shear wall length.
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Table 4 Dissipated energy by different components in multi-story steel moment frame with SP

97

Dissipated Normalized Energy

Earthquake Studied model

Number S4-33 S4-36 S4-53 S4-56 S8-33 S8-36 S8-53 S8-56
1 0.53 0.53 0.57 0.63 0.68 0.63 0.61 0.69

2 0.54 0.54 0.7 0.51 0.88 0.79 0.81 0.82

3 0.48 0.48 0.46 0.55 0.35 0.42 0.37 0.44

4 0.43 0.43 0.45 0.51 0.31 0.39 0.32 0.41

5 0.46 0.46 0.47 0.51 0.38 0.39 0.4 0.46

6 0.59 0.59 0.63 0.6 0.85 0.74 0.66 0.83

7 0.44 0.44 0.5 0.51 0.51 0.42 0.46 0.54

8 0.42 0.42 0.49 0.53 0.31 0.43 0.36 0.42

9 0.46 0.46 0.53 0.52 0.4 0.57 0.39 0.58

10 0.71 0.71 0.73 0.71 0.97 0.94 0.91 0.95

11 0.52 0.52 0.55 0.59 0.44 0.59 0.4 0.53

12 0.75 0.75 0.73 0.79 0.52 0.77 0.46 0.74

13 0.59 0.59 0.56 0.66 0.44 0.56 0.41 0.54
Average 0.53 0.57 0.57 0.59 0.54 0.59 0.51 0.61
1) 0.10 0.10 0.10 0.09 0.22 0.17 0.18 0.17
CV* 0.19 0.18 0.17 0.15 0.41 0.29 0.35 0.28

Average Total 0.56 0.56

5. Conclusions

The significant portion of the dissipated energy in
moment frames with SPSW is related to the steel plate shear
wall system. Results showed that more than 50% of the
dissipated energy is conducted by SPSW, and by increasing
the SPSW length, a larger portion of the energy is dissipated
by the steel plate shear wall. The deflection amplification
factor for multi-story buildings with steel moment frames
and SPSW was 4.93 on average based on the nonlinear
response analysis which is less than the conservative
proposed values in standards. It is shown that the
amplification factor decreases by increasing the height of
the stories and a larger number of bays or larger SPSW bay
length leads to reduction in deflection amplification factor.
The contribution of the steel plate shear wall in dissipating
the total energy caused by earthquakes is significant in low-
and mid-rise buildings.

Based on the results of this study, the amplification
factor for buildings with 4, 8, 12, and 16 are estimated to be
8.84, 4.26, 3.54, and 3.11, respectively. In addition, the
highest amplification factors are generally related to lower
stories which are sensitive to the bay length and the story
height; therefore, it is recommended that different
amplification factors to be used for frames with various
geometrical conditions and story levels.
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