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Corrugated steel plate shear walls (COSPSWS5) consist of corrugated steel wall plates and a steel
boundary frame, which could be adopted as seismic-resistant systems for high-rise buildings.
In this study, a performance-based seismic design (PBSD) method was proposed for
CoSPSWs, in which an ideal yield mechanism and target drifts were selected as performance
objectives to evaluate and control the inelastic behavior of the system. Two 10-story CoSPSW
structures were then designed with the PBSD method and the traditional method respectively,
and static pushover analyses as well as nonlinear dynamic time-history analyses were
conducted on both structures. It turned out that the CoSPSW structure designed with the
PBSD method presented the ideal yield mechanism, all inter-story drifts were well below the
target drift of 2.5%, and the drifts distributed more smoothly under rare earthquakes.
Structural and nonstructural fragility curves of both CoSPSW structures were obtained through
probabilistic seismic demand analysis using Incremental Dynamic Analyses. The results
showed that for the structural repair states of RS1 to RS5, the 25th percentile PGA values of
the fragility curves of the CoSPSW structure designed with the PBSD method were 220%,
98%, 84%, 51% and 13% higher than the CoSPSW structure designed with the traditional
method, respectively. For the nonstructural damage states of Slight to Complete, the 25th
percentile PGA values of the fragility curves of the CoSPSW structure designed with the PBSD
method were 145%, 98%, 36%, and 7% higher than the CoSPSW structure designed with the
traditional method, respectively. Therefore, CoSPSW structure designed with the PBSD
method had lower seismic vulnerability as well as probability of nonstructural damage.

1. Introduction

specification (JGJ99-2015, 2016). Moreover, the “Accordion
Effects” resulting from the corrugation could help to minimize

Corrugated steel plate shear wall (CoSPSW) is a new type of
steel plate shear wall in which corrugated wall plates are embedded
inside a steel boundary frame, instead of flat wall plates in
conventional steel plate shear walls (SPSWs), as shown in Fig. 1
below. CoSPSWs have high lateral stiffness, good ductility and
high energy dissipation capacity, which makes them good seismic-
resistant systems for high-rise buildings (Emami et al., 2013;
Dou et al., 2016; Zhao et al., 2017; Qiu et al., 2018). Compared
to flat wall plates, corrugated wall plates have significantly higher
out-of-plane rigidity and buckling capacity, therefore buckling of
the wall plates could be avoided under the serviceability limit
state, which makes it easier to satisfy the current Chinese design

the gravity loads transferred to the wall plate during construction,
and facilitate a synchronized installation with the rest of the story,
which significantly enhances the construction speed especially for
high-rise buildings. Unlike conventional flat wall plates that
relies on the tension-field action to resist the lateral load, corrugated
wall plates rely mostly on in-plane shear yielding (Qiu et al.,
2018), and thus pinching of the hysteric curves from buckling
could be obviously improved and energy dissipation could be
increased accordingly (Kalali et al., 2015; Zhao et al., 2017).
Research on CoSPSWs has just started in the past two decades.
Berman and Bruneau (2005), Stojadinovic and Tipping (2008),
Emami et al. (2013), Hosseinzadeh et al. (2017), Ding et al. (2017),

CORRESPONDENCE Qiuhong Zhao = qzhao@tju.edu.cn E3 School of Civil Engineering, Tianjin University, Tianjin 300350, China; Key Laboratory of Coast Civil Structure

and Safety of Ministry of Education, Tianjin University, Tianjin 300072, China
(© 2022 Korean Society of Civil Engineers

BKGEE

@ Springer


https://crossmark.crossref.org/dialog/?doi=10.1007/s12205-022-1188-9

KSCE Journal of Civil Engineering 3487

rA /Boundary beam
= Corrugated I
" plate )
Q
A
Boundary | C
£ column |
g
& » | & ] ] 1 r\s
=A
AA

Fig. 1. Typical CoSPSWs

Cao and Huang (2018), and Qiu et al. (2018) have conducted
cyclic tests on corrugated steel shear walls with different number
of stories, aspect ratios, corrugation configurations including the
corrugation angle, subpanel width, corrugation depth, etc.
Theoretical and numerical analyses have been conducted on the
cyclic and lateral behavior of corrugated steel plate shear walls
with different corrugation layout directions, corrugation shapes,
wall plate thicknesses, boundary frame members, corrugation
configurations including the corrugation angle, corrugation depth,
corrugation length, subpanel width, etc. by Emami and Mofid
(2014), Edalati et al. (2014), Kalali et al. (2015), Zhao et al. (2017),
Tong and Guo (2018), Dou et al. (2016) and Farzampour et al.
(2018a). Furthermore, extended research has been conducted on
corrugated steel shear walls with perforations or openings
(Farzampour and Yekrangnia, 2014; Farzampour and Laman,
2015; Bahrebar et al., 2016; Bahrebar et al., 2020), reduced beam
section (Masoud and Mahna, 2018; Farzampour et al., 2018b),
semi-rigid boundary frame (Fang et al., 2020), low-yield point
steel wall panel (Shariati et al., 2019), as well as application of
corrugated steel shear walls in modular structural design (Yu and
Chen, 2018). Latest research has been conducted to investigate
the effects of semi-rigid wall-frame connections on the lateral
behavior of SPSWs with flat wall plates (Paslar et al., 2020a;
Paslar et al., 2020b), which could be considered for corrugated
steel plate shear walls in the future.

In current design specifications, such as the AISC Seismic
Provisions (ANSI/AISC 341-16, 2016), Canadian design standard
(CAN/CSA S516-2014, 2014) and Chinese design specification
(JGJ99-2015, 2016), the capacity design procedure is adopted
for seismic design of flat steel plate shear walls, in which wall
thickness is firstly determined for each story from elastic lateral
force distribution, then the boundary columns and beams are
designed to resist the external loads as well as yielding forces of
the diagonal tension field in the wall plate (Sabelli and Bruneau,
2007; Qu and Bruneau, 2010). For CoSPSWs, modifications
have been made on the yielding forces of the wall plate on the
boundary columns and beams, which were considered a combination
of elastic shear buckling and tension field action (Zhao and Li,
2016; Qiu et al., 2018; Farzampour et al., 2018b).

However, the capacity design procedure is based on an ideal
yield mechanism shown in Fig. 2(a) (Berman and Bruneau,
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Fig. 2. Yield Mechanism of Steel Plate Shear Walls: (a) Ideal Yield
Mechanism, (b) Yield Mechanism with Weak Layer
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2003), which involves yielding of the wall plates and formation
of plastic hinges at boundary beam ends in all stories simultaneously.
Berman (2011) conducted nonlinear time-history analyses on
code-designed SPSWs, and pointed out that for taller SPSWs,
the capacity design procedures might be quite conservative,
since it is unlikely that of the web plates and boundary beam
ends would yield in all stories simultaneously. Moreover,
although the failure mode of a given story could be controlled
such that the wall plate yields before the boundary frame
members, seismic response of the building would still be
unpredictable, and might deviate significantly from the original
design assumptions, as the structure enters the inelastic stage. For
example, the distribution mode of story shear force in the design
specifications is generally based on building behavior in the
elastic stage, which could be quite different from the actual
distribution mode of story shear force in the inelastic stage.
Therefore, lateral strength of the designed SPSW might not
match the story shear distribution precisely after the building
enters the inelastic stage, which could lead to a concentration
of story drift, i.e., forming of a weak layer shown in Fig. 2(b),
and cause severe damage or even collapse (Chao et al., 2007;
Berman, 2011).

As a result, the performance-based seismic design (PBSD)
method has started to be applied to SPSWs, which could give a
better understanding of the inherent structural behavior during
strong earthquake ground motions as a promising and effective
seismic design method (SEAOC, 1995; Leelataviwat, 1998;
Soonsik, 2002). Compared to traditional seismic design methods
including the capacity design procedure that only considers the
inelastic structural behavior indirectly through modification
factors, the PBSD method directly uses the inelastic response
parameters such as inelastic lateral displacement, ductility ratio,
hysteretic energy dissipation etc. to quantify the seismic damages,
so that the structural behavior could be evaluated and predicted
in a more accurate way. Furthermore, the traditional design
method only focuses on the ratio between the demand and
capacity at member level, so the overall structural performance
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might be strongly affected by the weakest or least-ductile member,
whereas the PBSD method pays more attention to the global
structural response (Hamburger at al., 2004). Therefore, structural
performance from the PBSD method would be more desirable
and predictable under design level earthquakes, especially under
strong earthquakes.

PBSD method has been proposed for conventional flat SPSWs
with pinned beam-to-column connections and the design base
shear formula was modified to account for the pinched hysteretic
behavior, with the yield mechanism and maximum lateral drift as
two performance targets. Four-story SPSWs were designed
using the PBSD method, and the intended target drift and yield
mechanisms were successfully achieved (Bayat, 2010). PBSD
method has also been proposed for flat SPSWs with rigid beam-
to-column connections and the design base shear formula was
modified to consider the P-delta effects by Kharmale and Ghosh
(2013), with the yield mechanism and ductility ratio as two
performance targets. Four-story and eight-story SPSWs were
designed using the PBSD method, and the intended target ductility
ratio and yield mechanisms were successfully achieved. Studies
have also been carried out on different design parameters for
performance-based seismic design of flat and corrugated steel
plate shear walls, including the damage/repair states and associated
drift levels of flat steel plate shear walls (Baldvins et al., 2012;
Zhang and Zirakian, 2015), inelastic lateral force distribution
mode of flat steel plate shear walls (Sun et al., 2013), and the
fundamental period formulas of flat and corrugated steel plate
shear walls (Topkaya and Kurban, 2009; Bhowmick et al., 2011;
Liu et al., 2013; Zhao et al., 2020).

In this paper, a PBSD method is proposed for CoSPSWs,
which have very different lateral load-carrying mechanism,
plate-frame interaction and hysteretic behavior from convention
flat steel plate shear walls. Two 10-story CoSPSW structures were
designed using the proposed PBSD method and the traditional
method respectively, and finite element models of both CoSPSW
structures were constructed with ABAQUS (SIMULIA, 2014).
Nonlinear pushover analyses and dynamic time-history analyses
were carried out on both models and structural performances
were compared to validate the effectiveness of the PBSD method.
Incremental Dynamic Analyses (IDA) were also conducted, through
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Fig. 3. Load-Carrying Mechanism of Corrugated Wall Plates

which the seismic vulnerability of both CoSPSW structures was
assessed probabilistically, and structural and nonstructural fragility
curves were obtained.

2. PBSD Method for CoSPSW

In the PBSD process, inelastic structural performance will be
fully considered. Therefore, the lateral load-carrying mechanism
and lateral capacity of corrugated wall plate will be studied first,
and the lateral strength formula will be provided. An ideal yield
mechanism and target drift will then be identified, followed by
the design base shear formula derived from energy conservation
principle, with modifications accounting for the lateral load-
carrying mechanism of corrugated wall plates involving both
tension field action and in-plane shear-buckling. The inelastic
lateral force distribution mode will be proposed, which would
reflect the inelastic structural response of CoSPSWs. In the end,
plastic design method of the corrugated wall plates and boundary
frame members will be proposed to achieve the ideal yield
mechanism and target drift.

2.1 Lateral Loading-Carrying Mechanism of Corrugated
Wall Plates

Unlike flat wall plates in traditional SPSWs, the lateral load-
carrying mechanism of corrugated wall plates involves both
tension field action and in-plane shear-buckling (Qiu et al, 2018),
as shown in Fig. 3 below. Due to corrugation, corrugated wall
plates have much higher in-plane shear buckling strength than
the flat wall plates, and usually involve inelastic buckling instead
of elastic buckling. Therefore, the shear bucking strength z,, is
non-negligible and should be considered in the lateral strength of
corrugate wall plates, as shown in Eq. (1) below, which is the
summation of shear resistance through tension field action and
in-plane shear-buckling:
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where 7,, is the inelastic shear buckling stress of corrugated wall
plates; o, is the principal tensile stress caused by tension field
action; a is the tension field inclination angle, assuming that it
mainly depends on the anchoring affects provided by the boundary
frame members (ANSI/AISC 341-16, 2016); 4 is the distance
between the centerlines of the boundary beams; / is the distance
between the centerlines of the boundary columns; ¢ is the thickness
of the wall plate; ., A, and 4. are the column flexural rigidity,
beam cross-sectional area and column cross-sectional area
respectively.

For corrugated wall plates, inelastic shear buckling should be
considered, and the inelastic shear buckling stress 7., can be
calculated using Eq. (3) below (Zhao and Li, 2016). The inelastic
shear buckling stress of the corrugated wall plates depends on
their elastic shear buckling stress, which can be regarded as the
interactive shear buckling stress conservatively, and calculated
using the correlation formula of the local shear buckling stress
and global shear buckling stress shown as Egs. (5) — (8) below:

T, A,<06
7, =3[1-0614(4 ~06) |-z, 0.6<4 <\2 3)
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where 7;,, and 7|, are the local and global and interactive
elastic shear buckling stress of the corrugated wall plate
respectively (Zhao and Li, 2016); 7, is the interactive elastic
shear buckling stress of the corrugated wall plate (Yi et al.,
2008); E, v and 7, are the elastic modulus, Poisson’s ratio and the
shear yield strength of wall plate steel respectively; 4, is the shear
slenderness ratio of the corrugated wall plate; &; is the global
shear buckling coefficient of corrugated wall plates; D, and D,
are the flexural rigidities of the corrugated wall plate about the
strong and weak axes respectively; /, is the clear span of the wall
plate; b is the largest subpanel width of corrugated wall plates; a
is the corrugation depth (from the neutral axis to peak).

For any yielding point on the corrugated wall plate, the principal
tensile stress caused by tension field action g, can be calculated
from Eq. (9) below according to the Von-Mises yield criterion, in
which . is the inelastic shear buckling stress and f; is the
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To avoid solving a quadratic equation, Eq. (9) is simplified
into Eq. (10) below, and the difference is basically negligible, as
shown in Fig. 4 below. Here ¢, is defined as the proportion
coefficient of in-plane shear-buckling of corrugated wall plates.

O-ly = (1 - ¢s)f;) (10)
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%

2.2 Yield Mechanism

Yield mechanism is an important performance objective for
predicting and controlling the system seismic response, since it is
closely related to the inelastic energy dissipation and reflects the
failure process. A reasonable yield mechanism is an important
prerequisite for the PBSD method of CoSPSWs. Based on
experimental observations (Emami et al., 2013; Hosseinzadeh et
al., 2017; Cao and Huang, 2018; Qiu et al., 2018), the ideal yield
mechanism of CoSPSWs should involve yielding of all corrugated
wall plates, and forming of plastic hinges at both ends of each
boundary beam as well as base of boundary columns. In this
ideal yield mechanism, most of the plastic deformations should
concentrate in the corrugated wall plates and boundary beam
ends, and the inter-story drifts should be uniformly-distributed
along the building height.

2.3 Target Drift and Yield Drift

Target drift and yield drift are important parameters in PBSD,
since they not only reflect the ductility of the structure, but also
provide a basis for determining the design base shear (Bayat,
2010; Sullivan, 2013). The target drift could be determined
according to the design requirements, and the yield drift could be
obtained from a nonlinear pushover analysis, or estimated with
formulas proposed below.

In order to obtain the yield drift, lateral deformations of
CoSPSW at yielding are firstly analyzed. Similar to flat steel plate
shear walls, lateral deformations of CoSPSWs consist of the
shear deformation, which comes from deformation of the corrugated
wall plate under shear and tension field action, as well as the
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Fig. 5. Lateral Deformation of CoSPSWs: (a) Total Lateral Deformation, (b) Shear Deformation, (c) Bending Deformation

bending deformation, which comes from axial deformation of
the columns (Bertero et al., 1991; Englekirk, 1994; Bayat, 2010),
as shown in Fig. 5 below. Therefore, the yield drift 9, consists of
a shear component ¢, and a flexural component &, as shown in
Eq. (12):

6= 6+0. (12)

For the shear component 6,, assuming that the boundary columns
are axially rigid, and the lateral deformation mainly includes the
shear deformation of the corrugated wall plate under in-plane
shear and tension field action. Therefore, 0, can be calculated
according to Eq. (13):

20,

T, w
0,=0, +0, ="+ - >
G E-sin2a

(13)

where 6., and Oy are the drift under in-plane shear and tension
field action respectively; G is the shear modulus of wall plate
steel; 7, and o, are the inelastic shear buckling stress and the
principal tensile stress from tension field action of the wall plate
respectively.

For the flexural component 8, CoSPSW is taken as a cantilever
beam, and the lateral deformation mainly comes from axial
deformation of the boundary columns. Axial buckling of the
boundary columns is avoided, since the corrugated wall plates
provide continuous lateral support with considerable out-of-
plane flexural rigidity. The boundary columns could then act as
the flanges of a cantilever beam, and CoSPSW can rotate due to
the shortening of one column and the elongation of the other
column. The stiffening effects of wall plates are ignored in this
process, which is more accurate for corrugated wall plates due to
“Accordion Effects”. Therefore, 0;can be calculated as Eq. (14):

0 _ffd)’_gmh_agvg
71 1 E

, (14)

where ¢ is the axial strain distribution in the boundary column
along the story height; ,,, is the average axial strain; o,,, is the
average axial stress.

In order to estimate a reasonable average axial stress, it is
assumed that about 20% of the axial capacity of the boundary
columns is utilized to resist the gravity loads (Bayat, 2010). The

maximum axial stress ratio in columns could then be taken as
0.9, the upper limit given in the Chinese design standard
(GB50017-2017,2017), and the maximum axial stress ratio from
lateral loads would be 0.72. If the section of the boundary
column changes every several stories, the maximum axial stress
ratio could be calculated for each story and the average axial
stress would be obtained accordingly.

Nonlinear pushover analyses were conducted on 36 single-
story CoSPSW models with different wall plate span, wall plate
height, wall plate thickness, corrugation depth, as well as boundary
beam and column sections, as shown in Table 1. The equivalent
yield drift obtained from nonlinear pushover analysis with
energy method (0, () were compared to values calculated from
the proposed formula in Eq. (12) (6,z,), as shown in Fig. 6. The
relative errors between the calculated values from Eq. (12) and
the results from FEA pushover analyses have a mean value of
7.6% and a standard deviation of 0.27, while about 50% of the
relative errors are within 10%. It is clear that yield drifts calculated
from the proposed formulas were basically accurate and matched
well with the FEA results, except for some CoSPSW models in
which the corrugated walls had high shear slenderness ratio 4,
probably due to the high out-of-plane deformation and more
complex stress state of the walls. However, the formulas are still
of practical significance and could provide a reference for
structural design of CoSPSWs.

2.4 Design Base Shear

The design base shear could be calculated according to the
energy conservation principle, which means if the structure is
unidirectionally pushed to a target displacement, the work done
by the external force is equal to the energy required for an
equivalent elastoplastic single-degree-of-freedom (SDOF) system to
reach the same state (Lee et al., 2004), as shown in Fig. 7 and Eq.

(15) below:
1) 1 T :
E+E )=y| =MS. |=—yM| —S,g | , 15
(E. ,,)7(2 v]27(2ﬂn) (15)
_2p, -1
V=T, (16)

"

where E, and E, are the elastic and plastic component of energy
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Table 1. Models for the Yield Drift Calculation

No. Wall plate Corrugation Boundary beam* Boundary column*
Span (mm)  Height (mm) Thickness (mm)  depth (mm)
M1 3,000 3,000 4 20 H300%x200x14x28 H400%x400x12x24
M2 3,000 3,000 4 50 H250%150x8%10 H350%350x16%24
M3 3,000 3,000 4 80 H250%150x8%10 H350x350x16x24
M4 3,000 3,000 8 20 H350%x250x18x28 H500x500%18%24
M5 3,000 3,000 8 50 H300%x200x10%20 H400x400x12x24
M6 3,000 3,000 8 80 H300%x200x10%20 H350%350x16%24
M7 3,000 3,000 16 20 H400x300x20%32 H500x500%28%42
M8 3,000 3,000 16 50 H250x150x8x10 H400x400x16x24
M9 3,000 3,000 16 80 H300%200x10%20 H400x400x16x32
M10 3,600 3,600 4 20 H350%250x18%28 H450x450%16x32
M1l 3,600 3,600 4 50 H300%200x10%20 H400x400x12x24
M12 3,600 3,600 4 80 H250%150x8x10 H350x350x16x24
M13 3,600 3,600 8 20 H400%300%20%36 H500x500%30%42
M14 3,600 3,600 8 50 H300%200x14%28 H350x350%16%28
M15 3,600 3,600 8 80 H250%150x8x10 H350x350x16x24
M16 3,600 3,600 16 20 H500x400%24%36 H600%600x40%52
M17 3,600 3,600 16 50 H300x200x14x28 H450%450x16%32
MI8 3,600 3,600 16 80 H300%200x10%20 H450x450x16%32
M19 4,500 3,000 4 20 H450x350x16x30 H500x500x18%36
M20 4,500 3,000 4 50 H350x250x18%28 H400x400x16x32
M21 4,500 3,000 4 80 H300x200x14x28 H350x350x16%24
M22 4,500 3,000 8 20 H500x450x18%36 H650%650%24%42
M23 4,500 3,000 8 50 H400x300%20%32 H500x500x18%36
M24 4,500 3,000 8 80 H300%200x10%20 H400x400x12%24
M25 4,500 3,000 16 20 H700x500%28%42 H700x700x36x54
M26 4,500 3,000 16 50 H450%350x16%32 H500%500%36%48
M27 4,500 3,000 16 80 H350%250x18%28 H450%450x16%32
M28 5,400 3,600 4 20 H500%400x16x32 H500%500x30%42
M29 5,400 3,600 4 50 H400%300x20%32 H500x500x18%36
M30 5,400 3,600 4 80 H350%250x18%28 H400x400x16%32
M3l 5,400 3,600 8 20 H700x450x26%36 H650%650x36%54
M32 5,400 3,600 8 50 H500x400x16%32 H500%500x36%48
M33 5,400 3,600 8 80 H400x%300x20%32 H500%500x18%36
M34 5,400 3,600 16 20 H700x600x40%54 H800x800x56%64
M35 5,400 3,600 16 50 H600x450%26%36 H650%650x36%54
M36 5,400 3,600 16 80 H400x300%20%32 H500%500x18%36
*Note: H sections: overall depth (mm) x flange width (mm) x web thickness (mm) x flange thickness (mm).
required to achieve the target displacement respectively; S, is
spectral acceleration; S, is the design pseudo-velocity; T is the E _1 M[ ry gj_
fundamental period of CoSPSW (Zhao et al., 2020); M is the 2 \2xw”) an
equivalent total mass of the structure; g is the gravitational R
acceleration; y is the energy correction factor (Lee et al., 2004); E, = K( /LHIJHP , (18)
4, and R, are the ductility coefficient and ductility reduction il
coefficient respectively (Newmark and Hall, 1982). 6,-6,-0,. (19)

The elastic and plastic component of the energy E, and E, are
energy dissipated through elastic and inelastic deformation of
structural components respectively, and obtained from Eqgs. (17)
and (18) below (Bayat, 2010):

where V, is the design base shear; /; is the lateral force distribution
coefficient of i story, which will be illustrated in the next
section; W is the representative value of the total gravity load of
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the structure; H; is the altitude of the i floor; » is the total
number of stories; 8, is the plastic drift; 6, is the target drift; 0, is
the yield drift obtained from Eq. (12).

By substituting Egs. (17) and (18) into Eq. (15), the design
base shear could be obtained from Eq. (20):

2 2
Vv:—O!Y-i-ﬂO!S +47/Sa W (20)
¥y 2
n 0 8rz°
as = (&H’) - '7” (21)
i=l I'g

2.5 Inelastic Lateral Force Distribution Mode

In the current design specifications, the lateral force distribution
mode is determined assuming an elastic structural response,
while as the structure enters the inelastic state under rare earthquakes,
the lateral force distribution mode might change significantly
from the original assumptions, which might lead to unpredictable
structural failure. Therefore, a lateral force distribution mode that
reflects the inelastic structural response under earthquakes was
proposed for CoOSPSWs (Zhao, 2018), in which the elastic lateral
force distribution formulas in the Chinese seismic design
specification (GB50011-2010, 2010) was modified by calibrating
the coefficient J, through nonlinear time-history analyses on 5-,
10-,15- and 20-story CoSPSW models under rare earthquakes.
The lateral force F; of i story is then shown below:

V=Y AV, =2, (1-8,) 45, 23)
= S,
=
V=, =y (1-5))+ 5,
: 24)
SWH, : (
=1
5,=0.008T +0.11 . (25)

where W; is the representative value of gravity load of i story; V;
and V, are the story shear force of the i story and top story
respectively; J,1s the top additional seismic action coefficient.

The lateral force V; should be further modified according to
Egs. (26) and (27) to consider the P-4 effect:

Vi =v(1+4), (26)

>,
_J= s

"RV

@7

where 6; is the stability coefficient; R, is the super strength
correction coefficient (Mitchell et al., 2003); 4; is the inter-story
displacement of i story when the structure achieves the target
drift.

In order to facilitate the calculation of story shear forces and
the design of components, a dimensionless shear distribution
coefficient f; is defined as the ratio of the story shear force of the
i story to the story shear force of the top story, as shown below:

v
IBI'_V 5

n

(28)
where f3; is the shear distribution coefficient of " story.
2.6 Design of Components

2.6.1 Corrugated Wall Plate

According to the ideal yield mechanism of CoSPSW shown in
Fig. 2, the seismic energy is dissipated by the yielding of corrugated
wall plates, as well as formation of plastic hinges at the ends of
boundary beams and column bases. An energy balance equation
could then be established as Eq. (29) below:

Zn:F;H,Hp:Zn:[(riti ~ Tyt ) 6,0k | +2M 0, + znlepb‘,ap ,
i=1 i=1 i=1

29
where M,. and M,;,; are the plastic moments at the column base
and the beam end of i story respectively; #; is the story height of
i story; t; and t,, are the wall plate thickness of i story and
(i+1)" story, and when i = n, t,,, = 0; 7; and 7;,; are the nominal
shear strength of corrugated wall plate of i story and (i+1)"
story, which can be calculated from Eq. (1).
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In order to achieve a uniform distribution of plastic deformation
along the building height and avoid a weak layer, the design
shear capacity distribution of CoSPSW should be consistent with
the inelastic story shear force distribution along the building
height. Considering that only the bearing capacity of the wall
plate is considered in the design of SPSWs (ANSI/AISC 341-16,
2016), the required thickness of corrugated wall plate for each
story can be obtained as Eq. (30):

t, = ﬂitn >
where 1, is the wall plate thickness of top story.
By substituting Eq. (30) into Eq. (29), the wall plate thickness
of top story #, could be obtained from Eq. (31) below, and the
minimum required wall plate thickness # for each story could be
determined accordingly.

(30)

ZF,-H,- —2M,, _ZQ’Mpb,i
t =L = .

n n

Z(Txﬁx TP )

i=l

G

2.6.2 Design of Boundary Beams

According to the ideal yield mechanism of CoSPSW shown in
Fig. 2, plastic hinges will form at the ends of boundary beams. A
free body diagram of boundary beam at the i story with plastic
hinges formed at both ends is shown in Fig. 8 below, in which V;
and V,; are the shear force at the left and right end of i story
beam, g,,;; and g,,,; are the vertical distributed load at the lower
and upper flange of M story beam, gy,;; and gy,,,; are the horizontal
distributed load at the lower and upper flange of i story beam,
calculated from Egs. (32) — (37). The boundary beam is designed
as a flexural member following Chinese design standard (GB50017-
2017, 2017) considering continuous lateral bracing from the
floor slabs, and the shear bearing capacity of beam V,,; at the i
story is also checked to avoid shear failure:

Vo M, N (qb\r'Z‘i _%vl,i)ln.f + (%hl,f Ty, )ln,i

) 32
N an 2 hb,i ’ ( )
2M . =i ) A G )
V“. _ pb,i + (qbvl.t qbvz.z) n,i + (thl.z thz./) n,i , (33)
| ln,i 2 h}’,f
2
py1; = 0, COS™ L, (34)

Abv2,i ‘
T
V""" (I___ . T ________I)IK"’.
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Fig. 8. Free Body Diagram of Boundary Beam

Gp2i =0y cos’ al., (395)
Domi =Til; | (36)
Do = Tralinr €0
Vs zmax (V.1 ) (38)

where ,; is the cross-sectional height of i story beam; /,; is the
clear span of /" story wall plate, ,,, is the principal tensile stress
caused by tension field action of i story wall plate, o; is the
inclination angle of /" story wall plate tension field.

For conventional SPSWs with flat wall plates, a minimum
flexural rigidity of 7,,>0.00307At/*/h, is required for each
boundary beam at the i story, in order to ensure the full yielding
of wall plates through tension field action (CAN/CSA S16-2014,
2014; ANSI/AISC 341-16, 2016), in which 4t;, = ¢, — t,. For
CoSPSWs, since only partial tension field action is present in the
corrugated wall plates, the minimum flexural rigidity could be
modified and calculated as Eq. (39) below:

0.00307A¢,1*
no

i

5,2(1-9,) (39)
where ¢, ; is the proportion coefficient of in-plane shear-buckling
of i story wall plate.

2.6.3 Design of Boundary Columns

According to the ideal yield mechanism of CoSPSW shown in
Fig. 2, the free body diagram of the i story boundary column is
shown in Fig. 9, in which N,; and N, are the axial force at the
upper and lower end of i story column, M,; and M,; are the
bending moment at the lower and upper end of i story column
obtained from the inflection-point method, V;; and V,; are the
shear force at the upper and lower end of i story column, g..;
and q,,; are the vertical and horizontal distributed load at the
inner flange of ' story column, calculated from Egs. (40) — (43).

Fig. 9. Free Body Diagram of Boundary Column
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The boundary column is designed as a compression-flexural or
tension-flexural member following Chinese design standard
(GB50017-2017, 2017), and the shear bearing capacity of column
V,.:at the i story is also checked to avoid shear failure:

_ M, +M,, N qch,ih

ni

i hn’i ! 2 ’ (40)
M i +M i qmihni
= == (1)
h",i 2
eni =0y sin’ at, (42)
s N

Start
{ According to the design seismic level, select target drift 8, )

l

s N

. Assume fundamental time period 7" and yield drift 8,

—

2. Calculate plastic drift 8, according to 8, and 8,
3. Obtain pseudo velocity S,
\4, Estimate energy modiﬁcarlion factor y (Eq. 16) )
*
4 . N
1. Calculate design base shear (Egs. 20-21)

2. Select suitable lateral force distribution mode, and
calculate story shear force (Eqgs. 22-27)

3 Calculate initial wall plate thickness (Eqs. 30-31) )
»
i 2

HBE design )

1. Design as the flexural member to ensure plastic hinges
formed only at ends:

2. Check shear bearing capacity (Eq. 38):

\3. Check minimum rigidity limit (Eq. 39)

!

( VBE design

1. Design as the compression-flexural or tension-flexural
member;

2. Check shear bearing capacity (Eq. 44):

\3- Check minimum rigidity limit (Eq. 45) )

!

e N
Modify wall plate thickness considering the contribution of
plastic energy dissipation of boundary beams and columns

| (Eqs. 30-31)

Check whether lateral drift = 6,

Fig. 10. Flowchart for the Proposed PBSD Method of CoSPSW

Tt;, (43)

(44)

QCv,i =
Vuc,i Zl’nax( Vl,i’ Vb,i) )

where £,;1s the clear height of i story wall plate.

For conventional SPSWs with flat wall plates, a minimum
flexural rigidity of 7., >0.00307#4" /1 is also required for each
boundary column at the /" story, in order to ensure the full yielding
of wall plates through tension field action (CAN/CSA S16-
2014, 2014; ANSI/AISC 341-16, 2016). Similar with the
boundary beam, the minimum flexural rigidity for the boundary
column could be modified and calculated as Eq. (45) below:

0.00307,h

I.>(1-¢,. 45
B (45)

A flow-chart is provided in Fig. 10, which shows the main
steps of the PBSD method of CoSPSWs discussed in this

section.

3. Validation of the Proposed PBSD Method

3.1 Design of CoSPSWs

Two 10-story CoSPSWs with a span of 4.5m and a story height
of 3.2 m were designed with the proposed PBSD method and the
traditional method respectively. The floor plan is shown in Fig. 11.
The dead (live) load was 4.0 (2.0) kN/m’on the floors, and 4.5
(2.0) kN/m? on the roof. The construction site is Class II (i.e.,
medium stiff soil) within a region of Seismic Intensity 8 and
Design Earthquake Group I (GB 50011-2010, 2010). The floor
was 120 mm thick cast-in-place concrete, and the beams and
columns were steel welded H-sections with rigid beam-column
connections. Q235B grade steel (235 MPa design yield strength)
and Q345B grade steel (345 MPa design yield strength) were
used for the corrugated wall plates and frame members respectively.
The corrugation depth and wavelength of corrugated wall plate
were 100 mm and 400 mm respectively, and the width of the
subpanels were uniform. For the proposed PBSD method, the
target drift 6, was selected as 0.025 (ASCE/SEI 41-17, 2017),
and the design parameters are shown in Table 2. Member sections

|
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Fig. 11. Floor Plan of the Structure
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Table 2. Design Parameters for PBSD

Design parameter Value
Horizontal seismic influence factor 0.463
Spectral acceleration S,/g 1.106
Fundamental period 7/s 1.152
Yield drift 6, 0.005
Target drift 6, 0.025
Ductility coefficient 5

Ductility reduction coefficient R, 5

Energy correction factor y 0.360
¢ 2.745
VW 0.152

determined from the PBSD method and the traditional method
are shown in Table 3.

3.2 Finite Element Models

Two 3-span CoSPSW structures with CoSPSW in the interior
span and moment frames in the exterior spans were modeled
using finite element software ABAQUS (SIMULIA, 2014), as
shown in Fig. 12. Both frame beams and columns were modeled
using beam element B31, while corrugated wall plates were
simplified into equivalent braces (Jiang et al., 2019) and
modeled by truss element T3D2, according to the principle of
equivalent lateral stiffness and strength. The area 4., and yield
strength f;, of the equivalent brace were calculated from Egs.
(46) and (48) respectively (Jiang et al., 2019). Out-of-plane
displacements were restrained at all beam-column joints, and
the columns were fixed at the base. A bilinear elastoplastic
constitutive model considering strain hardening was adopted
for the steel material of infill wall plate and boundary members
with an elastic modulus £ = 206 GPa, a strain hardening modulus
E,=0.01E, a Poisson's ratio v= 0.3, and a yield strength of 235
MPa and 345 MPa, respectively.

(b)

Fig. 12. Finite Element Model: (a) 3-Span CoSPSW Structure, (b) Finite
Element Model
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where /,, is the length of the equivalent brace; ¢., and s, are the
wavelength and corrugation developed length, respectively.
Verification analyses were firstly conducted in order to validate
the modeling. Since currently no shaking-table tests have been
conducted to CoSPSWs, a refined FEA model was constructed
for the CoSPSW specimen of cyclic tests conducted by Emami et
al. (2013), and time-history analysis was conducted and compared
to test results, as shown in Fig. 13. It is clear that the hysteretic

Table 3. Member Sections from the PBSD Method and the Traditional Method

Model Floor Columns in the CoSPSW span* Columns outside the CoOSPSW span* Wall plate thickness (mm)

Traditional method 7-10 H500x500%20%26 H400x400x16x20 3.0
4-6 H600x600%30%38 H500%x500%24x28 4.0
1-3 H700x700%50%58 H600x600%28%36 5.0

PBSD method 10 H450%x450%12x20 H350%x350x16x18 1.8
9 H500x500%x14%22 H400x400x16x18 3.0
8 H550x550%18%26 H400x400%16x20 4.0
7 H600x600%24%32 H450%450%x16x22 4.9
6 H600x600%32x42 H450%x450%20%26 5.6
5 H650%x650%36x48 H500%500%20%26 6.3
4 H650%x650%48%56 H500%x500%24x28 6.9
3 H700x700%48%56 H550%550%24%28 7.3
2 H750x750x56x64 H550%x550%28%32 7.6
1 H750x750%68%72 H600%x600%28%36 7.8

*Note: H sections: overall depth (mm) x flange width (mm) x web thickness (mm) x flange thickness (mm).
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Load point
Out-of-plane
constraints

f

Fixed constraint

Emami’s test

(c)

Fig. 13. Validation of Nonlinear Cyclic Analysis of CoSPSW Finite
Element Model: (a) Test Specimen, (b) FEA Model, (c) Comparison
of Results

curves obtained from FEA matched well with the test curves.
Moreover, the simplified equivalent brace model was verified by
comparing the time-history analysis response of a refined FEA
model well as a simplified equivalent brace FEA model of a
three-story CoSPSW structure under rare earthquake excitation,
as shown in Fig. 14. It is clear that the time history curves obtained
by the refined and simplified model coincide basically, especially
near the peak value. Therefore, the simplified equivalent brace
model was validated and adopted for subsequent analyses.

3.3 Pushover Analysis
Nonlinear static pushover analyses were carried out on the

(a) (b)

—_
[=]
o

-+« Refined FEA model
Simplified FEA model

-
w
L

[43]
[=]
L

[he]
w
1

Top lateral displacement/mm

Time/s
(c)
Fig. 14. Validation of Time-History Analysis of Simplified FEA Model of
CoSPSW: (a) Refined Model, (b) Simplified Model, (c) Comparison
of Results

CoSPSW structure model designed with the PBSD method to
study its inelastic structural performance. A linear multi-point
constraint (SIMULIA, 2014) was applied to a set of reference
points, including a loading point and one point on each story of
the model. Following the virtual work principles, the multi-point
constraint should satisfy Eq. (49) below (Huang et al., 2011), to
guarantee that during the pushover analysis, the story shear
would always satisfy the proposed lateral force distribution mode.
By substituting Eq. (28) into Eq. (49), the multi-point constraint
could be simplified into Eq. (50) using the shear distribution
coefficient 5. A lateral displacement was calculated from Eq.
(50) and applied to the loading point, which was corresponding
to an overall drift of 2.5%, to ensure that the CoSPSW structure
has well entered the inelastic stage.

i(f‘?d,-)—[:ol F,-jdo -0,

i=l1

(49)

10

Z[(ﬂ; 1 _ﬂi)di]"'dlo = Bd, s

i=2

(50)

where d; is the lateral displacement of the " story; d, is the lateral
displacement of the loading point.
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Fig. 15. Pushover Analysis of CoSPSW Structure Designed with PBSD
Method: (a) Lateral Load-Displacement Curve, (b) Plastic Hinge
Distribution

Figure 15(a) shows the lateral load-displacement curve from
the pushover analysis, and Fig. 15(b) shows the distribution of
plastic hinges at 2.5% lateral drift. During the pushover analysis,
plastic hinges firstly appeared at the ends of the beams in the
exterior span, and then the corrugated wall plates yielded gradually.
As the lateral displacement continued to increase, plastic hinges
started to appeared at the ends of the beams in the interior span,
and finally at column bases, which was basically consistent with
the expected yield mechanism. Therefore, the PBSD method
proposed in this paper could predict and control the inelastic
behavior of the designed CoSPSW structure relatively well.

3.4 Time-History Analyses
Nonlinear dynamic time-history analyses were carried out on

Table 4. Selected Ground Motions

Minimum
Record No. Record frequency PGV*

@ ()
RSNO0169  IMPVALL.H H-DLT352  0.09 0.35 33
RSNO174  IMPVALL.H H-E11230 0.10 0.38 45
RSN0752 LOMAP_CAP090 0.25 051 38
RSN0767 LOMAP_G03090 0.13 056 45
RSN0953  NORTHR MUL279 0.15 049 67
RSN0960  NORTHR_LOS270 0.13 047 41
RSN1111 KOBE_NIS090 0.13 048 47
RSN1485  CHICHI_TCUO045N 0.05 0.51 46
RSN1602 DUZCE BOL090 0.06 0.81 66
RSN1787  HECTOR_HEC090 0.04 033 45

*Note: PGV: peak ground velocity

both CoSPSW structure models, in order to study their seismic
performance. Additional masses were applied at all the beam-
column joints, and the earthquake excitation was input through
the base. As shown in Table 4, ten earthquake excitation records
with different spectrum characteristics were selected for the
nonlinear time-history analyses. According to the Chinese seismic
design specification (GB 50011-2010, 2010), the magnitudes of
the earthquakes were all higher than 6.5, the effective periods
were larger than 4s, and the peak ground acceleration (PGA)
were adjusted to 0.51g.

For the CoSPSW structure designed with the PBSD method,
the envelope curves of the shear distribution coefficient f; from
the time-history analyses are shown in Fig. 16, and compared to
the shear distribution coefficient f; calculated from Eq. (28) in
the proposed PBSD method. The relative errors between the
calculated values from Eq. (28) and the average values of envelope
curves from the time-history analyses have a mean value of
12.7% and a standard deviation of 0.08, while about 60% of the
relative errors are within 10%. As shown in Fig. 16, the shear
distribution coefficient ; adopted by the PBSD method matches
relatively well with the time-history analysis results, which

Time-history analysis

<

Floor N
e TR 6 T S T S T = . B R

I 2 3 4 5 6
Shear distribution coefficient f;

Fig. 16. Distribution of Story Shear Force
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Fig. 17. Inter-Story Drift under Seismic Excitations: (a) COSPSW Structure
Designed with the PBSD method, (b) CoSPSW Structure Designed
with the Traditional Method

means that the lateral force distribution mode in the proposed
PBSD method could reflect the inelastic state of the structure.

Figure 17 shows the envelope curves of inter-story drifts of
the two CoSPSW structures under each seismic excitation, as
well as the average values. According to the Chinese seismic
design code (GB 50011-2010, 2010), inter-story drifts should not
exceed an elastic drift limit of 1/250 and an inelastic drift limit of
1/50, under frequent and rare earthquakes respectively. As shown in
Fig. 17, the inter-story drifts of some of the middle stories of the
CoSPSW structure designed with the traditional method have
exceeded the limit of 1/50 under rare earthquakes, and the inter-
story drifts are unevenly distributed along the height of the
building, with a potential weak layer at the building mid-height.
On the other hand, all inter-story drifts of the CoOSPSW structure
designed with the PBSD method are well below the target drift 6,
of 2.5%, and distribute more smoothly along the building height.

From the pushover and time-history analyses on 10-story
CoSPSW structures, it is clear that for the CoSPSW structure
designed with the PBSD method, the corrugated wall plates and
the boundary beams of each story have all participated effectively in
energy dissipation, and the ideal yield mechanism was formed.
All inter-story drifts were well below the target drift 6, of 2.5%,
and distributed more smoothly along the building height, which
helped to avoid potential weak layers. Therefore, the effectiveness
of the proposed PBSD method was validated.

4. Probabilistic Assessment of the CoSPSW
Structures

4.1 Fragility Function Methodology

The seismic performance and vulnerability of both CoSPSW
structures were further assessed through the probabilistic assessment,
which estimated the probabilistic structural response, herein
termed as the engineering demand parameter (EDP), as a function of
ground motion intensity, herein termed as the intensity measure
(IM), and used quantitative measures to evaluate the structural

and nonstructural performance under seismic loads (Zhang
and Zirakian, 2015; Esteghamati et al., 2020; Esteghamati
and Farzampour, 2020a; Esteghamati and Farzampour, 2020b).
The probabilistic seismic demand model (PSDM) was employed
to relate EDPs to IMs and derive the fragility functions, through
Incremental Dynamic Analysis (IDA) of the CoSPSW structure
models in which the PGAs were scaled to different intensity
levels (Zhang and Zirakian, 2015). The conditional mean and
standard deviation of EDP for a given IM were estimated by
regression analysis, and the relationship between the mean EDP
and IM is as follows:

(1

where constants a and b are regression coefficients obtained
from regression analysis. It is assumed that the remaining
variability in In(EDP) for a given IM has a constant variance for
all IMs, and the standard deviation can be obtained as follows
(Baker and Cornell, 2006):

EDP=a(IM)’ or In(EDP)=bIn(IM)+In(a),

N 2
> in(EDR)~In(a(1)' )]
4] =1

N-2
where N is the number of EDP-IM data pairs, and EDP; and IM;
are the values of the i pair. Assuming that EDP has a lognormal
distribution for a given IM, the fragility function defining the

probability of EDP reaching or exceeding a certain limit state
(LS) under a given IM is as follows:

; (52)

é,EDP\ )%

5 1
N

In(EDP) ln(a(m)")JZ

~
S Eppjv

(53)

M=

-d(EDP)

Accordingly, In(EDP) can be considered to have a standard
normal distribution, and Eq. (53) could be simplified into the
following equation, using the standard normal cumulative
distribution function @(-):

P(EDPZLS|[M) o ln(LS)—ln(a(lM)b)

(54)

é,ED[’\ M

4.2 Fragility Curves of the CoSPSW Structures

IDA analyses were conducted on both CoSPSW structures with
the seismic excitations in Table 4, the PGA of which was
adjusted to 0.1 g to 1.2 g, with an interval of 0.1 g. Peak inter-
story drift and PGA were selected as the EDP and IM respectively
in this study, since inter-story drift is an important demand
measure and used for the seismic loss estimation methodology
provided by Federal Emergency Management Agency (FEMA)
(HAZUS-MH MRS, 2010), and PGA has been adopted in
developing fragility functions for various structures including
SPSWs (Akkar et al., 2005; Yakut and Yilmaz, 2008; Zhang and
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Fig. 18. Relationship between In[IM] and In[EDP]: (a) CoSPSW Structure
Designed with the PBSD Method, (b) CoSPSW Structure
Designed with the Traditional Method
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Zirakian, 2015).

From the IDA analyses, a large number of peak inter-story
drift and corresponding PGA, i.e., EDP-IM data pairs were obtained,
and In[IM = PGA] and In[EDP = Dirift] are plotted in Fig. 18.
The linear regression equation and determination coefficient R?
value were then obtained through linear regression analyses, as
shown in Fig. 18. It is clear that the R? values for the CoSPSW
Structures designed with the PBSD method and with the traditional
method are 0.9339 and 0.9689, both of which are greater than
0.9, indicating that there was a strong correlation. Therefore, the
Drift-PGA data pairs were appropriate to develop the fragility
functions for CoSPSW structures. Accordingly, lognormal
distribution parameters @ and b, standard deviation and functional

Table 6. Repair states of CoSPSWs

Repair states ~ Story drift Description

RS1 0.002 Repair infill wall surface

RS2 0.008 Replace infill wall

RS3 0.01 Repair boundary beam and beam-column
connection

RS4 0.018 Repair boundary column

RS5 0.043 Replace boundary beam, column or frame

Table 7. Nonstructural Damage States (HAZUS-MH MR5, 2010)
Slight
0.004

Extensive

0.025

Moderate
0.008

Complete
0.050

Damage states

Story drift

relation were determined, as shown in Table 5.

Another key issue in developing fragility functions is the
definition of limit states, i.e., LS in the fragility function Eq. (54).
Referring to the damage and repair states of SPSWs (Baldvins et
al., 2012), the experimental results of COSPSWs from literatures
were reviewed and analyzed, and five repair states were proposed
for CoSPSWs, according to the possible damage degree to the
infill corrugated wall plate and boundary frame members under
certain drift level (Zhao, 2018). The repair states and associated
story drifts are listed in Table 6, which were adopted as limit
states (LS) in the fragility function Eq. (54), to develop the structural
fragility curves of the CoOSPSW structures. In addition, according
to HAZUS-MH MRS (2010), damage states of the drift-sensitive
nonstructural components were described by ‘Slight’, ‘Moderate’,
‘Extensive’, and ‘Complete’, respectively, as listed in Table 7
with associated story drifts, which were adopted as limit states to
develop the nonstructural fragility curves of the CoSPSW structures.
From the limit states described in Tables 6 and 7, structural and
nonstructural fragility curves for both CoSPSW structures were
developed through probabilistic seismic demand analysis, as
shown in Figs. 19 and 20.

The seismic vulnerability of both CoSPSW structures were
assessed by comparing the 25th percentile PGA values, i.e., PGA
values corresponding to exceeding probability of 25%, of the
fragility curves for all damage/repair states in Figs. 19 and 20.
The 25th percentile PGA values obtained from the structural and
nonstructural fragility curves are shown in Figs. 21 and 22.

It is clear from Figs. 21 and 22 that from RS1 to RSS5 repair
states and from “Slight” to “Complete” damage states, the 25th
percentile PGA values for both CoSPSW structures increase
significantly, indicating that the CoSPSW structure would experience

Table 5. Regression Coefficients, Standard Deviation and Functional Relation for EDP-IM Data Pairs

Selected Regression coefficients
Design method Cepr it Functional relation

EDP M a b
PBSD method Drift PGA 0.0204 0.7356 0.3234 Drift = 0.0204(PGA)""%
Traditional method Drift PGA 0.0194 0.5897 0.6612 Drift = 0.0194(PGA)***’
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more serious damages with the increase of seismic intensity.
Furthermore, for the structural repair state of RS1 to RS5, the
25th percentile PGA values of the fragility curves of the CoSPSW
structure designed with the PBSD method are 220%, 98%, 84%,
51% and 13% higher than the CoSPSW structure designed with
the traditional method, respectively. For the nonstructural damage
state of Slight to Complete, the 25th percentile PGA values of
the fragility curves of the CoSPSW structure designed with the
PBSD method are 145%, 98%, 36%, and 7% higher than the
CoSPSW structure designed with the traditional method,
respectively. Therefore, CoOSPSW structure designed with the PBSD
method had lower seismic vulnerability as well as probability of
nonstructural damage, i.e. better seismic performance, than the
CoSPSW structure designed with the traditional method.

5. Conclusions

A performance-based seismic design (PBSD) method was proposed
for corrugated steel plate shear walls (CoSPSWs). Two 10-story
CoSPSW structures were designed with the proposed PBSD
method and the traditional design method respectively, and nonlinear
static pushover analyses and dynamic time-history analyses were
conducted to validate the effectiveness of the PBSD method. A
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Fig. 20. Nonstructural Fragility Curves: (@) CoSPSW Structure Designed
with the PBSD Method, (b) CoSPSW Structure Designed with
the Traditional Method
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probabilistic assessment was carried out on the seismic vulnerability
of both CoSPSW structures through Incremental Dynamic Analysis
(IDA), and the structural and nonstructural fragility curves were
obtained. The main conclusions were summarized as follows:
1. Ideal yield mechanism and target drift were selected as the
two main performance objectives for the Performance-
based seismic design (PBSD) method, with considerations
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of inelastic structural performance. The inelastic behavior
and yield mechanism of CoSPSW structure designed with
the PBSD method would be more controllable and predictable
under the design earthquake.

2. Static pushover analyses revealed that CoSPSW structure
designed with the PBSD method presented the ideal yield
mechanism, and the development as well as final locations
of plastic hinges were consistent with the design assumptions.
The proposed PBSD method was able to predict and
control the inelastic behavior of the CoSPSW structure
relatively well.

3. Nonlinear dynamic time-history analyses revealed that all
inter-story drifts in the CoSPSW structure designed with
the PBSD method were well below the target drift 6, of
2.5%, and distributed more smoothly along the building
height, which helped to avoid potential weak layers in the
middle stories. In addition, the lateral force distribution
mode in the PBSD method matched relatively well with the
time-history analysis results, indicating that it could reflect
the inelastic state of the structure.

4. Structural and nonstructural fragility curves of both CoSPSW
structures were obtained through probabilistic seismic demand
analysis using incremental dynamic analyses, which showed
that the 25th percentile PGA values of the CoSPSW structure
designed with the PBSD method were 220%, 98%, 84%,
51% and 13% higher for the structural repair states of RS1
to RSS respectively, and 145%, 98%, 36%, and 7% higher
for the nonstructural damage states of Slight to Complete.
Therefore, CoSPSW structure designed with the PBSD
method had lower seismic vulnerability as well as lower
probability of nonstructural damage, compared to CoSPSW
structure designed with the traditional method.
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