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The steel plate shear wall (SPSW) coupled with steel side columns (SSCs) through steel coupling beams, or the SPSW–SSC coupled
structural system, is a novel lateral force resisting system that introduces coupling mechanism to the isolated SPSW pier. To
simplify the complex iteration of the conventional seismic design procedure and obtain the favorable plasticity development and
distribution pattern determined by the coupling mechanism, the energy-balance concept and the plastic design method are
combined to develop the energy-balance-based plastic design (EBPD) method for the SPSW–SSC coupled system with the
consideration of the degradation of hysteretic behavior. Twelve SPSW–SSC coupled system prototype cases with different story
numbers and coupling ratios (CRs) were designed and numerically modeled to simulate the main seismic behavior. The pushover
analyses and the incremental dynamic analyses were further carried out to examine the lateral load capacity and deformation
relationships and the seismic fragility curves with respect to the performance levels quantified by the maximum interstory drift
ratios. The analysis results prove that the coupling mechanism can be realized in the SPSW–SSC coupled system with preferred
yielding sequence and plasticity distribution mode. The influences of story number and CR on the lateral load capacity curves are
revealed. The seismic fragility analysis results indicate the exceeding probability of the limit states corresponding to different
performance levels with the consideration of the influences of story number and CR, which further proves the effectiveness of the
proposed EBPD methods in terms of the realization of the coupling mechanism and the earthquake collapse safety of the
SPSW–SSC coupled structural system.

1. Introduction

The steel plate shear wall (SPSW), consisting of horizontal
and vertical boundary elements (HBEs and VBEs) and infill
steel plate panels, has been widely constructed as the lateral
force resisting system in buildings for its great lateral strength
and stiffness, stable hysteretic characteristics, high plastic
energy absorption capacity, and superior constructability.
The SPSW can be designed to resist the earthquake-induced
lateral loads through the full in-plane shear capacity of the
stiffened infill plates without out-of-plane buckling [1, 2] or
the postbuckling tension field action if thin unstiffened infill
plates are used [3–5], depending on different seismic design
philosophies. Over the past decades, innovative types of SPSW

have been investigated to address some structural issues of
conventional SPSWs and achieve better seismic performance.
The low-yield point SPSW employs low-yield stress steel plates
to improve the buckling stability, energy absorption capacity,
and serviceability [6, 7]. The self-centering SPSW uses post-
tensioned connections in the boundary frame to provide
recentering capability and mitigate frame damages [8]. Infill
steel plates with irregular shapes or geometries such as corru-
gated plates [9] and perforated plates [10] were also developed
for improved behavior. However, since the internal bending
moment demand at the cross-section of the SPSW reduces
with the structural height, the postyield damages concentrate
at the bottom regions of the isolated SPSWs, causing difficulty
in postquake reparation and inefficient use of materials at the

Hindawi
Advances in Civil Engineering
Volume 2024, Article ID 2316053, 19 pages
https://doi.org/10.1155/2024/2316053

https://orcid.org/0000-0002-3694-0817
mailto:ywu77@uh.edu
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2024/2316053


upper wall portion [11]. In recent years, the coupled SPSW
system, where two or more adjacent SPSW piers are joined by
steel coupling beams (SCBs) at floor levels, has attracted the
attention of researchers. It has been established through exper-
imental and numerical studies that the coupled SPSW system
can maintain the ductile and robust seismic performance of
isolated SPSWs while significantly improving the material
efficiency that isolated SPSWs cannot achieve, thanks to the
inherent coupling mechanism of the coupled wall system
[12–15]. The benefits and advantages of the coupled mecha-
nism, or the coupling action, over isolated walls have been
summarized in the literature [16]. It is without doubt that all
the abovementioned previous research has been with respect
to the multipier SPSWs joined by SCBs, where the coupling
mechanism is realized through the interaction between SCBs
and adjacent SPSW piers.

In order to introduce the coupling mechanism in the
isolated SPSW, an innovative coupled structural system
involving an interior SPSW and two steel side columns
(SPSW–SSCs) joined by SCBs was proposed. As shown in
Figure 1, the SSCs on both sides of the isolated SPSW are
intended to develop axial forces only and form the tension–
compression couple to resist a portion of the total overturning
moment induced by earthquakes. Shear connections should be
assured between the SCBs and the SSCs and at the base of the
SSCs so that only shear force and axial force can be transferred.
The benefits of such SPSW–SSC coupled structural system are
obvious: due to the additional force couple formed between the
SSCs, the overturning moment demand at the SPSW bottom
section is significantly reduced; the SCBs can yield and con-
sume most of the earthquake-induced energy through consid-
erable plastic shear rotations prior to the formation of plastic
hinge at the SPSW bottom region; and the entire height of
the SPSW can be uniformly mobilized to provide post-yield
mechanical and deformation capacities. Although previous
research has numerically proved similar coupled systems

consisting of reinforced concrete walls and SSCs connected
with steel links can be proportioned to exhibit the preferred
yield sequence and failure pattern [17–19], research on SPSW–

SSC coupled system has rarely been reported. Behavior of the
SPSW is more complicated than RC walls in that the interac-
tion between the boundary frame members (HBE and VBE)
and the infill web plates has a significant impact on the overall
behavior of the SPSW [14]. Research efforts in developing
rational seismic design method and examining the seismic
behavior of the SPSW–SSC coupled system are needed.

In this research program, energy-balance-based plastic
design (EBPD) method for the SPSW–SSC coupled system
was developed based on previous research on energy-based
seismic design methods [20, 21] and performance-based
plastic design methods [22–24]. By introducing the EBPD
method, the preferred plasticity development and distribu-
tion pattern resulted from the coupling mechanism can be
reflected in the early design stage; the total base shear of the
coupled system can be directly and reasonably computed
even though this innovative structural system has not been
included in current building codes [25]. The elastic and per-
fectly plastic force–displacement (EPP F–D) behavior for
multiple degree of freedom (MDOF) system is assumed in
the EBPD method, which is very suitable to the SPSW–SSC
system. To further investigate the behavior of the proposed
SPSW–SSC coupled system, 12 prototype SPSW–SSC cou-
pled systems with different heights and coupling ratios (CRs)
were designed and modeled with numerical techniques veri-
fied against experimental results from the available literature.
Then, pushover analyses and seismic fragility analyses using
incremental dynamic analyses (IDA) were conducted to reveal
the overall seismic performance of the SPSW–SSC coupled
system.

2. EBPD Method for SPSW–SSC
Coupled System

2.1. Performance Objectives. The ideal failure mode of the
SPSW–SSC coupled system is governed by the coupling
mechanism that allows the SCBs to fully yield and develop
considerable inelastic postyield deformation prior to the sig-
nificant development of plasticity in the SPSW. The lateral
loading conditions and the preferred ultimate yielding con-
ditions are depicted in Figure 2. For the SPSW, the “strong
column-weak beam mechanism” is still maintained for the
boundary elements in addition to the postbuckling yielding
of the tension field strips in the unstiffened infill thin plates.
The ultimate lateral deformation of the coupled structural
system can be quantified by θu, the targetmaximum interstory
drift ratio corresponding to the total lateral displacement at
the roof Δu. According to the relevant Chinese code [26], the
performance objectives of the SPSW–SSC system can be
described as follows: θu can be 1/200 under moderate earth-
quakes with reparable damages while 1/50 under rare earth-
quakes with structural collapse prevented.

2.2. Seismic Design Base Shear. Based on the energy-balance
concept shown in Figure 3, the external work that is done by

Horizontal boundary element (HBE)
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Vertical boundary element (VBE)

Steel coupling beam (SCB)

Steel side column (SSC)

FIGURE 1: Schematic of SPSW–SSC coupled system.
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pushing the structure up to the target interstory drift ratio θu
is equal to the total energy developed within the structure.
Considering appropriate modifications, the energy-balance
equation can be written as follows:

Ee þ ηEp ¼ γEI ; ð1Þ

where Ee and Ep are the elastic and plastic strain energy
developed within the structure, respectively, EI is the total

input earthquake energy, η is the hysteretic energy reduction
factor used to account for the difference between the stable
and reduced hysteretic loops, and γ is the energy modifica-
tion factor defined as the ratio of the energy absorbed by an
inelastic system to an equivalent elastic system. The relation-
ship between the energy modification factor γ, the displace-
ment ductility factor μ, and the ductility reduction factor Rμ
can be expressed by Equation (2):

γ ¼ 2μ − 1
R2
μ

; ð2Þ

where μ=Δu/Δy; Rμ=Δe/Δy; Δu and Δy are the design ulti-
mate and yield displacements; and Δe is the elastic target
displacement.

The calculation of EI is based on the elastic multi-degree-of-
freedom (MDOF) system with elastic force–deformation rela-
tionship, as shown in Figure 4. Ve and Δe are the maximum
elastic base shear and the corresponding lateral displacement
at the roof of the MDOF system. mi and ki are the mass and
stiffness of the ith story. The MDOF system is decomposed into
a series of elastic single-degree-of-freedom (SDOF) modes. Mi

and Ki are the modal mass and stiffness of the ith mode elastic
SDOF system. EI can be calculated by Equation (3):

EI ¼ ∑
N

i¼1

1
2
M∗

i S
2
v;i ¼ ∑

N

i¼1

1
2
M∗

i
Sa;iTi

2π

� �
2
; ð3Þ

where M∗
i , Sv,i, Sa,i, and Ti are the effective modal mass,

the spectra velocity, the spectra acceleration, and the period
corresponding to the ithmode elastic SDOF system, respectively.

Fn

V
M

T

Fi

L
C

ðaÞ

Flexural hinge

Shear yielding

Yielding of steel
web plate

Flexural hinge

Δu

ðbÞ
FIGURE 2: Mechanism of SPSW–SSC coupled system: (a) loading condition and (b) preferred ultimate yield mechanism.
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FIGURE 3: Illustration of energy-balance concept.
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To calculate Ee and Ep, the structure is assumed to be an
elasto-perfect plastic (EPP) system, as depicted in Figure 5.
Ee can be calculated as follows:

Ee ¼
1
2
Δy ⋅ Vy¼

1
2
M ⋅

T
2π

⋅
Vy

G
⋅ g

� �
2
; ð4Þ

where Vy and Δy are the design base shear and the corre-
sponding lateral displacement at the roof, M and G are the
total mass and seismic weight of the structure, and T is the
fundamental period of the structure. To reflect the lateral
force distribution pattern corresponding to the plastic state
of the structure, the lateral force applied to each floor can be
calculated by Equation (5) [27]:

Fi ¼ λi ⋅ Vy ¼ βi − βiþ1ð Þ Gnhn

∑
n

j¼1
Gjhj

0
BB@

1
CCA

0:75T−0:2

⋅ Vy; ð5Þ

where Fi is the lateral force of the ith floor, λi is the lateral
force distribution coefficient, Gj and Gn are the seismic
weight concentrated at the jth floor and the roof of the
structure, respectively, hj and hn are the heights measured
from the ground to the jth floor and to the roof level,
respectively, βi is the story shear distribution factor corre-
sponding to the ith story and can be calculated by the
following equation:
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FIGURE 4: Elastic V–Δ relationship.
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FIGURE 5: Elasto-perfect plastic (EPP) V–Δ relationship.

4 Advances in Civil Engineering



βi ¼
Vi

Vn
¼ ∑

n

j¼1
Gjhj=Gnhn

 !
0:75T−0:2

; ð6Þ

where Vi and Vn are the story shears of the ith story and the
top story. The plastic strain energy EP is equal to the work
done by the lateral forces after the structure yields, which can
be computed by the following equation:

Ep ¼ ∑Fihiθp ¼ Vy θu − θy
À Á

∑λihi; ð7Þ

where θp is the target plastic drift ratio, θu is the ultimate drift
ratio, θy is the interstory drift ratio at yielding and can be
1/250 as suggested by Park et al. [28].

The hysteretic energy reduction factor η in Equation (1)
was introduced to account for the variation of the hysteretic
loops due to stiffness degradation and strength deterioration
during reversed cyclic lateral deformation of a structure. As
shown in Figure 6, As and Ar are the areas enclosed by hys-
teretic loop without degradation and hysteretic loop with
degradation, respectively. η can be expressed by Equation (8):

η¼ Ar

As
 : ð8Þ

Although sophisticated methods have been developed to
determine the values of η for structural systems with various
hysteretic characteristics [29, 30], recent research suggested
that the hysteretic energy reduction factor η can be taken as
0.75 for SPSW systems [31].

Inserting Equations (4) and (7) into Equation (1), the
design base shear can be calculated as follows:

Vy ¼
2Mθpπ

2∑n
i¼1λihi

T2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Mθpπ

2∑n
i¼1λihi

T2

� �2

þ 4π2MγEI
T2η

s
 :

ð9Þ

After taking into account, the effect of gravity on the
structure during lateral deformation, the lateral force applied
to each floor FD

i can be calculated as follows:

FD
i ¼ λiVy þ Giθu : ð10Þ

Then, the total overturning moment MOTM can be cal-
culated as follows:

MOTM ¼ ∑
n

i¼1
FD
i hi: ð11Þ

2.3. Design of SCBs and SSCs. The degree of the coupling
action can be assessed by the CR for the SPSW–SCC coupled
system, which is defined as the ratio of the overturning
moment resistance provided by the tension–compression
force couple developed between the side columns to the total
overturning moment resistance of the system and can be
expressed by the following equation:

CR ¼ MC

MOTM
¼ MC

MC þMSPSW
; ð12Þ

where MC is the tension–compression couple provided by
the SSCs, MSPSW is the overturning moment carried by the
bottom section of the SPSW, including the contributions of
VBEs and infill plate. It is noted that CR is a variable during
the loading procedure. For design purposes, the CR corre-
sponding to ultimate yielding condition is adopted to indi-
cate the ultimate plasticity distribution of the structure. The
SCBs, similar to the link beams in eccentric moment frames,
can be proportioned to be shear dominant to achieve best
plastic rotational capacity [31]. Once the total overturning
moment of the structure MOTM is determined, the force
couple provided by the coupling action can be obtained by
the following equation:

Mc ¼MOTM ⋅ CR ¼ NCLt ¼ ∑
n

i¼1
VSCB;iLt; ð13Þ

where Nc is the axial force in SSCs, Lt is the distance between
the centerlines of the SSCs, VSCB,i is the plastic shear capacity
of the SCB at the ith floor. Shear demands among SCB at
different floors are not necessarily uniformly distributed. To
improve the material efficiency, the design shear of SCBs can
be calculated as follows:

VD
SCB;i ¼

ψ i

∑n
i¼1ψ i

⋅ ∑
n

i¼1
VSCB;i; ð14Þ

where VD
link;i is the design shear of SCB at the ith floor, ψi is

the shear distribution factor for the SCB at the ith floor.
Determination of ψi can be complicated in that it depends
on value of CR and location of the SCB. The higher the CR,
the more shear the SCB at lower stories will resist. However,
SCBs are highly ductile elements and force redistribution up
to 20% is allowed [32]. If high CR values are used, the story
shear distribution factor βi can be adopted for ψI to result in a
triangular distribution of shear demands for SCBs [16].
Elastic design method is adopted for the SSC since it is a

P
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η = Ar/As

Reduced hysteretic system

Stable hysteretic system

Δ

FIGURE 6: Difference of hysteretic loops between stable and reduced
system.
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non-energy dissipation member. The design axial force can
be calculated as follows:

ND
C ¼ 1:1 rOV ∑

n

i¼1
VSCB;i; ð15Þ

where ND
C and ROV are the design axial force and the over-

strength factor of SSCs, respectively.

2.4. Design of SPSW. The design of SPSW is based on the
plastic analysis that assumes the tension fields form at web
plates and plastic hinges develop at the ends of HBE, as
depicted in Figure 7. The overturning moment resistance
of the SPSWMW can be expressed by the following equation:

MW ¼ 2MVBE þMPier ; ð16Þ

MPier ¼ LW NVBE;1 þ NVBE; 2

À Á
=2 ; ð17Þ

where MVBE is the bending moment at the bottom section of
VBE,MPier is the force couple formed by the tension and com-
pression forces developed at VBE, LW is the distance between the
centroids of the VBE, NVBE,1 and NVBE,2 are the axial forces
developed at VBE. Considering the contribution of the tension
fields formed at theweb plates, the axial forced developed at VBE
can be computed by the following equation:

NVBE;1 ¼ ∑
n

i¼1

1
2
FyHitisin2αi þ ∑

n

i¼1
V1;HBE;i − VFB − ∑

n

i¼1
VSCB;i;

ð18Þ

NVBE;2 ¼ ∑
n

i¼1

1
2
FyHitisin2αi þ ∑

n

i¼1
V2;HBE;i þ VFB − ∑

n

i¼1
VSCB;i;

ð19Þ

where Fy is the yield strength of web plate material, ti is the
web plate thickness of the ith story, Hi is the height of the ith
story, αi is the inclination angle of the tension field of the web
plate at the ith story, V1,HBE,i and V2,HBE,i are the shear forces
at the ends of the HBE at the ith floor, and VFB is the shear
force transferred from the foundation beam to VBE. The
shear forces at the ends of HBE can be calculated by
Equations (20) and (21):

V1;HBE;i ¼
1
LW

2MHBE;i þ
L2W
2

Fy tiþ1cos2αiþ1 − ticos2αið Þ
� �

 ;

ð20Þ

V2;HBE;i ¼
1
LW

2MHBE;i −
L2W
2

Fy tiþ1cos2αiþ1 − ticos2αið Þ
� �

;

ð21Þ

whereMHBE,i is the plastic flexural capacity of the HBE at the
ith floor. Combining Equations (16)–(21), the overturning
moment resistance of the SPSW can be obtained by the
following equation:

VFBVFB

VSCB,i V1,HBE,i

MHBE,i

V2,HBE,i

MHBE,i

VSCB,i

MSCB,i

MVBE

NVBE,1

VFB

MVBE

NVBE,2

VFB

MSCB,i

FIGURE 7: Diagram for SPSW design.
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MW ¼ 2MVBE þ
LW
2

∑
n

i¼1
FyHitisin2αi þ ∑

n

i¼1

4
LW

MHBE;i − 2∑
n

i¼1
VSCB;i

� �
 :

ð22Þ

To choose the thickness of steel web plate of the SPSW, it
is assumed that the story shear is totally resisted by the
horizontal component of the tension field of the web plate.
The thickness of the steel web plate can be calculated by the
following equation:

∑
n

i¼1
FD
w;i ¼

1
2
LWFytisin2αi; ð23Þ

where FD
w;i is the equivalent lateral force at the ith floor of

SPSW; ti is the thickness of the ith floor of steel web plates.
To ensure the plastic hinges occur at both ends of the

HBE, the maximum bending moment must not occur at
midspan. The distance measured from the maximum bend-
ing moment location to the left end of the beam at the ith
floor (χs,i) should be checked with Equation (24):

χs;i ¼
2MHBE;i

ωV;HBEiLW
−
LW
2

≥ 0; ð24Þ

where MHBE,i is the bending moment transferred from HBE
to VBE, ωV,HBEi is the vertical component of tension field at
the ith floor. To make the compression-bending plastic hinge
occur at the base of VBEs, the height of the maximum bend-
ingmoment point (hs) should be checked with Equation (25):

hs ¼
H1

2
−
MHBE;1 þMVBE

ωh;VBE1H1
≤ 0; ð25Þ

whereH1 is the height of bottom story,MHBE,1 is the bending
moment transferred from HBE to VBE, MVBE is the couple
carried by VBE on both sides, and ωh,HBE1 is the horizontal
component of the tension field at the bottom story. Both
HBEs and VBEs need to meet the check of compression-
bending capacity, shear capacity, and moment of inertia.

3. Design of Prototype SPSW–SSC
Coupled Systems

To verify the effectiveness of the proposed EBPD method
and evaluate the seismic performance of the SPSW–SSC
coupled system, 12 SPSW–SCC prototype structures with
different CRs ranging from 0.3 to 0.6 and different story
numbers of 10, 15, and 20 were designed based on the pro-
posed EBPD method and the relevant Chinese code [25].
Each design case is identified by the story number and CR.
For example, the identification W-10-0.3 represents a proto-
type SPSW–SSC system with 10 stories and a CR of 0.3. The
story height of all prototype structures is 3.6m. The design
peak ground acceleration (PGA) is 0.2 g. The nominal yield
strength of steel web plates is 235MPa. Other steel members,
including the SCB, VBE, HBE, and SSCs, adopt the shape
steel with nominal yield strength of 345MPa. The plan and
elevation views of the prototype structures are shown in
Figure 8. The symbols specifying the sectional dimensions
of structural members are given in Figure 9. The design results
of the structural members and the infill plate thickness for the
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FIGURE 8: Prototype structures of SPSW–SSC coupled system: (a) floor plan and (b) elevations.
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prototype case W-10-0.3 are given in Tables 1 and 2, as an
example. It is noted all the dimensions of the steel members
and the infill plates thickness are only for the numerical anal-
ysis. In practical design, these dimensions should be selected
considering the availability of the steel product market.

4. Numerical Modeling and Verification

To obtain reliable analytical results while ensure computa-
tional efficiency, the proved-reliable program PERFORM-3D
was used to establish the numerical models of all the proto-
type SPSW–SSC coupled structures. The accuracy and effi-
ciency of the adopted modeling techniques were verified by
the comparison between numerical and experimental results
for a coupled SPSW system.

4.1. Numerical Modeling. The multilayer shell element was
used to simulate the steel web plates of the SPSW-SCC sys-
tem. SCBs, SSCs, and boundary frame members were simu-
lated by the frame elements. Pinned connections were used
to join the SCBs and the SSCs. Rigid connections were
assigned between the SCBS and the VBEs. According to
the designed ultimate yield mechanism, the moment M3
hinges were added to HBEs, shear V3 hinge was added to
SCBs, and the PMM hinge added to the bottom of VBEs. The

bases of SSCs were set pinned. The bilinear kinematic hard-
ening model was adopted as the stress–strain relationship of
steel, which also follows the Mises yield criterion. The elastic
modulus and the Poisson ratio of the steel are 200GPA and
0.3, respectively. Based on the preliminary stability analysis,
the first buckling mode with a magnitude of 1/1,000 of the
dimension of the steel web plate was defined as the initial
imperfection of the model.

4.2. Verification of Numerical Modeling. Since the experi-
mental study on the SPSW–SSC system was not available
in literature, the coupled SPSW was selected instead to pro-
vide experimental results for comparison with the simulation
results to verify the accuracy and efficiency of the modeling
techniques. The three-story coupled SPSW test model in the
literature [33] was modeled and loaded in the exactly same
way as reported to simulate the experimental results. The
comparison of the simulated and experimental hysteresis
curves is shown in Figure 10. The experimental peak lateral
load and initial stiffness are slightly higher than the analytical
results. The peak lateral load capacity in the positive loading
direction is slightly lower than that in the negative loading
direction, which is the same as the test results. In general, the
simulation results agree very well with the test results. The
error is within acceptable limits. The modeling techniques
can be used to simulate the SPSW–SSC coupled system with
adequate accuracy and efficiency.

5. Pushover Analysis

The pushover analysis was carried out to obtain the capacity
curve with the monotonic increase of lateral displacement.
The lateral force distribution pattern proposed by Chao et al.
[27] was adopted to better reveal the base shear versus defor-
mation characteristics of the SPSW–SSC coupled system into
plastic stage. The base shear versus roof lateral drift ratio
capacity curves of all three groups of prototype SPSW–SSC
systems are plotted in Figure 11. The two critical events
marked on the curves represent the yielding of half of

b

t2

t1 h

FIGURE 9: Cross-section of steel members.

TABLE 1: Sectional dimensions of steel members of W-10-0.3 (mm).

Steel members h b t1 t2
SSC 200 100 4.5 7
VBE 400 300 10 16
SCB at 2nd−4th floors 110 74 5 9
SCB at 5th−8th floors 105 70 5 9
SCB at 9th-roof floors 100 68 5 8
HBE at 2nd−4th floors 200 150 7 10
HBE at 5th−8th floors 180 150 7 10
HBE at 9th–roof floors 150 150 7 10

TABLE 2: Steel infill plate thickness of W-10-0.3 (mm).

Floor level t

1st−3rd stories 3.0
4th−7th stories 2.5
8th−10th stories 2.0

Experimental
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FIGURE 10: Comparison of experimental and analytical hysteresis
curves.
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FIGURE 11: Pushover curves of structures: (a) W-10, (b) W-15, and (c) W-20.
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FIGURE 12: Maximal interstory drift ratio: (a) yielding of half of SCBs and (b) yielding of VBEs.
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SCBs and the yielding of the base of VBE of SPSW, respec-
tively. The curves of SPSW–SCC systems with different story
numbers show a similar trend. With the same story number,
the larger the CR, the greater the lateral stiffness and peak
lateral capacity. The maximum interstory drift ratio corre-
sponding to the yielding of 50% SCBs increases with CR
while that corresponding to the yielding of VBE decreases
with CR. It is implied that using higher CR can enhance the

lateral stiffness and strength while reducing the postyield
deformation capacity, or the ductility of the SPSW–SSC sys-
tem. The most obvious influence of story number can be
found in the difference between the capacity curves of the
10-story prototype cases (Figure 11(a)) and those of other
cases with 15 and 20 stories (Figures 11(b) and 11(c)). No
matter what CR is used, the yielding of 50% SCBs of the W-
10 cases does not bring the structure into a plastic plateau.

TABLE 3: Range of interstory drift ratios for different performance levels (PL).

LS LS1 LS2 LS3 LS4 LS5

PL No damage Minor damage Moderate damage Serious damage Near collapse
Interstory drift ratio <1/650 1/650–1/400 1/400–1/200 1/200–1/100 1/100–1/50

TABLE 4: Ground motion records for IDA.

ID Location Magnitude Station PGA (g) Duration (s)

USA00509 San Fernando 6.6 6,075 Park Drive, Wrightwood, CA: Gnd Fl 0.557 19.92
USA00867 Long Beach, California 6.5 Subway Terminal, Los Angeles, CA: Sub-bsmt 0.636 119.03
USA01555 Southeastern Alaska 7.6 Magnetic Obsv, Sitka, Alaska 0.699 55.28
USA00855 Puget Sound Washington 6.5 Federal Office Bldg, Seattle, Washington 0.321 74.13
USA02378 Coalinga 6.5 Parkfield, Cholame 2wa 0.437 60.00

USA00118 Borrego Mountain, California 6.7
Southern CA Edison, Nuclear Power Plant, San

Onofre, CA
0.400 45.20

USA00730 San Fernando 6.6 5260 Wilshire Blvd, Los Angeles, CA: Roof 0.612 49.07
ROM00056 Vrancea, Romania 6.5 Muntele Rosu 0.310 67.28
USA00009 Kern County California 7.7 Pasadena, Caltech, Athenaeum, CA 0.298 77.28
Artificial 1 — — — 0.220 40.00
Artificial 2 — — — 0.220 40.00
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FIGURE 13: Response spectrum of selected ground motion records: (a) response spectrum of ground motions and (b) comparison of response
spectrum.
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The lateral load-carrying capacity of the coupled system con-
tinues to increase till the VBEs of the SPSW yield and then the
capacity curves enter the plastic plateau. For the 15-story and
20-story prototype cases, the yielding of 50% SCBs indicates the
“softening” of the structural system and the increase of lateral
capacity is much slower than the lateral deformation, which is
similar to the plastic plateau. Compared with the prototype
cases of W-15 and W-20, the yielding of 50% SCBs of the W-
10 cases occurs at a lateral interstory drift ratio about 0.004 rad,
which is less than that of the W-15 and W-20 cases.

The maximum interstory drift ratios of all three groups
of SPSW–SSC systems corresponding to the yielding of half
of SCBs and the base of VBEs are shown in Figure 12. In
Figure 12(a), all the maximum interstory drift ratios at yield-
ing of 50% of SCBs are less than 1/200. When the base of
VBEs of the SPSW yields, the maximum interstory drift ratios
of all cases exceed 1/50 except for W-10-0.6 and W-15-0.6.
Thus, before the yielding of the SPSW, the most of the SCBs
have developed considerable postyield deformation and con-
sumed a great deal of energy. It is also indicated that for the
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FIGURE 14: IDA curves of prototype cases: (a) W-10-0.4, (b) W-15-0.4, and (c) W-20-0.4.
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FIGURE 15: Continued.
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realization of the performance objectives the selection of CR
should avoid the upper bound of 0.6. For best material effi-
ciency out of the coupling mechanism, the optimal number of
stories for the SPSW–SSC coupled system should be more
than 10 stories.

6. Seismic Fragility Analysis

All the SPSW–SSC prototype cases were further analyzed
using the IDA method to reveal the damage development
characteristics with the increase of earthquake excitation

intensity [34–36]. Then, the seismic fragility curves of the
SPSW–SSC systems were obtained based on the IDA results.

6.1. Intensity and Damage Measures. The PGA instead of the
first-mode spectral acceleration Sa (T1, 5%) was selected as
the intensity measure (IM) since all the structures to be ana-
lyzed are high-rise and the influence of higher order modes
cannot be ignored [37]. The interstory drift ratio was adopted
as the damage measure (DM) to remain consistent with the
design. The limit states (LS) of the SPSW–SSC coupled system
corresponding to different performance levels (PL) were
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FIGURE 15: Seismic fragility curves of all prototype cases: (a) W-10-0.3, (b) W-10-0.4, (c) W-10-0.5, (d) W-10-0.6, (e) W-15-0.3, (f ) W-15-0.4,
(g) W-15-0.5, (h) W-15-0.6, (i) W-20-0.3, (j) W-20-0.4, (k) W-20-0.5, and (l) W-20-0.6.
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quantified in terms of the interstory drift ratio [25, 31]. As listed
in Table 3, the limit state LS1 is corresponding to all structural
members in elastic state; LS2 corresponds to the yielding of
some steel web plates; LS3 corresponds to yielding of half of
SCBs; LS4 corresponds to yielding of HBEs of SPSW; and LS5
corresponds to yielding of VBEs of SPSW.

6.2. Input Ground Motions. Nine natural ground motions
and two artificial waves were selected, as shown in Table 4.
The acceleration response spectrum of the selected ground
motion records and the target response spectrum are given in
Figure 13(a). As demonstrated in Figure 13(b), the difference
between the average response spectrum of the selected accel-
eration records response spectrum and the target response spec-
trum is within Æ10%. All the ground motion records were

normalized and scaled to form a series of PGA ranging from
0.07 to 2.0 g. After 0.07 g PGA was analyzed, the next step
analysis used 0.2 g. Then, the subsequent analysis steps adopted
a constant PGA increment of 0.1 g until 2.0 g PGAwas reached.
It is noted that in the Chinese seismic design code [25], the PGA
of 0.2 g corresponds to an earthquake with an exceedance prob-
ability of 10% in 50 years, while a PGA of 0.4 g corresponds to
an earthquake with an exceedance probability of 2% in 50 years.

6.3. Seismic Fragility Analysis

6.3.1. Seismic Fragility Curves. Each prototype SPSW–SSC cou-
pled system was analyzed using the selected suite of ground
motion records following the IDA procedure. The multirecord
IDA curves were obtained for each prototype case and those
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FIGURE 16: Seismic fragility curves for LS3: (a) W-10 prototype cases, (b) W-15 prototype cases, and (c) W-20 prototype cases.
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of the prototype cases W-10-0.4, W-15-0.4, and W-20-0.4 are
shown in Figure 14 as examples. The horizontal and vertical
axes represent the maximum interstory drift ratio and PGA,
respectively. These IDA curves were used to obtain the fragility
curves reflecting the probability of exceeding the limit states of
different performance levels quantified by the maximum inters-
tory drift ratios, as indicated in Table 3.

The seismic fragility curves corresponding to all limit
states of the SPSW–SSC prototype cases are plotted in
Figure 15. The horizontal and vertical axes are PGA and
exceeding probability, respectively. The fragility curve for
the limit state LS5 of the W-20-0.6 case can be taken as an

example, as shown in Figure 15(l). The vertical axis coordi-
nate of the point on the curve corresponding to the PGA of
1.0 g is 47.61%, meaning when the PGA reaches 1.0 g, the
damage limit state of W-20-0.6 has a probability of 47.6% to
exceed the limit state of LS5 (near collapse). All fragility
curves for the 12 prototype cases show similar trends. Along
with the increase of severity of damage conditions from LS1
to LS5, the required increment of PGA to lead to 50% of
exceeding probability increases significantly. Particularly, to
exceed the ultimate limit state LS5 with 50% probability, the
corresponding PGA is approximately 1.0 g for all prototype
cases, implying the satisfactory collapse prevention capacity
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FIGURE 17: Seismic fragility curves for LS5: (a) W-10 prototype cases, (b) W-15 prototype cases, and (c) W-20 prototype cases.
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of the SPSW–SSC coupled system. The limit state LS3 cor-
responding to the damage level characterized by the yielding
of half of the total SCBs has a reasonable PGA approximately
0.4 g for 50% exceeding probability, indicating the SCBs can
effectively be designed to serve as the energy dissipation ele-
ments under rare earthquake disasters.

Figures 16 and 17 demonstrate the seismic fragility
curves corresponding to the key limit states of LS3 and LS5
for each group of prototype cases with the same story num-
ber. It can be seen that with the increase of CR, the PGA that
leads to 50% of exceeding probability for each performance
level also increases. For the 10-story prototype cases, the
fragility curves corresponding to different CRs are also dis-
tinctive, as shown in Figures 16(a) and 17(a). For the 15-
story prototype cases, as shown in Figures 16(b) and 17(b),

the CRs 0.4 and 0.5 cause little difference to the fragility
curves, indicating the low, medium, and high CR values
are 0.2, 0.4, 0.5, and 0.6, respectively. For the prototype cases
with 20 stories, the CRs of 0.5 and 0.6 can result in very close
fragility curves with respect to LS3 and LS5, as can be seen in
Figures 16(c) and 17(c), indicating that for 20-story proto-
type cases CRs between 0.5 and 0.6 can be regarded as high
CR values.

6.3.2. Verification of Performance Objectives. The probabili-
ties for the SPSW–SSC prototype systems reaching different
limit states under moderate earthquakes (PGA= 0.2 g) and
rare earthquakes (PGA= 0.4 g) are shown in Figures 18 and
19, respectively. Under moderate earthquakes, the average
probability of the 12 prototype structures reaching LS3 is
64.1%, while that of reaching LS4 is 27.8%. Under rare earth-
quakes, the average probability for all prototype cases to
reach LS4 is 64.0%, while that of reaching LS5 is 27.0%.
The average probability of collapse is only 0.83%. According
to the definitions of performance objectives, it is obvious that
the design performance objectives for the SPSW–SSC cou-
pled systems are fulfilled.

7. Summary and Conclusion

In this research program, the EBPD method was developed
for the seismic design of the proposed SPSW–SSC coupled
structural system. The EBPD method combines the energy-
balance concept and the plastic design approach and can
directly reflect the favorite plasticity development and distri-
bution pattern determined by the coupling mechanism at the
early design stage. In addition, the seismic base shear can be
directly computed using the energy-balance-based approach
without the iteration procedure if traditional method is used.
Twelve prototype SPSW–SSC coupled systems considering
various story numbers and CRs were designed and numeri-
cally modeled with PERFORM-3D. The numerical modeling
method was verified by comparing the simulated results with
the experimental ones obtained from the available literature.
Then, the pushover analysis and IDA-based seismic fragility
analysis with respect to five performance levels quantified by
five limit states of the maximum interstory drift ratios were
further conducted. The following conclusions can be made
based on the numerical studies:

(i) According to the capacity curves obtained from the
pushover analyses, for all the prototype cases, the
maximum interstory drift ratio corresponding to
the yielding of half of the SCBs increases with the
CR, while that corresponding to the yielding of the
VBEs of the SPSW decreases. This indicates that
the higher the CR the poorer the postyield deforma-
tion capacity. With the increase of CR, the lateral
load capacity of the prototype cases increases too.

(ii) The capacity curves also show that for the prototype
cases with the story number of 10, the maximum
interstory drift ratios are close to 0.004 rad, which
is less than that for the prototype cases with the story
numbers of 15 and 20; after the yielding of half of
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the SCBs, the capacity curves continue to ascend till
the yielding of the VBEs of the SPSW. However,
for the prototype cases with the story numbers of
15 and 20, the capacity curves enter the plastic pla-
teau after the yielding of half of the SCBs. It is, thus,
suggested the SPSW–SSC coupled systems with 15
and 20 stories exhibit better coupling mechanism
than those with 10 stories.

(iii) According to the seismic fragility curves obtained
from the IDA, along with the increase of severity of
damage conditions from LS1 to LS5, the required
increment of PGA to lead to 50% of exceeding prob-
ability increases significantly. Particularly, to exceed
the ultimate limit state LS5 (near collapse) with 50%
probability, the corresponding PGA is approximately
1.0 g for all prototype cases, implying the satisfactory
collapse prevention capacity of the SPSW–SSC cou-
pled system. The limit state LS3 corresponding to the
performance level characterized by the yielding of
half of the total SCBs has a reasonable PGA approxi-
mately 0.4 g for 50% exceeding probability, indicat-
ing the SCBs can effectively be designed to serve as
the energy dissipation elements under rare earth-
quake disasters.

(iv) Under moderate earthquakes, the average probabil-
ity of the 12 prototype cases in LS3 and LS4 are
64.04% and 27.74%, respectively. Under rare earth-
quakes, the average probability of the 12 prototype
cases in LS4 and LS5 are 63.99% and 26.99%, respec-
tively. The average probability of collapse is only
0.83%. The performance objective of collapse pre-
vention under rare earthquakes can be satisfied.
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