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Abstract

Seismic-resistant self-centering concentrically braced frames (SC-CBFs) are susceptible
to the concentration of inter-story drifts during earthquakes owing to the relatively low
energy dissipation ability of braces. To address this limitation, this study proposed a novel
solution by designing a strong backup (SB) system to mitigate inter-story deformation con-
centration in “weak” stories. The proposed SB system consisting of truss members can
be attached to the existing SC-CBF through pin connections, forming a system, termed
strong backup SC-CBF (SC-CBF-SB), to promote a more uniform distribution of inter-
story drifts along the height of the frame and mitigate the weak story behavior. A six-story
chevron-braced frame is adopted to investigate the seismic performance of SC-CBF and
SC-CBEF-SB. Finite element models of SC-CBF and SC-CBF-SB are built. The mechanical
characteristics and dynamic responses of the SC-CBF-SB are examined. To comprehen-
sively evaluate the performance of both SC-CBF and SC-CBF-SB, static pushover analy-
ses and nonlinear time-history analyses are conducted. Additionally, incremental dynamic
analysis (IDA) is performed to evaluate the responses (particularly drift concentration) of
both frame types subjected to increasing seismic intensity levels. Numerical results show
that the maximum value of the drift concentration factor (DCF) is around 1.3 and 1.8 for
SC-CBF-SB and SC-CBF, respectively, indicating that SC-CBF-SB can effectively miti-
gate inter-story drift concentration of SC-CBF. Meanwhile, the proposed SB system has a
minimal negative impact on the favorable SC ability of the frame.

Keywords Self-centering braced frame - Inter-story drift - Strong backup system - Seismic
performance - Drift concentration factor

1 Introduction

Although traditional concentrically braced frames (CBFs) have been employed as common

lateral load-resistant systems (Tremblay et al. 2003; Uriz and Mahin 2008), they are asso-
ciated with well-known limitations, such as limited system ductility and brace buckling
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under compression. To overcome the brace buckling issue in traditional CBFs, buckling-
restrained braced frames (BRBFs), featured by the stable hysteretic response and superior
energy dissipation ability of braces under tension—compression cycles, have been proposed
and increasingly applied in the past decades (Watanabe et al. 1988; Aiken et al. 2002; Fah-
nestock et al. 2007; Di Sarno and Elnashai 2009). However, the poor performance of CBFs
and BRBFs in controlling residual deformation was also observed during past earthquakes
(Sabelli 2001; McCormick et al. 2007). Notably, when residual deformation exceeds 0.5%,
repair costs are likely higher than that of rebuilding (McCormick et al. 2008). To minimize
structural residual deformation and decrease repair costs after earthquakes, the self-center-
ing (SC) concept has been introduced into seismic-resistant structural systems (Ricles et al.
2002; Christopoulos et al. 2008; Zhu and Zhang 2008; Qiu and Zhu 2017; Lavaei et al.
2023). Currently, the most commonly adopted SC structural elements and systems include:
(1) SC dampers and braces (Dolce et al. 2005; McCormick et al. 2007; Zhu and Zhang
2008; Li et al. 2018; Qiu et al. 2022; Hu et al. 2024); (2) SC beam-column connections
(Garlock et al. 2005; Wolski et al. 2009; Speicher et al. 2011; Asadolahi and Fanaie 2020);
(3) SC shear walls and rocking systems (Chi and Liu 2012; Eatherton et al. 2014; Razavi
and Fanaie 2023), and (4) SC isolators (Casciati et al. 2007; Dolce et al. 2007; Wang et al.
2020).

Among these SC systems, self-centering concentrically braced frames (SC-CBFs)
consisting of a variety of SC braces (SCBs) have recently been proposed to minimize the
residual deformation of braced frames after earthquakes (Zhu and Zhang 2007; Christo-
poulos et al. 2008; Miller et al. 2012; Erochko et al. 2013). The current fabrication strat-
egy for SCBs involves utilizing either post-tensioned methods (e.g., post-tension tendons)
or special alloy materials (e.g., shape memory alloys, SMAs) to produce a representative
flag-shaped hysteretic behavior that realizes the SC and energy dissipation abilities simul-
taneously. For example, Christopoulos et al. (2008) proposed an SCB design consisting
of two bracing members, pre-tensioned fiber elements, energy dissipation elements, and a
series of guiding elements, wherein the elongation of the fiber elements was activated by
any relative motion between the two bracing members, providing the desirable SC forces.
They validated its SC behavior through full-scale axial tests, wherein a 2.17-m long SCB
provided tensile and compressive forces of around 800 kN. The proposed SCB could be
installed in frame structures by a means similar to conventional steel braces. They also
performed dynamic loading tests of a partially braced frame. Wang et al. (2021) devel-
oped an SCB prototype consisting of a group of disc springs and an additional friction
device and evaluated its effectiveness in the seismic control of frame responses through
numerical analyses. The disc springs were used to provide reliable SC ability, where differ-
ent stack patterns could lead to various combinations of load resistance and deformability.
They validated its SC behavior through full-scale axial tests, wherein a 1.85-m long SCB
provided tensile and compressive forces of about 300 kN. Zhu and Zhang (2008) and Qiu
and Zhu (2017) investigated the performance of a CBF equipped with novel SMA-based
SCBs. SMAs constitute a unique class of metal alloys that exhibit superelasticity, energy
dissipation capabilities, and high corrosion resistance (Chen and Zhu 2024). The superelas-
ticity enables SMAs to recover their initial shapes after removing the external load, result-
ing in an ideal flag-shaped hysteretic response. The SMA-based SCB consists of interior
and exterior segments that slide relative to each other, and the axial loads (either tension or
compression) always stretch the SMA wires in this design.

However, as frequently reported in the past literature (Qiu and Zhu 2016,; Wang et al.
2021, 2023; Lin et al. 2022; Zhang et al. 2022), SC-CBFs exhibit a pronounced concen-
tration of inter-story drifts during earthquakes, mainly attributed to the relatively lower
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energy dissipation ability and limited post-yielding stiffness of SCBs. For example, Qiu
and Zhu (2016) reported that SC-CBFs exhibited less uniform distribution of inter-story
drift ratios than BRBFs when designed with the same elastic properties, yield strength, and
post-yield stiffness. Similarly, Wang et al. (2023) conducted nonlinear time history analy-
ses of BRBFs and SC-CBFs and observed that the weaker energy dissipation capability of
SC-CBFs leads to unexpected drift concentration. Unlike ideal conditions with a uniform
distribution of inter-story drifts along the height of the frame, the inter-story drift concen-
tration in “weak stories” may occur in practical conditions. Notably, “weak stories” herein-
after do not really mean that the stiffness and strength of some stories are under-designed.
In fact, the occurrence locations of weak stories are quite random under different seismic
ground motions. In these “weak stories”, the deformation demands may exceed the capaci-
ties of braces designed following uniform drift distributions, whereas the inter-story drifts
of other stories could be considerably smaller than those in weak stories. Such non-uni-
form profiles of inter-story drift may also intensify the P-A effect in weak stories, thereby
causing greater damage and even increasing the risk of structural collapse.

Notably, the inter-story concentration is also commonly observed in CBFs and BRBFs
(Sabelli et al. 2003; Uriz and Mahin 2008; Qiu and Zhu 2016). To address this issue, sev-
eral solutions have been proposed by researchers, such as the implementation of an elas-
tic truss system and a stiff rocking core. For example, Lai and Mahin (2015) proposed a
strongback system, which was essentially an augmented braced bay in the original braced
frame, to prevent the occurrence of weak stories in CBFs. Comparative analyses between
the original and strongback frames showed that the strongback system could effectively
prevent the occurrence of deformation concentration. Later on, Simpson and Mahin (2018)
conducted cyclic tests and numerical analyses on a full-scale two-story BRBF retrofitted
with an augmented braced bay and proved the effectiveness of the strongback system. Pol-
lino et al. (2017) proposed to introduce a stiff rocking core into an existing CBF to redis-
tribute lateral demands and prevent soft-story responses. Qu et al. (2014) conducted non-
linear static pushover analyses on low-rise (three-story) and medium-rise (six-story) CBFs
equipped with stiff rocking cores and illustrated the efficacy of rocking cores in reducing
the concentration of inter-story deformation. Moreover, Qu et al. (2015) investigated the
dynamic responses of CBFs rehabilitated using rocking cores subjected to seismic ground
motions. Slovenec et al. (2017) conducted a hybrid test on a 1/3-scale prototype CBF reha-
bilitated with a stiff rocking core. Ebrahimi Majumerd et al. (2023) developed a base-rock-
ing dual-core braced-frame system to mitigate the concentration of inter-story deformation.

Previous upgrading approaches mainly focused on improving the seismic performance
and mitigating weak stories in conventional CBFs and BRBFs. Nonetheless, there has been
limited research on strategies to address the issue of weak-story behavior in SC-CBF struc-
tures. Moreover, existing upgrading approaches require either significant alterations to the
internal structures of the original buildings or the construction of external rocking systems
outside of the original buildings, demanding substantial labor, material, and space costs.
In view of these facts, this paper proposes a novel type of strong backup (SB) truss sys-
tem to overcome the weak-story behavior observed in SC-CBFs. The proposed SB system
can be attached to an existing SC-CBF via pin connections to form a strong backup SC-
CBF (SC-CBF-SB) system. Compared with the previous upgrading approaches, the pro-
posed SB system does not alter the internal structures of the original buildings or require
large space around the structure, which has good compatibility with existing structural
systems. The quasi-static and dynamic behaviors of the SC-CBF-SB are explored in this
study. To comprehensively understand the performance of SC-CBF-SB, static pushover
and nonlinear dynamic analyses of SC-CBF and SC-CBF-SB are performed and compared
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systematically. In particular, to evaluate the dynamic responses (including inter-story drift
concentration) of both frames subjected to increasing seismic intensity levels, incremental
dynamic analysis (IDA) is performed. The numerical analyses successfully demonstrate the
effectiveness of the proposed SB system in mitigating weak-story behavior in SC-CBF,
meanwhile having minimal negative impact on the desirable SC ability of the frame.

2 Working mechanism of SB system

As aforementioned, a variety of SCBs have been developed in the literature. These SCBs
are typically characterized by a flag-shaped hysteretic loop and show similar seismic
behavior. Figure la depicts a representative SC-CBF considered in this study, wherein
SCBs may be one of any aforementioned SCB examples in Sect. 1. As shown in Fig. 1a,
the typical distribution pattern of inter-story drifts of SC-CBF often exhibits concentrated
deformation in one or a few stories under seismic motions (Qiu and Zhu 2016).

As shown in Fig. 1b, the proposed SB system functions as a hinged truss system,
consisting of vertical, horizontal, and diagonal members. The SB system is connected
to one column of the SC-CBF through pin connections at each story and pinned at its
base, thereby enabling a pivotal motion of the SB system around the pinned base. In
contrast to previous upgrading techniques, the proposed SB system obviates the modi-
fications to the original interior structures and has a simpler configuration, and occu-
pies less space needed than those of existing rocking cores. Meanwhile, the SB system
is designed to maintain essentially elastic throughout the whole earthquake process,
enabling the redistribution of story shear demands and promoting a uniform profile of
inter-story drifts along the frame height. Unlike the distribution pattern in Fig. la, b
demonstrates the improved distribution pattern of the inter-story drifts of SC-CBF-SB,
where drifts are uniformly distributed with the incorporation of the SB system. Differ-
ent from a conventional braced frame where braces are designed to dissipate energy,
the SB system is intended to remain nearly elastic during seismic events. To achieve

Concentrated
inter-story drift

Distributed
inter-story drift

] Concentrated Strong backup

inter-story drift frame

(a) (b)

Fig. 1 Illustration of the distribution pattern of inter-story drift ratios of a SC-CBF and b SC-CBF-SB
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this objective, the SB system is designed using the simplified modal pushover analysis
method (Simpson and Rivera Torres 2021). This approach considers the combination
of force demands from the first and higher modes and ensures the SB system remains
nearly elastic under all modes of excitation.

3 Prototype frame

A six-story steel braced frame with SCBs is adopted to investigate the behavior of SC-
CBF and SC-CBF-SB. The adopted six-story steel braced frame with BRBs was initially
designed by Sabelli et al. (2003) and later modified to an SC-CBF by replacing BRBs with
SCBs by Qiu and Zhu (2016). The SC-CBF frame incorporates a chevron-braced con-
figuration. Notably, several SCBs (e.g., post-tension-based and SMA-based SCBs) show
nearly symmetrical tension and compression behavior, minimizing unbalanced lateral force
demand on the beams. Therefore, only 5% unbalanced bracing force is considered in the
beam design. Story height of the first story is defined as 5.5 m and that of the other sto-
ries is 4 m. The bay width is 9 m. The tributary masses for each bay of the braced frame
are 151.0 ton for the first to fifth floors and 136.5 ton for the roof. Other detailed infor-
mation regarding the frame can be obtained from the reference (Sabelli et al. 2003). In
the SC-CBF, all beam-column connections are designed as pin connections, and continu-
ous columns are along the building height with pinned base connections. The same frame
members as the original design by Sabelli et al. (2003) are utilized, except that BRBs are
replaced by SCBs with the same values of initial stiffness and yield strength. The post-
yield stiffness ratio of SCB is set as a=0.01, and the energy dissipation capacity is set
as #=0.5. The SC-CBF-SB consists of two parts: the main frame and the SB frame. The
main frame remains identical to the SC-CBF, while the SB frame is attached to one col-
umn of the main frame via pin connections at each story and pinned at its base. The bay
width of the SB system is set as 1.5 m, determined after parametric studies that are omit-
ted herein for conciseness. In actual engineering scenarios, the width of the bay needs to
be determined based on the existing structural conditions. The vertical member in the SB
frame remains continuous along the height of the SB frame, whereas the horizontal and
diagonal members are all pin-connected members. To facilitate construction, the vertical
and horizontal members in the SB frame are designed to have the same cross-section size
as the column and beam members in the main frame. Additionally, the diagonal member
is selected based on the primary design goal to maintain the SB frame in an elastic state
under all modes of excitation, following the simplified modal pushover analysis method
proposed by Simpson and Rivera Torres (2021), which combines the responses of multiple
modes obtained from the pushover analyses to estimate force demands for the designed SB
frame. The flowchart of the design method is shown in Fig. 2. The method begins with an
eigenvalue analysis to determine the structure’s mode shapes and periods. For each sig-
nificant mode, a nonlinear static pushover analysis is performed using a lateral load pat-
tern proportional to the mode shape. The modal responses are combined using a modal
combination rule to estimate the total seismic response. The following nonlinear dynamic
analyses confirm that the SB frame remains elastic. Table 1 lists the major information of
structural members in SC-CBF and SC-CBF-SB, including column and beam sections, ini-
tial stiffness k; and yielding strength F, of the braces in SC-CBF in each story, and different
truss members in the SB system.
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Fig.2 Flowchart of the simpli-
fied design method based on
modal pushover analysis
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Table 1 Member sizes of SC-CBF and SB system

SC-CBF

SB system

Story  Columns

Beams

Braces

F, (kN)

k; (kN /m)

Vertical mem-
bers

Horizontal
members

Diagonal
members

Wi14x132
W14x132
W14x132
Wi14x211
Wi14x211
Wi14x211

— N W R Lo

W14x48
W14x48
W14x48
W14x48
W14x48
W14x48

394
711
961
1161
1306
1704

0.734E405
1.326E +05
1.793E +05
2.165E+405
2.435E405
2.878E+405

W14x132
W14x132
W14x132
W14x132
W14x132

W14x48
W14x48
W14x48
W14x48
W14x48
W14x48

W14x132
W14x132
W14x132
W14x132
W14x132
W14x132
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4 Numerical models

Finite element (FE) models of the two-dimensional prototype SC-CBF and SC-CBF-SB
were built in OpenSees (OpenSees 2013) to investigate their seismic performance. In the
SC-CBF model, the beams, columns, and braces are simulated by using the forceBeamCol-
umn elements with fiber sections. The columns are modeled to be continuous throughout
the height of the frames and have pinned connections at their bases. All beam-to-column
connections are modeled as pin connections. Pin connections are also modeled at the
ends of every brace. The beam and column elements are constructed from ASTM A992
steel, which has an assumed post-yield stiffness ratio of 0.003. The simulation does not
take into account the degradation of steel materials resulting from local buckling as well
as low-cycle fatigue. The material type of the beam and column members are defined as
Steel02. Since the occurrence of brace buckling under compression is not permitted in this
study, each brace is simulated using a single element. The cross sections of the braces are
constructed by assembling uniaxial fibers. Each brace cross-section consists of a total of
16 fibers. The material type of the braces is defined as SelfCentering to simulate the SC
behavior of SCBs, as shown in Fig. 3. The force—deformation relationship of the SelfCen-
fering material is characterized by the initial stiffness k,, yield force F,, post-yield stiffness
ratio ¢=0.01, and energy dissipation capacity f=0.5. In SC-CBF-SB, horizontal, vertical,
and diagonal members in the SB system are simulated by the forceBeamColumn elements,
with their material type defined as Steel02 as well. The vertical member is continuous
along the height of the SB system, whereas the horizontal and diagonal members are mod-
eled with hinged connections. One end of the diagonal member in the first story is pinned
at the base. The Rayleigh damping of 5% is considered for the first and second modes. An
idealized leaning column is modeled to carry the tributary floor mass. To avoid introducing
extra lateral stiffness to the main frame, the leaning columns in each story are inter-con-
nected through pin connections and pinned at the base. In this way, the horizontal and ver-
tical displacements of the leaning column in each story are coupled with the corresponding
story in the main frame. A large value of vertical strength and stiffness is assumed for the
leaning column. Consequently, the leaning column could simulate the P-A effect but does
not provide lateral stiffness to the main frame. The FE models of SC-CBF and SC-CBF-SB
are shown in Fig. 4.

The multiple natural periods of the SC-CBF and SC-CBF-SB are listed in the Table 2.
The first modal period of SC-CBF is approximately 0.81 s, which is quite close to the first
modal period of SC-CBF-SB at approximately 0.80 s. As for the second modal period,

Fig.3 Schematic of SelfCenter- A
ing element

-
Lt
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6th floor 9 = ) — forceBeamColumn element
Sthfloor & - — elasticBeamColumn element
“““ equalDOF
4th floor - B 0. pin connections
3rd floor - -1
2nd floor ¢- -1
Ist floor ¢ o
Ground floor a 4/\.. a 4
SC-CBF SC-CBF-SB

Fig.4 FE models of SC-CBF and SC-CBF-SB in OpenSees

Table 2 Fundamental periods of

SC-CBF and SC-CBF-SB Frame type e LG e
SC-CBF 0.81 0.31 0.20
SC-CBF-SB 0.80 0.28 0.18

SC-CBF exhibits a period of approximately 0.31 s, whereas SC-CBF-SB demonstrates a
shorter period of approximately 0.28 s. The SB system tends to have a rigid-body rotation
around its hinge base, which approximately follows the first mode shape pattern. Therefore,
the SB system does not contribute any stiffness to the first-mode motion and does not alter
the first-mode period obviously. However, the second-mode and third-mode periods of
SC-CBF-SB are obviously reduced by 9.6% and 10%, respectively, compared to SC-CBF,
because the SB system contributes the stiffness to alter the second and third mode shapes.

5 Pushover analysis

Monotonic and cyclic pushover analyses are performed to investigate the relationships
between the roof drift ratio and base shear of two frames, i.e., SC-CBF and SC-CBF-SB.
The profile of the inter-story drift ratio is determined by the distribution of seismic forces
along the building height (Qu et al. 2013). While the first-mode loading pattern is widely
adopted in seismic design and analysis, it may not accurately represent actual seismic force
distributions during severe earthquakes. Therefore, additional pushover analyses with dif-
ferent loading patterns are necessary to paint a more comprehensive picture of the inter-
story drift distribution. Therefore, the first-mode, second-mode, and uniform loading pat-
terns are used in the pushover analyses (Goel and Chopra 2004), where the second-mode
pattern examines the high-mode effect and the uniform loading pattern is selected based on
FEMA 356 (2000).
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Figure 5 demonstrates the base shear versus roof drift ratio relationships of SC-CBF
and SC-CBF-SB with the first-mode loading pattern. The yielding of braces among dif-
ferent stories during the pushover analysis is marked with red dots. Under the first-mode
loading pattern, the slope of the curves of SC-CBF and SC-CBF-SB are almost the same,
and the initial elastic stiffnesses of the two frames are close to each other, implying that the
addition of the SB system exerts little effect on the initial elastic stiffness of the original
frame. In the SC-CBEF, the yielding point of the first story is far from those of upper stories:
yielding of first-story braces occurs at the roof drift ratio of approximately 1.5%, whereas
yielding of braces of other stories occurs when the roof drift ratio is approximately 0.3%.
By contrast, in the SC-CBF-SB, the yielding points of all six stories are quite close to each
other, meaning that the braces of six stories yield at almost the same moment when the
roof drift ratio is about 0.3%. The deviation among the inter-story drift ratios is quite small.

Figure 6 illustrates the base shear versus roof drift ratio relationship under the second-
mode loading pattern. In the SC-CBF, the sixth-story braces yield at a base shear force of
about 760 kN. On the other hand, in the SC-CBF-SB, the braces in the sixth and fifth sto-
ries yield very closely at a base shear force of about 1500 kN, followed by the fourth-story
braces at a base shear force of about 2200 kN.

Figure 7 presents the monotonic pushover results of SC-CBF and SC-CBF-SB under the
uniform loading pattern. In the SC-CBF, the yielding points of braces in different stories
exhibit significant deviations, indicating a non-uniform distribution of the inter-story drift
ratio along the frame height. The first- and second-story braces yield first at the roof drift
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3000 3000 4
z Other—stpry 1* story brace yields z .
2 25004 b;aces yield / 2 2500 All-story braces yield
o o
< <
= 2000 X 2 20004 /
o nd : o
2 1s00] 2" story brace yields 2 1500l
a Q
1000 1000 -
500 500
0 T T T 0 T T T
0 1 2 3 4 0 1 2 3 4
Roof drift ratio (%) Roof drift ratio (%)
(a) SC-CBF (b) SC-CBF-SB
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—— SC-CBF-SB
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o
g
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o
g
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(c) Comparison of SC-CBF and SC-CBF-SB

Fig.5 Monotonic pushover analysis under lateral loads in the first-mode pattern
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0 1 2 3 4 0 1 2 3 4
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0 1 2 3 4

Roof drift ratio (%)

(c) Comparison of SC-CBF and SC-CBF-SB

Base shear (kN)

Fig.6 Monotonic pushover analysis under lateral loads in the second-mode pattern

ratio of about 0.3%, followed by braces in the third and fourth stories at 0.5% and 1%,
respectively; finally, braces in the fifth and sixth stories yield at roof drift ratios of 2.25%
and 3.75%, respectively. By contrast, SC-CBF-SB shows yielding points of braces within a
narrow range under the uniform loading pattern, meaning that the braces in different stories
yield almost at the same time.

Figure 8a shows the base shear versus roof drift ratio response subjected to cyclic push-
over with the first-mode loading pattern. The elastic stiffness and post-yielding stiffness of
SC-CBF-SB are almost the same as those of SC-CBF, except that the yielding base shear
of SC-CBF-SB is slightly higher than that of SC-CBF, illustrating that the participation of
the SB system does not affect the stiffness and energy dissipation of the original frame sub-
jected to the first-mode loading pattern. The SB system remains elastic during the whole
process.

Figure 8b exhibits the relationship between the roof drift ratios and base shear of SC-
CBF and SC-CBF-SB under the second-mode loading pattern. The yielding base shear
of SC-CBF-SB is considerably higher than that of SC-CBF, implying that the SB system
carries a large portion of the story shear and contributes considerable story stiffness and
strength under the second-mode loading pattern.

Figure 8c exhibits the relationship between the roof drift ratios and base shear of SC-
CBF and SC-CBF-SB under the uniform loading pattern. The elastic stiffness of SC-CBF-
SB is almost the same as that of SC-CBF. But a smaller post-yield stiffness is observed in
the SC-CBF-SB.
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Fig.7 Monotonic pushover analysis under a uniform load pattern

Notably, the yielding forces of the braces in SC-CBF were designed according to the
first-mode loading pattern, so the inter-story drift profile of SC-CBF is relatively uniform,
and the yielding points of different stories are relatively close under the first-mode pattern.
Consequently, the SB system mainly experiences rigid-body rotation under the first-mode
loading pattern, and its contribution is insignificant. However, real seismic loads often
deviate from the first-mode loading pattern or involve high-mode participation, which will
lead to non-uniform inter-story drift distribution and significant inter-story drift concentra-
tion in SC-SBF, as shown in Figs. 6 and 7 under the second-mode and uniform loading pat-
terns. In contrast, SC-SBF-SB considerably mitigates such inter-story drift concentrations,
and the engagement of the SB system promotes more uniform inter-story drift profiles by
re-distributing internal story shear forces along the height.

6 Ground motions

A total of 40 ground motions developed by Somerville (1997) are employed in the dynamic
analyses in this paper, as shown in Table 3. These ground motions are divided into two
sets, with each set containing 20 ground motions corresponding to different seismic hazard
categories. The first set of ground motions, denoted by LA01-LA20, is developed for Los
Angeles corresponding to exceedance probabilities of 10% in 50 years. The second set of
ground motions, denoted by LA21-LA40, is developed for Los Angeles corresponding to
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Fig.8 Cyclic pushover analysis of the SC-CBF and SC-CBF-SB under the a first-mode, b second-mode
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Individual

Individual
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T (s)
(a) LAO1-LA20

T (s)

(b) LA21-LA40

Fig.9 Response spectrum of selected ground motions

exceedance probabilities of 2% in 50 years. Both sets of ground motions are modified from
soil types Sp-S- to soil type Sp. The geometric mean response spectrum of LAO1-LA20
corresponds to the design basis earthquake (DBE), while the geometric mean response
spectrum of LA21-LA40 aligns with the maximum considered earthquake (MCE). Fig-
ure 9a and b demonstrate the acceleration response spectrum together with the DBE and
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Table 3 Information of the ground motions (Somerville 1997)

Name  Record Year Soil type  Magnitude =~ Mechanism PGA (g)
LAO1  Imperial Valley, El Centro 1940  Stiff 6.9 Strike slip 0.461
LAO2  Imperial Valley, El Centro 1940  Stiff 6.9 Strike slip 0.676
LAO3  Imperial Valley, Array #05 1979  Stiff 6.5 Strike slip 0.394
LAO4  Imperial Valley, Array #05 1979  Stiff 6.5 Strike slip 0.489
LAO5  Imperial Valley, Array #06 1979  Stiff 6.5 Strike slip 0.302
LAO6  Imperial Valley, Array #06 1979  Stiff 6.5 Strike slip 0.235
LAO7 Landers, Barstow 1992 Stiff 73 Strike slip 0.421
LAO8 Landers, Barstow 1992 Stiff 73 Strike slip 0.426
LA09  Landers, Yermo 1992 Stff 7.3 Strike slip 0.520
LA10  Landers, Yermo 1992 Stiff 7.3 Strike slip 0.360
LA1l Loma Prieta, Gilroy 1989  Stiff 7 Reverse oblique ~ 0.665
LA12  Loma Prieta, Gilroy 1989  Stiff 7 Reverse oblique ~ 0.970
LA13 Northridge, Newhall 1994 Stiff 6.7 Reverse 0.678
LA14 Northridge, Newhall 1994 Stiff 6.7 Reverse 0.657
LA15 Northridge, Rinaldi RS 1994 Stiff 6.7 Reverse 0.534
LA16  Northridge, Rinaldi RS 1994 Stiff 6.7 Reverse 0.580
LA17  Northridge, Sylmar 1994 Stiff 6.7 Reverse 0.570
LA18  Northridge, Sylmar 1994 Stiff 6.7 Reverse 0.817
LA19  North Palm Springs 1986  Stiff 6 Reverse 1.019
LA20  North Palm Springs 1986  Stiff 6 Reverse 0.988
LA21  Kobe 1995 Stiff 6.9 Strike slip 1.28
LA22  Kobe 1995  Stiff 6.9 Strike slip 0.92
LA23  Loma Prieta 1989  Stiff 7 Reverse oblique ~ 0.42
LA24  Loma Prieta 1989  Stff 7 Reverse oblique ~ 0.47
LA25  Northridge 1994  Stiff 6.7 Reverse 0.87
LA26  Northridge 1994  Stiff 6.7 Reverse 0.94
LA27  Northridge 1994 Stiff 6.7 Reverse 0.93
LA28  Northridge 1994 Stiff 6.7 Reverse 1.33
LA29  Tabas 1974 Stiff 7.4 Reverse 0.81
LA30  Tabas 1974 Stiff 74 Reverse 0.99
LA31 Elysian Park (simulated) - Stiff 7.1 - 1.30
LA32  Elysian Park (simulated) - Stiff 7.1 - 1.19
LA33  Elysian Park (simulated) - Stiff 7.1 - 0.78
LA34  Elysian Park (simulated) - Stiff 7.1 - 0.68
LA35 Elysian Park (simulated) - Stiff 7.1 - 0.99
LA36 Elysian Park (simulated) - Stiff 7.1 - 1.10
LA37 Palos Verdes (simulated) - Stiff 7.1 - 0.71
LA38 Palos Verdes (simulated) - Stiff 7.1 - 0.78
LA39 Palos Verdes (simulated) - Stiff 7.1 - 0.50
LA40 Palos Verdes (simulated) - Stiff 7.1 - 0.63
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MCE design spectra. The first and second periods of the SC-CBF and SC-CBF-SB are also
marked in Fig. 9, in which the corresponding spectral accelerations can be extracted.

7 Nonlinear time history analyses

To comprehensively investigate the seismic performances of SC-CBF and SC-CBF-
SB under seismic ground motions, nonlinear time history analyses were conducted, and
the corresponding results are presented in the following two subsections. In the second
part, two sets of 20 seismic motions corresponding to DBE and MCE are adopted in the
dynamic analysis, which enables statistical characterization of responses under earthquakes
of different intensity levels.

7.1 Performance under single ground motion

The subsection presents a case study under a selected individual ground motion LA27
(1994 Northridge, Sylmar). This case study allowed a detailed comparison between the
dynamic responses of SC-CBF and SC-CBF-SB.

Figure 10 shows the time histories of inter-story drift ratios of six stories in SC-CBF
and SC-CBF-SB when subjected to the ground motion LA27. Only 20-s time histories that
cover the peak values of inter-story drifts are presented to have a clear view of details in
the frame responses. The occurrence time of the peak inter-story drifts is marked as well.
In SC-CBEF, it is evident that the inter-story drifts of different stories differ considerably,
and the peak inter-story drift ratios of different stories do not occur simultaneously. Spe-
cifically, the inter-story drifts of the first, second, third, and fourth stories reach their maxi-
mum values at around 7,=7.4 s, while the maximum values for the fifth and sixth stories
are observed at around #,=9.5 s. By contrast, in SC-CBF-SB, the inter-story drifts for all
six stories are very close and reach their maximum values nearly at the same instant of
t,=74s.

Figure 11a and b show the distribution of the instantaneous seismic forces on SC-CBF
corresponding to the two instants of 7.4 s and 9.5 s. At r,=7.4 s, the maximum inertial

i H st 1 st
1%, 2nd 31 4h! E/S‘h, 6t lndstory 19, o 31 gt 5h gth lndsmry
31 N, : 2" story| 34 } 2™ story
) : 3" story ) N 3 story
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Fig. 10 Time history of inter-story drift ratio under the ground motion LA27
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Fig. 11 Distribution of inertial forces along the SC-CBF at the two peak inter-story drift instants: a ¢, and
bt

force of 510 kN occurred at the fourth floor, leading to the occurrence of the maximum
inter-story drifts in all the stories underneath; meanwhile, the inertial forces on the fifth and
sixth floors are almost identical (499 kN). The lateral force distribution in Fig. 11a deviates
obviously from the first-mode loading pattern assumed in the design stage. At#,=9.5 s, the
directions of the inertial forces on the fifth and sixth floors are even opposite to those of the
lower floors, and the maximum inertial force of 749 kN occurred on the sixth floor. The
corresponding lateral force distribution shown in Fig. 11b is actually closer to the second-
mode loading pattern. In comparison, Fig. 12 exhibits the distribution of the instantaneous
seismic inertial forces on SC-CBF-SB at t,=7.4 s, when all the stories reach the maximum
values of the inter-story drifts. The minimum inertial force of 150 kN occurred on the first
floor, and the maximum inertial force of 600 kN occurred on the sixth floor of SC-CBF-
SB. This observation illustrates that the SB system enforces relatively uniform profiles of
lateral seismic forces and inter-story drifts within the SC-CBF-SB.

Figure 13a illustrates the distribution of the peak inter-story drifts for all six stories
in both SC-CBF and SC-CBF-SB under the LA27 ground motion. In SC-CBF, the peak
inter-story drifts are about 2.5% from the first to third stories; however, in the sixth
story, the peak inter-story drift reached 3.2%, indicating obvious weak-story response
in the upper stories of SC-CBF. By contrast, in SC-CBF-SB, the peak inter-story drifts
across all six stories are close at around 2.1%, indicating that the SB system can not
only effectively mitigate the weak-story behavior, but also reduce the maximum inter-
story drifts among stories and minimize structural damage. Figure 13b shows the distri-
bution of the peak absolute accelerations of SC-CBF and SC-CBF-SB. Apparently, the
SC-CBF-SB frame demonstrates lower peak absolute accelerations than the SC-CBF
frame, except for the sixth story where SC-CBF-SB slightly amplifies the floor accel-
eration. The fourth floor in the SC-CBF exhibits a peak absolute acceleration of 1.8 g,
whereas it reduces to 1.2 g in the SC-CBF-SB frame. The reduced peak acceleration
will lead to reduced non-structural damage in SC-CBF-SB.

Figure 14 shows the profiles of peak story shear of SC-CBF and SC-CBF-SB subjected
to LA27. The story shear in SC-CBF-SB is shared by the main frame and the SB sys-
tem, and both portions are illustrated in Fig. 14. Generally, the peak story shear forces in
SC-CBF-SB are higher than those in SC-CBF, particularly in the first and sixth stories.
For example, the peak story shear forces in the first story of SC-CBF-SB and SC-CBF are

@ Springer



Bulletin of Earthquake Engineering
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Fig. 13 Distributions of a peak inter-story drift ratio and b peak absolute acceleration when subjected to
LA27

recorded as 3031 kN and 2680 kN, respectively; similarly, the peak story shear forces in
the sixth story of SC-CBF-SB and SC-CBF are measured at 1001 kN and 820 kN, respec-
tively. This story shear distribution in SC-CBF-SB is likely attributed to the high-model
effect that tends to amplify force demands in the bottom and top stories (Simpson 2020).
Notably, the extra story shear is mainly undertaken by the SB system, and the story shear
forces in the main frame of SC-CBF-SB are actually reduced; as a result, smaller inter-
story drifts are observed in SC-CBF-SB, leading to reduced structural damage in compari-
son with SC-CBF.

Table 4 summarizes the maximum internal load demands in both SC-CBF and SC-
CBEF-SB. Columns in SC-CBF-SB experience smaller shear forces and bending moments
compared to those in SC-CBF. In SC-CBF, the maximum shear force of 245 kN and bend-
ing moment of 631 kN-m are observed in the right column of the fifth and sixth stories,
whereas the largest brace forces are observed in the first story with about 1926 kN in the
left brace and 1903 kN in the right brace. By contrast, in SC-CBF-SB, relatively uniform
distributions of shear force and bending moment demands are observed, with larger values
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Fig. 14 Profile of peak story shear of SC-CBF and SC-CBF-SB subjected to LA27

in the bottom story and smaller values in the top story. The brace forces in the main frame
of SC-CBF-SB are comparable to those of SC-CBF. As for the SB system, relatively larger
axial force demands are observed in the diagonal members of the first and sixth stories.
Figure 15 compares the axial forces in the columns of SC-CBF and SC-CBF-SB. Appar-
ently larger axial force demands are observed in the right column of SC-CBF-SB due to
the installation of the adjacent SB system. To examine the effect of the SB system on the
stability of columns, Fig. 16 shows the P-M interaction curve for the columns in SC-CBF
and SC-CBF-SB. Under LA27, the maximum axial forces and bending moments of the
left and right columns in the six stories of SC-CBF and SC-CBF-SB are collected, and the
normalized axial forces and moments are plotted in Fig. 16. Compared with SC-CBF, the
bending moments of the right and left columns in SC-CBF-SB are both smaller than those
of SC-CBF. The axial forces of the columns in SC-CBF-SB are quite similar to SC-CBF
for the left columns and are relatively higher for the right column. Considering the small
magnitude of the bending moments and axial forces in the right columns, the addition of
the SB system does not produce a negative effect on the column stability in SC-CBF-SB.

7.2 Performance evaluation under multiple ground motions

As aforementioned, two sets of ground motions representing DBE (LAO1-LA20) and
MCE (LA21-LA40) levels are used as seismic excitations. Figure 17 compares the pro-
files of the peak inter-story drift ratios of SC-CBF and SC-CBF-SB frame under the DBE
ground motions, and the corresponding arithmetic means of each story under 20 ground
motions are also calculated for SC-CBF and SC-CBF-SB. Under the DBE ground motions,
the maximum peak inter-story drift ratio of about 1.5% is observed in the sixth story of
SC-CBF. In comparison, the profile of peak inter-story drift ratios is relatively uniform in

@ Springer



Bulletin of Earthquake Engineering

€IST 9191 (€eP) sev (€9) LOT 1) 1¢ (€9) ¢ (FSP) 8SH 9z9) 8y (1L Tel  (SS°€) 6T+ 9
wre 901 (Z8L) 98L (FO1) Ov1 0e)ze  (L6) €e¢ (86L) ¥08 (1€9) L6 (T 9¢1 (68¢€) 06¢ S
092 998 (#S01) 1901 (611) €51 o) ¥ (2861) 606 (Tro1) 6101 (919) 86t (S+T) 9T1 (6£6) TH6 ¥
13454 €8L (zTLen) T8l (8L1) ¥£€T (89) 8L (S¥67) 9791 (€621) SOET (189) 287 (#€0) 621  (0991) T991 €
1281 L16 (8€¥1) 0S¥1 (#81) 6S¢C (65) 001 (099€) vE¥T (#9%1) 0871 (Fe9) oLy (€81) 621  (98+7T) 88¥T 4
- S061 (L881) S061 OL1) €LT (S8) 16 (920%) ¥1¥€ (€061) 9261 (€99) 86¢  (O11) 901  (0THE) vTre I
(N™D (N™D
[eIXY- 19q [eIXY—Ioquiou
-WoW [BONIIA TeuoSerq (w-NY) JwwoN (NP Teays (NP TeIxy (W-NY) Juowoy (NP Teays (NP TeIxy
as (N [erxy eoerg uwnjo)  (NY) [eIxy doerg uwnjo)

OuSry) Yo1 4S-4492-0S

(yS) YT A9D-DS  A1018

(A1eAnoadsar ‘syuawr

-9[2 1YS1I pue 132 oY) JO SPLO] [RUINUI J) MOYS S)IYOrIq ) PISUI PUB JPISINO SIdqUINU JY)) L7V Iopun gS-JgD-DS Pue JgD-DS Y} UT SPLO[ [eUIUI WNWIXE[N { d|qeL

pringer

Qs



Bulletin of Earthquake Engineering

—— SC-CBF: left column
sdee T SC-CBF: right column
' SC-CBF-SB: left column
] E ----- SC-CBF-SB: right column

Floor
B
1
[
]
]
]
]
]
]
[rrep— ]

P p—

N T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000
Peak axial force in the column (kN)

Fig. 15 Profile of peak axial force in the columns of SC-CBF and SC-CBF-SB subjected to LA27
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Fig. 16 P-M interaction curves with the normalized axial forces and bending moments in the columns of
SC-CBF and SC-CBF-SB under LA27

SC-CBF-SB: the peak inter-story drift ratios are 1.1%, 1.1%, 1.0%, 1.0%, 1.1%, and 1.1%
from the first to sixth stories.

Figure 18 compares the profiles of arithmetic means of the peak inter-story drift ratios
of SC-CBF and SC-CBF-SB under the MCE (LA21-LA40) ground motions. Weak stories
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Fig. 17 Profile of peak inter-story drifts subjected to DBE
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Fig. 18 Profile of peak inter-story drifts subjected to MCE

occur in the bottom and upper stories of SC-CBF, and relatively larger values of inter-
story drift ratios are observed in the second and sixth stories, reaching 3.3% and 3.1%,
respectively. For SC-CBF-SB, the arithmetic means of 3.1% peak inter-story drift ratio is
observed in the sixth story. Generally, SC-CBF-SB still exhibited a more uniform distribu-
tion of inter-story drift ratio under the MCE ground motions.

Figure 19a further compares the maximum inter-story drift ratios of SC-CBF and
SC-CBF-SB under the DBE ground motions, where the maximum values are picked
out from the inter-story drift ratios among six stories. The mean values of the maxi-
mum inter-story drift ratios of SC-CBF and SC-CBF-SB are 1.73% and 1.28%, respec-
tively. Figure 19b compares the maximum inter-story drift ratios under the MCE ground
motions. Similar observations can be made. The mean values of the maximum inter-
story drift ratios of SC-CBF and SC-CBF-SB are 3.92% and 3.25%, respectively. In
general, SC-CBF-SB can achieve considerably smaller maximum inter-story drift ratios
under both DBE and MCE levels. Notably, the maximum roof drift ratios of SC-CBF
and SC-CBF-SB are very close to each other: they are 1.00% and 1.01%, respectively,
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Fig. 19 Maximum inter-story drift ratios of SC-CBF and SC-CBF-SB under a DBE and b MCE

under the DBE level, and are 2.68% and 2.89%, respectively, under the MCE level. The
roof drift ratios of the frames are typically dominated by the first-mode responses. As
explained before, the SB system does not have a noticeable impact on the first-mode
frequency and mode shapes. The close roof drift ratios imply that the higher maximum
inter-story drift ratios observed in SC-CBF are mainly due to the non-uniform distribu-
tions of inter-story drift ratios along the frame height. Compared with the roof drift
ratios, the inter-story drift ratios are more obviously affected by the inter-story deforma-
tion concentration, in which the SB system plays a more important role, as discussed in
Sect. 5.

To further assess the distribution uniformity, the variability of the inter-story drift ratios
among six stories of SC-CBF and SC-CBF-SB under each individual ground motion is
quantified through the following standard deviation:
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Fig.20 o, of SC-CBF and SC-CBF-SB subjected to DBE and MCE
3 (01t —Brpeat )
peak i,peak . ( 1 )
Cwory = \ Ty L= 1,2,..6
where 0, ., is defined as the peak inter-story drift ratio of the i" story, and Ei’peak is defined

as the mean of the peak inter-story drift ratios among six stories. A smaller o, indi-
cates a reduced discrepancy among inter-story drift ratios of different stories. Figure 20a
and b compare o,,,,, of SC-CBF and SC-CBF-SB subjected to the DBE and MCE ground
motions, respectively. The mean values of Gyory Of SC-CBF and SC-CBF-SB are 0.31 and
0.12, respectively, under the DBE level, and are 0.61 and 0.17, respectively, under the
MCE level. Generally, o,,,, of SC-CBF-SB is considerably smaller than that of SC-CBF,

indicating a more uniform profile of inter-story drift ratios.
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Fig.21 Mean value of residual inter-story drift ratios of SC-CBF and SC-CBF-SB

Figure 21 illustrates the mean values of the residual inter-story drift ratios of SC-CBF
and SC-CBF-SB subjected to the DBE and MCE ground motions. Negligible residual drift
ratios are observed in both SC-CBF and SC-CBF-SB under both levels, meaning that the
SB system, if properly designed, will not diminish the SC ability of the frame.

8 IDA analysis

IDA is often adopted to estimate structural performance subjected to varying seismic
intensities (Vamvatsikos and Cornell 2002). IDA is also conducted with 20 ground
motions (LAO1-LA20) to investigate seismic performance of SC-CBF and SC-CBF-SB,
in which each seismic motion record is scaled independently by using the spectral accel-
eration at the fundamental periods of the frames with 5% damping S, (7,,5%) as the
intensity measure (IM). Figure 22a illustrates the IDA curves for the maximum roof
drift ratios of SC-CBF and SC-CBF-SB, where three curves correspond to the 16th,

—$50% .~
S & ] 23849
g S . 84%
5 <
@ 7 05
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Fig.22 IDA curves for a maximum roof drift and b maximum inter-story drift ratio of SC-CBF as well as
SC-CBF-SB at varying seismic intensity levels
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50th, and 84th percentiles of the peak roof drift ratios, respectively. The IDA curves for
the roof drift ratios of SC-CBF and SC-CBF-SB are almost identical. Figure 22b illus-
trates the IDA curves for the maximum inter-story drift ratios of SC-CBF and SC-CBF-
SB. Unlike the roof drift response, SC-CBF-SB exhibits considerably smaller inter-
story drift deformation demands than SC-CBF. With the increasing seismic intensity
level, the gap between SC-CBF and SC-CBF-SB also increases.

The drift concentration factor (DCF) is another indicator to evaluate the uniformity
of inter-story drift distributions (Qu et al. 2014). DCF can be calculated as the maxi-
mum inter-story drift divided by the roof drift:

0
DCFn — max,n (2)
gr(mf,n
where 0,,,, , is defined as the maximum inter-story drift of the frame under the n' ground

motion, and 6,,,., is defined as the roof drift of the frame under the n'™ ground motion.
Given a uniform profile of inter-story drifts, DCF,, should be close to 1, meaning that
maximum inter-story drift equals roof drift. A higher mean value of DCF, indicates a
larger discrepancy between the maximum inter-story drift and the roof drift, reflecting a
less uniform distribution of inter-story drifts. Figure 23 compares the IDA curves of the
mean DCF value of SC-CBF and SC-CBF-SB. Results show that when S (7;,5%) is below
0.8 g, the increasing seismic intensity results in an increase of DCF for both SC-CBF and
SC-CBF-SB. This signifies the growing gaps between the roof drift and maximum inter-
story drift. The maximum value of DCF is about 1.3 and 1.8 for SC-CBF-SB and SC-CBF
respectively. In general, the DCF ratio of SC-CBF-SB is considerably lower than that of
SC-CBEF, indicating that the discrepancy is less pronounced in SC-CBF-SB. Meanwhile,
a higher growth rate of DCF is observed in SC-CBF when the seismic intensity increases
from 0.2 to 0.75 g, implying that the inter-story drift ratios of SC-CBF become more nonu-
niform with the increasing seismic intensity.

The performance of both SC-CBF and SC-CBF-SB is further investigated through
probabilistic seismic fragility analysis. The IDA data is used to generate the correspond-
ing fragility curves. The probability of exceedance can be calculated as below:

Fig. 23 IDA curves of mean 1.5

value of DCF of SC-CBF and
SC-CBF-SB at varying seismic
0.5 :
—— SC-CBF-SB
——SC-CBF
0 1{2 ll4 1I6

Sy(T1,5%) ()

intensity levels
T

1.8 2.0

1.
DCF
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Po,

Pl0ax > Onnaxs|Sa] =1 - @ 3)
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max |S,

where @(-) represents the cumulative distribution function of the standard normal distribu-
tion; 6, and By s is the median and standard deviation of the natural logarithm distribu-

tion of @, under a specific S,,. f . can be calculated as:

|s,

" _ 2
ﬂamux [Sa = n i 1 Z] [ln (emax,ilsa) —In <9max|Sa )] (4)
i=
where n represents the number of earthquake records considered and 6,,,, ; represents the
maximum inter-story drift ratio under the i record, respectively.

Three levels of 6,,,, ;, which are 0.5%, 1.0% and 2% are defined as the limitations cor-
responding to three damage states: immediate occupancy, impaired occupancy, and struc-
tural damage (FEMA 1997). The probabilities of exceeding 6,,,, ; when SC-CBF and SC-
CBF-SB are subjected to different S, are compared in Fig. 24. Generally, the probability of
exceedance of the SC-CBF-SB is lower than that of SC-CBF through the whole IM range,
illustrating the effectiveness of the SB system in controlling the maximum inter-story drift
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Fig. 24 Fragility curves of the inter-story drift ratios of SC-CBF and SC-CBF-SB
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ratios. When the S, reaches the DBE level (i.e., 0.76 g), the probabilities of exceeding
the impaired occupancy limit are 0.75 and 0.29 for SC-CBF and SC-CBF-SB, respectively.
When the S, reaches the MCE level (i.e., 1.2 g), the probabilities of exceeding the struc-
tural damage limit are 0.58 and 0.12 for SC-CBF and SC-CBF-SB, respectively.

9 Conclusions

A novel SB system is proposed in this paper to mitigate the deformation concentration
in weak stories in SC-CBFs. The SB system can be conveniently attached to an existing
SC-CBF via pin connections to form a structural system called SC-CBF-SB. Comprehen-
sive investigations into the fundamental principle and dynamic behavior of SC-CBF-SB
are conducted. To fully compare the performance of SC-CBF and SC-CBF-SB, nonlinear
static (i.e., pushover) and dynamic analyses are performed. The seismic performances of
six-story SC-CBF and SC-CBF-SB are assessed under a single ground motion and under
two sets of ground motions corresponding to the DBE and MCE levels. IDA is employed
to evaluate the seismic performance of the frames under ground motions with continuously
varying intensities. The following conclusions can be drawn based on the overall study
results:

1. The original SC-CBF exhibits a uniform inter-story drift profile in the pushover analysis
with the first-mode loading pattern. Considering that real seismic loads often deviate
from the first-mode pattern, the pushover analyses with uniform and second-mode pat-
terns are also performed, wherein the inter-story drift profiles of the SC-CBF become
obviously non-uniform.

2. Inboth nonlinear static and dynamic analyses, the proposed SB system can effectively
mitigate the weak-story behavior and promote uniform distributions of inter-story drift
ratios in SC-SBF-SB.

3. Inthe pushover analyses, the SB system has a minimal effect under the first-mode load-
ing pattern. However, when the loading pattern deviates from the first-mode pattern, or
is dominated by a high mode, the SB system participates in the re-distribution of internal
forces along the height and promotes more uniform inter-story drift profiles.

4. Compared with SC-CBF, SC-CBF-SB exhibits more uniform distributions of inter-
story drifts under both DBE and MCE ground motions, with no obvious weak-story
phenomenon being observed in SC-CBF-SB. The heightwise variability of inter-story
drift ratios and the DCF are considerably reduced in SC-CBF-SB, compared with those
in the original SC-CBF. The mean values of standard deviation o,,,,, of SC-CBF and
SC-CBF-SB are 0.31 and 0.12, respectively, under the DBE level, and are 0.61 and 0. 17,
respectively, under the MCE level.

5. Owing to its more uniform inter-story drift distribution, SC-CBF-SB exhibits smaller
maximum inter-story drift demands than SC-CBF. Under DBE ground motions, SC-
CBF exhibits a maximum peak inter-story drift ratio of 1.5% in the sixth story, while
SC-CBF-SB maintains a more uniform distribution with a maximum inter-story drift
ratio of about 1.1%. Under MCE ground motions, SC-CBF exhibits weak stories in the
second story with a peak drift ratio of 3.3%, while SC-CBF-SB exhibits a uniform dis-
tribution of the inter-story drift ratio with a maximum value of 3.1% in the sixth story.
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Meanwhile, the incorporation of the SB system exerts a minimal effect on the SC ability
of the frame.

6. The IDA results demonstrate that with increasing seismic intensity, the inter-story drift
concentration in SC-CBF becomes more significant, and the difference in the DCF
between SC-CBF and SC-CBF-SB also increases. The maximum value of DCF is about
1.3 and 1.8 for SC-CBF-SB and SC-CBF respectively. Meanwhile, seismic fragility
analysis revealed that the probability of exceedance of multiple inter-story drift limits for
the SC-CBF-SB is considerably lower than that of SC-CBF, illustrating the effectiveness
of the SB system.

Numerical results presented in this paper demonstrate the prospects of the SB system in
mitigating the concentration of inter-story drift ratios in SC-CBF. Systematic experimen-
tal work is still needed in the future to validate the seismic performance of SC-CBF-SB.
Meanwhile, developing an ad hoc performance-based design approach for the proposed
SC-CBF-SB is crucial to promote the practical adoption of the SB systems in real con-
struction projects.

Appendix: Comparative study on three-story SC-CBF and SC-CBF-SB

In addition to the six-story SC-CBF, this study also comparatively investigated the perfor-
mance of three-story SC-CBF and SC-CBF-SB. Because the major conclusions are similar
to those for the six-story SC-CBF, these results are provided in this Appendix for further
reference.

Figure 25 presents the elevation view of the three-story SC-CBF and SC-CBF-SB. Both
the three-story and six-story frames have been adopted in the previous research (Sabelli
2001; Qiu et al. 2022). Table 5 presents the member sizes of the three-story SC-CBF and
SB system. Other detailed information regarding the frame design can be obtained from
the reference (Qiu et al. 2022). Similar to Sect. 8, nonlinear time history analyses of the
three-story SC-CBF and SC-CBF-SB under the single ground motion and multiple ground
motions were also conducted, and the corresponding results are presented in this Appen-
dix. The multiple natural periods of the SC-CBF and SC-CBF-SB are listed in the Table 6.
The first modal period of three-story SC-CBF is approximately 0.38 s, which is quite close
to the first modal period of SC-CBF-SB at approximately 0.37 s.

Figure 26 shows the time histories of inter-story drift ratios of three stories in SC-CBF
and SC-CBF-SB when subjected to the ground motion LA27. Only 15-s time histories that
cover the peak values of inter-story drifts are presented to have a clear view of details in
the frame responses. The occurrence time of the peak inter-story drifts is marked as well.
In SC-CBF, it is evident that the inter-story drifts of different stories differ considerably,

3rd floor ¢--
= forceBeamColumn element

2nd floor ¢--

— ¢lasticBeamColumn element

Istfloor #-F—5— ¢ F—x—Y¥7F equal DOF
/\ Q. pin connections
Ground floor 4 < A a

SC-CBF SC-CBF-SB

Fig. 25 FE models of three-story SC-CBF and SC-CBF-SB
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Table 6 Fundamental periods

T T T.
of three-story SC-CBF and 1 26 3 )
SC-CBE-SB SC-CBF 0.38 0.16 0.12

SC-CBF-SB 0.37 0.15 0.12
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Fig.26 Time history of inter-story drift ratio of three-story frames under the ground motion LA27
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Fig. 27 Profile of peak inter-story drifts of three-story frames subjected to DBE

and the peak inter-story drift ratios of different stories do not occur simultaneously. Spe-
cifically, the inter-story drifts of the first, second and third stories reach their peak values
at around 7,=4.2 s, 1,=6.7 s and 7,=9.5 s, respectively. By contrast, in SC-CBF-SB, the
inter-story drifts for all three stories are very close and reach their maximum values nearly
at the same instant of 7,=4.2 s.

Figure 27 compares the profiles of the peak inter-story drift ratios of three-story SC-
CBF and SC-CBF-SB frame under the DBE ground motions, and the corresponding arith-
metic means of each story under 20 ground motions are also calculated for SC-CBF and
SC-CBF-SB. Under the DBE ground motions, the maximum peak inter-story drift ratio of
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Fig. 28 Profile of peak inter-story drifts of three-story frames subjected to MCE

about 0.70% is observed in the first story of SC-CBF. In comparison, the maximum peak
inter-story drift ratio of SC-CBF-SB is 0.68%. Figure 28 compares the profiles of arithme-
tic means of the peak inter-story drift ratios of three-story SC-CBF and SC-CBF-SB under
the MCE (LA21-LA40) ground motions. Weak stories occur in the bottom story of SC-
CBF, and relatively larger values of inter-story drift ratios are observed in the first story,
reaching 2.4%. For SC-CBF-SB, the arithmetic means of 1.8% peak inter-story drift ratio is
observed in the first story. Generally, SC-CBF-SB still exhibited a more uniform distribu-
tion of inter-story drift ratio under the MCE ground motions.

Figure 29a further compares the maximum inter-story drift ratios of SC-CBF and SC-
CBF-SB under the DBE ground motions. The mean values of the maximum inter-story
drift ratios of SC-CBF and SC-CBF-SB are 0.72% and 0.68%, respectively. Figure 29b
compares the maximum inter-story drift ratios under the MCE ground motions. Similar
observations can be made. The mean values of the maximum inter-story drift ratios of
SC-CBF and SC-CBF-SB are 2.42% and 1.80%, respectively. In general, SC-CBF-SB can
achieve considerably smaller maximum inter-story drift ratios under both DBE and MCE
levels.

Figures 30a and b compare o, of SC-CBF and SC-CBF-SB subjected to the DBE and
MCE ground motions, respectively. The mean values of Gy0ry OF SC-CBF and SC-CBF-SB
are 0.19 and 0.15, respectively, under the DBE level, and are 0.84 and 0.24, respectively,
under the MCE level. Generally, 6,,, of SC-CBF-SB is considerably smaller than that of
SC-CBEF, indicating a more uniform profile of inter-story drift ratios.
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