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[t is critical to ensure the seismic resilience of super-tall buildings using high performance
materials. The seismic resilience of these buildings can be enhanced by simultaneously
controlling the maximum and residual inter-story drift ratios. To realize such dual-objective
control, a prevailing trend is to adopt self-centering energy dissipation outriggers. In this
study, taking a real engineering practice as the prototype building, super-tall building study
cases with energy dissipation outriggers, and with self-centering energy dissipation
outriggers are designed. Based on nonlinear time-history analysis, the seismic
performances of these study cases are evaluated and compared with emphasis on the
maximum, and residual inter-story drift ratios. The dual-objective control effect of self-
centering energy dissipation outriggers and energy dissipation outriggers are analyzed and
compared. The results indicate that self-centering energy dissipation outriggers are more
effective than energy dissipation outriggers for achieving the dual-objective control of the
maximum and residual drift ratios of super-tall buildings.

Keywords: dual-objective control, super-tall building, outrigger, self-centering, energy dissipation

1 INTRODUCTION

Super-tall buildings are important parts of most cities, and their seismic performance and post-
earthquake recoverability are critical factors affecting the seismic resilient performance of cities.
Energy dissipation technology is typically introduced in real engineering practice to ensure and
improve the seismic performance of such buildings (Yang, 2020; Oviedo-Amezquita et al., 2021).
Existing investigations and engineering practices indicate that such technology can effectively
control the maximum deformation and damage to the structure. However, excessive post-
earthquake residual deformation of the structure increases its repair difficulty and cost (Pettinga
et al, 2007; Mao and Wang, 2021). Compared with multistory and tall buildings, post-earthquake
residual deformation affects super-tall building structures more significantly, primarily because of
the large height of the building and the large volume of components, which render post-earthquake
residual deformation difficult to repair or recover. Hence, it is critical to realize dual-objective control
of the maximum deformation during an earthquake and the post-earthquake residual deformation of
the structure to improve the seismic resilient performance of super-tall buildings.

Currently, high-performance concrete and steel are adopted to design and construct vertical
components in super-tall buildings to improve the deformation limits corresponding to each damage
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stage and then alleviate the damage to the main structure under
the same deformation (Nehdi, 2013; Liew et al., 2016; Hassan
et al, 2017; Zhang et al., 2020). Regarding the horizontal
components (e.g., coupling beam and outrigger), high-
performance energy dissipation components can be introduced
to dissipate plastic energy, and reduce damage to the vertical
components to ensure the seismic performance of the main
structure (Yang et al, 2016; Ding et al, 2018). Frame-core
tube-outrigger systems, which are typical hybrid lateral load-
resisting systems, and have been widely used in modern super-tall
buildings (Park and Oh, 2018; Zhang et al., 2018; Shim et al.,
2019; Alhaddad et al., 2020; Huang et al., 2021). In this system,
the outrigger is typically designed as an energy dissipation
component that is elastic under the service level earthquake
(SLE) and the design basis earthquake (DBE). Under the
maximum considered earthquake (MCE), the web member of
the outrigger is expected to yield and dissipate energy, and
thereby controlling the maximum inter-story drift ratio
(MIDR) of the structure. Hence, various studies regarding
energy dissipation outriggers have been conducted. Two
methods are typically used to realize an energy dissipation
outrigger. One method is to maintain the original structural
system of the outrigger; energy dissipation components are
directly introduced to replace the web member. For example, a
buckling restrained brace (BRB) can be adopted to prevent the
buckling of web members and offer the expected excellent energy
dissipation capacity and ductility (Youssef et al., 2010; Yang et al.,
2018; Lin et al., 2018; Lin et al., 2019). The other method is to
change the construction or connection method using the vertical
components (i.e., columns and core tube) of the outrigger (Smith
and Willford, 2007; Wu et al., 2014; Zhou and Li, 2014), e.g., by
introducing a viscous damper to vertically connect the outrigger
and column. The first method is primarily used because it
involves a convenient design and will not significantly change
the conventional design and construction method, particularly
for the outrigger with a BRB.

Notably, the energy dissipation capacity of the outrigger can be
effectively enhanced using the BRB as a web member. However,
because such energy dissipation capacity is realized based on the
yielding and significant plastic deformation of steel, considerable
residual deformation of the BRB is typically observed after
unloading. Such features may result in significant residual
deformations of the outrigger and overall structure, thereby
hindering the post-earthquake recovery of super-tall buildings
(Kiggins and Uang, 2006; Luand Lu, 2019). The SC-BRB provides
a potential solution for balancing the energy dissipation capacity
and controlling the brace residual deformation. It is composed of
a self-centering system (e.g., prestressed steel strands or shape
memory alloys) and energy dissipation cores of the BRB in
parallel. After unloading, the residual deformation of the brace
can be alleviated by the self-centering system, whereas the energy
dissipation capacity can be maintained through the cores of the
BRB, and which can control the maximum deformation of the
structure (Erochko et al., 2013; Liu et al., 2018; Fan et al., 2019;
Qing et al., 2021; Zhou et al., 2021). The seismic performance of
three-story steel frame buildings with a BRB and an SC-BRB
was compared by Zeng (2014). The results indicated that using an

Dual Control of Supertall Building

SC-BRB can reduce the residual inter-story drift ratio by 60%, and
the maximum deformation during the earthquake can be
controlled more effectively because a higher post-yield stiffness
can be achieved. Based on nonlinear time-history analyses
(NTHAs) of 4- and 12-story SC-BRB frame structures, Xie
et al. (2016b) identified the critical parameters of SC-BRBs
that affect the seismic performance of braced steel frame
structures. Furthermore, a seismic design method was
developed for such structures with emphasis on post-
earthquake repairability. Qiu et al. (2020) proposed a new type
of SC-BRB using a novel buckling-restrained super-elastic shape
memory alloy, and the seismic responses of structures with and
without SC-BRBs were compared. The results indicated that
compared with the structure without SC-BRB, the MIDR and
maximum residual inter-story drift ratio (MRIDR) were reduced
by 15 and 70% for this with SC-BRBs, respectively. The studies
above showed that the SC-BRB offered significant benefits in the
dual control of the MIDR and MRIDR. However, these
investigations focused on multistory and tall buildings; studies
regarding the dual control of super-tall buildings using SC-BRBs
for the outrigger are scarce.

To investigate the feasibility of MIDR and MRIDR dual
control in super-tall buildings using the self-centering energy
dissipation outrigger with SC-BRBs, a 75-story frame-core tube-
outrigger super-tall building with a total height of 344.85m is
selected and designed using the energy dissipation outrigger with
BRBs and the self-centering energy dissipation outrigger with SC-
BRBs. The seismic performance of the buildings with BRB under
two different earthquake levels is evaluated, and the
characteristics of the MIDR and MRIDR are identified.
Subsequently, four cases with SC-BRBs are established to
investigate the control effect of the MIDR and MRIDR; the
critical design parameters of the SC-BRB for the dual-objective
control effect and the corresponding effect on the damage to the
connected vertical components are identified. The feasibility of
the SC-BRB for self-centering energy dissipation outriggers was
validated.

2 SEISMIC PERFORMANCE OF
PROTOTYPE BUILDING WITH ENERGY
DISSIPATION OUTRIGGERS

2.1 Prototype Structure

A super-tall building located in Xi’an is selected as the
prototype building for this study. The design seismic
intensity of the building is 8°. The corresponding peak
ground acceleration (PGA) values are 70, 200, and 400 cm/
s” for the SLE, DBE, and MCE, respectively. The characteristic
period of the site is 0.40 s. The building comprises 75 stories
and measures 344.85 m in height. The planar sizes of the outer
frame and core tube are 53.8 x 53.8 m and 29.6 x 30.0 m,
respectively. A hybrid lateral-load-resisting system, known as
the frame-core tube-outrigger system, is adopted to achieve a
desirable seismic performance. A three-dimensional (3D)
view of the building and its corresponding structural
system are presented in Figure 1.
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FIGURE 1 | Structural lateral-load-resisting system.
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FIGURE 2 | Sections of typical SRC columns (mm). (A) Cross-shaped. (B) Box-shaped.
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The outer frame of the structure comprises cross- and box-
shaped steel-reinforced concrete (SRC) columns and I-shaped
steel beams. Typical sections of the SRC columns are presented in
Figure 2. Based on the requirements of the building function, 16
groups of V-shaped SRC columns with a square section
measuring 1.8 x 1.8 m are adopted to realize the first story
with a height of 153 m. SRC shear walls and reinforced
concrete (RC) shear walls are adopted for the core tube. The
thickness of the shear walls decreases gradually with the height of
the building. The thickness of the SRC shear walls in the bottom
strengthening region (first to ninth stories) is 1.4 m. The yield

strength of the steel plates embedded in such shear walls is
345 MPa; the thickness of the steel plates in the outer wall is
30 mm, whereas that in the inner wall ranges from 14 to 20 mm.
To improve the lateral stiffness of the structure and coordinate
the outer frame with the inner core tube, two groups of outriggers
are installed at the 24th and 51st stories, and three groups of circle
belt trusses are installed on the 24th, 51st, and 64th stories. The
arrangement of outriggers is schematically presented in Figure 3.
Sixteen BRBs are adopted in each story as the web members of the
outrigger. The vyield load, pre-yield stiffness, and post-yield
stiffness of the BRB are 3 x 10*kN, 3.7 x 10’ kN/mm, and
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FIGURE 3 | Arrangement of outrigger.
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TABLE 1 | Information of main structural components.

Story Outer frame column Shear wall of inner core tube
Steel Concrete Width/m Steel Concrete Thickness/m

1st to 9th Q345 C60 16t0 1.8 Q345 C60 1.3-14
10th to 20th Q345 C60 15t0 1.6 — C60 1.2-1.3
21st to 40th Q345 C60 12to 1.4 — C60 0.8-1.1
41st to 52nd Q345 C50 1.2 — C60 0.7-0.8
53rd to 70th Q345 C40 1.1 - C60 0.5-0.7
71st to 75th — — — — C60 0.5

Notes: 1) SRC columns and shear walls end at the 70th story and 9th story, respectively.

2) Steel: Q345 indiicates that the standard value of yield strength is 345 MPa, according to the Standard for Design of Steel Structures (Ministry of Housing and Urban-Rural Development

of the People’s Republic of China (MOHURD), 2017).

3) Concrete: The standard values of axial compressive strength of C40, C50, and C60 are 26.8, 32.4, and 38.5 MPa, respectively, according to the Code for Design of Concrete Structures
(Ministry of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD), 2015).

74 KN/mm, respectively. A steel box section (700 mm (height) x
800 mm (width) x 50 mm (thickness of the web) x 50 mm
(thickness of the flange)) is adopted for the outrigger chord,
and the associated yield strength is 390 MPa. The material
strength grades and sectional dimensions of the main
structural components are presented in Table 1. The yield
strength of most of the rebars in the structure is 400 MPa.

2.2 Finite Element Model

To investigate the characteristics of the seismic responses of the
prototype building during and after an earthquake, a refined finite
element model is established using the commercial software
Perform-3D. It is notable that Lu X. L. et al. (2015), Lu X. L.
et al. (2016) have provided a benchmark model for a typical
frame-core tube-outrigger super-tall building using Perform-3D,
which is a widely acknowledged software in China. Hence, the
corresponding recommended simulation method is adopted in
this study. Specifically, SRC columns, steel beams, SRC shear
walls, and RC shear walls are modeled using fiber elements. The
bilinear kinematic hardening plasticity model is used for the steel
and rebar, and the parameters of the confined and unconfined
concrete are determined using the model proposed by Mander

and Cheng (1997). Because a relatively large span-to-height ratio
is adopted for the coupling beams, the fiber element is also used to
simulate the coupling beams dominated by flexural behavior (Lu,
X.Z.etal, 2013; Lu X. et al.,, 2013; Lu et al., 2016; Lu and Guan,
2017). The BRB element in Perform-3D is adopted for the web
members in the outrigger. Based on the abovementioned
simulation method, the refined finite element model is
established, as presented in Figure 4.

Gravity and modal analyses are conducted based on the
refined finite element model. The total mass of the structure is
315,310 t. The first six vibration periods and the corresponding
modal properties are presented in Table 2. The ratio of the first-
order torsional period (4.32s) to the first-order translational
period (6.42s) is 0.673, which is much lower than the limit
value of 0.85 (Ministry of Housing and Urban-Rural
Development of the People’s Republic of China (MOHURD),
2010), indicating that the torsional effect is controlled effectively.
Three (two natural and one artificial) ground motions are then
selected for the NTHAs. A comparison between the response
spectra of these ground motions and the design spectrum is
shown in Figure 5, and they exhibit good agreement. A damping
ratio of 4% is adopted for the NTHAs (Ministry of Housing and
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FIGURE 4 | The finite element model of the super-tall building.
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TABLE 2 | The first six vibration modes of the super-tall building.

Number Modal direction Period (s)
1 First-order translation in the Y-direction 6.42
2 First-order translation in the X-direction 6.36
3 First-order torsion 4.32
4 Second-order translation in the Y-direction 2.01
5 Second-order translation in the X-direction 1.98
6 Second-order torsion 1.56
1.6
1.4 —Design spectrum
12 4 — Averaged
ged spectrum
1
on
o= 0.8 .
“ Periods of the
0.6 1 : SCBRE nge: Period of the
04 1" & BRB case
1
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0 . " — —
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FIGURE 5 | Comparison between design spectrum and response
spectra.

Urban-Rural Development of the People’s Republic of China
(MOHURD), 2016). NTHAs with PGA values of 400 and 510 cm/
s* are conducted for the prototype building along the Y-direction

of the building, which is the direction of the first mode. Two PGA
levels are considered for the NTHAs. Specifically, a PGA of
400 cm/s® is used to satisfy the general requirements of the
code. In addition, a PGA of 510cm/s’, equivalent to
increasing the seismic design intensity from 8" to 8.5°, is taken
to evaluate the seismic performance under extremely strong
earthquakes. Such procedure is widely adopted in engineering
practices.

2.3 Nonlinear Time-History Analysis

Three critical seismic responses of the super-tall structure are
discussed herein and presented in Figures 6-8, including the
MIDR, MRIDR, and hysteretic behavior of the web members in
the outrigger. Free vibration (i.e., the acceleration keeps at 0) of
100 s is added to the end of the selected ground motions for time-
history analysis. Based on this, the residual story drift ratio can be
determined by checking the stabilized structural response at the
end of the time-history analysis. The inter-story drift ratios of the
story with outrigger are significantly smaller than those of the
adjacent stories, which is attributed to the high stiffness of the
outriggers and circle belt trusses. At a PGA of 400 cm/s’, the
envelope value of the MIDR is observed at the 36th story,
i.e., 0.94%, which is lower than the limit value of 1% specified
by the code. The web members in the outrigger using the BRB can
stably dissipate energy and control the maximum deformation.
The MRIDR is 0.10% at the 39th story. As the PGA increases to
510 cm/s’, the envelope values of the MIDR and MRIDR increase
to 1.26 and 0.19%, respectively, indicating that a 27.5% increase in
the PGA results in a 34 and 90% increase in the MIDR and
MRIDR, respectively. Although the energy dissipated by the BRB
increases, a large MRIDR is introduced. Notably, the MRIDR at
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the 24th story with outriggers increases significantly as the PGA
increases under natural ground motion 1 (NGM1), ie., from
0.02% at 400 cm/s” to 0.11% at 510 cm/s”. This is because more
energy is dissipated when the PGA reaches 510 cm/s’, and the
increase in the MRIDR of the outrigger results in an increase in
the MRIDR of the entire structure. This phenomenon is more
evident in artificial ground motion (AGM). When the PGA
increases from 400 to 510 cm/s, the MRIDR at the 24th story
increases from approximately 0-0.08% and is the maximum
residual inter-story drift ratio of the structure; this implies that
considerable plastic behavior occurs in this region and dominates
the residual deformation of the structures.

As shown in Figure 8, the BRB of the outrigger in the 24th
story yields under NGM1, indicating that the BRB provides
energy dissipation capacity and controls the maximum
response of the building. It is noteworthy that the residual
deformations of the BRB under the PGAs of 400 cm/s* and
510 cm/s” are 1.83 and 8.49 mm, respectively. The residual
deformation of BRB is considerable and thus leads to the
abovementioned residual deformation of the structures. Hence,
the introduction of a self-centering BRB may have the potential to

Dual Control of Supertall Building

control the residual deformation of the outrigger and even that of
the entire structure.

3 SEISMIC PERFORMANCE OF A BUILDING
WITH SELF-CENTERING ENERGY
DISSIPATION OUTRIGGERS

3.1 Self-Centering Outrigger Using SC-BRB

The SC-BRB is composed of a self-centering system and an
energy dissipation system. Existing studies (Zeng, 2014; Xie,
2018; Zhou et al., 2021) show that its high post-yield stiffness
and energy dissipation capacity is desirable for controlling the
maximum deformation of a structure during an earthquake, and
its self-centering capacity is desirable for controlling the post-
earthquake residual deformation. The hysteretic curves of the SC-
BRB and BRB are schematically compared in Figure 9. Flag-
shaped hysteretic behavior is observed for the SC-BRB, indicating
good residual deformation control capacity. Fy, and K; represent
the yield force and initial stiffness of the self-centering system,
respectively; Fyp, and Ky, denote the yield force and initial stiffness
of the energy dissipation system, respectively.

In this study, to achieve dual-objective control of the
maximum and residual deformations of super-tall
buildings, SC-BRB is adopted for the web members to
replace the BRB in the prototype building, and which
results in the self-centering energy dissipation outrigger.
Various forms of SC-BRBs have been proposed and
investigated by scholars based on prestressed strand (Xie
et al, 2017; Liu et al, 2018; Qiu et al, 2020), pre-
compressed disc spring (Fan et al, 2019), and shape
memory alloy (Qiu et al., 2020). It is noteworthy that the
skeleton curve and hysteretic behavior of these SC-BRBs are
similar despite their different forms. Therefore, in this study,
the SC-BRB used in self-centering energy dissipation
outrigger is not limited to a specific form. The effect of SC-
BRBs on the seismic performance of super-tall buildings is
investigated based on the theoretical model of SC-BRB. The
critical parameters of the SC-BRB in this outrigger are set to
Fys/F,, = K1/Kpy = 1.5, based on Xie et al. (2016a), Xie et al.
(2017), which allows a good balance to be achieved between
the energy dissipation capacity and self-centering capacity. As

TABLE 3 | Performance parameters of the web members of the study cases.
Study cases BRB

Fys/10° kN —
Ks1/10% kN mm —
Kso/10° kKN mm —

Self-centering system

Energy dissipation system Fyb/103 kN 30.0
Kip1/10° kKN mm 3.70
Kipo/10° kN mm 0.074
Total F/10° kN 30.0
K;/10° kN mm 3.70

Ko/10° kN mm 0.074

Notes: 1) F, denotes the yielding force of self-centering and energy dissipation systems.
2) K; and K denote the initial and post-yielding stiffness of the member, respectively.

SCB-1 SCB-2 SCB-3 SCB-4
18.0 225 30.0 30.0
2.22 2.78 3.71 5.55
0.178 0.222 0.297 0.444
12.0 15.0 20.0 20.0
1.48 1.85 2.47 3.70
0.030 0.037 0.049 0.074
30.0 375 50.0 50.0
3.70 463 6.18 9.25
0.208 0.259 0.346 0518
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FIGURE 10 | Finite element model of SC-BRB implemented in
Perform-3D.

the outriggers are only set in the 24th and 51st stories, all the
BRB web members of these outriggers are replaced with SC-
BRBs to realize dual-objective control of the maximum
deformation during earthquake and post-earthquake
residual deformation. Four cases with different SC-BRB
design schemes are considered, and the corresponding
parameters of the two SC-BRB systems are presented in
Table 3. For SCB-1, the total yield force and initial
stiffness are identical to those of the BRB in the prototype
building. The values for the parameters of SCB-2 and SCB-3
are 1.25 and 1.67 times those of SCB-1, respectively. SCB-4 is a
design case that only increases the initial stiffness based on
SCB-3. Based on the NTHAs of these four cases, the effect of
the SC-BRB on the control effect of the MIDR and MRIDR can
be identified, and the dual-objective control mechanism of the
SC-BRB as well as the self-centering energy dissipation
outrigger can be investigated.

3.2 Finite Element Model of Buildings With
Self-Centering Energy Dissipation

Outrigger

As shown in Figure 10, SC-BRB is modeled in Perform-3D with a
BRB element and a nonlinear elastic bar in parallel. The BRB
element is adopted for simulating the energy dissipation system
and the nonlinear elastic bar is adopted for simulating the self-
centering system.

To validate the reliability of such a simulation method, a
numerical simulation is conducted for the SC-BRB experimentally
tested by Xie (2018) under cyclic loads. The mechanical properties of
the two systems are presented in Table 4. A comparison between the
numerical and experimental results shows good agreement between
them, as shown in Figure 11, indicating that this method can
effectively capture the energy dissipation and self-centering
capacities of the SC-BRB.

Based on the abovementioned simulation method, refined
numerical models of the four study cases are established, and

600
Experiment
Simulation
300 4
£
[}
2
& 0
=
=
<
-300
-600 T r T
-20 -10 0 10 20
Axial displacement/mm
FIGURE 11 | Comparison of SC-BRB experimental and simulation
hysteresis curves.

modal analyses are also conducted. The first three fundamental
periods of the prototype building and four study cases are
compared, as shown in Table 5. Although the stiffness of the
web members of SCB-2, SCB-3, and SCB-4 increases, the
variation in the fundamental periods is no more than
3.27%. Therefore, the ground motions selected for the
prototype building can be used for the four study cases.

3.1.1 Hysteretic Responses of SC-BRB and Damage of
Main Components

To identify the control effect of the SC-BRB, the hysteretic
responses of typical web members using BRBs and SC-BRBs
are required to be compared. This comparison based on a
PGA of 510 cm/s* under NGMI1 is shown in Figure 12. The
results under NGM1 are presented because it yielded the
maximum MIDR under two earthquake levels and the
maximum MRIDR under 510cm/s>. Flag-shaped
hysteretic curves are observed for the SC-BRBs; moreover,
the maximum and residual axial deformations of the SC-
BRBs are generally lower than those of BRBs except for SCB-
1, which has the initial stiffness and yield load identical to
those of the BRB. In addition, the maximum and residual
axial deformations of the SC-BRB decrease as the initial
stiffness and yield load of the SC-BRB increase. For the web
members located in the 24th and 5Ist stories, the
corresponding residual axial deformations are reduced by
56-77% and 55-86%, respectively. Such a feature provides
the foundation for the dual-objective control of the
outrigger and entire building.

TABLE 4 | Mechanical properties of the tested SC-BRB of Xie (2018).

Energy dissipation system

Self-centering system

Area (mm)? Yield strength (MPa) Elastic Length (mm)
modulus (GPa)
405 249 206 820

Pretension force (kN) Initial stiffness Elastic Length (mm)
modulus (GPa)
180 30 kN/mm 52 1,060
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TABLE 5 | The first three vibration modes of four cases.

Dual Control of Supertall Building

Number Modal property Period (s)

BRB SCB-1 SCB-2 SCB-3 SCB-4
1 Translation in the Y-direction 6.42 6.42 6.33 6.28 6.21
2 Translation in the X-direction 6.36 6.36 6.28 6.23 6.16
3 Torsion 4.32 4.32 4.32 4.32 4.31
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It is notable that the increase in the stiffness and yield load of
web members may transfer a larger load to the adjacent vertical
components (e.g., columns and shear walls), as compared with
prototype buildings. Hence, it is necessary to check the damage
state of these components adjacent to the outrigger, which can be
reflected by the maximum strain. Compared with the prototype
building, case SCB-1 exhibits similar maximum strains because
the SC-BRB in this case is designed with identical initial stiffness
and yield load. For SCB-2 and SCB-3, the maximum strains of the
components adjacent to the upper outrigger (i.e., the 51st story)
are also identical, whereas the maximum strains of the
components adjacent to the lower outrigger (ie., the 24th
story) increased by approximately 10 and 15% for SCB-2 and

SCB-3, respectively. However, the damage state is not changed for
all these adjacent components. For SCB-4, the significant increase
in the stiffness of the self-centering system results in a 20%
increase in the maximum strain of the components adjacent to
the 24th story and changes the damage state.

The discussion above indicates that the SC-BRB can function
well at the structural level, can effectively control the residual axial
deformation of web members, and will not significantly change
the damage states of the components adjacent to the outrigger.

3.1.2 Comparison of MIDR During an Earthquake
The distributions of the envelope values of MIDR for all the
study cases are compared, as shown in Figure 13. It is
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noteworthy that the introduction of the self-centering energy
dissipation outrigger using the SC-BRB as web members will not
change the deformation mode of super-tall buildings.
Additionally, the MIDR of the four cases using such
outriggers reduces as compared with that of the prototype
building. For the self-centering energy dissipation outrigger
with the original initial stiffness and yield load (SCB-1),
although the energy dissipation capacity of the web member
decreases significantly, the post-yield stiffness of SC-BRB is
approximately three times that of the BRB, and the MIDR is
identical to that of the prototype building. For SCB-2 with a
relatively high initial stiffness and yield load (25% greater than
that of BRB), the MIDR under PGAs of 400 and 510 cm/s* are
reduced by 3 and 2%, respectively. When the initial stiffness and
yield load of the SC-BRB are significantly higher (i.e., SCB-3,
67%) than those of the BRB, the MIDR under PGAs of 400 and
510 cm/s” are reduced by 6 and 4%, respectively. For SCB-4, the
MIDR under PGAs of 400 and 510 cm/s” are reduced by 7 and
6%, respectively, indicating that the continuous increase in the

stiffness of the energy dissipation system could not further
improve such reduction.

Based on the discussion above, it can be concluded that the
introduction of self-centering energy dissipation outriggers using
SC-BRBs as web members will not change the deformation mode
of super-tall buildings. Although the SC-BRB will sacrifice a
certain extent of the energy dissipation capacity of the web
member, the increase in the post-yield stiffness can ensure the
control effect of the MIDR during an earthquake. In addition, a
better control effect is generally achieved for the study cases if the
stiffness and yield load of the SC-BRB are greater than those of the
BRB. The continuous increase in these parameters will not
significantly increase the control effect of the MIDR.

3.1.3 Comparison of MRIDR After an Earthquake

The distributions of the envelope values of the MRIDR for all
cases are compared, as shown in Figure 14. The maximum
MRIDR of the entire structure and the MRIDR of the stories
where the outrigger was located are listed and compared, as
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TABLE 6 | MRIDRs of study cases.

Dual Control of Supertall Building

PGA Concerned position of MRIDR
structure BRB SCB-1 SCB-2 SCB-3 SCB-4
400 om/s? 24th story 0.18%o 0.14%o 0.13%o 0.15% 0.11%o
51st story 0.21%o 0.11%o 0.09%o 0.06% 0.06%
Peak value 0.99%o 0.95%o 0.91%o 0.86%o 0.79%o
510 om/s? 24th story 1.14% 0.87%o 0.68%o 0.50% 0.41%o
51st story 0.37% 0.28% 0.23% 0.17% 0.16%
Peak value 1.98% 1.76%o 1.64%o 1.45%o 1.42%o
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FIGURE 15 | MRIDR control effect of the study cases. (A) 24th story. (B) 51st story. (C) Peak value.
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shown in Table 6 and Figure 15, respectively. The self-centering
energy dissipation outrigger using the SC-BRB can control the
MRIDR to a certain extent, and this control effect becomes more
evident as the PGA increases. In addition, as the stiffness and
yield load of the SC-BRB increases, a better control effect can be
realized. When the PGA reaches 510 cm/s’, the MRIDRs of the
entire building and the stories with an outrigger are two to six
times and two times those of 400 cm/s>, respectively. Hence, the
results with PGA of 510 cm/s> are discussed herein.

For SCB-1 with the original initial stiffness and yield load, the
MRIDRSs of the stories with outriggers are both reduced by 24%,
and the MRIDR of the entire building is reduced by 9%. When the
initial stiffness and yield load of the SC-BRB are slightly higher
than those of the BRB (i.e., SCB-2, 25% higher), a significant
control effect is observed in the stories with an outrigger, which is
consistent with the control effect of the residual axial deformation
of the SC-BRB. Specifically, the MRIDRs of these stories reduce
by 40 and 38% at the 24th and 51st stories, respectively. It is
noteworthy that the difference between the distributions of the

MIDR of SCB-1 and SCB-2 is negligible, as shown in Figure 13,
i.e.,, the damage states of the shear walls and columns are basically
identical, and their residual states should be similar. However, as
shown in Figure 14, owing to the desirable control effect on the
MRIDRs of the stories with outriggers, a further reduction in the
MRIDR of the entire building (i.e., from 9 to 15%) is achieved. As
the initial stiffness and yield load of SC-BRB increased, the
abovementioned phenomenon becomes more evident.
Specifically, the MRIDRs of the stories with outriggers reduce
further by 54-56% and 57-64% for SCB-3 and SCB-4,
respectively. The reduction in the MRIDR of the entire
building stabilized at approximately 25% owing to SCB-3.

The above discussion reveals that the self-centering energy
dissipation outrigger can effectively provide self-centering
capacity and control the residual deformation of the super-tall
building, especially for the story where the outriggers locate.
Therefore, the dual-objective control of maximum and residual
drift ratios of super-tall buildings could be achieved by
introducing a self-centering energy dissipation outrigger.
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4 CONCLUSION

To investigate the feasibility of dual control of MIDR and MRIDR
of super-tall buildings based on self-centering energy dissipation
outriggers with SC-BRBs, a 75-story frame-core tube-outrigger
super-tall building with a total height of 344.85 m is selected and
designed using the energy dissipation outriggers with BRBs and
self-centering energy dissipation outriggers with SC-BRBs. The
seismic performance of the building with the BRBs under two
different levels of earthquakes is evaluated, and the characteristics
of the MIDR and MRIDR identified. Subsequently, four cases
with SC-BRBs are established to investigate the control effect of
the MIDR and MRIDR, where the critical design parameters of
the SC-BRB for the dual-objective control effect, and the
corresponding effect on the damage to the connected vertical
components are identified. The feasibility of the SC-BRB for self-
centering energy dissipation outriggers is validated. The main
conclusions of this study are as follows:

1) The SC-BRB can function well at the structural level, can
effectively control the residual axial deformation of web
members, and will not significantly change the damage
states of the components adjacent to the outrigger.

2) The introduction of a self-centering energy dissipation
outrigger using SC-BRBs as web members will not change
the deformation mode of super-tall buildings. A better control
effect on the MIDR is generally achieved in the study cases
when the stiffness and yield load of the SC-BRB are greater
than those of the BRB. A continuous increase in these
parameters will not significantly increase the control effect.

3) The self-centering energy dissipation outrigger significantly
controls the residual deformation in the story where the
outriggers are located by up to 64%. The MRIDR of the
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