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Abstract: Against the backdrop of China’s continuous promotion of green and low-carbon transfor-
mation and the development of construction industrialization, high-strength composite structural
systems have significant development prospects. However, their research and application in the field
of construction are insufficient. In response to this issue, the study proposes a new high-performance
structural system, namely the composite frame-high-strength steel plate wall core tube resilient
structural system, which includes a core tube composed of double steel plate concrete composite
shear walls and replaceable energy dissipation coupling beams, as well as composite frames. The
highest strength grades of the steel plate and concrete used in the composite walls of the core
tube are Q550 and C100, respectively. Using a 200 m building as an example, this study designs
and establishes models for this high-performance structure and a conventional reinforced concrete
frame—core tube structure. Subsequently, the dynamic elastoplastic time history analysis and seismic
resilience assessment of structures are conducted under design basis earthquakes (DBEs), maximum
considered earthquakes (MCEs), and extremely rare earthquakes (EREs). Research has shown that,
compared to conventional structures, the thickness of shear walls of new high-performance structures
can be effectively reduced, which helps decrease the self-weight of the structure and improve the
available space in buildings. Additionally, high-performance structures exhibit a better performance
in controlling the story drift ratio, lower plastic damage and overall stiffness degradation of the
structure, and better seismic performance. The seismic resilience of the high-performance structure
has been significantly enhanced, especially in terms of minimizing casualties, thereby better ensuring
the safety of people’s lives and property.

Keywords: high-performance structural system; high-strength steel; ultra-high-strength concrete;
double steel plate concrete composite shear wall; seismic resilience assessment

1. Introduction

Since the 1990s, performance-based seismic design [1-4] has gradually become the
main development direction of seismic design. Due to the inherent uncertainty and com-
plexity of earthquakes, buildings often encounter earthquakes that exceed their capacity
for fortification, rendering repair efforts challenging and severely disrupting people’s daily
lives. Consequently, the seismic performance objectives progressively transition from
prioritizing life safety to reinstating the building’s functional capacity. In January 2009, at
the NEES/E-Defense United States Japan Earthquake Engineering Phase II Cooperation
Research Plan Conference, scholars from the United States and Japan proposed for the first
time that “resilient cities” should be the direction of earthquake engineering cooperation [5].
The development of “resilient cities” has emerged as a crucial aspect of urban planning
during China’s 14th Five-Year Plan period. Enhancing the seismic resilience of buildings
has become a pivotal research focus within the field of seismic engineering.
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Simultaneously, in the context of China’s ongoing promotion of green low-carbon
transformation and the advancement of building industrialization, it is imperative to
develop a high-performance steel plate concrete composite structure system that integrates
high-strength steel and high-strength, high-performance concrete. This will enable the
achievement of a harmonious combination of enhanced load-bearing capacity, disaster
resistance, lightweight characteristics, and ease of construction through the utilization of
prefabricated assembly components [6-10], thereby facilitating its widespread application
in large-scale industrial and civil buildings.

The shear wall, extensively utilized in tall buildings, assumes a pivotal role in enhanc-
ing the seismic resistance of structures. The conventional reinforced concrete shear wall
exhibits excessive weight and susceptibility to cracking, while the lower portion of tall
buildings’ reinforced concrete walls is prone to damage during intense seismic events [11].
Compared to traditional reinforced concrete shear walls, steel plate concrete shear walls can
significantly enhance the load-bearing capacity, energy dissipation capacity, and ductility
of structural members. The double-sided steel plate shear wall eliminates the need for
internal steel reinforcement, thereby reducing the construction complexity. Additionally;,
by positioning the steel plates on the outermost layer, their mechanical performance can
be maximized [12]. Currently, numerous scholars have conducted extensive research on
the mechanical properties and seismic performance of conventional strength steel plate
concrete composite shear walls, which have been verified to possess excellent ductility and
load-bearing capacity [13-17]. The design and construction requirements for conventional
strength steel-concrete composite shear walls are well established in national and industry
design codes [18,19]. Moreover, the steel plate concrete composite shear wall has been
implemented in super tall buildings [20-22].

Currently, significant advancements have been made in the research and application
of high-strength steel and high-performance concrete. Q550 grade high-strength steel and
C120 grade high-strength concrete have been applied in various fields including bridges.
However, there is relatively little research and application of high-strength materials in the
construction field. In current building specifications, the concrete strength of steel plate—
concrete composite structures can reach up to C80, while the steel plate strength can go as
high as Q460. However, this somewhat restricts the application of high-strength materials
in constructing super tall buildings. The latest research on high strength concrete structures
indicates that the utilization of C100 high strength concrete shear walls, combined with a
well-designed system, effectively ensures the overall seismic safety of the structure [23].
The research findings demonstrate that the incorporation of steel plates in steel plate—
concrete composite shear walls effectively mitigates the inherent brittleness associated with
high-strength concrete. Currently, the research and application have been limited to steel
plates below Q460 and concrete below C80 [24-28], necessitating further investigation into
higher strength combinations.

Currently, the construction of super tall buildings exceeding 250 m is subject to re-
strictions in China; therefore, this study focuses on 200 m tall buildings as a representative
example. The predominant structural system for super tall buildings within this height
range is the frame—core tube configuration. Therefore, to enhance the structural seismic
resilience, mitigate carbon emissions from the building, and optimize the construction
economics, this paper proposes a composite frame high-strength steel plate wall core tube
resilient structural system suitable for super tall buildings. The steel utilized in this system
exhibits a maximum strength of Q550, while the concrete possesses a maximum strength
of C100. This paper provides a detailed introduction to the main components of the new
high-performance structural system, and presents the performance objectives of this system
and its key components under service-level earthquakes (SLEs), design basis earthquakes
(DBEs), and maximum considered earthquake (MCEs). Simultaneously, to validate the seis-
mic performance of the proposed high-performance structural system, the paper employs
PKPK 2023 building structure design software to conceive and establish two 200 m-level
frame core tube structures: a conventional reinforced concrete frame core tube structure
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and a new high-performance frame-core tube structure. Subsequently, elastic analysis and
reinforcement design are conducted. Based on the commonly used finite element analysis
software SAUSAGE 2023 (abbreviated as SSG hereafter) in China, an elastoplastic analysis
model was established for the two aforementioned models. The dynamic elastoplastic
time history analysis of the structure was conducted to evaluate its seismic performance
under DBEs, MCEs, and extremely rare earthquakes (EREs). Furthermore, a comprehensive
summary of the seismic response of the high-performance structural system under MCEs
was provided. Finally, utilizing the seismic resilience assessment program developed by
the research group [29] in accordance with the Standard for seismic resilience assessment
of buildings (GB/T 38591-2020) [30] (hereinafter referred to as the Resilience Standard),
coupled with supplementary survey and statistical data on the vulnerability parameter val-
ues of composite components, a comprehensive seismic resilience assessment is conducted
for each model.

2. Overview of High-Performance Structural Systems
2.1. System Composition

The proposed structural system in this paper primarily consists of a composite frame
and a high-strength steel plate concrete core tube (Figure 1). Among them, the high-strength
steel plate—concrete core tube is composed of high-strength steel plate—ultra-high-strength
concrete shear walls and replaceable energy dissipation coupling beams (Figure 2). The
proposed system is designed to accomplish the following objectives:

(1) Energy consumption during MCEs is primarily concentrated in the frame beam and
the replaceable energy dissipation coupling beam. The frame column and shear wall
remain undamaged, ensuring rapid structural repair post-earthquake and enhancing
the seismic resilience of the structure.

(2) The high-performance structural system, composed of high-strength steel and high-
strength concrete, effectively optimizes the material utilization and achieves the
objective of energy conservation and emission reduction in buildings.

(3) Compared to the conventional frame—core tube structure, the high-performance struc-
tural system offers potential cost savings and enhances the economic efficiency of
structural construction.

g’
High-performance Composite frame  High-strength steel plate
structural system concrete core tube

Figure 1. Composite frame—high-strength steel plate wall core tube resilient structural system.
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Figure 2. Diagram of the high-strength steel plate ultra-high-strength concrete shear wall and the
replaceable energy dissipation coupling beam.

2.2. Performance Objectives

The seismic performance objectives for various structural components are presented
in Table 1, and the overall performance objectives are in accordance with the seismic
performance objective C defined in the Technical Specification for Concrete Structures of
Tall Buildings (JGJ 3-2010) [31] (hereinafter referred to as the Tall Buildings Design Code).

Table 1. The seismic performance objectives for various structural components.

Type Classification SLE DBE MCE
Storv drift ratio Concrete structure: 1/620 _ Concrete structure: 1/100
Overall y Steel structure: 1/250 Steel structure: 1/50
structure i
Resu'iual . 0 - 0.50%
story drift ratio
Core tube and Normal section
Key frame columns of Normal section elasticity =~ Normal section elasticity unyielding under
components - Inclined section elasticity  Inclined section elasticity pressure
bottom stiffened area . - ..
Inclined section elasticity
Core tube and . . Normal section Minimum shear section
Common Normal section elasticity N
frame columns of . . .. unyielding (moderate damage to
components . Inclined section elasticity . . -
other stories Inclined section elasticity some components)
Normal section elasticity . . - . e
Energy Frame beams Inclined section elasticity Inclined section elasticity ~ Plastic energy dissipation
dissipation N L secti lasticit
components Coupling beams orma’ Secton € asucity - pjogtic energy dissipation  Plastic energy dissipation

Inclined section elasticity

3. Analysis Model

3.1. Basic Design Information

The research object is a frame—core tube structure, with a fortification intensity of 7
(design basic ground motion acceleration of structures under DBEs is 0.15 g, g = 9.8 m/s?),
site class II and design earthquake classification I specified in the Code for Seismic Design
of Buildings (GB 50011-2010) [32] (hereinafter referred to as the Seismic Design Code). The
height of the structure is 198.4 m, with a total of 46 stories and an aspect ratio of 4.4. The
plane size of the outer frame is 45 m x 45 m, with a core tube plane size of 21 m x 21 m.

In order to investigate the seismic performance of the structure, two models have been
designed and established based on PKPM and with Table 1 as the seismic performance objec-
tive. The first model is referred to as the conventional frame core tube design model (referred
to as the conventional model, denoted by BM-7.5-C-P), while the second model is known
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as the high-performance frame core tube design model (referred to as the high-performance
model, denoted as HP-7.5-C-P). The layout of these models is illustrated in Figure 3.

12,000

|

|

450,000
10,500

10,500

L

~ S| E— S —

4000 350[)'3000 '%DD[L’—EOO'ADDD
| 1T 1 1 1
21,000

12,000

Figure 3. The structural layout.

The outer frame columns of both models are both concrete-filled square steel tubular
columns (CFSSTCs), and the outer frame beams and the connecting beams between the outer
frame and the core tube are all H-shaped steel beams. The connection between the outer frame
beam and the outer frame column is rigid, while the connecting beam is hinged at both ends.
The primary distinction between the two models lies in their core tubes. Specifically, the core
tube of BM-7.5-C-P consists of the reinforced concrete shear walls and reinforced concrete
coupling beams, whereas the core tube of HP-7.5-C-P is composed of a high-strength steel
plate—ultra-high-strength concrete shear walls and replaceable energy dissipation coupling
beams. The material consumption of the two models is presented in Table 2, while the high-
performance model demonstrates a total reduction in structural weight of 17% compared
to the conventional model. The cross-sectional dimensions and material details of the main
structural components for both models are provided in Tables 3 and 4, respectively.

Table 2. The main material consumption of the two models.

. . Model
Material Unit BM-7.5-C-P HP-7.5-C-P
C . m3 25,349 19,988 (—21%)
oncrete t 65,908 51,968 (—21%)
Steel t 7271 10,048 (+38%)
Rebar t 2829 983 (—65%)
Total t 76,008 62,999 (—17%)
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Table 3. The cross-sectional dimensions and material details of the main structural components of

BM-7.5-C-P.
Core Tube Outer Frame
Story tEw Ags tw Axs Hcg Concrete  Steel S(e::)tlf;zf Se;t;;)rr:lof Concrete  Steel
(mm) (mm?) (mm) (mm?) (mm) Grade Grade Grade Grade
(mm) (mm)
L1~L2 1000 1,933,000 450 92,000 1200 C70 Q35 1300 X33300 x Hlofg x ;1;)0 X 6o Q355
L3~L6 900 1,757,500 450 85000 1200 C70 Q35 1200 ><251200 x H10102 = ;1;)0 o Ce0 Q355
1200 x 1200 x H1000 x 400 x
L7~L11 800 400 1200 C70 5 16 x 25 C60 Q355
1100 x 1100 x H1000 x 400 x
L12~L16 700 400 1200 C60 o5 16 x 25 C60 Q355
1000 x 1000 x H1000 x 400 x
L17~1L21 700 350 1200 C60 29 16 x 25 C60 Q355
L22~1.26 700 350 1200 C50 900 x 900 x 20 HlOi)(()) >><< ;15())0 x C50 Q355
127131 600 300 1200 C50 800 x 800 x 18 100 00 cso Qass
32136 500 300 1200 C50 800 x 800 x 18 Hlofg IO s Qe
L37~L41 500 250 1200 C40 800 x 800 x 18 Hlofg = ;1;)0 40 Q355
L42~L46 400 250 1200 C40 800 x 800 x 18 HlOl()g = ;1;)0 40 Q355
Note: Thickness of exterior wall fgy, total section area of steel in exterior wall Agg, thickness of interior wall ¢y,
total section area of steel in interior wall Ajg, and height of coupling beam Hcg.
Table 4. The cross-sectional dimensions and material details of the main structural components of
HP-7.5-C-P.
Core Tube
Exterior Wall Coupling Beam of Exterior Interior Wall Coupling Beam of Interior
Wall Wall
Story
Non-Energy Energy Non-Energy Energy
tew tsg Concrete Steel Dissipation Dissipation tiw tst Concrete Steel Dissipation Dissipation
(mm) (mm) Grade Grade Beam Section Beam Section (mm) (mm) Grade Grade Beam Section Beam Section
(mm) (mm) (mm) (mm)
H1200 x 450 H1000 x 420 H1000 x 250 H750 x 250 x
L1~L2 700 16 C100 Q550 % 25 x 35 % 25 % 25 250 10 C100 Q355 % 20 x 35 12 x 25
H1200 x 450 H1000 x 420 H1000 x 250 H750 x 250 x
L3~L6 600 14 C100 Q550 % 25 x 35 % 25 % 25 250 10 C100 Q355 % 20 % 35 12 x 25
H1200 x 450 H1000 x 400 H1000 x 250 H750 x 250 x
L7~L11 500 12 C90 Q550 % 25 % 35 % 25 % 25 250 10 C90 Q355 % 20 % 35 12 x 25
H1200 x 400 H1000 x 400 HB800 x 250 x H600 x 250 x
L12~L16 400 10 C80 Q460 % 25 % 30 % 20 % 20 250 10 C80 Q355 16 x 30 12 % 20
H1000 x 300 HB800 x 300 x HB800 x 250 x  H600 x 250 x
L17~L21 350 10 C70 Q420 % 20 % 30 15 % 20 250 10 C70 Q355 16 x 30 12 % 20
H1000 x 300 HB800 x 300 x HS800 x 250 x  H600 x 250 x
L22~126 300 10 C60 Q355 % 20 x 30 15 x 20 250 10 C60 Q355 16 x 30 12 % 20
H1000 x 250 HB800 x 250 x H800 x 250 x  H600 x 250 x
L27~1L31 300 10 C50 Q355 % 20 x 35 15 x 25 250 10 C50 Q355 16 x 30 12 % 20
H750 x 250 x H600 x 250 x H700 x 250 x H500 x 250 x
L32~L36 250 10 C40 Q355 15 x 25 10 x 15 250 10 C40 Q355 14 x 25 12 % 20
H500 x 250 x  H400 x 200 x H500 x 250 x  H400 x 250 x
L37~141 250 10 C40 Q355 10 x 20 8 % 15 250 10 C40 Q355 10 x 20 8 % 15
H500 x 250 x H400 x 200 x H500 x 250 x H400 x 250 x
L42~146 250 10 C40 Q355 10 x 20 8 % 15 250 10 C40 Q355 10 x 20 8 % 15

Note: (1) Steel plate thickness of exterior wall tsg, steel plate thickness of interior wall ty; (2) The cross-sectional di-
mensions and material information of the frame beams and columns in this model are consistent with BM-7.5-C-P;
(3) The steel grade of the non-energy dissipation beam section of the replaceable energy dissipation coupling
beam is Q355, and the steel grade of the energy dissipation beam section is Q235.
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3.2. Main Design Results

The elastic time history analysis employs the vibration mode-decomposition response
spectrum method, with a damping ratio of 4% assigned to each vibration mode. Table 5
presents the key calculation parameters for BM-7.5-C-P and HP-7.5-C-P. The elastic story
drift ratio limits for high-rise concrete structures are determined by interpolation between
1/800 and 1/500 in buildings with heights ranging from 150 m to 250 m, as specified in
the Tall Buildings Design Code. Specifically, the model with a height of 198.4 m adheres to
a limit of 1/620. For structural systems composed of CFSSTCs, steel beams or composite
beams and concrete-filled steel plate shear walls (CFSPSWs), the General Composite Code
for Composite Structures (GB55004-2021) [33] (hereinafter referred to as the General Com-
posite Code) stipulates that the elastic story drift ratio limit is 1/250. In summary, the design
results of both models meet the requirements of China’s structural design specifications.

Table 5. The main calculation indexes of BM-7.5-C-P and HP-7.5-C-P.

Model BM-7.5-C-P HP-7.5-C-P
Total structural mass (ton) 123,973 112,681
T 4.53 5.46
T, 4.52 5.43
. T3 2.72 3.97
Period (s) T, 1.20 1.72
Ts 1.19 1.70
Te 0.99 1.56
Maximum story drift ratio 1/726 1/529
Maximum frame-shear ratio 11.7% 17.6%
Bottom frame overturning moment ratio 16.0% 22.7%
Stiffness—weight ratio 2.03 1.52

3.3. Establishment and Verification of Elastoplastic Model

The SSG models of BM-7.5-C-P and HP-7.5-C-P were established, being designated as
BM-7.5-C-S and HP-7.5-C-S, respectively. In this paper, mode damping is adopted in the
elastoplastic analysis. The damping ratio of each mode in the elastic stage of the structure
is 4%. As the structure transitions into the plastic stage, damping is manifested through the
nonlinear behavior exhibited by the material. Shear walls, reinforced concrete coupling
beams, and slabs are modeled using elastoplastic-layered shell elements, while columns,
reinforced concrete beams, and H-shaped steel beams utilize fiber bundle Timoshenko
beam elements. The concrete constitutive model adopts the elastoplastic damage model,
which can consider the differences in tensile and compressive strength of the concrete
materials, stiffness, and strength degradation, as well as the stiffness recovery presented by
the closure of tensile and compressive cyclic cracks. The nonlinear material model of steel
adopts a bilinear kinematic hardening model.

Modal analysis was performed on the SSG models and the primary calculation indexes
were compared with those obtained from PKPM analysis. The errors of the total mass and the
first six periods calculated by both the SSG model and the PKPM model for both structures are
controlled within 3% shown in Table 6, indicating that the SSG models demonstrate reasonable
accuracy, thus making them suitable for subsequent calculation and analysis.

3.4. Ground Motion Selection

This paper focuses more on the elastoplastic situation of structures during MCEs.
Therefore, an elastic model is used for ground motion selection, with a damping ratio of 5%
equivalent to the level of MCEs. In theory, the damping ratio closed to the elastoplastic
damping ratio of the structure under MCEs is the best. Based on the design earthquake and
site classes of the research object, eight sets of natural waves were selected from the strong
earthquake record database, and three sets of artificial waves (RGB01, RGB02, and RGB03)
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were generated. The information of the natural waves selected in the paper is shown in
Table 7. A total of 11 sets of ground motion records were utilized as seismic inputs, with
each set comprising two horizontal components and one vertical component of seismic
waves. The number of seismic motions selected in this paper meets the requirements of
seven sets in the Seismic Design Code, as well as meets the requirements of 11 sets in the
Resilience Standard for the seismic resilience assessment of structures.

Table 6. Comparison of the results between SSG model and PKPM model.

Type Conventional Model High-Performance Model
Software PKPM SSG PKPM SSG

Model BM75CP  BM75Cs L KPM/SSG o pposcp  mprscs  PKPM/SSG

Mass (ton) 123,973 125,287 0.99 112,681 114,544 0.98

T 4.53 4.46 1.01 5.46 5.52 0.99

Ts 4.52 4.42 1.02 5.43 5.46 1.00

Period (s) T3 2.72 2.70 1.01 3.97 3.99 0.99

erocts T, 1.20 1.20 1.00 1.72 1.69 1.02

Ts 1.19 1.18 1.02 1.70 1.65 1.03

Tg 0.99 0.98 1.02 1.56 1.52 1.02

Table 7. The information of the natural waves.
. Mag Rjb Vs30
Name Type Event Date Station (ML) (km) (m/s)
THO001 Cape Mendocino 25 April 1992 Fortuna Blvd 7.01 19.95 457.06
THO54 Darfield New ¢ 1oy 2010 WSFC 7 2693 344.02
Zealand
THO57 El 4 April2olg Dl Centro—Meadows 7.2 283 27625
Mayor-Cucapah Union School
Natural wave I ol 15 Octob
THO60 from PEER mperia ctober Parachute Test Site 6.53 1269  348.69
. Valley-06 1979
ground motion 23N b

THO064 database Irpinia Italy-01 f 9\788511 er Auletta 6.9 9.55 476.62
THO074 Iwate 13 June 2008 Nakashinden Town 6.9 40.98 436.34
THO091 Loma Prieta 18 Cl)gcggber Sunnyvale—Colton Ave.  6.93 2423 267.71
TH101 Parkfield 28 June 1966 Cholame—Shandon 6.19 17.64 40893

Array 12

The ratio of the base shear force calculated by elastic time history analysis to that
obtained from the mode-decomposition response spectrum method of the two models
under each group of seismic input ranges from 0.76 to 1.21. The ratio of the average base
shear force to that obtained from the response spectrum for 11 sets of ground motion
records is 99% for BM-7.5-C-P and 97% for HP-7.5-C-P, satisfying the requirements stated
in Article 5.1.2 of the Seismic Design Code. Detailed data are shown in Table 8. The main
direction acceleration response spectrum of the ground motion records for each set is
depicted in Figure 4, along with a comparative analysis of the average response spectrum
against the normative design response spectrum.
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Table 8. Ground motion selection results for the two models.
BM-7.5-C-P HP-7.5-C-P
Model . .
Ground Motion/ Ground Motion/
Base Shear Response Base Shear Response
Force (kN) P Force (kN) p
Spectrum Spectrum
Response spectrum 1.31 x 10° 100% 1.05 x 10° 100%
THO01 1.59 x 105 121% 9.29 x 10* 88%
THO054 1.39 x 10° 106% 1.02 x 10° 97%
THO057 1.08 x 10° 82% 1.06 x 10° 101%
THO60 1.49 x 10° 114% 9.13 x 10% 87%
c THO64 1.24 x 10° 95% 1.08 x 10° 103%
round
. THO074 1.06 x 105 81% 7.94 x 10% 76%
motion
TH091 1.58 x 10° 121% 9.15 x 10* 87%
TH101 1.24 x 10° 95% 1.00 x 10° 95%
RGBO01 1.28 x 10° 98% 1.14 x 10° 109%
RGB02 1.25 x 10° 95% 1.18 x 10° 112%
RGBO03 1.13 x 105 86% 1.12 x 10° 107%
Average value 1.30 x 10° 99% 1.01 x 10° 97%
1.5
fffff THO001 THO054
THO57 THO060
L2 - e THO64 - THO74
T ettt TH091  ———- TH101
I RGBOI RGB02
D :',n'{“ ————— RGBO03 Specification
Q [ )

Figure 4. Structural response spectrum.

4. Elastoplastic Analysis under MCEs

The seismic input for the elastoplastic analysis under MCEs in this paper is a three-
dimensional input. The ratio of peak ground acceleration (PGA) in three directions is
1:0.85:0.65 (main direction: secondary direction: vertical), and the PGA of the main direction
is 0.31 g. The specific analysis results are as follows.

4.1. Story Displacement and Story Drift Ratio

The average values of the story displacement envelope and story drift ratio envelope
of the two models (BM-7.5-C-S and HP-7.5-C-5) under the input ground motions are shown
in Figure 5. It can be observed that the story displacement and story drift ratio responses in
the lower part of the two models are relatively close. However, in the middle upper part, the
story displacement and story drift ratio of BM-7.5-C-S are smaller than those of HP-7.5-C-S.
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Figure 5. The average values of the story displacement envelope and story drift ratio envelope.

According to the Seismic Design Code and the General Composite Code, the story
drift ratio limit of BM-7.5-C-S under MCEs is 1/100, and the story drift ratio limit of
HP-7.5-C-S is 1/50. The analysis results indicate that the story drift ratio of both models
under MCEs complies with the code requirements. The ratios of the plastic story drift
ratio limits corresponding to BM-7.5-C-S and HP-7.5-C-S to their corresponding maximum
story drift ratios are 2.0 and 3.0, respectively. It can be seen that, under MCEs, the story
drift ratio of HP-7.5-C-S has a higher redundancy than that of BM-7.5-C-S compared to the
specification limits. In summary, the high-performance structural system demonstrates a
superior performance in assessing the story drift ratio during MCEs.

4.2. Development of Structural Plasticity

The structural damage varies under different seismic inputs. Based on the results of
finite element analysis, significant plastic deformation is observed in both models when
subjected to natural wave THO054. Therefore, taking the TH054 seismic condition as an
example, this study introduces the plastic development of the core tube and outer frame
in both models under MCEs. The plastic development of the core tube of BM-7.5-C-S
and HP-7.5-C-S is shown in Figures 6 and 7, respectively. For concrete components in
the figure, the label represents the compressive damage factor. For steel components, the
label represents the ratio of the maximum stress to the yield stress of the component. The
steel in the outer frames of both models remains within its elastic limit, and the concrete
compression damage factor is within 0.1. The outer frame is basically intact, and no further

elaboration will be provided subsequently.

0.973
0.892
0.811
0.730
0.649
0.568
0.487
0.405
0.324
0.243
0.162
0.081
0

(a) Label (b) Exterior wall damage(c) Interior wall damage

Figure 6. The plastic development of the core tube of BM-7.5-C-S.
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Figure 7. The plastic development of the core tube of HP-7.5-C-S.

The compression damage factor of most shear walls in BM-7.5-C-S is below 0.1, indi-
cating minimal structural deterioration; however, over 50% of the coupling beams exhibit a
compression damage factor exceeding 0.3, indicating that many of the coupling beams have
entered the plastic energy dissipation stage, which could effectively dissipate the seismic
energy and minimize damage to primary components such as shear walls. Consequently,
the seismic response results of the coupling beams also satisfy the requirements of seismic
performance objectives. The concrete in the majority of HP-7.5-C-S shear walls remains
undamaged, with the stress level of the steel plate being maintained at a low values, well
within 30% of its yield stress limit, while ensuring that all components remain essentially
intact. The non-energy dissipation beam section of the replaceable energy dissipation
coupling beam is in an elastic working state, satisfying the design requirements. The energy
dissipation beam section is capable of effectively dissipating energy, exhibiting a complete
hysteretic curve during seismic events.

4.3. Structural Stiffness Degradation

As the seismic response increases, the structure gradually enters plasticity, resulting in
the overall stiffness deterioration and an extended period. Therefore, after the elastoplastic
time history analysis of the structure, the mode analysis can be performed to quantitatively
evaluate the stiffness degradation of the structure by analyzing the extension of the structural
fundamental period. According to the relationship between the period and stiffness, the
degradation rate Dy; of a certain order of stiffness can be calculated by the following equation:

Dy =1- (T,/T))? (1)

In the formula, Tj is the i-th order period of the structure before the earthquake, and
T is the i-th order period of the structure after the earthquake.
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The first-order stiffness degradation rates of the two models are shown in Table 9.
The average stiffness degradation rates of BM-7.5-C-S and HP-7.5-C-S are 0.09 and 0.02,
respectively. It can be observed that the stiffness degradation of the high-performance
structural system is significantly smaller than that of the conventional structural system,
indicating that the high-performance structural system has a better seismic performance.

Table 9. The first-order stiffness degradation rates.

Ground Motion BM-7.5-C-S HP-7.5-C-S

Records T,/ 1 — (T4/T¢)? T, 1— (T1/T{)?
THO001 452 0.03 5.66 0.05
THO054 4.79 0.13 5.64 0.04
THO057 4.49 0.01 5.70 0.06
THO060 4.84 0.15 5.48 -0.02
THO064 4.51 0.02 5.52 0.00
THO074 4.48 0.01 5.61 0.03
THO091 4.79 0.13 5.59 0.02
TH101 4.72 0.11 5.54 0.01
RGBO01 4.81 0.14 5.62 0.03
RGB02 4.76 0.12 5.52 0.00
RGB03 4.81 0.14 5.61 0.03

Average value 4.68 0.09 5.59 0.02

4.4. Assessment of the Function of the Second Line of Defense of the Outer Frame

The core tube, serving as the first defensive barrier in frame-core tube super-tall
buildings, may incur severe damage during intense seismic events. The subsequent redis-
tribution of internal forces will result in a significant seismic impact on the outer frame.
Therefore, an appropriate proportion of stiffness between the core tube and the outer frame
is necessary to effectively serve as the second line of defense of the outer frame. The effect
of the second line of defense can be evaluated using the frame-shear ratio (frame layer
shear force/base shear force) and the frame overturning moment ratio (frame overturning
moment /total overturning moment). The calculation results are shown in Figure 8.

50 1 50
—o— BM-7.5-C-S
& e
40 |8 —e— HP-7.5-C-S 40 L
""""""" BM-7.5-C-S
30 - +1 STDV 30 +
SO I AV S HP-7.5-C-S g
3 +1 STDV = —5—BM-7.5-CS
“ 20 20
—e— HP-7.5-C-S
R = B R BM-7.5-C-S
10 10 £1 STDV
fffff HP-7.5-C-S
f +1 STDV
0 Anl g | | 0 I I T T T
0% 10%  20%  30% 40% 0% 20% 40% 60% 80% 100%
Frame-shear ratio Frame overturning moment ratio
(a) Frame-shear ratio (b) Frame overturning moment ratio

Figure 8. The calculation results of BM-7.5-C-S and HP-7.5-C-S.

According to the 2015 edition of the Technical Key Points for Special Review of Seismic
Fortification of Tall Building Engineering [18] (hereinafter referred to as the Technical Key
Points), it is stipulated that the story shear force allocated by the outer frame, except for
individual stories at the bottom, strengthened stories and theirs upper and lower stories,
and should generally be no less than 8% of the base shear force, with a maximum value
that is no lower than 10%, and a minimum value that is no lower than 5%. The maximum
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frame-shear ratio of both models exceeds 10%, with the minimum value surpassing 5%.
The proportion of stories with a frame—shear ratio exceeding 8% is 80.4% for BM-7.5-C-S
and 100% for HP-7.5-C-S. In summary, the frame—-shear ratio of each model satisfies the re-
quirements stated in the Technical Key Points, and HP-7.5-C-S exhibits better performance.

The frame overturning moment ratio of the bottom frame under MCEs for BM-7.5-C-S
and HP-7.5-C-S is 20.9% and 22.9%, respectively, representing an increase of 30.3% and 1.0%
compared to the results obtained from seismic analysis under SLEs. The findings suggest
that the function of the second line of defense of the high-performance structural system
exhibits a slightly superior strength compared to that of the conventional structural system.
Concurrently, as structural plasticity advances, the function of the second line of defense
within the frame is further enhanced, thereby highlighting the merits of a dual system. It is
noteworthy that the increase in the overturning moment ratio of the bottom frame of the
HP-7.5-C-S is merely 1%, which, to some extent, indicates that the plastic damage of the
core tube and the overall stiffness degradation of the structure are relatively minor under
MCEs. The conclusion can be mutually corroborated by the analysis findings presented in
Sections 4.2 and 4.3.

5. Seismic Resilience Assessment
5.1. Assessment Process

Utilizing the seismic resilience assessment program developed by the research group [29]
in accordance with the Resilience Standard, the seismic resilience assessment of various
structural models can be carried out. The specific assessment process is shown in Figure 9.
For a given structural model, first determine the basic information of buildings and their
components (type, quantity and vulnerability data), and select no fewer than 11 sets of
ground motion records based on the design earthquake and site classes. Subsequently,
a three-dimensional seismic input should be used to perform a nonlinear time history
analysis on the structural model in order to generate the original engineering demand
parameter matrix. The seismic resilience assessment of the building can be carried out
when the average value of the residual story drift ratio satisfies the 0.5% limit requirement
specified in the Resilience Standard.
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Establishment of Structural
Mechanics Model

El e
b

Structural model

Termination
of resilience
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Residual
story drift
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engineering requirement
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' v

Logarithmic normal distribution:

* Restoration cost index .
+ Casualty index

Seismic resilience
assessment of buildings

Figure 9. Seismic resilience assessment process of buildings.
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To enhance the robustness of the assessment results, the Monte Carlo simulation
method is adopted to expand the engineering demand parameter matrix, ensuring that
the expanded engineering demand parameters possess identical joint distribution and
probability distribution parameters as those in the original engineering demand parameter
matrix. In a Monte Carlo simulation, the damage state of components is determined through
random number generation, in conjunction with the exceeding probability of various
damage states of the components, and the seismic resilience assessment index of buildings
(restoration cost, repair time, and casualty) can be calculated. The resilience standard
stipulates that the number of simulations should be 1000 times or more. The seismic
resilience assessment index adopts the fitting values with an 84% guarantee rate calculated
by the Monte Carlo simulation method. Specifically, the restoration cost index and repair
time index are fitted using a logarithmic normal distribution model recommended by the
resilience standard, while the distribution of the casualty index deviates from a logarithmic
normal distribution, thus requiring an empirical distribution model for fitting [34].

Finally, the seismic resilience assessment level of buildings should be comprehensively
evaluated based on the three seismic resilience assessment indexes, and the lowest level of
the three indexes should be taken as the seismic resilience assessment level of buildings.

The determination of the seismic resilience assessment level of buildings is divided
into two stages [35]: (1) In the first stage, the seismic resilience assessment of buildings
under DBEs should be carried out. If it satisfies the criteria for one-star resilient buildings,
the assessment can progress to the subsequent stage; otherwise, the assessment should be
terminated; (2) In the second stage, conduct seismic resilience assessment for buildings
under MCEs, and update the building’s seismic resilience assessment level if it meets
the criteria for two-star or three-star resilient buildings; otherwise, maintain the original
one-star resilience rating.

5.2. Value of Vulnerability Parameters for Composite Components

The structural models for seismic resilience comparison in this section include CF-
SSTCs, CFSPSWs, and steel-reinforced concrete shear walls. The recommended values
for the vulnerability parameters of these components are not provided in the Resilience
Standard. Among them, for steel-reinforced concrete shear walls, Cui [29] provided the
recommended values for the seismic resilience assessment based on the existing literature
experimental data. Therefore, this paper adopts the above-recommended values as the
vulnerability parameter of steel-reinforced concrete shear walls. Due to the lack of relevant
literature for the statistical analysis of the test data pertaining to CFSSTCs and CFSPSWs,
this study undertakes a comprehensive collection and organization of experimental data
from existing sources in order to determine their vulnerability parameters. The specific
steps are as follows:

(1) Based on experimental reported data in the literature, calculate the rotation angles
of the components corresponding to the nominal yield point, peak point, and limit
point, namely 6y, 6, and 6,;

(2) Assuming that the experimental data adhere to a logarithmic normal distribution,
calculate the logarithmic mean and logarithmic standard deviation of the experimental
data under various rotation angles, and determine the corresponding logarithmic
normal distribution function;

(38) Calculate the correlation coefficient R between the experimental data and the fitted
data determined based on the logarithmic normal distribution. If R > 0.8, this indicates
a strong correlation between the experimental data and the fitted data, and the
assumption of a logarithmic distribution is valid;

(4) Determine the median value and logarithmic standard deviation for each limit state
of the component based on the characteristics of the logarithmic normal distribution.

This paper collected relevant literature and summarized the seismic experimental
data of 56 CFSSTCs [36—44] and 25 CFSPSWs [16,45-48]. Subsequently, statistical anal-
ysis was conducted separately for the parameters 6y, 6, and 6, of CFSSTCs and CFSP-
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SWs. The experimental data exhibit a logarithmic normal distribution, as illustrated in
Figures 10 and 11. The correlation coefficient between the experimental data and the fit-
ting data of each limit rotation angle of various components exceeds 0.93, indicating that
each group of experimental data conforms to the logarithmic normal distribution. The
vulnerability parameters of CFSSTCs and CFSPSWs are presented in Table 10.

Table 10. The vulnerability parameters of CFSSTCs and CFSPSW.

Skeleton CFSSTC CFSPSW
Line . Logarithmic . Logarithmic
Median Val . .. Median Val . .
Parameters edian Valt®  giandard Deviation edian Yalu®  giandard Deviation
Oy 0.0103 0.48 0.0075 0.28
Op 0.0249 0.37 0.0167 0.28
0u 0.0401 0.40 0.0221 0.34
1 0.03
S .
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S 06 ?1) P
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g iz 001 r 7
3 e
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2 Experimental data
a : 0 : :
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)
Qo < s
s £ 004 - ;
S 06 S
g, Z %"
%’3 04 - ¢ 2002 t+
bS] — A~
8 02 f Fitting data
2 ¢ Experimental data 0 | |
3] 0 :
0 0.02 0.04 0.06 0 0.02 0.04 0.06
6, Experimental data (6,)
(c) (d)
o 1 T 0.09
S 06 | S v
o g
:g 04 ’..a" E 0.03 F / d
§ 02 L ; Fitting data 3
s ry » Experimental data 0 ‘ ‘
0 1 T T T
0 002 004 006 008 0.1 0 003 006 009

[

u

(e)

Experimental data (8,)
(®)

Figure 10. Comparison between the experimental data and fitting data of CFSSTCs. (a) Damage
state (fy). (b) The correlation coefficient between the experimental data and the fitting data (6y).
(c) Damage state (fp). (d) The correlation coefficient between the experimental data and the fitting
data (0p). (e) Damage state (6u). (f) The correlation coefficient between the experimental data and the
fitting data (6y).
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(e) Damage state (0y). (f) The correlation coefficient between the experimental data and the fitting

data (0y).

5.3. Comparison of Seismic Resilience Assessment Results

@

@)

This section conducted seismic resilience assessment for both conventional and high-
performance models under DBEs and MCEs, and the assessment results (restoration cost
index «, repair time index T, injury rate vy, and death rate yp) are shown in Table 11.
The specific conclusions are as follows:

Under DBEs, the seismic resilience assessment results of both models are one-star, and
all indexes are superior to the assessment standards. Notably, the high-performance
model demonstrated a better performance across all indexes;
Under MCEs, the seismic resilience assessment results of both models are two-star.
The restoration cost index of both models can reach a three-star rating, and the repair
time index can reach a two-star rating. The high-performance model has better
indexes. The casualty index exhibits a significant disparity between the two models,
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with the high-performance model achieving a three-star rating while the conventional
model attains a two-star rating;

(3) The conventional model already has good seismic resilience. For the high-performance
model, the core tube is constructed with high-performance CFSPSWs and replaceable
energy dissipation coupling beams, thereby enhancing the seismic resilience assess-
ment indexes under DBEs and MCEs. The restoration cost index, repair time index,
injury rate, and death rate under the MCEs of the high-performance model are 62.2%,
84.7%, 4.9%, and 0% of those of the conventional model, respectively. Therefore, the
high-performance models can better enhance the safety of individuals’ lives and assets.

Table 11. Comparison of the seismic resilience assessment results of the two models under DBEs
and MCEs.

Model Conventional Model High-Performance Model
ode Index Assessment Index Assessment
K 0.70% One-star 0.50% One-star
Ttot 13.8d One-star 13.2d One-star
-5 —6
DBE TH 2.8 x 10 One-star 2.5 x 10 One-star
D 0 0
Assessment One-star One-star
K 3.70% Three-star 2.30% Three-star
Ttot 19.0d Two-star 16.1d Two-star
MCE TH 35x 1074 1.7 x 107°
D 54 %105 Two-star 0 Three-star
Assessment Two-star Two-star
Assessment Two-star Two-star

Currently, the impact of EREs on building structures is not considered in China’s
seismic design system. However, given the complexity and uncertainty of earthquakes,
it is plausible for structures to encounter EREs during their intended lifespan. During
the 1976 Tangshan earthquake, Tangshan had a seismic fortification intensity of 6 degrees
(currently, it is 8 degrees), and the epicenter recorded an intensity of 11 degrees. The 2008
Wenchuan earthquake had a fortification intensity of 7 degrees and the actual intensity
of the epicenter reached 11 degrees. Therefore, it is imperative to investigate the seismic
resilience of super-tall buildings under EREs. This paper compares the seismic resilience
assessment levels of two models under an ERE condition of 510 gal, and the assessment
results are shown in Table 12. The component damage state level, restoration cost, repair
time, injury rate, and death rate of each story of each model are shown in Figures 12 and 13.
Among them, the component damage state level is evaluated based on the percentile value
with an 84% guarantee rate obtained from 1000 Monte Carlo simulation results. The specific
conclusions are as follows:

(1) Based on the story distribution diagram of component damage state levels shown
in Figure 12a, it is evident that, under EREs, the conventional model experiences
concentrated damage in the core tube. Additionally, shear walls exhibit a damage
state level exceeding 3, while coupling beams exhibit a damage state level exceeding
2. The overall damage of the high-performance model is relatively small, and the
damage state level of each component is less than level 2, as shown in Figure 13a.

(2) Under EREs, the final seismic resilience assessment result of the conventional model
is zero-star, while that of the high-performance model is two-star. Among them, the
repair time index of the conventional model is two-star, while the other indexes are
zero-star. The restoration cost index and repair time index of the high-performance
model are two-star, and the casualty index is three-star, as shown in Table 12. The
restoration cost index, repair time index, injury rate, and death rate of the high-
performance model are 51.8%, 69.4%, 2.0%, and 0.4% of those of the conventional
model, respectively.
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Table 12. Comparison of seismic resilience assessment results of the two models under EREs.

Conventional Model

High-Performance Model

Model Index Assessment Index Assessment
k 11.00% Zero-star 5.70% Two-star
Thot 29.1d Two-star 20.2d Two-star
ERE 9H 25 x 1078 5.0 x 1075
ol 44 % 104 Zero-star 1.6 x 10-6 Three-star
Assessment Zero-star Two-star
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Figure 12. Seismic resilience assessment results of the conventional model under EREs (510 gal).
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Figure 13. Seismic resilience assessment results of the high-performance model under EREs (510 gal).

In conclusion, the high-performance model demonstrates a superior seismic resilience
under various earthquake conditions. Furthermore, as the earthquake intensity escalates, the
seismic resilience of the high-performance model is significantly enhanced compared to the
conventional model, especially in terms of mitigating casualties, as depicted in Figure 14.
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Figure 14. The comparison of seismic resilience assessment indexes of the two models under various

earthquake conditions.

6. Co

nclusions

The paper proposed a composite frame—high-strength steel plate wall core tube
resilient structural system, and designed two 200 m level frame-core tube models: the
conventional model and the high-performance model. The corresponding elastoplastic
analysis models were established to compare the seismic performance of each model under

MCE

s, as well as the seismic resilience under DBEs, MCEs, and EREs. The effectiveness

of the proposed novel high-performance structural system has been validated. The key
findings of this paper are as follows:

@

@)

®)

4)

In comparison to the conventional model, the high-performance model can effectively
optimize the thickness of the shear walls, reduce the structural self-weight, and
maximize the usable space in the buildings. Although there is a slight reduction in the
overall stiffness and an increase in the period, these changes remain within acceptable
limits that meet design requirements.

Under MCEs, the high-performance model exhibits a higher redundancy in terms
of the story drift ratio, lower plastic damage and overall stiffness degradation of the
structure, and a better seismic performance compared to the conventional model. In
addition, the performances of both models meet the requirements of the technical key
points in terms of the frame-shear ratio, with the high-performance model demon-
strating superior capabilities. Meanwhile, the overturning moment ratio of the bottom
frame of both models exceeds 20%, which indicates that the outer frame can achieve
the function of the second line of defense.

The vulnerability parameters of CFSSTCs and CFSPSWs are calibrated in this study
through a systematic collection and organization of experimental data from existing
literature, thereby providing fundamental data for the seismic resilience assessment
of the novel high-performance structural systems.

Both the conventional model and the high-performance model exhibit a seismic
resilience rating of two stars; however, the high-performance model outperforms the
conventional one across all assessment indexes. Under EREs, the seismic resilience
assessment level of the high-performance model is still two-star, while that of the
conventional model is zero-star. The seismic resilience of the high-performance
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model is optimal under various earthquake conditions. Simultaneously, with the
increasing earthquake intensity, the high-performance model exhibits significantly
enhanced seismic resilience compared to the conventional model, particularly in terms
of minimizing casualties and safeguarding human lives and property.

The above conclusions are drawn from the seismic response analysis of the frame-core
structures at the 200 m level, which were designed based on specific seismic intensity.
Further research efforts are required to explore the applicability of the new structural
system in high-performance structural systems with varying heights and seismic intensities,
based on the findings of this current study. The subsequent research work should also
address the carbon dioxide emissions and engineering economic benefits associated with
high-performance structural systems.
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