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Abstract—The steel-concrete hybrid structure has been 

extensively employed in high-rise buildings and super high-rise 
buildings. The light gauge steel-concrete hybrid structure, including 
light gauge steel structure and concrete hybrid structure, is a type of 
steel-concrete hybrid structure, which possesses some advantages of 
light gauge steel structure and concrete hybrid structure. The seismic 
behavior and loss assessment of three high-rise buildings with three 
different concrete hybrid structures were investigated through finite 
element software. The three concrete hybrid structures are reinforced 
concrete column-steel beam (RC-S) hybrid structure, concrete-filled 
steel tube column-steel beam (CFST-S) hybrid structure, and tubed 
concrete column-steel beam (TC-S) hybrid structure. The nonlinear 
time-history analysis of three high-rise buildings under 80 earthquakes 
was carried out. After simulation, it indicated that the seismic 
performances of three high-rise buildings were superior. Under 
extremely rare earthquakes, the maximum inter-story drifts of three 
high-rise buildings are significantly lower than 1/50. The inter-story 
drift and floor acceleration of high-rise building with CFST-S hybrid 
structure were bigger than those of high-rise buildings with RC-S 
hybrid structure, and smaller than those of high-rise building with TC-
S hybrid structure. Then, based on the time-history analysis results, the 
post-earthquake repair cost ratio and repair time of three high-rise 
buildings were predicted through an economic performance analysis 
method proposed in FEMA-P58 report. Under frequent earthquakes, 
basic earthquakes and rare earthquakes, the repair cost ratio and repair 
time of three high-rise buildings were less than 5% and 15 days, 
respectively. Under extremely rare earthquakes, the repair cost ratio 
and repair time of high-rise buildings with TC-S hybrid structure were 
the most among three high rise buildings. Due to the advantages of 
CFST-S hybrid structure, it could be extensively employed in high-rise 
buildings subjected to earthquake excitations. 
 

Keywords—Seismic behavior, loss assessment, light gauge steel, 
concrete hybrid structure, high-rise building, time-history analysis.  

I. INTRODUCTION 
HE steel-concrete hybrid structure has been extensively 
adopted in high-rise buildings and super high-rise buildings 

in China [1], [2]. The steel-concrete hybrid structure combines 
some advantages of steel structure and concrete structure, such 
as light weight, high stiffness, good ductility, and short 
construction period. The traditional steel-concrete hybrid 
structure includes steel frame-concrete core tube structure, huge 
composite column-steel frame-concrete core tube structure, and 
tube-in-tube structure [3]. A new-type steel-concrete hybrid 
structure, i.e., light gauge steel-concrete hybrid structure, was 
developed [4]-[6]. In light gauge steel-concrete hybrid 
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structure, the light gauge steel structure is embedded in concrete 
hybrid structure. The schematic of light gauge steel-concrete 
structure is shown in Fig. 1.  
 

 

 
Fig. 1 Light gauge steel-concrete hybrid structure 

 
In recent years, earthquakes happened frequently, the seismic 

behavior of high-rise buildings has been of interest to 
researchers. Lei [5] developed an elastic finite element model 
of high-rise building with light gauge steel-concrete hybrid 
structure by SAP2000 software. For light gauge steel-concrete 
hybrid structure, the concrete hybrid structure was primarily 
used to resist the normal loads and earthquake excitations. It 
indicated that adding light gauge steel structure could decrease 
the fundamental period of high-rise building, and the reduction 
in fundamental period increased with the increases in total 
height of high-rise building, thickness of wall in light gauge 
steel structure, and amount of floor in inter-story of concrete 
hybrid structure. Li et al. [6] performed the experiment to 
investigate the lateral resistance of light gauge steel-concrete 
hybrid frame. The experimental results indicated that adding 
light gauge steel structure could significantly increase the 
lateral stiffness of concrete hybrid frame. Then, they develop a 
refined finite element model of high-rise building with light 
gauge steel-concrete hybrid structure by ABAQUS finite 
element software. According to the experimental results and 
simulation results, two formula for calculating the lateral 
stiffness of light gauge steel structure and predicting the 
reduction of fundamental period of high-rise building were 
proposed. 
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In the researches performed by Lei [5] and Li et al. [6], the 
concrete hybrid structure in high-rise building was reinforced 
concrete frame-shear wall structure. As the extensive 
development of prefabricated structures, the concrete column-
steel beam hybrid structure was widely adopted in high-rise 
buildings due to the convenient construction and superior 
mechanical performance. Currently, the behavior of three 
concrete hybrid structures, i.e., reinforced concrete column-
steel beam (RC-S) hybrid structure [7]-[9], concrete-filled steel 
tube column-steel beam (CFST-S) hybrid structure [10]-[12], 
and tubed concrete column-steel beam (TC-S) hybrid structure 
[13]-[15], have been investigated. The existing researches on 
the behavior of three concrete hybrid structures focused on the 
mechanical performance of components and beam-column 
joints, but the studies on the seismic response of high-rise 
buildings with the concrete hybrid structures were rare. In 
addition, the repair cost and repair time due to the damage of 
structural and nonstructural components in high-rise building 
subjected to earthquake excitations have been of significant 
concern to the owners, occupants, and researchers, which could 
be analyzed to provide suggestions and solutions for post-
earthquake relief and reconstruction of high-rise buildings [16]. 
An economic performance analysis method was proposed by 
the Federal Emergency Management Agency (FEMA) in 
FEMA-P58 report [17]-[19]. The method has been widely 
employed to evaluate the repair loss and repair time of buildings 
subjected to earthquake excitations [20]-[24]. 

In this paper, a proposed high-rise building in Shenzhen city 
was adopted to study the seismic behavior and loss assessment 
of high-rise building with light gauge steel-concrete hybrid 
structure, and the influence of concrete hybrid structure type on 
the seismic behavior and loss assessment of high-rise building 
were investigated. Firstly, a finite element model of high-rise 
building with CFST-S hybrid structure was developed and 
verified. Then, two other finite element models of high-rise 
buildings were developed, and the structure type of columns in 
the two models were replaced by RC-S hybrid structure and 
TC-S hybrid structure, respectively. Secondly, the seismic 
response of three high-rise buildings subjected to 40 natural 
earthquake excitations and 40 artificial earthquake excitations 
were analyzed, including inter-story drift and floor acceleration. 
Finally, based on the simulation results and the economic 
performance analysis method proposed in FEMA-P58 report, 
the repair cost and repair time of three high-rise buildings under 
earthquake excitations were calculated and compared. 

II. OVERVIEW OF HIGH-RISE BUILDING 

A. Concrete Hybrid Structure 
The height of high-rise building is 109.8 m. The concrete 

hybrid structure contains 12 stories. The first story is podium 
structure and 5.1 m high; the second story is overhead structure 
and 4.8 m high; the stories above the second story are uniform 
and 10 m high. The basement has two stories, and the height of 
inter-story was 3.8 m. The structural plan layout of first story 
and the 3D view of concrete hybrid structure in high-rise 
building are shown in Figs. 2 (a) and (b).  

 
(a) Plan layout of first story 

 

 
(b) 3D view of concrete hybrid structure 

 

 
(c) 3D view of light gauge steel structure 

Fig. 2 Plan layout of first story and 3D view of concrete hybrid 
structure and light gauge steel structure in high-rise building 

 
The concrete hybrid structure consists of concrete columns, 

steel beams, and brace. Three concrete hybrid structures, i.e., 
RC-S hybrid structure, CFST-S hybrid structure, and TC-S 
hybrid structure, were employed in three high-rise buildings, 
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respectively. According to Code for Seismic Design of 
Buildings (GB 50011-2010) [25], Technical Specification for 
Concrete Structures of Tall Buildings (JGJ 3-2010) [26], and 
Technical Specification for Steel Structures of Tall Buildings 
(JGJ 99-2015) [27], all the components were designed and 
determined through PKPM software. All the steel beams in 
three concrete hybrid structures are the same, and they are H-
steel beam, Q345 grade. The minimum section of H-steel beam 
is H550×200×10×14 mm, and the maximum section is H800× 
300×16×35 mm. The columns in three concrete hybrid 
structures are different, and the schematic of beam-column 

joints of three concrete hybrid structures are shown in Figs. 3 
(a)-(c). The section of columns in three concrete hybrid 
structures are designed according to the assumption that the 
axial strength of columns at the same location were equal. After 
calculation, the sections of three kinds of columns at different 
stories are shown in Table I. Fi represents the ith story. In 
addition, the columns and beams in podium story are reinforced 
concrete structure, and they are also the same in three concrete 
hybrid structures. The concrete grade in concrete hybrid 
columns, RC columns and RC beams is C40, the grade of rebars 
in RC columns and RC beams is HRB400.  

 

 
(a) RC-S structure joint (b) CFST-S structure joint (c) TC-S structure joint 

   

(e) RC column 
 

(f) CFST column 
 

(g) TC column 

Fig. 3 Schematic of RC-S hybrid structure, CFST-S hybrid structure, and TC-S hybrid structure 
 

The thickness of reinforced concrete slab in podium story is 
180 mm, and the thickness of reinforced concrete slab in the 
other stories is 150 mm. The concrete grade in reinforced 
concrete slab is C30, and the grade of rebars in slab is HPR300. 
For stiffening the lateral resisting system of high-rise building, 

the square steel tube was adopted as brace. The section of brace 
is 150×150×10×10 mm, and the steel grade is Q345B. 

B. Light Gauge Steel Structure 
Each story in concrete hybrid structure is divided into three 

Rebar 

H–Beam 

Concrete 

H–beam 

Tube 

Concrete 

Break 

H–beam 

Tube 
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Concrete 
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stories by light gauge steel structure. All the beams and columns 
are H-steel, and the grade of H-steel is Q345B. The minimum 
section of H-steel beam is H150×50×6×8 mm, and the 
maximum section is H400×200×8×14 mm. The outer H-steel 
column is H300×200×14×14 mm, and the inner H-steel column 
is H300×200×16×16 mm. The thickness of reinforced concrete 
slab in light gauge steel structure is 120 mm, and the grade of 
concrete in the slab is C30, and the grade of rebars in the slab 
is HPB300. The front view and 3D view of light gauge steel 
structure are shown in Fig. 2 (c).  

III. FINITE ELEMENT MODEL OF HIGH-RISE BUILDING 

A. Element 
ABAQUS finite element software was used to develop three 

finite element models of high-rise buildings with different 
concrete hybrid structures. Three element types are employed 
in the finite element model: the shell element, the beam 
element, and the multi-beam element. The S4R shell element is 
used to simulate the behavior of slab, and the rebar layer is 
adopted to simulate the behavior of longitudinal and transversal 
rebars in slab. The width of shell element is 0.8 m~1.2 m. The 
B31 beam element is used to simulate the behavior of H-steel 
column, H-steel beam, and brace, and the length of beam 
element is 0.8 m~1.2 m.  

In this paper, the multi-beam element is used to simulate the 
behavior of RC column, RC beam, CFST column, and TC 
column. The multi-beam element consists of some beam 
elements, and the beam elements were tied each other. Yu et al. 
[28] simulate the behavior of CFST column by multi-beam 
element. Considering effects of section shape and hollow ratio, 
the hysteretic constitutive model of confined concrete and some 
key parameters were also proposed. After simulation, the 
experimental results verified the accuracy and rationality of 
simulation method using multi-beam element.  

For RC column and RC beam, three B31 beam elements are 
adopted to simulate cover concrete, longitudinal rebars, and 
confined concrete, respectively. For CFST column, two B31 
beam elements are used to simulate tube and confined concrete, 
respectively. For TC column, four B31 beam elements are used 
to simulate tube, cover concrete, longitudinal rebars, and 
confined concrete, respectively. The schematics of three 
columns are shown in Figs. 3 (d)-(f). 

B. Material 
The kinematic hardening plasticity constitutive model 

considering Bauschinger effect is used to simulate the behavior 
of H-steel beam, H-steel column, and rebars. The stress-strain 
relationship of steel is assumed bilinear. For steel, the elastic 
modulus of steel (Es) is 2.06×105 MPa, and the hardening 
modulus (b) of steel is 0.01 times the elastic modulus, and the 
ultimate strength is 1.4 times the yield strength. For HRB400, 
the yield strength is 400 MPa, and the ultimate strength is 560 
MPa. For HRB300, the yield strength is 300 MPa, and the 
ultimate strength is 420 MPa. For Q345B, the yield strength is 
345 MPa, and the ultimate strength is 483 MPa.  

The concrete damage plasticity constitutive model is used to 

simulate the behavior of plain concrete, such as the cover of 
reinforce concrete beam and reinforced concrete column as well 
as slab. The compressive stress-strain relationship of plain 
concrete is developed according to the relationship proposed by 
Careira and Chu [29], as shown in the following: 

 
 
 1

c co c
co

co c

f


  


  


 
                              (1) 

 

 1
co c

c co cf
 


 




                             (2) 

 
where, σco is the compressive stress of concrete, εco is the 
compressive strain of concrete, fc is the compressive strength of 
concrete cylinder, εc is the strain corresponding to fc, which is 
taken as 0.002. β is a function of secant modulus of elasticity. 
Other plasticity parameters including dilation angel of 30°, flow 
potential eccentricity of 0.667, the ratio of the biaxial 
compressive strength to uniaxial compressive strength that is 
equal to 1.16, and eccentricity of 0.1 were set for the concrete 
damage plasticity model.  

The tension stress-strain relationship of plain concrete is 
based on the stress-fracture energy cracking model, and the 
fracture energy parameter was calculated based on an equation 
stipulated in CEB-FIP [30], as shown in the following: 

 

 0.710f f cG a f                                 (3) 
 

where Gf is the fracture energy, and af is a coefficient related to 
the maximum size of coarse aggregate, taken as 0.3 here. The 
concrete damage plasticity model has two failure mechanisms, 
including tensile cracking and compressive crushing. These two 
failure mechanisms were associated with two damage variables, 
dt and dc, which characterize the degradation of Ec. Birtel and 
Mark [31] proposed the evolution law of dc that was associated 
with concrete plastic strain εp,c that was proportional to the 
concrete inelastic strain through a constant factor bc. The 
evolution law is shown in the following: 

 
1

1
,

1
(1 1)

co c
c

p c c co c

E
d

b E


 



 
 

                     (4) 

 
According to the comparison between experimental results 

and simulation result, Birtel et al. conjectured that the bc could 
be assumed as 0.7, which was adopted in this model. The dt 
could be calculated based on (5) proposed by Gopalaratnam and 
Shahcrack [32], in which the degradation of Ec is equal to the 
ratio of the reduction in tensile strength (σto) to the peak tensile 
strength (ft): 

 

1 to
t

t

d
f


                                (5) 

 
For plain concrete, Ec, fc, and ft could be determined 

according to the Code for Design of Concrete Structures (GB 
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50010-2010) [33]. 
The stress-strain relationship of steel tube in CFST column 

and TC column is simulated by the Giuffre-Menegotto-Pinto 
(G-MP) constitutive model considering Bauschinger effect 
[34]. Ten parameters in G-MP constitutive model should be 
determined, including yield strength (fy), elastic modulus (Es), 
the ratio (b) between hardening modulus and elastic modulus, 
the control parameter (R0), coefficients RC1, RC2, A1, A2, A3, and 
A4. Except for fy, Es, and b, the other seven parameters for 
different grade steel are assumed as the same due to the absence 
of experimental results, and they are 20, 0.925, 0.15, 0, 1, 0, 1, 
respectively.  

The stress-strain relationship of confined concrete in RC 
column, RC beam, CFST column, and TC column is simulated 
by the modified Kent-Park model proposed by Scott et al. [35]. 
According to the researches carried out by Yu et al. [36], the 
formula for calculating the axial capacity of CFST column 
could be shown as: 

 

N (1 0.5 ) (1 0.5 )
1sc e c c s y e c c s yk A f A f k A f A f 


       

      

(6) 
 

s y c cA f A f                                 (7) 
 

2 2( 4) ( 20)ek n n                            (8) 
 

where Nsc is the axial capacity of CFST column, Ac is the area 
of concrete, As is the area of steel tube, ξ is confining 
coefficient, ke is confinement effectiveness coefficient, n is the 
side number, for circular tube, n   . 

 
Nsc c cc s yA f A f                               (9) 

 
, 1 0.5cc c ef Kf K k                           (10) 

 
cc cK                                  (11) 

 
where fcc is the ultimate strength of confined concrete, εcc is the 
strain corresponding to fcc. 

The maximum strain of confined concrete (εcu) and the stress 
corresponding to εcu (fcu) could be calculated by: 

 

cu cc

cu cc

k
f f
 


 

 
                                 (12) 

 
where k and α are coefficients. According to Mander 
constitutive model [37], fcu could be calculated by: 

 

1
u

cu ccr
u

x rf f
r x


 

                            (13) 

 
u cu ccx k                              (14) 

 

1 r

kr
r k

 
 

                                   (15) 

 
0.09 2

0.09 1
k k

k k
 




                          (16) 

 
where r is curve shape coefficient, χ damage coefficient of 
modulus. According to research carried out by Yu et al. [36], r 
= 2/K, k = 5. The tensile strength (ft) and tensile modulus (Et) 
could be calculated by: 

 
/ 10 , /10t c t cf f E E                      (17) 

 
In the finite element model of high-rise building, the G-MP 

constitutive model and modified Kent-Park constitutive model 
were developed by using ABAQUS user-defined material 
subroutines. 

C. Verification of Finite Element Model of High-Rise 
Building 

For ensuring the accuracy of finite element model of high-
rise building by using ABAQUS finite element software, YJK 
finite element software was used to develop another finite 
element model of the same high-rise building. The natural 
vibration period, the modal assurance criterion (MAC), and the 
seismic response of two high-rise buildings with CFST-S 
hybrid structure using ABAQUS software and YJK software 
were compared.  

The first 10 natural vibration periods of the high-rise building 
using ABAQUS software are 3.497 s, 3.460 s, 2.681 s, 1.062 s, 
1.041 s, 0.822 s, 0.567 s, 0.561 s, 0.468 s, and 0.401 s. The first 
10 natural vibration periods of the high-rise building using 
ABAQUS software are 3.571 s, 3.559 s, 2.618 s, 1.081 s, 1.071 
s, 0.781 s, 0.581 s, 0.570 s, 0.410 s, and 0.390 s. The differences 
of natural vibration periods between two high-rise buildings are 
little, less than 5.1%. The MAC was proposed by West, which 
was used to compare the uniformity of two finite element 
models [38]. The formula for calculating MAC is shown in the 
following: 

 

 
2

,
T
i j

i j T T
i i j j

MAC
 

 
   

                         (18) 

 
where φi and φj are the i modal vector of one model and j modal 
vector of the other model, respectively. After calculating, for 
the first three modals, the MACs of two high-rise buildings 
were 0.9997, 0.9997 and 0.9986, which means that the 
difference between two models could be negligible. 

The seismic response of two high-rise buildings were 
investigated and compared. As shown in Fig. 4, Fig. 4 (a) is the 
earthquake excitation, Chalfant Valley-02 Long Valley Dam, 
and Fig. 4 (b) is the relative displacement of top point in two 
high-rise buildings subjected to earthquake excitation. The 
relative displacement-time curve of high-rise building using 
ABAQUS software is similar to that using YJK software. Thus, 
according to the natural vibration period, the MAC, and the 

497International Scholarly and Scientific Research & Innovation 15(12) 2021 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 S
tr

uc
tu

ra
l a

nd
 C

on
st

ru
ct

io
n 

E
ng

in
ee

ri
ng

 V
ol

:1
5,

 N
o:

12
, 2

02
1 

pu
bl

ic
at

io
ns

.w
as

et
.o

rg
/1

00
12

37
7.

pd
f



World Academy of Science, Engineering and Technology
International Journal of Structural and Construction Engineering

Vol:15, No:12, 2021

relative displacement-time curves, the accuracy of finite 
element model of high-rise building using ABAQUS software 
could be verified. 

 

 
(a) Ground motion 

 

 
(b) Relative displacement 

Fig. 4 Time-history analysis 

D. Basic Dynamic Properties of Three High-Rise Buildings  
The modal analysis of three high-rise buildings were carried 

out, and the first 10 natural vibration periods of three high-rise 
buildings were calculated. The first 10 natural vibration periods 
of the high-rise building with RC-S structure are 3.536 s, 
3.534s, 2.731s, 1.079s, 1.076s, 0.861s, 0.593s, 0.591s, 0.485s, 
and 0.426s. The first 10 natural vibration periods of the high-
rise building with TC-S structure are 3.671 s, 3.667 s, 2.845 s, 
1.098 s, 1.095 s, 0.863 s, 0.602 s, 0.596 s, 0.487 s, and 0.428 s. 
The fundamental period of three high-rise buildings is about 
3.53 s. For high-rise building with RC-S hybrid structure, the 
natural vibration periods are slightly higher than those with 
CFST-S hybrid structure, and slightly lower than those with 
TC-S hybrid structure. The differences of natural vibration 
periods among three high-rise buildings are little, which 
indicated that the stiffness of three high-rise buildings is 
similar.  

IV. SEISMIC BEHAVIOR OF HIGH-RISE BUILDING 

A. Selection and Modification of Earthquake Records  
The seismic responses of three high-rise buildings under 

frequent earthquakes, basic earthquakes, rare earthquakes, and 
extremely rare earthquakes were simulated. The peak ground 
accelerations (PGA) of frequent earthquakes, basic 
earthquakes, rare earthquakes, and extremely rare earthquakes 
are 0.035 g, 0.1 g, 0.22 g, and 0.3 g, representing an earthquake 
event with 50 year, 475 year, 2,000 year, and 10,000 year return 
period, respectively. For each different intensity earthquakes, 
10 earthquake records were selected from PEER-NGA-
Records, and the other 10 earthquake records were developed 
using SIMQKE-GR software. It is stipulated in GB 50011-2010 
[25] that the differences between the selected earthquake 

spectrum and designed earthquake spectrum should be less than 
20%. The response spectrum of the adopted records and design 
spectrum are shown in Fig. 5. After comparison, it indicates that 
the selected earthquake records satisfy the stipulations in GB 
50011-2010 [25]. 

B. Inter-Story Drift  
The time-history analysis of three high-rise buildings under 

80 earthquake records were performed by using ABAQUS 
finite element software. For example, the inter-story drifts of 
high-rise building with CFST-S hybrid structure along X 
direction under basic earthquakes, and rare earthquakes, and 
extremely rare earthquakes are shown in Figs. 6 (a)-(c). Under 
frequent earthquakes, the X-inter-story drifts of all stories in 
high-rise building are lower than 1/300, which is the maximum 
inter-story drift of building under elastic stage stipulated in 
technical code for concrete filled steel tubular structures (GB 
50936-2014) [39]. 

 

 
(a) Frequent earthquake (PGA = 0.035g) 

 

 
(b) Basic earthquake (PGA = 0.1g) 

 

 
(c) Rare earthquake (PGA = 0.22g) 
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(d) Extreme rare earthquake (PGA = 0.3g) 

Fig. 5 Comparison of response spectrum and design spectrum 
 

Under a few of basic earthquakes and most of rare 
earthquakes, the X-inter-story drifts of high-rise building are 
higher than 1/300. Under extremely rare earthquake, the X-
inter-story drifts of all stories in three high-rise building are 

lower than 1/50, which is the maximum inter-story drift of 
building under plastic stage stipulated in GB 50936-2014 [39]. 
The inter-story drift curves are zigzag, which is due to the 
abruptness of lateral stiffness in high-rise building. The inter-
story drifts of top stories and bottom stories are lower than those 
of middle stories. The X-inter-story drift of three high-rise 
buildings were similar. 

The mean and maximum of X-inter-story drift and Y-inter-
story drift of three high-rise buildings were calculated and 
shown in Figs. 7 (a)-(d), respectively. It indicates that the X-
inter-story drifts are higher than Y-inter-story drifts. The inter-
story drift increases with the increase in PGA. The inter-story 
drifts of high-rise building with RC-S hybrid structure are lower 
than those of high-rise buildings with CFST-S hybrid structure 
and TC-S hybrid structure. The difference of mean inter-story 
drifts between CFST-S hybrid structure and TC-S hybrid 
structure are small, and the maximum inter-story drifts of TC-
S hybrid structure are higher than those of CFST-S hybrid 
structure. 

 

                                       
(a) Under basic earthquake                          (b) Under rare earthquake                (c) Under extremely rare earthquake 

 

                                         
(e) Under basic earthquake                           (f) Under rare earthquake                (g) Under extremely rare earthquake 

Fig. 6 X-inter-story drifts and X-floor accelerations of high-rise building with CFST-S hybrid structure 
 

C. Floor Acceleration 
The floor acceleration of high-rise building with CFST-S 

hybrid structure along X direction under basic earthquakes, rare 
earthquakes, and extremely rare earthquakes are shown in Figs. 

6 (d)-(f). It is shown that the X-floor acceleration of most stories 
in high-rise building are about 0.15 g, 0.3 g and 0.6 g, 
respectively, which are significantly larger than the 
corresponding PGAs. The floor accelerations of top stories are 
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larger than those of middle stories and the bottom stories. The 
X-floor accelerations of three high-rise buildings were similar.  

The mean and maximum of X-floor acceleration and Y-floor 
acceleration of three high-rise buildings were calculated and 
shown in Figs. 7 (e)-(h), respectively. It indicates that the X-
floor-accelerations are higher than Y-floor-accelerations, and 
the floor acceleration increases with the increase in PGA. The 
maximum X-floor-acceleration of high-rise building with RC-
S hybrid structure are lower than those with CFST-S hybrid 
structure and TC-S hybrid structure. Except for maximum X-
floor-acceleration, the differences of floor acceleration among 
three high-rise buildings are negligible.  

V. LOSS ASSESSMENT OF HIGH-RISE BUILDING UNDER 
EARTHQUAKE 

The FEMA P-58 method was used to evaluate the repair cost 
and repair time of three high-rise buildings subjected to 
earthquake excitations. The FEMA P-58 method includes three 
steps: 1) Developing performance model of building; 2) 
Performing time-history analysis and proposing engineering 
demand parameters (EDP); 3) Assessing loss. The first step is 
to collect the basic information of building, such as story 
number, story height, building area and so on. Meanwhile, all 
the performance groups of building should be developed. For 
each performance group, the vulnerability of structural 
components and nonstructural components could be determined 
by the same EDP. About 700 performance groups were 
proposed in FEMA P-58 report, and the vulnerability curves 
and result functions of every performance group are also 
developed. In FEMA P-58 report, every performance group has 
been numbered. According to the basic information of high-rise 
building in this paper, the number of performance groups of the 
high-rise building could be selected, and the corresponding 
vulnerability curves and result functions could be employed. 
Table II shows the performance groups in the high-rise building 
with CFST-S hybrid structure.  

The mean of inter-story drift (ISD) and mean of peak floor 
acceleration (PFA) were employed as EDP in this paper. The 
FEMA P-58 method is based on Monte Carlo algorithm, so the 
loss assessment is determined stochastically. Each calculation 
is called one realization. In this paper, the PACT software was 
used to calculate the repair cost and repair time of three high-
rise buildings. The basic information of building, performance 
groups, and EDP of components calculated in time-history 
analysis were input to PACT software. A total of 500 
realizations were carried out, and the exceeding probability 
curve of repair cost and repair time of high-rise buildings under 
different intensity earthquakes were calculated. The total cost 
of high-rise buildings was various for different cities, different 
countries, and different time, so the repair cost ratio between 

repair cost and total cost was used to compare the difference of 
repair cost among three high-rise buildings, which could 
eliminate the influence of city, country, and time. The repair 
cost ratio and repair time with 50% exceeding probability are 
regarded as reference value. 

 
TABLE I 

SECTION OF COLUMNS IN THREE HIGH-RISE BUILDINGS 

High-rise 
building Type Number

Section (mm) 
F1-F11 F12-F20 F21-Top

CFST-S 
structure 

Circular 
GKZ1 P800x18 P800x14 P800x12
GKZ1a P800x14 P800x12 P800x10
GKZ1b P800x18 P800x12 P800x12

Rectangular
GKZ2 □350x600x14x20 
GKZ3 □600x250x22x16 □600x250x20x16 

RC-S 
structure 

Circular 
GKZ1 Φ1200 Φ1190 
GKZ1a Φ1160 Φ1150 
GKZ1b Φ1200 Φ1150 

Rectangular
GKZ2 □1000x500 
GKZ3 □1000x440 □1000x400 

TC-S 
structure 

Circular 
GKZ1 P770x18 P770x14 
GKZ1a P770x14 P770x12 
GKZ1b P770x18 P770x12 

Rectangular
GKZ2 □320x560x18x20 
GKZ3 □220x560x20x18 □560x180x20x18 

 
As shown in Fig. 8, the repair cost ratios and repair times of 

three high-rise buildings with three concrete hybrid structures 
increase with the increase in PGA. Under frequent and basic 
earthquakes, the repair cost ratio and repair time of three high-
rise buildings are negligible, and the structural components are 
intact. Under rare earthquakes, only a few structural 
components of high-rise building with TC-S hybrid structure 
fractured, and the repair cost ratios of three high-rise buildings 
are less than 5%. Under extremely rare earthquakes, the repair 
cost ratio of structural components of high-rise building with 
TC-S structure is the highest among three high-rise buildings, 
which reaches 30%. The repair cost ratios of the other two high-
rise buildings are about 18%. Under frequent and basic 
earthquakes, the repair time of each high-rise buildings is less 
than five days, and the differences among three high-rise 
buildings are negligible. Under rare earthquake, the repair time 
of each high-rise building is less than 16 days, and the 
difference between high-rise building with TC-S hybrid 
structure and high-rise building with RC-S hybrid structure is 
about five days. Under extremely rare earthquake, the repair 
time of high-rise building with RC-S hybrid structure is the 
lowest, which is 105 days. The repair time of high-rise building 
with TC-S hybrid structure reaches 150 days, which is higher 
than that of high-rise building with CFST-S hybrid structure by 
15 days.  
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(a) Mean of X-inter-story drift (b) Maximum of X-inter-story drift (c) Mean of Y-inter-story drift 
   

 
(d) Maximum of Y-inter-story drift (e) Mean of X-floor acceleration (f) Maximum of X-floor acceleration 

   

(g) Mean of Y-floor acceleration (h) Maximum of Y-floor acceleration 

Fig. 7 Mean and maximum of inter-story drifts and floor accelerations of three high-rise buildings 

a) Repair cost  b) Repair time  

Fig. 8 Loss assessment of high–rise building 

VI. CONCLUSION 
This paper investigates the seismic performance and loss 

assessment of three high-rise buildings with three concrete 
hybrid structures under 80 earthquakes. The inter-story drifts 

and floor accelerations of three high-rise buildings were 
simulated, and the repair cost ratio and repair time were 
compared and analyzed. The differences of inter-story drift 
among three high-rise buildings are little. Meanwhile, the 
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differences of floor acceleration among three high-rise 
buildings are also negligible. It indicated that the seismic 
performance of RC-S hybrid structure, CFST-S hybrid 
structure, and TC-S hybrid structure are similar. The CFST-S 
hybrid structure and TC-S hybrid structure have some 

advantages over RC-S hybrid structure, such as convenient 
construction and short construction period. Due to the 
advantages of CFST-S hybrid structure, it could be extensively 
employed in high-rise buildings subjected to earthquake 
excitations.  

 
TABLE II 

INFORMATION OF PERFORMANCE GROUPS IN HIGH-RISE BUILDING WITH CFST-S HYBRID STRUCTURE 
Performance group Number Unit price ($) Unit Total EDP 

Structural 
component 

Unilateral RC-RC 
Bilateral RC-RC 

B1041.043a 
B1041.043b 

— 
Single 5 

21 ISD 
— 

Unilateral CFST-S 
Bilateral CFST-S 

B1041.043a 
B1041.043b 

— 
Single 564 

126 
ISD 

— ISD 
S-S1 B1035.032 — Single 402 ISD 
S-S2 B1035.051 — Single 1140 ISD 

Slab column connection B1049.031 — Single 525 ISD 
Brace B1033.111c — Single 360 ISD 

Nonstructural 
component 

Exterior wall B2011.201a — 30SF 4161 ISD 
Partition wall C1011.001a — 100LF 106.5 ISD 

Lamp C3034.002 3.6 Single 549 PFA 
Television E2022.021 476.2 Single 168 PFA 

bed E2022.020 317.5 Single 168 PFA 
Tables and chairs E2022.020a 234.9 Set 84 PFA 

Kitchen equipment E2022.020b 1269.8 Set 84 PFA 
Toilet equipment E2022.020c 952.4 Set 174 PFA 

Elevator D1014.011 — Single 2 PFA 
Roof B3011.011 — 100LF 462 PFA 

Hot water pipe D2022.011a 
D2022.021a 

— 1000LF 
1000LF 

0.71 
0.71 

PFA 
— PFA 

Cold water pipe D2021.011a — 1000LF 2.14 PFA 
HVAC pipeline D3041.011a — 1000LF 7.14 PFA 

Sewage pipe D2031.011b — 1000LF 17.52 PFA 
Fire sprinkler D4011.031a — 100EA 17.14 PFA 

VAV equipment D3041.041a — 10EA 57.48 PFA 
Note: 1. LF represents feet, SF represents square feet, EA represents single; 2. A-B represents column type-beam type; 3. “—" represents the value determined 

according to the database in PACT software. 
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