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Historical seismic damage data show that most strong earthquakes are accompanied by multiple intense aftershocks. In general,
the time interval between the main shock and the aftershocks is relatively short, and structure repair work is often not completed
before the aftershocks occur. For a structure that has suffered damage from the main shock, the aftershock will further aggravate
the damage and even cause complete collapse. Based on the incremental dynamic analysis (IDA) method, this paper establishes a
probabilistic seismic demand model for the SRC framework-core tube structure and plots the vulnerability curve of a structure
under the action of the main aftershock sequence, which occurs following the actions of frequent earthquakes, fortification
earthquakes, and rare earthquakes. ,e structure vulnerability matrix and the vulnerability index are used to evaluate the seismic
performance of a structure. ,is study found that the occurrence of aftershocks leads the structure to a more unfavourable failure
state. Taking the vulnerability index as an evaluation parameter, the structural vulnerability index when subjected to an intensity 8
earthquake under the action of the main aftershock is approximately 10% larger than under the action of a single main shock.
Meanwhile, the SRC frame-core structure designed according to the current Chinese specifications meets the expected seismic
fortification target, even after being acted upon by the main aftershock ground motion sequence.

1. Introduction

Historical seismic damage data show that most strong
earthquakes are accompanied by multiple large intensity
aftershocks. Under normal circumstances, the time interval
between the main shock and the aftershocks is relatively
short, and structure repair work is not completed before the
aftershocks occur. At this time, for an engineering structure
that has suffered damage from the main shock, the after-
shock will further damage the structure and even cause it to
completely collapse. In recent years, controlling seismic
risk and loss has become a research hotspot in the field of
seismic engineering. As a core module of seismic risk
analysis, vulnerability analysis has important application
value for seismic design, reinforcement, and maintenance
decisions for structures. ,e application and research of
steel-reinforced concrete (SRC) frame-core tube structures
started late, so research on its seismic performance, seismic

damage mechanism, and vulnerability is still in the ex-
ploration stage.

1.1. Studies of the Structural Response under the Action of the
Main Aftershock. ,e influence of aftershocks on seismic
analysis of structural engineering was first considered by
Mahin [1], based on the sequence-type ground motion of
two aftershocks. ,e results show that the energy accu-
mulation and ductility of the structure caused by aftershocks
are greatly improved. Amadio et al. [2] studied the response
of inelastic single-degree-of-freedom (SDOF) systems under
the action of main aftershock ground motion sequence. ,e
results show that system damage increases significantly after
the aftershock occurs. Hatzigeorgiou and Beskos [3] and
Hatzigeorgiou [4, 5] established a nonlinear SDOF system
model considering the effects of postyield stiffness reduction,
strength reduction, damping ratio, etc. ,e inelastic
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displacement ratio spectrum of an SDOF system under the
main aftershock sequence ground motion was obtained.
Furthermore, the ductility demand and displacement co-
efficient spectrums were obtained in the same way. Zhai et al.
[6, 7] proposed a Park–Ang damage spectrum considering
the additional structure damage caused by aftershocks based
on the study of Hatzigeorgiou et al. [3–5]. ,rough shaking
table experiments, the influence of the main shock/main
shock-aftershock on seismic behaviour of reinforced con-
crete (RC) columns was studied by Twigden et al. [8]. ,e
results show that the aftershocks have a significant influence
on the residual displacement of RC columns. Goda and
Salami [9] analysed the nonlinear response of a wood frame
structure under the main aftershock ground motion se-
quence using the IDA method. ,e results show that the
structural damage index following an aftershock can in-
crease by 5∼20%. Ludovico et al. [10] carried out research on
the failure mechanism of damaged RC columns under the
action of the main aftershocks and found that the rela-
tionship between the yield and residual displacement ratios
of the column is roughly parabolic. ,e damage of the
frame-filled wall structure under the action of the main
aftershock sequence ground motion was studied by Zhu
[11]. ,e results show that the structure damage increases
gradually from top to bottom under the action of the main
aftershock, and the plastic hinge distribution and crack
development in the structure are quite different from those
under the action of the main shock. Hou [12] studied the
response of 60 SDOF systems using the main aftershock
sequence ground motion. ,e results show that when the
aftershock intensity is larger than that of the main shock, the
aftershock has a significant impact on the equal-damage and
equal-ductility strength reduction. Tao [13] and Yu et al. [14]
studied the incremental damage of the elastoplastic SDOF
model with 533 main aftershock sequence ground motions.
,e results show that medium and long-period structures
are more sensitive to aftershocks, and the damage is more
serious. ,e condition of unfavourable main aftershock
sequence ground motion is that the predominant period TM
of the main shock is close to the predominant period TA of
the aftershock or TM is smaller than TA.

1.2. Research on Structural Seismic Vulnerability.
Structural seismic vulnerability refers to the probability of
exceeding multiple damage states for a structure under
various seismic intensities. In the early period, most of the
vulnerability analyses were conducted on nuclear power
plants. Hwang and Low [15] took the lead in introducing the
idea of seismic vulnerability to building structures and first
studied the vulnerability of flat and RC structures. Rossetto
and Elnashai [16] conducted a finite element numerical
analysis of a structure using the static push-over method and
assessed its vulnerability by studying the performance points
between the structural demand and response spectrums. Li
and Ellingwood [17] studied the effects of various con-
struction methods of main aftershock sequence ground
motion on the vulnerability of steel frame structures. ,e

results show that the interstorey drift of the structure is
sensitive to the spectral characteristics of the aftershock.
Using the IDA method, Ryu et al. [18] analysed the vul-
nerability curve for the equivalent SDOF system being in a
severe damage state, and a calculation method for the
vulnerability of damaged structures under earthquake action
is also given. Polese et al. [19] studied structure vulnerability
under the action of main aftershocks and found that when a
structure has moderate or slight damage, the aftershock has
little effect on the displacement response, but the ductility
requirement of the structure decreases by as much as 40%.
Zhang et al. [20] studied the influence of the moment
amplifying coefficient of the column end on the vulnerability
of RC frame structures. ,e results show that the structure
collapse probability increases with the decreasing bending
moment amplifying coefficient. ,e authors [21–23] con-
ducted a series of studies on the vulnerability of RC frame
structures under the action of the main aftershock sequence.
,e results show that the probability of exceeding the
structure damage state under the main aftershock sequence
will increase significantly, especially for strong aftershock
intensity, and the effect of aftershocks can be effectively
reduced by adding steel support to the frame structure. ,e
structural vulnerability index concept was proposed by Yu
et al. [24] by combining the damage state probability with
the empirical value of the seismic damage index. ,e index
can be used to evaluate the damage degree of RC frame
structures when subjected to various intensity ground
motions. In addition, some scholars have also studied the
vulnerability of super-high-rise mixed structures, chimney
structures, and steel grid-concrete frame structures of
railway stations [25–28].

From the above previous studies, it is easily determined
that there are few studies on structural damage under the
action of the main aftershock and additional damage caused
by the aftershocks. Additionally, there are few research
studies on the vulnerability analysis of the frame-core tube
structure. ,erefore, it is necessary to make a clear damage
assessment by vulnerability analysis of the SRC frame-core
tube structure under the main aftershock of the ground
motion sequence.

In this paper, a 20-story SRC frame-core tube structure is
designed according to the current Chinese code [29]. ,e
finite element model is built by Perform-3D software. Fifteen
typical main aftershock ground motions and 15 single main
shock ground motions are applied to the structure in the
time history analysis. ,en, the IDA method is used to
establish the probabilistic seismic demand model, and the
vulnerability of the SRC frame-core tube structure under the
main aftershock sequence ground motion is studied. Finally,
the vulnerability matrix of intensity 8 frequent earthquakes,
fortification earthquakes, and rare earthquakes is calculated,
and the probability of the structure being in various damage
states under the frequent, design, and rare earthquakes is
analysed. According to the seismic damage index given in
the specification [30], the damage status of the SRC frame-
core tube structure is evaluated under the main aftershock of
the ground motion sequence.

2 Advances in Civil Engineering



2. Model of the SRC Framework-Core
Tube Structure

2.1. Component Model

2.1.1. Model of the Column and Beam. ,e plastic hinge and
fibre models are the two most commonly used analytical
models for nonlinear simulated beams and columns. A
diagram of the plastic hinge and fibre models is shown in
Figure 1. Furthermore, the fibre model accurately simulates
the nonlinear behaviour of beams and columns. ,e fibre
model method divides the member into several segments in
the longitudinal direction. ,e deformation of a section in
the middle of each segment represents the segment defor-
mation. ,e force state of the fibre unit is only in one di-
mension. ,e strain of the fibre is determined according to
the flat section assumption, the generalized stiffness rela-
tionship between the internal force and the deformation of
the section is obtained by integrating each subblock or layer
along the section, and then the stiffness matrix of compo-
nents is obtained. ,e beam fibre is distributed in one di-
mension along the beam depth, whereas the column fibre
distribution is in the form of a grid. ,e length of the SRC
beam and column plastic zone is calculated by the method
proposed by Bai et al. [31]. ,e equation is as follows:

lp �
Mmax − My

Mmax
× Z, (1)

where lp is the length of the plastic zone,Mmax andMy are the
ultimate and yielding bending moments of the section,
respectively, and Z is the distance from the member end to
the antibending point when the section reaches the ultimate
bending moment.

2.1.2. Model of the Shear Wall. Models commonly used in
Perform-3D to simulate shear walls are the shear and the
general wall models. In this paper, the shear wall model is
used to simulate the seismic performance of the shear wall.
,e fibre model is used to simulate the bending moment-
axial force (PM) behaviour of the shear wall in plane, and
nonlinear shear material is added to simulate horizontal
shear failure behaviour. ,e shear wall model is shown in
Figure 2. Moreover, the states of bending, shearing, and
torsion resistance of the shear wall outside the plane are
considered elastic.

2.1.3. Model of the Coupling Beam. ,e coupling beam el-
ement adopts the ordinary beam element. ,e bending-axial
force (PM) performance of the plastic zone at both ends of
the coupling beam is simulated by the fibre model, and the
shearing hinge is set in the beam element to simulate the
shear behaviour of the coupling beam. In addition, the joints
of the shear wall element in Perform-3D do not have in-
plane rotational stiffness. ,erefore, when the coupling
beam is connected to the shear wall element, it is necessary to
provide an embedded beam with strong bending rigidity to
the shear wall element to achieve a rigid connection between
the coupling beam and the shear wall, as shown in Figure 3.

,e bending stiffness of the embedded beam is approxi-
mately 20 times the coupling beam, whereas the axial and
torsional stiffness are set to small values. ,is process can be
achieved by setting the axial cross-sectional area of the beam
element.

2.2. Constitutive Relationship of the Material

2.2.1. Constitutive Model of the Concrete. In elastoplastic
time-history analysis, the concrete tensile strength is not
considered. ,e uniaxial concrete compressive stress-strain
curve is determined according to the relevant Chinese Code
[32] and depicted in Figure 4, where fc,r is the average value
of concrete compressive strength, εc,r is the compressive
strain corresponding to the uniaxial compressive strength
fc,r, and εcu is the concrete ultimate compressive strain. ,e
Mander model [33] is used to simulate the behaviour of the
confined concrete, and its compressive stress-strain curve is
depicted in Figure 5, where fcc is the compressive strength of
the confined concrete, εcc is the compressive strain corre-
sponding to the compressive strength fcc, and εcu is ultimate
compressive strain of the confined concrete.

However, the material constitutive specified in the
Perform-3D software is composed of a multiline string, as
shown in Figure 6. ,e points Y, U, L, R, and X are the five
key points of the generalized stress-strain (F-D) curve, where
Y is the yield point, U is the ultimate strength point, L is the
starting point of strength reduction, R is the residual
strength point, and X is the ultimate deformation point.

Before point Y is the elastic section of the line. YU is the
strengthening section. Compared with the elastic stiffness,
the stiffness of the strengthening section is reduced. UL is the
platform section, which is the ideal plastic stage. LR is the
falling strength section and the strength reaches point R.
After that, the value remains unchanged. Point X is the
control point for calculating whether to terminate the
simulation. When the deformation reaches this point, the
material is considered to lose strength and the calculation
stops. To adapt the constitutive model for concrete material
in Perform-3D, the uniaxial compression constitutive curve
of concrete and the confined concrete constitutive curve
determined by the Mander model are fit to a five-fold line
model. ,e equal-area fitting method proposed by Liu et al.
[34] is adopted, which means that the area enclosed by the
actual constitutive curve is equal to the area enclosed by the
fit polygonal line. ,e fitting process is depicted in Figure 7.
,e concrete elastic modulus Ec is taken as the initial
modulus before yield point Y, and the stress is linear with
strain. Yield point Y corresponds to a strength of 0.30 FU,
and FU is the maximum compressive strength. A horizontal
line from 0.95 FU is depicted intersecting the concrete
constitutive curve to obtain two points U and L. Similarly, a
horizontal line from 0.50 FU is depicted intersecting with the
concrete constitutive curve to obtain one auxiliary point.
,en, a horizontal line of 0.20 FU connects point L with the
auxiliary point in a straight line to obtain point R. ,e
ultimate strain DX is 0.01, which is greater than the ultimate
compressive strain of general concrete. ,e small residual
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Figure 1: (a) Plastic hinge model. (b) Fibre model.
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Figure 7: Schematic diagram of concrete material fitting.
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strength of the material after reaching the ultimate strain has
little effect on the structure; in most cases, before the ma-
terial strain reaches DX, the structure has collapsed and the
bearing capacity is lost. ,e concrete material has stiffness
degradation under reciprocating seismic loads. Table 1
shows the strength degradation coefficient for each key
point of the concrete.

2.2.2. Constitutive Model of the Reinforcing Bar and Steel.
According to past engineering experience, the actual
working state of steel bars is mostly in the elastic stage. It is
also possible to reach the yielding phase under very strong
loads, but the probability of entering the strengthening
phase is extremely low. ,erefore, the steel and reinforcing
bars in the structure are simulated using the ideal bilinear
elastoplastic model in Perform-3D, as shown in Figure 8,
where the ultimate strain DX is taken as 0.05 as suggested in
the FEMA356-06. Similar to concrete, steel bars and steel
also exhibit stiffness degradation under earthquake action.
Table 1 shows the material degradation coefficients for
various key points of steel bars and steel.

2.3. Structural Model Parameters and Dynamic Characteris-
tics Analysis. ,e structure established and analysed is a
steel-reinforced concrete (SRC) frame-reinforced concrete
(RC) core tube structure with a total of 20 storeys. Its plane
layout is shown in Figure 9, the total height of the structure is
72.6m, and the height of the first storey is 4.2m and the
other storeys are 3.6m. ,e ratio of total height to width is
3.0. ,e core tube wall thickness of stories 1–10 is 450mm,
and the concrete strength grade of the shear walls and beams
and columns is C50; however, the core tube wall thickness
from stories 11–20 is 350mm, and the concrete strength
grade of shear walls and beams and columns is C40. ,e
section height of all the coupling beams is 700mm. ,e flat
slabs 1–10 are made of C40 grade concrete, the flat slabs
11–20 are made of C30 grade concrete, and the floor
thickness is 200mm. ,e SRC frame-RC core tube structure
steel is grade Q345. ,e longitudinal reinforcement in the
walls, beams, and columns is HRB400 grade steel bar, and
the hoop reinforcement is HPB300 grade steel bar. ,e
cross-sectional dimension information for each structural
component is shown in Table 2. ,e permanent load of
floors 1∼19 is 7.5 kN/m2, the live load of floors 1∼2 is 3.5 kN/
m2, the live load of floors 3∼19 is 2 kN/m2, and the dead and
live loads of the roof are 9 and 2 kN/m2, respectively. ,e
structure model established by Perform-3d is shown in
Figure 10. ,e seismic fortification intensity is 8 degrees, the
design earthquake group is the second group, the design
basic seismic acceleration is 0.2 g, the site category is Class II,
the building site characteristic period is 0.40 s, the basic wind
pressure is 0.385 kN/m2, and the site rough type is C.
,rough simulation analysis, the maximum interlayer drift
of the structure under the action of frequent earthquakes is
1/980, which satisfies that the maximum elastic interlayer
drift for the frame-core tube structure being less than 1/800
as prescribed by the Chinese code [29].

Modal analysis gives the first 6-order period of the
structure, as shown in Table 3, and the first 6-order modes of
the structure are shown in Figure 11. It can be seen that the
first and second structure mode shapes are both transla-
tional, and the third is a rotation shape around the vertical
axis. ,e first-order period is dominated by translation of
T1 � 1.41 s, the third-order period is dominated by rotation
of Tt � 1.12 s, and the ratio of the two periods Tt/T1
is� 0.79< 0.9, which satisfies the provisions [35]. In addi-
tion, by comparison, the first 6-order periods of the structure
calculated by Yingjianke and Perform-3D Software are very

Table 1: Strength degradation coefficient of materials.

Material Y U L R X
Concrete 1 0.9 0.7 0.4 0.3
Steel and steel bars 1 0.55 0.55 0.55 0.55
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Figure 8: Relationship of F-D for steel and reinforcements.
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Figure 9: Structure layout.
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Table 2: Section size of the members in the SRC frame-core tube structure.

Members Cross section Member arrangement Section size (mm) Section size of steel (mm)

Beam

b

t1

t 2

h

B

H

1∼10 storeys

Side frame beam 400× 700 450× 250× 20× 22

Inner frame beam 350× 650 400× 200×18× 20

11∼20 storeys

Side frame beam 400× 700 450× 250× 20× 22

Inner frame beam 350× 650 400× 200×18× 20

Column

t

hb

b

t

B

H

1∼10 storeys
Corner column 1000×1000 600× 350× 25

Side column 900× 900 500× 300× 22

11∼20 storeys

Corner column 900× 900 500× 300× 22

Side column 800× 800 450× 250×18

Figure 10: Structure model.

Table 3: ,e first 6-order period of the structure.

Various software
Orders

1 2 3 4 5 6
Yingjianke 1.40 1.40 1.10 0.41 0.40 0.40
Perform-3d 1.41 1.41 1.12 0.41 0.41 0.40
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close, which verifies the rationality of the SRC framework-
core tube structure model.

3. Ground Motion Sample

In dynamic time-history analysis, the factors affecting
structural dynamic response discreteness are as follows: (1)
material uncertainty, (2) ground motion uncertainty, (3)
geometric size uncertainty, (4) uncertainty of boundary
conditions, and (5) uncertainty of model simplification. In
structural vulnerability analysis, it is impossible to consider
all the factors listed above at the same time, without
considerable additional time spent because of the com-
plexity of the random problem. For the research content
difference, one kind of uncertainty should reasonably
consider the key object of the analysis. ,erefore, this
paper mainly studies the influence of the main aftershock
and aftershock sequence uncertainty on structural
vulnerability.

According to the method in Code [29], the ground
motion records were selected. In the elastic time-history
analysis, the shear force at the bottom of the structure
calculated by each ground motion record should not be less
than 65% of that calculated by the mode decomposition
response spectrum method. ,e average value of the shear
force at the bottom of the structure calculated from multiple
ground motion records should not be less than 80% of that
calculated by the mode decomposition response spectrum
method. ,e 15 ground motion records finally selected for
time-history analysis are shown in Table 4, where TA is the
predominant period of the aftershock and TM is the pre-
dominant period of the main shock.

4. Incremental Dynamic Analysis

4.1. Introduction to the IDA Method. In 1977, Professor
Bertero proposed the IDA method.,e basic idea draws on
the idea of extending single static analysis to incremental in
the static push analysis. By extending a single dynamic
time-history analysis to an incremental dynamic time-
history analysis, the dynamic response of the structure

under different input seismic intensities can be obtained.
,is method is called the incremental dynamic analysis
method. When performing IDA analysis, the ground
motion intensity measure (IM) and engineering demand
parameter (EDP) should be determined in advance. For
any increasing ground motion intensity, a relationship
curve between the IM and the EDP is established, known as
the IDA curve. Whenmultiple groundmotions are input to
the structure, the IDA curve cluster is obtained. ,e IDA
curve cluster contains two meanings: (1) each IDA curve
represents the maximum seismic response of a structure
under ground motion; (2) any point on each IDA curve
represents the maximum seismic response of the structure
under a certain ground motion intensity. By analysing the
IDA curve cluster, the structural seismic performance
under various seismic intensities can be statistically
evaluated.

4.2. Parameter Selection for IDA Analysis

4.2.1. IM. ,e ground motion intensity index is a parameter
that reflects the strength of the ground motion when an
earthquake occurs. ,e commonly used strength indicators
are mainly four types: peak acceleration (PGA), peak velocity
(PGV), peak displacement (PGD), and acceleration response
spectrum Sa (T1, 5%) based on the first fundamental period
of the structure. Studies have shown that the applicable
objects and discrete types of each intensity index are quite
different in the elastoplastic time-history analysis of struc-
tures. ,e existing research of Zhang [36] shows that for
special ground motion such as the main aftershock se-
quence, the first periodic spectral acceleration intensity
index Sa (T1, 5%) has the highest correlation with structural
damage and stability. ,en, it effectively reduces the dis-
persion of the calculation results. ,erefore, the index Sa (T1,
5%) is taken as the control index of the main aftershock
sequence ground motion input in this paper.

4.2.2. EDP. ,e EDP commonly used in structure analyses
are base shear force, node rotation angle, structural vertex

(a) (b) (c) (d) (e) (f )

Figure 11: ,e first 6 modes of the structure. (a) 1st mode. (b) 2nd mode. (c) 3rd mode. (d) 4th mode. (e) 5th mode. (f ) 6th mode.
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displacement, maximum interlayer displacement angle, and
peak acceleration of each floor.,e literature [37] points out
that the maximum interlayer drift is directly related to the
damage degree of structural members, the deformation

ability between floors, and the rotation of joints and the EDP
is good when investigating the seismic performance of the
whole structure. ,erefore, the maximum interlayer drift
θmax is selected as the EDP used to analyse the seismic
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Figure 12: IDA curves. (a) ,e main shock ground motion. (b) ,e main aftershock sequence ground motion. (c) ,e median curve.

Table 4: Information of the main aftershock sequence ground motion.

Station name Aftershock time Aftershock magnitude Main shock (PGA) (g) Aftershock (PGA) (g) TA/TM

CHY025E 99/09/25 6.30 0.16 0.13 1.50
CHY046N 99/09/20 6.20 0.19 0.11 1.87
CHY047N 99/09/25 6.30 0.18 0.23 1.32
CHY052W 99/09/25 6.30 0.09 0.05 1.69
CHY057E 99/09/20 6.20 0.04 0.02 1.87
CHY063N 99/09/25 6.30 0.07 0.04 1.75
CHY065N 99/09/25 6.30 0.09 0.05 1.31
CHY076E 99/09/20 6.20 0.07 0.04 1.43
CHY080N 99/09/25 6.30 0.86 0.12 1.37
CHY082N 99/09/25 6.30 0.06 0.20 1.63
CHY107W 99/09/20 6.20 0.10 0.04 1.63
HWA002W 99/09/20 6.20 0.05 0.01 1.34
HWA030E 99/09/22 6.20 0.07 0.05 1.53
HWA033E 99/09/20 6.20 0.17 0.02 1.42
HWA035N 99/09/20 6.90 0.07 0.02 1.07
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behaviour and damage of the SRC frame-core tube structure
when subjected to earthquake action.

4.3. IDA Result Analysis. Modal analysis on the SRC frame-
core tube structure is performed to determine the direction
of the first-order mode shape, and the selected single main
shock and main aftershock sequence ground motion are
input onto the structure in this direction.,e intensity of the
selected ground motions is adjusted based on the Sa(T1, 5%),
and the intensity-adjusted Sa(T1, 5%) are 0.05 g, 0.1 g, 0.2 g,
0.5 g, 1.0 g, 1.5 g, 2.0 g, 2.5 g, 3.0 g, 3.5 g, and 4.0 g. Moreover,
if θmax reaches 0.10, the analysis calculation is terminated
and the structure cannot continue to carry load. ,e IDA
curves of the structure under the main shock ground motion
and the main aftershock sequence ground motion are ob-
tained, as shown in Figure 12.

As seen from Figure 12(c), for the SRC frame-core tube
structure, the overall trend of the IDA curves is roughly the
same whether under the action of the main shock or the
main aftershock. However, the θmax of the structure under
the action of the main aftershock is greater than under the
single main shock, indicating that the seismic response of the
structure increases with the occurrence of aftershocks. It can
be seen from Figures 12(a) and 12(b) that when the input
ground motion intensity is Sa(T1, 5%) <0.2 g, θmax increases
linearly with increasing input ground motion intensity.
When the input ground motion intensity is 0.2 g< Sa(T1,
5%)< 2.0 g, as the input ground motion intensity increases,
the growth rate of θmax begins to slow down until the input
ground motion intensity Sa(T1, 5%)> 2.0 g. As the input
ground motion intensity increases, the growth rate of θmax
starts to accelerate under some ground motions. ,is
phenomenon is called stress hardening. Some scholars have
also found similar phenomena in the simple bilinear elas-
toplastic system IDA, so this phenomenon is not unique to
the SRC framework-core tube structure.

,e structural requirements of 15 single main shocks
and 15main aftershocks under the action of an input seismic
intensity Sa(T1, 5%) are statistically processed, and the data
points of θmax for the same ground motion are grouped
together; this assumes that the group obeys a lognormal
distribution. Table 5 shows the log-mean and log-standard
deviations of the structure θmax subjected to various seismic
intensities Sa(T1, 5%).

5. Structural Damage Assessment Based on
Seismic Vulnerability Analysis

5.1. Introduction to Seismic Vulnerability Analysis.
Seismic vulnerability refers to the extent of damage caused
by earthquakes in a certain area. ,e research object may be
a single structure or a type of structure or it may be a certain
area. Structural vulnerability refers to the probability that a
structure will have different damage degrees under various
seismic intensities or probability of exceeding a certain limit
state. ,e mathematical expression for structural seismic
vulnerability is

FR(i) � P(LS | IM � i) � 
∞

y
fR|I[r | i]dr, (2)

where FR is the seismic vulnerability; P[·] is the exceeding
probability; and IM is the index of ground motion intensity.
In this paper, Sa(T1, 5%) is selected as the input ground
motion intensity index; fR|I[r|i] is a probability density
function (PDF) for structural requirements of the ground
motion intensity measure IM� i.

It is assumed that the structural engineering demand
parameter EDP and the ground motion intensity measure
IM satisfy the exponential function relationship of the
following equation:

E DP � α(IM)
β
. (3)

,e logarithm is taken of the formula above, and the
engineering demand parameter θmax and ground motion
intensity index Sa(T1, 5%) selected in this paper are
substituted, and the following formula is obtained:

ln θmax(  � a + b ln Sa T1, 5%( ( , (4)

where a and b are constants, and a� lnα, b� β, the value of
which can be obtained by linear regression analysis of IDA
calculation results for multiple ground motions.

It is assumed that the seismic demand probability
function D and the structural capability parameter proba-
bility functionC satisfy a normal distribution after taking the
logarithm. ,e vulnerability curve of the structure indicates
the conditional probability that the structural demand D
exceeds the structural capability parameter C under various
seismic intensities, named the exceeding probability Pf of the
structure:

Pf � P(C | D< 1), (5)
Let Z�C−D, assuming that C and D are independent

random variables, therefore, Z also obeys a normal distri-
bution, and equation (5) can be expressed as

Pf �
ln μd − ln μc������

β2c + β2d


⎡⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎦, (6)

where μc and βc are the mean and standard deviation of the
structure seismic capacity, respectively; μd and βd are the
mean and standard deviation of the structural requirements
under earthquake, respectively; and Φ is the standard
positive distribution function. Substituting equation (4) into
equation (6), the Pf of the structure under ground motion is

Pf � ϕ
ln α Sa T1, 5%( ( 

β/μc 
������

β2c + β2d


⎡⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎦, (7)

where βc and βd can be determined by statistical analysis
or obtained according to structural vulnerability curve
parameters. FEMA350 [38] pointed out that when the
vulnerability curve takes Sa (T1, 5%) as the independent
variable, the value of β2c + β2d is 0.633, and when PGA is
taken as the independent variable, the value of β2c + β2d is
0.707.
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5.2. Determination of Probability Model Parameters. Set the
logarithm of the engineering demand parameter θmax and
the ground motion intensity index Sa(T1, 5%) and establish a
coordinate system with ln(Sa(T1, 5%)) as the abscissa and
ln(θmax) as the ordinate. ,e results of IDA analysis in
Figure 12 are added to the coordinate system and subjected
to linear regression analysis, as shown in Figure 13. ,e
linear relationship of ln(Sa(T1, 5%))−ln(θmax) under the
main shock and main aftershock is obtained as follows:

ln θmax(  � −3.557 + 1.225 ln Sa( , (main shock),

n θmax(  � −3.367 + 1.072 ln Sa( .(main aftershock).
(8)

,e goodness of fit R2 values for the two linear regression
analyses were 0.965 and 0.968, respectively, and their values
were very close to 1.0, indicating that the ln(Sa(T1, 5%)) and
ln(θmax) scatter values are linearly correlated. ,e param-
eters α and β can be obtained by using equation (4). For a
single main shock case, lnα� −3.557, so α� 0.029 and
β� b� 1.225; for the main aftershock condition,
lnα� −3.364, so α� 0.035 and β� b� 1.072.

5.3. Structural Performance Level Division andDetermination
of Quantitative Index Limits. ,e division of structural
performance level directly affects the accuracy of structural
seismic performance evaluation and the trend of the seismic
vulnerability curve. ,e definition of structural performance
level is essentially a definition of the expected and limited
ultimate failure states. At present, the division of perfor-
mance level has not reached a unified opinion. ,e
FEMA350 [38] divides the structural performance levels into
operational performance (OP), immediate occupancy (IO),
life safety (LS), and collapse prevention (CP), and the ex-
pected seismic performance situation of the structure under
various performance levels is defined. In the literature [39],
the seismic performance levels of super-high-rise hybrid
structures are divided into four levels: complete workability,
basic workability, workability after repair, and life safety.
However, at present, there are relatively few studies on the
performance level division of the SRC framework-core tube
structure. ,e limit state and the performance levels of the
SRC framework-core tube structure proposed by Zhang [36]
are adopted in this paper, as shown in Table 6.

Table 5: ,e structural requirements.

Sa(T1, 5%)
Under the main shock Under the main aftershock

Log-mean of θmax Log-standard deviations of θmax Log-mean of θmax Log-standard deviations of θmax

0.05 −7.334 0.147 −6.972 0.209
0.10 −6.595 0.159 −6.280 0.200
0.20 −5.838 0.253 −5.464 0.136
0.50 −4.455 0.330 −4.373 0.254
1.00 −3.565 0.294 −3.411 0.232
1.50 −2.924 0.287 −2.798 0.251
2.00 −2.656 0.213 −2.558 0.193
2.50 −2.517 0.133 −2.420 0.120
3.00 −2.421 0.090 −2.324 0.083
3.50 −2.346 0.051 −2.251 0.048
4.00 −2.301 0.002 −2.205 0.002
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Figure 13: Linear regression analysis. (a) Main shock. (b) Main aftershock.
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Referring to the Chinese seismic intensity scale [30], this
paper divides the failure state of SRC frame-core tube
structures into five grades: basically intact, slight damage,
medium damage, severe damage, and collapse. Table 7 shows
the correspondence between the performance level quan-
titative indicators and the various damage states.

In this paper, the maximum interlayer drift θmax is se-
lected as the quantitative limit index of performance level.
,e interlayer drift limits of the frame-core tube structure
and the hybrid structure shown in Table 8, which are

specified in the literature [39], are taken as the quantified
index limits for the following structural analysis.

5.4. Seismic Vulnerability Analysis. Table 5 shows the log-
mean and log-standard deviation of the maximum structure
interlayer drift θmax under various ground motion main
shocks and main aftershocks. Combined with the quanti-
tative index limits for each performance level, the probability
density function curve for structural requirements under
various seismic intensities can be obtained. Taking Sa(T1,
5%)� 0.5 g as an example, the probability density function
curve of the structural requirements under the action of the
main shock and the main aftershock is shown in Figure 14.
,e four vertical lines from left to right in the figure rep-
resent the logarithm of the quantified index limits corre-
sponding to the performance level of the complete
workability, basic workability, workability after repair, and
life safety. It is easy to find from the figure that the four
vertical lines divide the probability density function into five
regions, namely, basically intact, slight damage, moderate
damage, severe damage, and collapse states. Under the ground
motion intensity of Sa(T1, 5%)� 0.5 g, the mean value of θmax
under the main aftershock sequence groundmotion is greater
than under the single main shock. ,e probability of the
structure being in various damage states is shown in Table 9.
,e structure collapse probability under the action of a single
main shock is 59.88%, and under the action of the main
aftershock, it is 73.44%, which is increased by 13.56%. In
addition, the proceeding probability of various structural
performance levels under different seismic intensities can be
obtained by equation (7). ,e values are shown in Table 10.

Based on the data in Table 10, the spline curve is used for
interpolation, and finally the relationship between the pro-
ceeding probability Pf and the intensity index Sa(T1, 5%)
under the action of the main shock and the main aftershock is
obtained, which is the seismic vulnerability curve.,e seismic

Table 6: Limit states and its corresponding description of the performance state.

Limit
states Performance level Description of performance state

LS1
Complete
workability

,e structure is intact, the stressed members are almost undamaged, and the building can still work
safely.

LS2 Basic workability
,e structure is basically intact, and the main load-carrying members are slightly damaged. Slight
vertical cracks begin to occur in the coupling beam, and small oblique cracks may appear in walls. ,e
whole structure is in an elastic state with no yielding and can continue to be used after simple repair.

LS3
Workability after

repair

,e structure is greatly damaged, both structural and nonstructural members are damaged, and vertical
cracks in the coupling beam and oblique cracks in the wall are developed. ,e structural members have

large residual deformation and need to be repaired.

LS4 Life safety
Structures and members are severely damaged, cracks in beams and walls extend to a large extent, and
the yielding status of the coupling beam and walls is obtained.,e lateral deformation of the lateral load

resistance components is observed obviously, and the structure is in a plastic working status.

Table 7: Damage states and quantitative index.

Damage states Basically intact Slight damage Moderate damage Severe damage Collapse
Quantitative index ≤LS1 LS1∼LS2 LS2∼LS3 LS3∼LS4 ≥LS4

Table 8: Interlayer drift limits of the frame-core tube structure and
the hybrid structure.

Structural height
Limit states

LS1 LS2 LS3 LS4
≤150m 1/800 1/400 1/200 1/100
≥250m 1/500 1/250 1/150 1/100
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Figure 14: PDF of structural requirements (Sa(T1, 5%)� 0.5 g).
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vulnerability curve of each performance level under the action
of a single main shock and the main aftershock is shown in
Figure 15. It can be seen that the proceeding probability of
each performance level increases with increasing seismic
intensity. Furthermore, when the input ground motion in-
tensity is less than a certain critical value, the proceeding
probability of the structure under main aftershock is always
larger than those subjected to the single main shock. When
the input groundmotion intensity reaches a certain threshold,
the proceeding probability of the two cases is not much
different. ,e reason is that when the proceeding probability
of the structure under a single main shock is already large, the
aftershock has little contribution. It can be seen that the more
unfavourable the performance level, the larger the critical
value of ground motion intensity. ,e critical values corre-
sponding to the four performance levels of complete work-
ability, basic workability, workability after repair, and life
safety are 0.8 g, 1.1 g, 1.5 g, and 2.0 g, respectively.

5.5. Comparative Analysis of Earthquake Vulnerability
Matrix. ,e seismic impact coefficient α curve corre-
sponding to intensity 8 frequent, fortification, and rare
earthquakes can be determined by the Chinese seismic
code [29], as shown in Figure 16. ,e intensity 8 earth-
quakes in the paper refers to the earthquakes caused the
building damage of intensity 8 in the Chinese scale.
According to the modal analysis, the natural vibration
period of the SRC frame-core tube structure is 1.41 s.
,erefore, the seismic impact coefficients of frequent,
fortification, and rare earthquakes are 0.05, 0.14, and 0.29,
respectively. Table 11 shows the proceeding probability of
the four structural performance levels under the action of
a single main shock and the main aftershock ground

motion corresponding to frequent, fortification, and rare
earthquakes. It can be seen that under the same fortifi-
cation and performance levels, the occurrence of after-
shocks will increase the proceeding probability of the SRC
frame-core tube structure.

,e proceeding probability can be further transformed
into a seismic vulnerability matrix. Taking the main after-
shock sequence ground motion as an example, when the
structure is subjected to an intensity 8 rare earthquake, the
probability that the structure is in a basically intact state is
100–97.78%� 2.22%; the probability of being in a slight
damage state is 100%−2.22%–88.83%� 8.95%; the proba-
bility of being in moderate damage state is 100%−2.22%−

8.95%–68.27%� 20.56%; the probability of being in severe
damage state is 100%−2.22%−8.95%–20.56%−40.33%�

27.94%. ,e probability of being in a collapse state is 100%−

2.22%−8.95%−20.56%–27.94%� 40.33%. By analogy, the
probability that the structure is in various damage states in
other cases can be calculated. ,e results are shown in
Table 12. It can be seen that under the action of the main
aftershock sequence, when an intensity 8 frequent earth-
quake is encountered, the probability of the structure being
in a basically intact state is 48.77%, the probability of the
structure being in a slight damage state is 26.21%, and the
probability of being in moderate damage state is 17.24%.,e
probability of being in a state of severe damage is 6.37%, and
the probability of being in a collapse state is 1.41%. When a
fortification earthquake of intensity 8 is encountered, the
probability of the structure being in basically intact, slight
damage, moderate damage, severe damage, and collapse
state is 10.72%, 21.19%, 29.60%, 23.86%, and 14.63%, re-
spectively. When a rare earthquake of intensity 8 is en-
countered, the probability of the structure being basically
intact, slightly damaged, moderately damaged, severely

Table 9: Probability of the structure being in various damage states (%).

Ground motions
Damage state

Basically intact Slight damage Moderate damage Severe damage Collapse
Main shock 0.21 2.11 10.79 27.02 59.88
Main aftershock 0.06 0.83 5.82 19.85 73.44

Table 10: Probability of exceeding a structural performance level under various seismic intensities.

Sa(T1, 5%) (g)

Structural performance level
LS1 LS2 LS3 LS4

Main
shock Main aftershock Main shock Main aftershock Main shock Main aftershock Main shock Main aftershock

0.05 24.78 55.46 6.03 23.15 0.77 5.42 0.05 0.66
0.10 65.02 85.80 31.37 57.92 8.75 25.10 1.29 6.15
0.20 92.69 97.75 71.97 87.16 38.61 60.36 12.29 27.14
0.50 99.79 99.94 97.68 99.11 86.89 93.28 59.88 73.44
1.00 100.00 100.00 99.89 99.95 98.57 99.25 90.62 94.06
1.50 100.00 100.00 99.99 99.99 99.75 99.85 97.39 98.24
2.00 100.00 100.00 100.00 100.00 99.94 99.96 99.15 99.37
2.50 100.00 100.00 100.00 100.00 99.98 99.99 99.68 99.74
3.00 100.00 100.00 100.00 100.00 99.99 100.00 99.87 99.88
3.50 100.00 100.00 100.00 100.00 100.00 100.00 99.94 99.94
4.00 100.00 100.00 100.00 100.00 100.00 100.00 99.97 99.97
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damaged, and in a collapse state is 2.22%, 8.95%, 20.56%,
27.94%, and 40.33%, respectively.

Moreover, with increasing seismic intensity input, the
appearance of aftershocks causes the structure to develop to
an unfavourable state of destruction. For example, when
encountering an intensity 8 frequent earthquake, the
probability of the structure being in slight and moderate
damage states under the action of the main aftershock are
8.16% and 10.03% higher than under the main shock itself,
respectively; when encountering an intensity 8 fortification
earthquake, the probability of the structure being in mod-
erate damage, severe damage, and collapse states under the
action of the main aftershock is 3.66%, 9.23%, and 8.72%
higher than under the main shock, respectively; when en-
countering an intensity 8 rare earthquake, the probability of
the structure being in serious damage and collapse states
under the action of the main aftershock are 2.71% and
13.63% higher than for the main shock, respectively.
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Figure 15: Vulnerability curves of various performance levels under two kinds of earthquakes. (a) LS1. (b) LS2. (c) LS3. (d) LS4.
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5.6. Structural Damage Assessment Based on Vulnerability
Index. Although structure seismic vulnerability analysis
reasonably assesses the degree of structural damage, its
application in engineering is limited due to the following two
characteristics of seismic vulnerability results: (1) the
probability of the seismic vulnerability results: the seismic
vulnerability curve and the vulnerability matrix all appear as
a form of probability. ,e expression of this probability is
not intuitive and is not easily accepted by engineers. (2) ,e
multilevel of seismic vulnerability results: the seismic vul-
nerability curve is usually expressed as the proceeding
probability of the structure at multiple performance levels.
However, from the perspective of structural seismic damage
assessment, engineers tend to use a single magnitude to

evaluate the structure damage degree, rather than the
proceeding probability of the multiple performance levels.
For this problem, the vulnerability index [23] is used to
assess the degree of seismic damage to the SRC framework-
core tube structure. In the postearthquake survey, the
seismic damage index [30] is used to evaluate the degree of
structural damage, the seismic vulnerability curve is used to
calculate the probability of various structural damage states,
and the mathematical expectation of the seismic damage
index is defined as the vulnerability index.

,e damage state probability P(DSi|Sa(T1, 5%) is defined
as the difference between the proceeding probability of the
adjacent structure performance level, and the calculation
formula is as follows:

P DSi Sa T1, 5%( 
  �

1 − P LS1 Sa T1, 5%( 
 , i � 1,

P LSi−1 Sa T1, 5%( 
  − P LSi Sa T1, 5%( 

 , i � 2, 3, . . . , N,

P LSN Sa T1, 5%( 
 , i � N + 1.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(9)

where N is the number of structural performance level
divisions; then, N + 1 structural damage states can be
obtained. ,e probability values of the various structural
damage states can be obtained using the data in equation
(9) and Table 9. Figure 17 shows the damage state
probability curve for the SRC frame-core tube structure
under the action of the main shock and the main

aftershock. It can be seen that with increasing seismic
intensity, the probability of the structure being in a ba-
sically intact state decreases, the probability of the
structure being in a collapse state increases, and the
probability of the structure being in other damage states
increases first and then decreases.

,e vulnerability index (VI) is calculated as

Table 11: Exceeding probability of structural performance level.

Earthquake
fortification level

Complete workability Basic workability Workability after repair Life safety
Main
shock

Main
aftershock

D
value

Main
shock

Main
aftershock

D
value

Main
shock

Main
aftershock

D
value

Main
shock

Main
aftershock

D
value

Intensity 8
frequent
earthquakes

27.29 51.23 23.94 9.24 25.02 15.78 2.03 7.78 5.75 0.15 1.41 1.26

Intensity 8
fortification
earthquakes

74.39 89.28 14.89 46.48 68.09 21.61 20.54 38.49 17.95 5.91 14.63 8.72

Intensity 8 rare
earthquakes 92.90 97.78 4.88 77.34 88.83 11.49 51.93 68.27 16.34 26.70 40.33 13.63

Table 12: Seismic vulnerability matrix of the structure under main shock and main aftershock ground motion (%).

Earthquake
fortification level

Basically intact Slight damage Moderate damage Severe damage Collapse
Main
shock

Main
aftershock

Main
shock

Main
aftershock

Main
shock

Main
aftershock

Main
shock

Main
aftershock

Main
shock

Main
aftershock

Intensity 8 frequent
earthquakes 72.71 48.77 18.05 26.21 7.21 17.24 1.88 6.37 0.15 1.41

Intensity 8
fortification
earthquakes

25.61 10.72 27.91 21.19 25.94 29.60 14.63 23.86 5.91 14.63

Intensity 8 rare
earthquakes 7.10 2.22 15.56 8.95 25.41 20.56 25.23 27.94 26.70 40.33
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VI � 
5

i�1
DF × P DSi Sa T1, 5%( 

 , (10)

where DFi (i� 1, 2, 3, 4, and 5) stands for a seismic damage
index for five damage states: the basically intact, slight
damage, moderate damage, severe damage, and collapse
states. DFi,U, DFi,L, and DFi,M, respectively, represent the
upper limit, lower limit, and mean value of the seismic
damage index DFi. ,e values are shown in Table 13.

Using formula (10) and the damage state probability
of the structure in Figure 17, the lower limit value VIL,
mean value VIM, and upper limit value VIU of the
structural vulnerability index for the main shock and
main aftershock under various input ground motion
intensities are obtained and shown in Table 14. Using the
data in Table 14, the coordinate system with Sa(T1, 5%) as
the abscissa and VI as the ordinate is established, and the
spline curve is used to interpolate between a limited
number of discrete points. ,e seismic vulnerability

Table 13: Damage state and its corresponding damage index [30].

Damage index
Damage state

Basically intact Slight damage Moderate damage Severe damage Collapse
DFi,U, DFi,L (%) (0, 10] (10, 30] (30, 55] (55, 85] (85, 100]
DFi,M (%) 5 20 42.5 70 92.5

Table 14: Vulnerability index of the structure under the main shock/main aftershock.

Sa(T1, 5%)
Vulnerability index (%)

VIL VIM VIU
Main shock Main aftershock Main shock Main aftershock Main shock Main aftershock

0.00 0.00 0.00 5.00 5.00 10.00 10.00
0.05 3.89 11.73 10.29 20.17 16.70 28.60
0.10 15.35 28.28 24.51 39.19 33.66 50.09
0.20 37.00 50.44 48.48 61.98 59.96 73.52
0.50 69.20 75.17 79.32 84.47 89.43 93.77
1.00 81.80 83.02 89.97 90.95 98.13 98.87
1.50 84.15 84.43 91.84 92.06 99.53 99.69
2.00 84.73 84.80 92.29 92.35 99.85 99.89
2.50 84.90 84.92 92.42 92.44 99.95 99.96
3.00 84.96 84.96 92.47 92.47 99.98 99.98
3.50 84.98 84.98 92.49 92.49 99.99 99.99
4.00 84.99 84.99 92.49 92.49 100.00 100.00
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Figure 17: Probability curves of various damage states. (a) Main shock. (b) Main aftershock.
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index curve for the structure under the action of the main
aftershock and the main shock is finally drawn in Fig-
ure 18. It can be seen from Figures 18(a) and 18(b) that
the structural vulnerability index of a single main shock

and main aftershock increases with increasing input
ground motion intensity; however, the growth rate de-
creases gradually. Figure 18(c) gives the curve of the
structural vulnerability index difference between the two
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Figure 18: Vulnerability index curves. (a) Main shock. (b) Main aftershock. (c) Difference value.

Table 15: Lower limit, mean and upper limit values of the vulnerability index (%).

Ground motion
Intensity 8 frequent earthquake Intensity 8 fortification

earthquake Intensity 8 rare earthquake

VIL VIM VIM VIL VIM VIM VIL VIM VIM
Main shock 5.13 11.76 18.40 23.64 33.59 43.55 45.75 56.62 67.50
Main aftershock 12.50 20.77 29.05 36.56 47.59 54.62 56.71 67.50 78.29
Different 7.37 9.01 10.65 12.92 14.00 11.07 10.96 10.88 10.79
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types of ground motions. It can be seen that the dif-
ference of the structural vulnerability index increases
first and then decreases with increasing seismic intensity.
,e variation of the lower limit, mean, and upper limit
values is consistent. ,e ground motion intensity at the
peak of the vulnerability index difference is Sa(T1, 5%) �

0.15 g.
To investigate the damage degree of the SRC frame-

core tube structure under the main aftershock sequence
ground motion and whether it can achieve the expected
seismic fortification target, the structural vulnerability
index under the action of intensity 8 frequent, fortification,
and rare earthquakes can be obtained based on Formula
(10) and Table 12. ,e values of the vulnerability index are
shown in Table 15, and the curves are depicted in Figure 19.
It can be seen from Figure 19 that the vulnerability index
increases with increasing input ground motion intensity.
When the ground motion intensity is Sa(T1, 5%) < 1.5 g, the
structural vulnerability index of the main aftershock se-
quence groundmotion is higher than the single main shock
by 3∼15%. When the input ground motion intensity is
Sa(T1, 5%) > 1.5 g, the structural vulnerability index under
a single main shock and main aftershock is basically the
same. ,e reason is that the structure has a large degree of
damage under the action of the main shock ground vi-
bration, and the aftershocks contribute less to the struc-
tural damage.

Furthermore, combined with the damage index value in
Table 13, the lower limit of the vulnerability index is used as
the damage evaluation index. Under the action of a single
main shock, the lower limit of the damage index obtained
from the SRC frame-core tube structure when suffering an
intensity 8 frequent earthquake is 5.13%, and the structure is
in a basically intact state. When subjected to an intensity 8
fortification earthquake, the lower limit of the structural
vulnerability index is 23.64% and the structure is in a state of
slight damage. When subjected to an intensity 8 rare
earthquake, the lower limit of the structural vulnerability
index is 45.75% and the structure is in amoderately damaged
state. Under the action of themain aftershock, when the SRC
frame-core tube structure suffers intensity 8 frequent, for-
tification, and rare earthquakes, the lower limit of the

structural vulnerability index is 12.50%, 36.56%, and 56.71%,
respectively, and the structure is in a state of slight, moderate,
and severe damage. ,e structural vulnerability index of the
structure subjected to intensity 8 frequent, fortification, and
rare earthquakes under the action of the main aftershock is
7.37%, 9.01%, and 10.65% larger, respectively, than under the
single main shock. Similarly, when the upper limit of the
vulnerability index is used as the damage evaluation index, the
structural vulnerability index of a structure subjected to in-
tensity 8 frequent, fortification, and rare earthquakes under
the action of the main aftershock is 12.92%, 14.00%, and
11.07% larger, respectively, than under the single main shock.
When the mean value of the vulnerability index is used as the
damage evaluation index limit, the structural vulnerability
index of the structure subjected to intensity 8 frequent,
fortification, and rare earthquakes under the action of the
main aftershock is 10.96%, 10.88% and 10.79%, respectively,
larger than under the single main shock.

,e vulnerability index of the structure subjected to an
intensity 8 earthquake under the main aftershock is ap-
proximately 10% larger than under the single main shock.
When considering the influence of the series aftershocks
after the main aftershocks, the SRC frame-core tube
structure is in a state of severe damage under a rare
earthquake, but it does not collapse. ,e structure is in a
moderate damage state under the action of a fortification
earthquake, whereas it is in a state of slight damage under the
action of a frequent earthquake. ,erefore, the SRC frame-
core tube structure designed according to the current
Chinese specifications can also achieve the requirements as
follows: facing small earthquakes, the structure is not
damaged, facing medium earthquakes, the structure can be
repaired, and facing strong earthquakes, the structure does
not fall, under the action of the main aftershock sequence
ground motion.

6. Conclusions

Based on the IDA method, the vulnerability of a typical 20-
storey SRC frame-core tube structure is analysed using
Perform-3D, a nonlinear analysis software.,e vulnerability
matrix is calculated, and the failure state probability of the
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Figure 19: Vulnerability index curves. (a) Lower limit value. (b) Mean value. (c) Upper limit value.
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structure under various earthquake intensities is investi-
gated. ,e damage degree of the SRC frame-core tube
structure under the action of the main aftershock sequence
and the main shock ground motion is analysed by VI. ,e
following conclusions can be drawn.

,ere is a critical value of ground motion intensity for
each performance level. ,e critical values corresponding to
the performance levels of complete workability, basic
workability, workability after repair, and life safety are 0.8 g,
1.1 g, 1.5 g, and 2.0 g, respectively. ,e seismic vulnerability
matrix shows that aftershocks make the structure develop a
more disadvantageous failure state.

When the ground motion intensity is Sa(T1, 5%)< 1.5 g,
the structural vulnerability index of the main aftershock
sequence ground motion is higher than the single main
shock by 3∼15%. When the input ground motion intensity is
Sa(T1, 5%)> 1.5 g, the structural vulnerability index under a
single main shock and main aftershock is basically the same.

Taking the vulnerability index as an evaluation param-
eter, the structural vulnerability index of a structure sub-
jected to an intensity 8 earthquake under the action of the
main aftershock is approximately 10% larger than under the
action of a single main shock. Meanwhile, the SRC frame-
core structure designed according to the current Chinese
specifications meets the expected seismic fortification target
even under the main aftershock sequence ground motion.
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