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Abstract: Following several damaging earthquakes in China, research has been devoted to find the causes of the collapse
of reinforced concrete (RC) building sand studying the vulnerability of existing buildings. The Chinese Code for Seismic
Design of Buildings (CCSDB) has evolved over time, however, there is still reported earthquake induced damage of newly
designed RC buildings. Thus, to investigate modern Chinese seismic design code, three low-, mid- and high-rise RC frames
were designed according to the 2010 CCSDB and the corresponding vulnerability curves were derived by computing a
probabilistic seismic demand model (PSDM).The PSDM was computed by carrying out nonlinear time history analysis using
thirty ground motions obtained from the Pacific Earthquake Engineering Research Center. Finally, the PSDM was used to
generate fragility curves for immediate occupancy, significant damage, and collapse prevention damage levels. Results of
the vulnerability assessment indicate that the seismic demands on the three different frames designed according to the 2010
CCSDB meet the seismic requirements and are almost in the same safety level.

Keywords: building damage criteria; collapse ratio; probabilistic seismic demand model (PSDM); fragility curves;

Chinese Code for Seismic Design of Buildings (CCSDB)

1 Introduction

Severe damage and collapse of buildings has been
observed following several recent Chinese earthquakes,
most recently following the 2008 Wenchuan earthquake
(Huang and Li, 2008). In this M 7.9 earthquake, the
direct property losses were 845.1 billion Yuan (RMB)
($130 billion US), and casualties totalled 87,000 people
(Tang, 2008). From the reconnaissance report by Wu
et al. (2010), 522 buildings were investigated and the
structures were categorized into five discrete damage
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states: collapse, serious damage, medium damage,
slight damage and no damage (spatial distribution of
the damage is depicted in Fig. 1(a)). The major cause
of damage to reinforced concrete (RC) buildings (Figs.
1(b) and 1(c)) was due to older seismic design codes
and irregularities. Seismic induced damage reported
following major Chinese earthquakes is summarized in
Table 1.

The 1999 M_ 7.6 Chi-Chi earthquake in Taiwan,
China, caused 2,432 casualties, total collapse of 49,542
dwellings and partial collapse of 42,746 dwellings (Tsai
and Huang, 2000). In this earthquake, it was shown
that about 75% and 17% of the damaged RC buildings
were either 1 to 3-stories or 4 to 6-stories, respectively.
Although high-rise buildings represented only 5% of
the total damage, their performance had an immediate
impact on the safety of residents and families, and their
poor seismic performance warrants further investigation
(Tsai et al., 2000). In this paper, the performance of
structures designed according to modern Chinse design
code is investigated through fragility curves (e.g., Yin et
al., 2003).

Fragility theory is a generalized branch of structural
reliability which assesses the vulnerability of a structure
conditioned upon ground shaking intensity (Singhal and
Kiremidjian, 1996; Zhang and Hu, 2005; Deng, 2010).
Fragility curves can be generated through empirical
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(Rossetto and Elnashai, 2003; Shinozuka et al., 2000),
analytical (Celik and Ellingwood, 2009; Ellingwood
et al., 2007; Rossetto and Elnashai, 2005; Hwang and
Liu, 2004), and heuristic (ATC, 1985) based methods.
The importance of inherent randomness and modelling
uncertainty in estimating building performance
assessment is highlighted by Ellingwood (2001).The
commonly used nonlinear demand estimation method
in probabilistic seismic demand analysis is called the
“cloud analysis” procedure. An improvement to the
cloud analysis method, based on the Latin Hypercube
Sampling technique, was proposed to account for the
inherent randomness in structural parameters and ground
motions (e.g., Lu et al., 2010).

The current Chinese seismic design code, 2010
Chinese Code for Seismic Design of Buildings (CCSDB),
was introduced in December 1, 2010. However, two
destructive Chinese earthquakes, 2008 Wenchuan and
2010 Yushu earthquakes, for example, raised the need
to evaluate the vulnerability of buildings designed
according to the 2010 CCSDB. Thus, the objective

B Undamage

"ISlight damage

B Mediumgrade damage
M Serious damage and collapse

of this study is to perform a seismic vulnerability
assessment of three RC buildings designed according
to the 2010 CCSDB located in an area with a seismic
intensity of VIII on soil site condition II. The three
RC buildings have different heights: low-rise (three-
story), mid-rise (six-story) and high-rise (nine-story).
The seismic performance of these three RC frames was
investigated through fragility curves. Thirty ground
motions were modified based on the Uniform Hazard
Response Spectrum (UHRS) for a fortification intensity
VIII area on soil site condition II to quantify the seismic
vulnerability of low-, mid-, and high-rise RC frame
structures designed according to the 2010 CCSDB.

2 Evolution of the CCSDB

Reviews of the evolution of the Chinese seismic
design code for buildings and seismic zoning map
showed that it has evolved through time after learning
from devastating earthquakes in China and other parts of

(b)

Fig. 1 (a) Division of Wenchuan county town and distribution of building damage in the Wenchuan earthquake (Wu et al., 2010),
(b) Soft-story failures were observed in Yinxiu town, which was one of the most severely damaged towns in the Wenchuan
earthquake, (c) Pancake collapse due to beam-column connection failure
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Table 1 Failure rates and design standards of buildings in some major earthquakes in China

Earthquake Date M_  Design code Damage state Reference
Yushu 14/04/2010  6..9  Most of the damaged structures Research including building Xu et al. (2011)
were built according to the area of 5,300,000 m? in
(now obsolete) Chinese Code Qinghai, Tibet and Sichuan
for Seismic Design of Buildings province
before 1989. No damage [6.4 %]
Slight damage [12.5%)]
Moderate damage [16.2 %]
Heavy damage [17.6%)]
Collapse [47.3 %]
Wenchuan 12/05/2008 7.9  Most of the damaged structures Research including building Wu et al. (2010)

were built according to the
(now obsolete) Chinese Code
for Seismic Design of Buildings

before 2001.

ChiChi 21/09/1999 7.6

designed following the

requirements for moment
resisting frames identical to the
Uniform Building Code (UBC)
used in the United States. The

These buildings were typically

area of 540,398 m? inWenchuan
county town
No damage [0.51 %]
Slight damage [7.78%]
Moderate damage [50.78 %]
Heavy damage [40.78%]
Collapse [0.16%]

The most popular material for
building construction in Taiwan
is RC except for buildings
taller than 25 stories.Their

was damage to over 4,325RC
frames. The damage percentage

Tsai et al. (2000)

number of damaged RC structures  of RC structure is as follows,
with respect to different period

of seismic force requirements in

Taiwan.

Prior to 1974 [7%)]
1975-1982 [30%)]
1983-1989 [20%)]
1990-1997 [20%)]
1998- 1999 [23%)]

Tangshan 28/07/1976 7.6

Most of the building stock in the
local region was built without
seismic design consideration.

Slight damage [29%)]
Moderate damage [23 %]
Heavy damage [33%)]
Collapse [15%)]

About 6.3 million buildings in
4 districts and10 counties in
Tangshan city and 4 counties
of other provinces were
investigated.

Ma (1995); Guo
and Guo (2003)

Heavy damage [45.7%)]
Collapse [14.8%]

the world (Chen, 2003).The first code, 1959 CCSDB,was
established according to the former U.S.S.R. (CH-8-57)
code. The horizontal seismic force on a structure was
calculated using the earthquake response spectrum. The
design earthquake intensity was increased from VII to
IX. The 1964 CCSDB was a milestone for the Chinese
seismic design code, as it laid the foundation for the
future codes. With a combination of data from geological
conditions, the soil site conditions were divided into four
classes and corresponding seismic influence coefficient
curves were given.

The earthquake influencing factors coefficient was
introduced into the 1974 CCSDB and the four classes
of soil site conditions were replaced by three classes.
The 1974 CCSDB provided guidance for the design

of two main types of structures: the shear building and
the asymmetric building, which were calculated by the
base shear method and the response spectrum method,
respectively. The 1974 CCSDB was partly modified
and replaced by subsequent code (the Chinese Aseismic
Code of Industrial and Civil Buildings) (NSPRC, 1979),
which was first officially published in 1979. This code
furnished the provisions for seismic calculation of
asymmetric buildings and filled a gap in the Chinese
seismic design code.

Lessons learned from historical earthquakes and
in particular the 1976 Tangshan earthquake disasters
resulted in “three earthquake performance objectives”
and “two stages design method” being introduced in the
1989 CCSDB (NSPRC, 1989). The three performance
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objectives are “no failure for minor earthquakes,”
“repairable for moderate earthquakes,” and “no collapse
for major earthquakes.” The two stage design method
includes a check of both strength and deformation
(NSPRC, 1989). As a supplement to the response
spectrum method, time-history analysis was needed for
irregular and important structures. Based on the dynamic
equation of the lateral-torsional coupled calculation
model, the typical response spectrum method was
modified to meet the demand for calculation of the planar
asymmetric structure. The influence of the P-delta effect
and the vertical earthquake effect on large span and
high-rise structures and buildings was also taken into
consideration (NSPRC, 1989). Soil-structure interaction
was considered, and consequently, the level of horizontal
seismic force was decreased by (10%—20%).

Following the damage to high-rise RC structures in
the Chi-Chi earthquake, the period range in the seismic
influence coefficient curves was prolonged from 3s to
6s, and the general formula for asymmetrical structures,
considering earthquake actions in two directions
simultaneously, was introduced in the 2001 CCSDB
(NSPRC, 2001). Performance-based seismic design
was also introduced for structures that required more
stringent functions and values in the 2010 CCSDB
(NSPRC, 2010). Furthermore, the seismic fortification
intensity and earthquake parameters in a district were
determined by the earthquake intensity with a 10%
probability of exceedance (PE) in a 50-year period
(NSPRC, 2010).

3 Seismic fragility models

Seismic fragility models simply examine the
probability that the seismic demand (D) placed on
a structure is greater than its capacity (C) (Casciati
and Faravelli, 1991; Singhal and Kiremidjian 1996;
Ellingwood et al., 2007). This is conditioned on a
specified intensity measure (IM) which represents the
level of seismic loading. The conditional probabilities
of reaching or exceeding seismic damage for a given
damage state at a specified /M are defined as:

Fon = P(D>C[IM) (M

One way to evaluate the fragility function given
in Eq.(1) is to develop a probability distribution for
the demand conditioned on the IM, also known as a
probabilistic seismic demand model (PSDM), and
convolving it with a distribution for the capacity.

Using “Cloud Analysis”, nonlinear dynamic analyses
can be used to build the PSDM. The procedure consists
of applying a suite of ground motion records (on the
order of 10-30 records) to the structure and calculating
D. Then, by performing a simple linear regression of the
logarithm of D against the logarithm of IM, the PSDM
parameters (a, b) (Eq. 2) can be obtained. The demand on
the structure is quantified using some chosen metric(s)

(e.g., interstory drift, ductility). Cornell et al. (2002)
suggested that the estimate for the median demand ( D)
can be represented by a power model as:

D=aIM’ )

Where IM is the seismic intensity measure of choice,
and both a and b are regression coefficients. In this
study, the maximum interstory drift ratio, __, and the
spectral acceleration at the fundamental period of the
frame, S (7)), for 5% damping, is considered as D and
IM, respectively.

Thus, the fragility curve is established based on the
normal cumulative distribution function as (Celik and
Ellingwood, 2010):

In(C) - In(a - IM?)

P
JBow + B+ B

tn =1 @ 3)

where C is the median structural capacity associated
with the limit state, ﬁDHM and f. denote aleatoric
uncertainty in the seismic demand (D) and capacity(C),
respectively, and B, denotes epistemic uncertainty in
modelling (Celik and Ellingwood, 2010; Ellingwood
et al., 2007). Finally, the modeling uncertainty, f,,, is
assumed to be 0.20, based on the assumption that the
modelling process yields an estimate of building frame
response that, with 90% confidence, is within + 30% of
the actual value (Ellingwoodet al., 2007).

3.1 Earthquake ground motions for China

An important step in seismic fragility analysis is the
selection of a representative set of earthquake motions at
different levels of ground motion intensity that represent
the typical seismic intensity and soil site conditions.
Fortification intensity VIII on soil site condition II
covers a broad range of regions in the Chinese seismic
code. The seismic intensity and soil site conditions
were designed using the detailing provisions of the
2010 CCSDB. PEs of 2%—3%, 10% and 63% in a 50-
year UHRS were constructed from the three intensity
levels of the seismic influence coefficient curves for a
fortification intensity VIII area with a soil site condition
of II in the 2010 CCSDB (Fig. 2). Each UHRS matches
a different average return period of 1600-2400, 475, and
50 years, respectively.

Although some destructive Chinese earthquakes
occurred recently and some valuable seismic records
were obtained, the ground motion database in China is
sparse. Therefore, 30 recorded earthquake accelerograms
records were selected as three groups of ten records from
a subset of the Pacific Earthquake Engineering Research
Center’s Next Generation Attenuation (NGA) database.
The moment magnitudes (M ) range from 4 to 9, and the
source-to-site distance (#) is 0 < <200 km. The average
shear velocity of the top 30m is accepted from 140 to 500
m/s.The records have been selected from the far-field,



No3  D.Wuetal: Seismic fragility assessment of RC frame structure designed according to modern Chinese code for seismic design of buildings 335

1.24
= i 2%-3% PE in 50 yr - Representative soil
Wy A4
'u o~ Average spectrum
5 0.84
3-0 |
o 0.6 1
g 0.4
:_;E Fo
2 021
(=% -——
2
04
0 1 2 3 4
Period, T (s)
(a)
1.2+
g 10 — 10% PE in 50 yr - Representative soil
i
’;64' 0.8 Average spectrum
=
= i
::': 0.6
5 e
g 041N
E f "
3 021
oL
@ ——
n-‘ T
0 1 2 3 4
Period, T (s)
(b)
1.219
= 1 — 63% PE in 50 yr - Representative soil
- 1.0
Il
M Avi spect;
E - ——— Average spectrum
=
RPN
o 0.6
o
2 047
E
2 027
(=5 ratia
8 K
07 ; : .
0 1 2 3 4
Period, T (s)

(c)
Fig. 2 Comparison of median response spectra with UHRS in
the fortification intensity VIII area on soil site condition
II in the 2010 CCSDB

including large and distant, large and close, moderate
and close, as well as intermediate earthquake records,
in an attempt to cover a sufficiently representative range
of distances.

The selected earthquake accelerograms were
adjusted to match a specific target response spectrum by
using the wavelets algorithm proposed by Abrahamson
(1992) and Hancock et al. (2006). A pre-defined
tolerance for maximum misfit is defined as 10% in
this adjustment. Figure 2 shows the elastic 5% damped
response spectra for the modified individual 10 records,
the median response spectrum, and target UHRS for
each ensemble.

4 Selection of representative structures

The maximum allowable RC frame height in the
2010 CCSDB is 40 meters in the fortification intensity
VIII area (basic seismic intensity is 0.2g) of China.
Subsequently, in this paper, the three-, six-, and nine-
story RC frames representing low-, mid-, and high-rise
RC frames, respectively, were designed according tothe
2010 CCSDB.The seismic intensity for design accepted
in this paper was considered to be average, which
represents the seismic intensity of VIII area on soil site
condition II. The value of the specified compressive
strength of the concrete in all frames is 30 MPa, whereas
values of the steel yield strength of the longitudinal
reinforcement and stirrup are 400 MPa and 335 MPa,
respectively.

The Chinese design codes used for the three
buildings are the 2010 CCSDB (NSPRC, 2010), Chinese
Code for Design of Concrete Structure (NSPRC, 2002)
and Chinese Load Code for the Design of Building
Structures (NSPRC, 2006). The features of the proposed
two-dimensional model are summarized below:

(1) Only horizontal ground accelerations were
considered.

(2) A static analysis was performed before the
beginning of the dynamic response analysis.

(3) The model includes inelastic deformations in
girders and columns, and accounts for the effect of axial
load on stiffness and strength.

(4) Shear effects in girders and columns, the axial
deformations of columns and second-order deformations
due to P-4 effects were included in the analysis.

(5) Fixed end rotations at the beam-column and
column-foundation interface due to bond deterioration
in the anchorage zone were taken into account.

(6) The frame members were assumed to have
infinite ductility, so that failure by attainment of the
actual ultimate strength or deformation capacity of the
member was not considered.

In this research, a distributed dead and live load
of 24,000 N/m and 12,000 N/m was applied to the
beam spans, respectively. This gravity load is typical
for buildings in China. The natural vibration periods
of the three-, six-, and nine-story RC frames are 0.54,
1.10 and 1.43s, respectively, which are the average level
of periods among Chinese structures. The first-mode
effective modal masses of these frames are 0.86, 0.79
and 0.76, respectively, which means the first-mode
plays an important role in the dynamic behavior of these
analyzed frames. A damping ratio of 5% was assumed
for the concrete buildings. The elevation of the nine-
story frame and the layout of the beam and column
rebars are shown in Fig. 3. Target UHRS values (S (7))
of the first natural period in the 2010 CCSDB (NSPRC,
2010) are summarized in Table 2.
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Fig. 3 9-story RC frame configuration

Table 2 Target UHRS values of the first natural period in CCSDB (for areas in fortification intensity VIII on soil site condition II)

PE in 50 years (%) ST @
Three-story Six-story Nine-story
63 0.11 0.06 0.05
10 0.30 0.16 0.13
2-3 0.61 0.32 0.25

5 Defnition of the random characteristics of
structural parameters

The three-, six-, and nine-story RC frames were
modelled using the nonlinear finite element computer
program SAP2000 version 14 (CSI, 2009). The
simplified story reinforced concrete frame structural
models are composed of columns and beams with a
shear core in the middle. This study is limited to two-

dimensional models of symmetric buildings along one
principal axis and correlates the nonlinear dynamic
response of these models to a ground motion whose
direction coincides with this axis. The features of the
proposed two-dimensional model are summarized
below.

The fiber plastic hinge (FPH) in SAP2000 was
utilized in the column model of RC frames. In FPHs,
geometry and section material properties (stress-strain
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curves) are defined. At each step of the nonlinear
dynamic analysis, the program uses the material
constitutive laws (stress-strain relationships) to obtain
the section flexural and axial forces and stiffness, and in
turn those of the elements, to carryout the analysis using
equilibrium and compatibility equations. The interaction
properties of axial force and bending moments of the
column were calculated by the program for the cross
section and reinforcement details are provided from the
rebar layouts.

The concrete behavioris modeled by a uniaxial
stress-strain model according to CCSDB (NSPRC,
2002). When ¢ < 0 (compressed member), the stress-
strain curve equations are:

2 3
c
= £E<¢g,
C C c C
o € 4)
I8 = - - E>¢g,
. 2
©efog =17+ ]
&, £,

and when ¢ > 0 (tensioned member) the stress-strain
curve equations are:

o € (5)
—= E>¢

e
& &

t t

where o, o, and o are the parameters of concrete
stress-strain curves in ascending, descending branch
under uniaxial compression and descending branch
under uniaxial tension, respectively. /" and f are the
uniaxial compressive and tensile strength of concrete,
respectively. ¢ and ¢, denote the peak compressive and
tensile strain according to £ and ", respectively.

Symmetry of compression and tension response,
as characterized in the steel reinforcement constitutive
relationship, is assumed. Figure 4 presents the
behavior of samples of reinforcing steel subjected to
monotonically increasing compressive and tensile strain
demand. Three types of hysteretic behavior are provided
by SAP2000, which are Kinematic, Takeda and Pivot.
A mixed isotropic and kinematic hardening model was
employed in this research, which has been successfully
adopted for several studies by Elnashai and Izzuddin
(1993). Therefore, the interaction between the axial
force and the moments are accounted for in terms of
both force and deformation.

The beam elements were modeled as elastic Moment
M3 frame hinge type. Moment hinges were assigned
for beam elements at the two ends. The hinge flexural
resistance properties were calculated by the program
for the cross section and reinforcement details were
provided from the beam rebar layouts. Since there is no
generalized force-deformation relations for RC elements
or components in the Chinese concrete code, Tables
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Fig. 4 Tensile monotonic stress-strain history for typical
longitudinal reinforcement subjected to monotonic
compression and tension loading
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Fig. 5 Moment- rotation relation for RC beam elements

6-7 of FEMA 356 (FEMA, 2000) was used as the default
moment hinges of RC beam elements. Typically, the
response shown in Fig. 5 is associated with the moment-
curvature relation for RC beam elements.

5.1 Structural performance parameters

Since the effect of brittle failure modes, such as
shear in members and joints, has been included in the
model, the structural demand can be expressed in terms
of deformation quantities only. As stated above, the peak
interstory drift ratio 6 __ that isobtained from dynamic
response analysis is considered as the structural demand
measure. The structural capacities defined by 6
correspond to the widely used performance level in the
earthquake community (Celik and Ellingwood, 2009):
immediate occupancy (I0), significant damage (SD),
and collapse prevention (CP). The expected damage
states for the three performance levels are:

e IO level (including continued occupancy (CO))
is described by the limit below which the structure can
be occupied safely without significant repair, and is
defined by the value of 6 at which the frame enters the
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inelastic range,

e SD level occurs at a deformation at which
significant damage has been sustained, but a substantial
margin remains against incipient collapse,

e CP level is defined by the point of incipient
collapse of the frame due to either severe degradation
in the strength of the members and connections or
significant P-4 effects resulting from excessive lateral
deformations.

Table 3 presents the medians and logarithmic standard
deviations of 6 associated with these limit states for
each RC frame (Celik and Ellingwood, 2009). In Table
3, C and B denote the median structural capacity and
aleatoric uncertainty in capacity C, respectively.

For three-, six-, and nine-story RC frames, the
probabilistic seismic demand model and the fragility
curves for 10, SD and CP performance levels are shown
in Figs. 6-8 (a) and 6-8 (b), respectively. The PSDM
parameters used to generate the fragility curves are
summarized in Table 3.

From the PSDM shown in Figs. 6-8 (a), for all
ground motions, the maximum interstory drift level

is less than 1%. 1/550 and 1/50 are the limit values of
interstory drift angles of RC frame structures in the
2010 CCSDB (NSPRC, 2010) at 63%, and 2%—3% PE
in 50-year hazard levels, respectively. Virtually, these
limit values of interstory driftangles also represented
the 10 and SD performance levels for normal RC frames
in the Chinese seismic code. As can be seen in Figs. 6-
8 (b), 50% CR exceedance is associated with spectral
acceleration values of 5.8, 2.1 and 1.4 g, corresponding
to the building height of three-, six-, and nine-story
buildings, respectively.

Different damage state probabilities for three typical
RC frames at 63%, 10%, and 2% 3% PE in 50-year
hazard levels, are shown in Fig. 9. The probabilities are
assessed from the seismic fragility curves of the three-,
six- and nine-story structures using the ground motions
at the different UHRS. The CO probabilities for the
three-, six- and nine-story RC frame structures are 33%,
27% and 33%, respectively. The 10 probabilities for the
three-, six- and nine-story RC frame structures are 67%,
73% and 67%, respectively. This performance appraisal
indicated that the average stories of RC frame structures

Table 3 Parameters used in the fragility formulation

Parameter Three-story Six-story Nine-story
a 0.99 2.01 2.9
b 0.92 0.91 1.01
ﬂD\IM 0.14 0.23 0.20
B, 0.20 0.20 0.20
10 0.20 0.30 0.30
c SD 2.00 2.00 2.00
CP 5.00 4.00 4.00
10 0.25 0.25 0.25
B SD 0.25 0.25 0.25
CP 0.17 0.08 0.13
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Fig. 6 Probabilistic seismic demand model (a) and seismic fragility curves (b) of a three-story RC frame
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Fig. 8 Probabilistic seismic demand model (a) and seismic fragility curves (b) of a nine-story RC frame

designed by the newest Chinese Code should not collapse
when subjected to the ground motions corresponding to
the Chinese target seismic intensity. Accordingly, the RC
frame structures designed according to the 2010 CCSDB
were considered to be appropriate for the ground
motions ensembles at the different UHRS according to
fortification intensity VIlland soil site condition II.
Figure 10 illustrates the probabilities for the
maximum interstory drift angles for the three different
RC frames at 63%, 10%, and 2%-3% PE at 50-year
earthquake hazard levels.The interstory drift angles
are concentrated in the middle of the structure (Fig.
10), which are 63.33%, 86.67% and 80%, respectively.
This performance indicates that the lateral stiffness of
the middle of the structure is much smaller than the
other parts of the structure. The main reason is that the
columns change sections abruptly in the middle of the
six- and nine-story RC frame structures by the design.
The change of column section has an important influence
on the uniform lateral stiffness along the height of the

structure, and resultsin the abrupt change in the stiffness
of those stories.

6 Summary and conclusions

In this paper, thirty ground motions were modified
based on UHRS for fortification intensity VIII and soil
site condition II to quantify the seismic vulnerability of
low-, mid-, and high-rise RC frame structures designed
according to the 2010 CCSDB. The performance
objectives of various RC structures are assumed to be
satisfied under the ground motions when the UHRS
corresponds to the 63%, 10%, and 2%—3% PE of the 50-
year Chinese hazard levels. From the seismic demands
and probabilities of CO and IO levels of the different
RC frame structures, the results show that the seismic
demands on the different structures designed according
to the 2010 CCSDB meet the seismic requirements and
are almost atthe same safety level.

According to the reported relationships between the
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Fig. 9 Damage state probabilities for three- (a), six- (b) and
nine-story (c¢) RC frames at 63%, 10%, and 2%-3% PE
in 50-year earthquake hazard levels in China

collapse ratios (CRs) of buildings and characteristics
of strong ground motions during the 2008 Wenchuan
earthquake, the periods corresponding to peak spectral
acceleration (PSA) are almost in the period range of
0.1-0.5 s. Based on the study of the relationship between
CR and PSA, PSA is less than 900 Gal for CR values
below 10% and greater than 2,200 Gal for CR values
over 50% (Wang et al., 2011). In this paper, from the
seismic vulnerability study, the low-, mid-, and high-
rise RC frames under the ground motions specified by
the UHRS in the 2010 CCSDB, it was found that the
damage criteria for CR>10% and >50% corresponding
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Fig.10 Probabilities of the most interstory drift angle in the
three- (a), six- (b) and nine-story (¢) RC framesat 63%,
10%, and 2%-3% PE in 50-year earthquake hazard
levels in China

to the acceleration response spectra are >3.8g and >5.8
g for the three-story buildings, respectively. Therefore,
the seismic capacity of RC frames designed according to
the 2010 CCSDB is strongly enhanced when compared
to previous constructions. The results also show that
changing the seismic intensity of the epicentral area
from VII to VIII in the 2010 CCSDB is reasonable for
the disaster area following the Wenchuan earthquake.
The interstory drift angles of the different RC
frames were calculated by elasto-plastic time-history
analysis in this study. Their performance indicated
that the significantly higher interstory drift angles are
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concentrated in the story where the column section
changes abruptly. Hence, the abrupt change in the column
section has a significant influence on the uniform lateral
stiffness along the height of structure. And, the change
of column section can easily increase the interstory drift
angle of RC frame structure.
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