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Abstract: This paper presents a performance-based methodology for the assessment of seismic vulnerability and capacity
of buildings. The vulnerability assessment methodology is based on the HAZUS methodology and the improved capacity-
demand-diagram method. The spectral displacement (S,) of performance points on a capacity curve is used to estimate
the damage level of a building. The relationship between S, and peak ground acceleration (PGA) is established, and then
a new vulnerability function is expressed in terms of PGA. Furthermore, the expected value of the seismic capacity index
(SC,) is provided to estimate the seismic capacity of buildings based on the probability distribution of damage levels and
the corresponding seismic capacity index. The results indicate that the proposed vulnerability methodology is able to assess
seismic damage of a large number of building stock directly and quickly following an earthquake. The SC_ provides an
effective index to measure the seismic capacity of buildings and illustrate the relationship between the seismic capacity of
buildings and seismic action. The estimated result is compared with damage surveys of the cities of Dujiangyan and Jiangyou
in the M8.0 Wenchuan earthquake, revealing that the methodology is acceptable for seismic risk assessment and decision

making. The primary reasons for discrepancies between the estimated results and the damage surveys are discussed.
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1 Introduction

Seismic vulnerability assessment is vitally important
for earthquake loss estimation and making seismic risk-
management decisions. Several studies have proposed
different vulnerability assessment methodologies using
a variety of vulnerability parameters (Yin et al., 1990;
Singhal and Kiremidjian, 1996; Hwang et al., 1997;
Kircher et al., 1997; Shinozuka et al. 2000; Porter et
al., 2001; Yakut et al, 2006). Some representative
methodologies are as follows. Yin et al. (1990) proposed
a methodology that considers a shear strength for
masonry buildings and an elongation ratio for RC
frame buildings based on empirical data and theoretical
analysis. Singhal and Kiremidjian (1996) used spectral
acceleration to scale the vulnerability function based
on nonlinear dynamic analysis. Shinozuka et al. (2000)
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estimated the vulnerability parameters by the maximum
likelihood method. Kircher et al. (1997) developed
a building damage function in terms of spectral
displacement by push-over analysis for the HAZUS
project, named the HAZUS methodology in this paper. In
some previous methodologies, the vulnerability analysis
for building stock needs to be conducted individually for
each building, which is hard and time-consuming to do
for an entire city, while in the HAZUS methodology, all
buildings in a city are represented by a limited number
of model building types. The HAZUS vulnerability
function uses a quantitative measurement of ground
shaking instead of seismic intensity, and the methodology
is based on push-over analysis rather than on empirical
data, considering structural nonlinear performance by
performance points as a single structure. Therefore, the
HAZUS vulnerability assessment methodology is the
most appropriate one to use for a performance-based
vulnerability assessment of building stock.

The software HAZUS (Kircher et al., 1997),
developed by the National Institute of Building Sciences
(NIBS) and the Federal Emergency Management Agency
(FEMA), provides a powerful technique for earthquake
loss estimation. However, it is so intimately connected
to environments in the U.S. and seismic code that it
is not easy to apply to other countries (Molina et al.,
2008). Moreover, the key to building damage estimation
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in HAZUS is the capacity-spectrum method (CSM),
which is usually used for performance-based seismic
analysis. The result of the assessment is presented in the
form of S, so it has only an implicit physical meaning
and cannot directly represent the seismic intensity
directly. The iterative procedure is needed to determine
a performance point, and does not always adequately
converge. If the number of buildings is really large, this
calculation is time-consuming. To solve these problems,
this paper establishes a relationship between the S, of
the performance point and PGA of the corresponding
response spectrum, then replaces S, by PGA in the
vulnerability function (Kircher et al, 1997), and
proposes a performance-based vulnerability assessment
methodology, that can obtain the damage distribution
quickly with high accuracy.

There is much research on estimating seismic
damage (Yin et al, 1990; Singhal and Kiremidjian,
1996; Hwang et al., 1997; Tang and Chen, 2006; Wang
and Xie, 2009), however, the meaning of the probability
distribution of damage states and the difference between
two different probability distributions has not been
achieved. Furthermore, the relationship between seismic
action and seismic capacity of the corresponding
buildings is unknown. This paper presents SC_ for
assessing the seismic capacity of building stock.
Some appropriate capacity curves and vulnerability
parameters from HAZUS-MH MR3 Technical Manual
are selected for estimation of building damage in China
by comparing the seismic design spectrums of GBJ
11-89 and GB50011-2001 with UBC97. The seismic
vulnerability and capacity of buildings in the cities of

Dujiangyan and Jiangyou in the 2008 M 8.0 Wenchuan
earthquake are analyzed using performance-based
assessment methodology, and the results are compared
with seismic damage surveys (Zhang, 2008). Some
remarkable conclusions are obtained.

2 Assessment of seismic vulnerability and
capacity of buildings

2.1 HAZUS vulnerability assessment methodology

The model building types in HAZUS are classified
based on the system presented in FEMA 178 (FEMA,
1992). Some building types are shown in Table 1. Each
type represents a building stock with the same structure
type and approximate height. Depending on the seismic
design level and approximate age of construction, each
type is divided into four seismic design levels: High-
Code, Moderate-Code, Low-Code, and Pre-Code.
Capacity curves and vulnerability parameters for each
model type at one seismic design level are provided to
estimate the seismic capacity of the building stock. Some
typical vulnerability parameters and capacity curves are
shown in Table 2 and Fig. 1, respectively.

The basis of the vulnerability assessment of HAZUS
is CSM. The demand spectrum represents seismic action,
which can be ascertained through the corresponding
seismic design code. The initial demand spectrum
is elastic, and the inelastic spectrum can be derived
by introducing an effective damping and strength
reduction factor. The capacity curve represents the

Table 1 Model building types (FEMA, 2003)

Height
Building type label Description Range Typical
Name Stories Stories
C3L Concrete frame with Low-rise 1-3 2
C3M unreinforced Mid-rise 4-7 5
C3H masonry infill walls High-rise 8+ 12
URML Unreinforced masonry Low-rise 1-2
URMM bearing walls Mid-rise 3+ 3
Table 2 Vulnerability parameters of Low-Code (FEMA, 2003)
Building type
Parameter Damage state 3L M C nyp URML _URMM
Median: Slight 13.7 22.9 33 10.4 16
S 14y (mm) Moderate 274 457 658 206 32
Extensive 68.6 114.3 164.6 51.6 80
Complete 160 266.7 384 120.1 186.7
Standard deviation, £, Slight 1.09 0.85 0.71 0.99 0.91
Moderate 1.07 0.83 0.74 1.05 0.92
Extensive 1.08 0.79 0.9 1.1 0.87
Complete 0.91 0.98 0.97 1.08 091
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Fig. 1 Capacity curves of building model type of seismic
design level, Low-Code (FEMA, 2003)

lateral resistance capacity of a building. By means of the
iterative procedure, the intersection of the capacity curve
and corresponding demand spectrum can be obtained,
which is defined as a performance point. This point
illustrates the seismic performance of the building under
certain earthquake actions. The spectral displacement at
the performance point is substituted into Eq. (1) to give
the cumulative damage probabilities in different damage
states. The vulnerability function has been developed by
Kircher et al. (1997).

Plds|$,1= [~ In(=) 1)
ﬁds d,ds

where S, , is the median value of spectral displacement

at which the building reaches the threshold of a damage

state, ds; f8, is the standard deviation of the natural

logarithm of spectral displacement for the damage state;

and ¢ is the standard normal cumulative distribution

function.

2.2 Improved vulnerability assessment methodology

The improved capacity-demand-diagram method
is developed by Chopra and Goel (1999). This method
uses a constant-ductility demand diagram for inelastic
systems versus the elastic demand diagram in ATC-40
for equivalent linear systems. Combining the elastic
demand spectrum with a R -u-T, relationship, the
inelastic spectrum can be generated.

Zhuo and Fan (2001) developed the following R -u-T,
expression based on a nonlinear time-history analysis
program for inelastic single-degree-of-freedom (SDOF)
systems:

R<T’”>=1+<ﬂ—1>><(1—e“>+}1(_;;XTX<>BT @

where T and u denote the natural period of the elastic
SDOF system and ductility ratio, respectively. Function
flw) and values of constants 4 and B that depend on the
soil profile type are given in Table 3.

Table 3 Parameters of R -p-T, (Zhuo and Fan, 2001)

Soil Profile type fw A B
I £ ()=0.80+0.90u 4.84 0.40
I f(w=0.76+0.094-0.003* 3.95 0.65
I f(w=0.41+0.064-0.0034*> 1.38 0.87

In this study, the elastic design response spectrum in
GB50011-2001 is used to determine the elastic demand
spectrum, and then Eq. (2) is used to obtain the inelastic
demand spectrum. The capacity curve, URML of Low-
Code, is selected for the study of PGA and S, The
procedure in the improved capacity-demand-diagram
method is shown in Fig. 2.

Stepl: Assume an initial PGA  and design response
spectrum, Fig. 2 (a);

Step2: Convert the design response spectrum into
elastic demand spectrum, and then into plastic demand
spectrum, Fig. 2 (b);

Step3: Get a performance point via iterative
procedure, Fig. 2 (¢);

Step4: Plot PGA and the corresponding S, at the
performance point on a 2-D coordinate, Fig. 2 (d);

Repeat Steps 1 to 4 for an increased PGA to develop
the required relationship between PGA and S,

The results in Fig. 2 (d) illustrate that the relationship
between S, of the performance point and PGA of the
response spectrum is nearly linear, so it can be fitted by
Eq. (3):

PGA=ax§, 3)

where a is the slope of the fitted straight line, and S,
is the spectral displacement at the performance point.
The validity and accuracy of Eq. (3) are examined in
subsection 2.5. The linear relationship is fitted for the
other four model buildings in Fig. 6, and the estimated
results obtained by the two methodologies are presented
in Fig. 7 to illustrate the feasibility of the proposed
methodology.

Equation (3) can be used to transform Eq. (1) into
Eq. (4), a function of PGA. Equations (1) and (4) show
that 8, is not influenced by the transformation. The
cumulative damage probability can be obtained from
Eq. (4) when the PGA is given, because the calculation
for performance points is completed in advance and
can be avoided from non-convergent phenomena.
Moreover, the improved methodology is more efficient
and straightforward in relating the seismic damage to
seismic action.

The conditional probability of being in, or exceeding,
a particular damage state, ds, given the peak ground
acceleration, PGA, is defined by Eq. (4).

Plds |PGA] = ¢[ﬂi (254 )1 )

ds ds

where, PGA " 1s the median value of PGA at which the
building reaches the threshold of a damage state, ds; S,
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Fig.2 Relationship between S, of performance points and PGA of response spectra

and ¢ have the same definitions as in Eq. (1).
The probability of each structural damage state is
given as a function of PGA:

PGA
PGA)=1- —1 =1
F,;(PGA) ¢l ﬁds, (P AL )] i
1 PGA
=¢[—1In In 2<i<4
¢[)8dvi ( PGA s )] ¢[:Bd‘(; -1) (PGAds(H) )] l
PGA o
- MES,IH(PGAM ) =
(5)

where i denotes a particular damage state for the
building: None (1), Slight (2), Moderate (3), Extensive
(4), Complete (5).

2.3 Seismic capacity assessment

The relationships between the damage index (DI)
and seismic capacity index (SCI) of different damage
states have been developed by Zhang et al. (2002):

The expected seismic capacity (SC_) is defined in
terms of the probability distribution of damage states
and the corresponding SClIs as:

ZSCIdH

where, SCI  is the seismic capacity index and P, is the
probability dlStrlbuthl’l of the ith damage states, dsz

Therefore, the expected SC_ is used to characterize
the seismic capacity of a bulldlng type with a given
probability distribution of damage states. The flow chart
of the seismic capacity assessment is shown in Fig. 3.
The seismic capacity of the building type decreases as
the seismic action intensity increases, as shown in Fig.
3 (d).

dsi

(6)

2.4 Comparing seismic design spectra of GBJ 11-89,
GB50011-2001 with UBC97

In order to apply the HAZUS methodology to data
obtained from China, the differences in structures

Table 4 Damage indexes and seismic capacity indexes for different damage states (Zhang, 2002)

Damage state, ds,

Index

N{) S(2) M@3) E(4) o)
DI 0 0.2 0.4 0.7 1
SCI 1 0.8 0.6 0.4 0.2
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Fig. 3 Seismic capacity assessment flow chart

and seismic codes between the US and China have to
be considered. This is a difficult task and somewhat
imperfect. However, it provides a convenient and
preliminary method to compare the seismic design
spectra of the two countries.

In UBC 97, basic design ground motion has an
exceedance probability of 10 % in 50 years. In order to
satisfy the demand of ductile design, this code adopts
R (numerical coefficient representative of the inherent
overstrength and global ductility capacity of lateral
force-resisting systems) to convert the original spectrum
(10% in 50 years) to elastic design spectrum (63% in 50
years). Chinese seismic code adopts a three level seismic
fortification criterion. At the first level (exceedance
probability of 63% in 50 years) a strength check must
be conducted for the structure of concern, then at the
second level (10% in 50 years), seismic detailing should
be incorporated into the design, and finally at the third
level (2%—-3% in 50 years), deformation requirements
should be satisfied.

The seismic design load and standard load of UBC
97 have been compared by Sun and Wang (2007). To
convert the design load to standard load, the factor of
earthquake action, F' = 1.4, is taken. The conversion of

the design response spectrum of UBC97 (design value)
to the form of GB50011-2001 (standard value) is shown
in Fig. 4.

The detailed procedure is as follows:

Step 1: Divide the original spectrum by R to get the
design value of the elastic design spectrum;

Step 2: Divide the elastic design spectrum by F' to
obtain the standard value of the elastic design spectrum.

In UBC 97, for seismic zone 2A, assume a seismic

05 Original spectrum
& Elastic design spectrum
g 04 | === == Standard value of elastic
£ 03 . design spectrum
k3 \
8 02
<
0.1 f— .
0? -\_...igq“-‘.ﬁ.ﬁ__ﬁ._____._q___
0 1 2 3 4 5
T(s)

Fig. 4 Conversion of seismic design value to standard value
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zone factor Z = 0.15, seismic coefficient: C = 0.22, C =
0.32; for seismic zone 1, assume: Z = 0.075, C = 0.12,
C,= 0.18, and soil profile types S, (shear wave velocity
180-360 m/s), the response modification factor
R = 5.5 for concrete intermediate moment-resisting
frames and R = 4.5 for masonry bearing wall systems.
Correspondingly, in GBJ 11-89 and GB50011-2001,
assume a seismic fortification intensity VII, maximum
influencing coefficient of horizontal seismic action is:
0.08 (63% in 50 years), soil profile types II (shear wave
velocity 140-250 m/s), design characteristic period of
ground motion T=035s in GB50011-2001 and T=03s
in GBJ 11-89, and a damping ratio of 0.05. The design
response spectra of UBC97 are converted and compared
with the corresponding design spectra of GBJ 11-89 and
GB50011-2001 as shown in Fig. 5.

2.5 Selection and transformation vulnerability
parameters

Seismic fortification intensity VII in GBJ 11-89
and GB50011-2001 is between UBC Seismic Zones
2A and 1, depending on the seismic design spectra to
be compared. The classification of post-1975 buildings
of HAZUS is Low-Code in UBC Seismic Zones 2A and
1. The capacity curves and vulnerability parameters of

0.10
mememem UBCO72A
0.08 UBC97 1
G l.’ """ S '\,\ GB50011-2001 VII
=] N \
g 006 j NN GBJ 11-89 VII
] ] s,
5} ' .
5 0041
51 ! .
< 'ﬁ\-._‘.‘-_
0.02 {
09 0.5 1.0 15 2.0

T (s)

(a) Concrete intermediate moment-resisting frame system

Low-Code in the HAZUS-MH MR3 Technical Manual
are appropriate for the building damage estimation of
building stock built after 1989 and in Chinese seismic
fortification intensity VII zone. Depending on other
comparisons of seismic design spectra and the seismic
design level division of HAZUS, the division criterion
of the seismic design level for Chinese buildings can
be obtained to select capacity curves and vulnerability
parameters by fortification intensity and building age.
The divisions are listed in Table 5.

Five capacity curves for Low-Code shown in Fig. 1
are selected to establish the relationship between the
PGA of the response spectrum and S, for a performance
point. The results are shown in Fig. 6. The slopes of
fitted lines are listed in Table 6. The fitted slope of each
model building type is substituted in Eq. (3) to transform
the vulnerability parameters in Table 2 into the form of
PGA. Table 7 lists the vulnerability parameters after
transformation.

To verify the validity and accuracy of the improved
vulnerability assessment methodology, the calculated
damage probability distributions of five model building
types with PGA of 350 Gal are calculated and compared
with the original methodology as shown in Fig. 7.
Note that the two show good agreement, indicating the
feasibility of the transformation.

0.12 —————— UBC97 2A

- . GB 50011-2001 VII
I -,
5§ 008 \ GBJ 11-89 VII
s ] ~,
5 006§ ..
3 ! S
:E 0.041 "
0.02
% 0.5 1.0 15 2.0

T'(s)
(b) Masonry bearing wall system

Fig.5 Comparison of design response spectrums in UBC97 and seismic fortification intensity VII in GBJ 11-89 and GB50011-2001

Table 5 Divisions of seismic design level for Chinese buildings

Fortification Built period

intensity Pre-1978 1979-1989 Post-1989

IX (0.40g) Pre-Code Moderate-Code High-Code
VIII (0.30g) Pre-Code Moderate-Code Moderate-Code
VIII (0.20g) Pre-Code Low-Code Moderate-Code
VII (0.15g) Pre-Code Low-Code Low-Code

VII (0.10g) Pre-Code Pre-Code Low-Code

VI (0.05g) Pre-Code Pre-Code Pre-Code

Note: Figures in bracket denote the design basic PGAs.
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Fig. 6 Spectral displacement and PGA

3 Comparison of estimated and survey results
for cities Dujiangyan and Jiangyou in M 8.0
great Wenchuan earthquake

Cities Dujiangyan and Jiangyou are located in
Chinese seismic fortification intensity VII zone, the data
and parameters of the Low-Code level are appropriate
for their seismic damage estimation. Dujiangyan and
Jiangyou are adjacent to the 350 Gal and 450 Gal
contour line (Wang and Xie, 2009), respectively, and
these two PGAs are used for seismic damage estimation
in this paper.

Table 6 Slopes of fitted straight lines for different building types

Building type
Slope
C3L C3M C3H URML URMM
a 13.7941 10.6048 4.8851 17.0495 10.9666

Table 7 Vulnerability parameters for different building types of Low-Code level after transformation

Parameter Damage state Bullding type
C3L C3M C3H URML URMM

Median: S 0.189 0.243 0.161 0.177 0.175

Pé’f M 0.378 0.485 0.321 0.351 0.351

E 0.946 1212 0.804 0.880 0.877

C 2.207 2.828 1.876 2.048 2.047

Standard deviation, S, S 1.09 0.85 0.71 0.99 0.91
M 1.07 0.83 0.74 1.05 0.92

E 1.08 0.79 0.9 1.1 0.87

C 0.91 0.98 0.97 1.08 0.91

The damage state probabilities (P,,) in Dujiangyan
and Jiangyou can be obtained using Eq. (5) with the
given PGAs. The analytical results are listed in Table 8.

The numbers of different model building types (N )
in Dujiangyan (Zhang, 2008) and Jiangyou are given in
Table 9.

The N and P, are substituted in Eq. (7) to obtain
the damage proportlon for different building types, P,
which is used to obtain the corresponding SC_ Values
from Eq. (6).

Z Nj X E’-Y"J
j=1
Fy=——— (7

2N
Jj=1

where, n represents the number of the model building
types, in our case n = 5; and N] is the number of the jth
model building type. The estimated and surveyed results
of damage proportion (P, ) and SC_ are listed in Table
10.

The SC_, provides an index to assess the seismic
capacities of different building types and compares the
different damage state probability distributions. Note that
for RC frame buildings, the surveyed seismic capacity
is higher than estimated, while for masonry bearing
buildings the results show good agreement. In addition,
the surveyed seismic capacity of RC frame buildings is
much greater than for masonry bearing buildings, while
the estimated RC frame buildings is only a little greater
than for masonry bearing buildings.

There are many reasons for these differences
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Fig. 7 Comparisons of damage probability distributions of
the two methodologies

Extensive Complete

Table 10 Estimated and surveyed results of damage proportion (P, ) and SC_

Estimation Survey
Structure type Damage state sc Damage state e
NOH S@ M@ E@ c® “ N@D S@ M@ E@ COH <
RC frame building 0.305 0.281 0.293 0.102 0.020 0.75 0.730  0.125 0.080 0.075 0.008 0.91
0.212 0.259 0.344 0.146 0.038 0.70 0316 0397 0.266 0.021 0.0 0.80
Masonry bearing 0.225 0.276 0.350 0.121 0.028 0.71 0.330 0.210 0.180 0.290 0.018 0.73
building 0.158 0.240 0.365 0.179 0.058 0.65 0.090 0.298 0.548 0.085 0.0 0.69

Note: The top line presents the damage state for Dujiangyan (PGA=350 Gal), while the bottom line with underlines is for Jiangyou

(PGA=450 Gal)

4 Conclusions

This paper uses the HAZUS methodology and
the improved capacity-demand-diagram method to
study the relationship between S, and PGA, and then
presents a performance-based vulnerability and capacity
assessment methodology. Two cities that suffered severe
damage in the 2008 Wenchuan earthquake, Dujiangyan

and Jiangyou, were used as examples. Seismic damage
and capacity were estimated and compared with a
corresponding survey of damage conducted after the
earthquake. Some conclusions are summarized as below.

(1) The vulnerability assessment methodology is a
quick and efficient way to assess the seismic damage
of building stock based on seismic action (PGA) and
model building types. The vulnerability function, in the
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form of PGA, creates a significant relationship between
building damage and ground motion characteristics.
Furthermore, this function can consider the differences
among buildings based on structure types, building
heights, seismic design levels, and nonlinear responses.

(2) The seismic capacity SC_, an optimal estimation
of seismic capacity and an effective index to measure the
seismic capacity of a building type, shows the difference
in probability distributions and can compare the seismic
capacity of different building types. The relationship
between the seismic capacity of buildings and seismic
action is developed. Additionally, SC_ provides a useful
basis to assess the seismic capacity of an entire city.

Note that the vulnerability assessment methodology
presented in this paper assumed that the model building
types in HAZUS can represent the building stock, and
then part(s) of them can be selected to estimate building
damage and seismic capacity in China. The differences
between US buildings and Chinese buildings were not
substantially addressed in this paper.
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