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Abstract

Recent developments in earthquake engineering indicate that probabilistic seismic
risk analysis (PSRA) is becoming increasingly useful for the evaluation of structural
performance in accordance with building codes. In recent years, the field of seismic
resistance design has been undergoing a critical shift in focus from strength to per-
formance. However, current earthquake resistant design procedures do not relate
building performance to probability. A lack of sufficient empirical data has hig-
hlighted gaps in this research. This study integrated results from the analysis of
structural fragility and seismic hazard in Taiwan to perform PSRA to examine the
effectiveness of building code in mitigating the risks associated with earthquakes.
Factors taken into account included the effect of construction materials, building
height, and building age. The results of this study show that the probability of ex-
ceeding damage associated with the CP level in buildings of light steel, pre-cast con-
crete, and masonry, exceeds 2%. These buildings fail to meet the performance objec-
tives outlined in FEMA-273.
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1. Introduction

Structural failures observed after the 1994 Northridge, 1995 Kobe, and 1999 Chi-Chi
earthquakes have exposed the vulnerability of designs and highlighted the need for new
concepts and methodologies in the evaluation of building performance. Strength and
performance are both considered important elements in modern building codes [1]-[3].
The development of these codes from the perspective that a certain amount of structur-
al failure or damage can be tolerated, provided it occurs gradually and in a controlled

manner.
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Recent developments in earthquake engineering indicate that probabilistic seismic
risk analysis (PSRA) is becoming increasingly useful for the evaluation of structural
performance in accordance with building codes. PSRA makes it possible to quantify the
probability of structural failure during earthquakes [4]-[8]. However, current design
procedures do not relate building performance to probability. Oversimplification in
measurement algorithms and a lack of sufficient empirical data has created a gap in re-
search into seismic design. The question of what constitutes acceptable risk remains
context-specific.

This study focuses on the application of probability to the evaluation of building
performance in terms of earthquake resistance. To examine the effectiveness of Tai-
wan’s current building codes in earthquake risk mitigation and the development of
seismic resistance designs, this study investigated and compared the exceedance proba-
bility of various performance levels for 15 classified buildings over a 50-year period.
The effects of construction materials, building height, and building age on exceedance
probability of various performance levels were detected and discussed. Our results con-
tribute substantially to the field of earthquake engineering by providing a reference for

code writers, researchers, and structural engineers.

2. Performance Levels

Many studies [9]-[13] have concluded that the interstory drift is the critical parameter
that is best correlated with damage in buildings. FEMA-273 [14] relates interstory drifts
to the following performance levels: Operational (O), Immediate Occupancy (10), Life
Safety (LS) and Collapse Prevention (CP). Definitions of these performance levels are
also presented in this document. Higher performance corresponds to less economic
loss. Performance objectives assign minimum performance levels for each measured
level of ground motion intensity. This implies that if specified ground motion corres-
ponding to a specified mean return period (MRP) of time occurs beneath a building
designed according to FEMA-273 standards, then damage will be limited to that out-
lined by the performance objective.

In performance-based seismic design, a failure event is said to have occurred when
the structure fails to satisfy the requirements of a prescribed performance level. Dam-
age limits are a common factor considered in PSRA. As suggested by FEMA (1997) and
adopted in the program of the Taiwan Earthquake Loss Estimation System (TELES)
[15], four limit states (LS), including slight, moderate, extensive and complete and five
damage states (DS) including none, slight, moderate, extensive and complete were con-
sidered in this study.

A performance objective consists of a structural performance level and the estimated
probability that this performance level will be exceeded. For example, buildings de-
signed in accordance with FEMA-350 [16] are expected to provide less than a 2%
chance of suffering damage exceeding the CP level over a period of 50 years. Commen-
tary to the NEHRP Recommended Provisions [17] recommends that buildings have less

than a 50% chance over 50 years (50%/50years) of suffering damage exceeding the IO
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level. In other words, buildings are expected to have at least a 50% chance of satisfying

requirements of IO over a period of 50 years.

3. Probabilistic Seismic Risk Analysis

Probabilistic seismic risk analysis (PSRA) requires the identification of seismic hazards
and analysis of structural fragility as well as calculations regarding the probability that
limit states and/or damage states will be exceeded. Lin [8] presented a probabilistic
framework for evaluating the probability. The framework was adopted in this study.

A seismic hazard curve displays the probability of ground motion reaching or ex-
ceeding a given intensity at a specific site within a specified period of time (e.g. one
year). The average annual risk y; can be translated into the probability y, that the inten-
sity of ground motion will be exceeded in the next ¢ years. Equation (1) shows the rela-

tionship between y,and ;.
7t zl_(l_?l)t (1

Fragility assessment describes the performance of the system as a whole with respect
to a specified limit state of performance, measured in terms of deformation. Fragility
curves are useful tools for predicting the extent of damage likely to occur in structures.
A probabilistic framework is used to model sources of uncertainty capable of affecting
building performance. Each point on the fragility curve represents the probability that
the response of the structure to ground shaking of a given intensity is greater than the
response associated with a specified limit state.

Previous researches [13] [18] [19] had modeled fragility curves using a lognormal
cumulative distribution function, defined by the median value (50th percentile fragility)

m and a logarithmic standard deviation g of the intensity of PGA, and described by
F(a)=®[In(a/m)/5] )
where ®[.] is the standard normal probability integral and a = PGA.

4. Numerical Examples

This study sampled buildings located in the city of Taichung, a major metropolitan area
in central Taiwan. The buildings were classified into 15 types according to the materials
used in construction (wood (W), steel (S), light steel (S2), reinforced concrete (C), pre-
cast concrete (PC), reinforced masonry (RM), un-reinforced masonry (URM), or steel
reinforced concrete (SRC)) and building height (low-rise (L: 1 - 3 stories), mid-rise (M:
4 - 7 stories), or high-rise (H: 8+ stories)). These are the same classifications adopted by
the TELES. For each building type in the TELES, there are three design levels: high,
moderate and low, based on modern seismic code design requirements for buildings
located in high, moderate, and low seismic zones, respectively, to be considered in re-
sponse to the effects of seismic zone, construction years and the developments of
building code in Taiwan. According to current building codes in Taiwan, Taichung city

is considered an area of high seismic activity.
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To facilitate our assessment of vulnerability, this study adopted the parameters values
generated by Liao ef al [19] for the fragility curves of buildings classified according to
TELES. For example, the median values used to construct the fragility curves of a
high-code, mid-rise reinforced concrete building (Label CM) for the limit states of
slight, moderate, extensive, and complete are 0.33, 0.59, 0.71, and 0.8 g, respectively.
The logarithmic standard deviations of the intensity of ground shaking for this case are
equal to 0.5, 0.45, 0.4, and 0.4 for the limit states of slight, moderate, extensive, and
complete, respectively.

Table 1 shows the exceedance probabilities for all of the classified buildings are on
the order of 107 (ranging from 0.006 to 0.044) for the CP level, on the order of 107
(ranging from 0.011 to 0.069) for the LS level, and on the order of 107" (ranging from
0.027 to 0.155) for the IO level. Significant variations were observed among the various
building categories. Compared with reinforced concrete, steel, steel reinforced concrete,
and wood, buildings constructed of light steel, pre-cast concrete, reinforced masonry,
and un-reinforced masonry were at higher risk of collapse due to seismic activity. As
previously mentioned, according to FEMA-350, buildings are expected to have a less
than 2% chance of suffering damage exceeding the CP level. In buildings of light steel,
pre-cast concrete, reinforced masonry, and un-reinforced masonry, the probability of
exceeding damage associated with the CP level exceeded 2%. This means that the CP
performance level is not realized in buildings of this type. The 50%/50 years exceedance
probability limit set for the IO level by the NEHRP was met for all of the buildings in
the sample, as shown in Table 1.

The moderate design level applies to buildings constructed during the period 1968~
2000. Buildings constructed prior to 1968 do not conform to modern building stan-
dards, and are therefore assigned a low design level. To further detect the effect of
building age, this study investigated the relationships between building age and the ex-
ceedance probabilities of various performance levels. Figure 1 shows the relationships
between building age and exceedance probability of various performance levels for the
mid-rise reinforced concrete buildings for different construction years. As shown in
Figure 1, the exceedance probability increases with building age and decreases with the
developments of seismic design code. For a specified building age (e.g. 50 years), the
exceedance probability increases with performance. Similar results were found in

building constructed of different materials.

Table 1. Effects of construction materials and building height on exceedance probability of various performance levels.

Building classification

Performance
level CL CM CH SRCL SRCM SRCH SL SM  SH $2 PCL RML RMM URML W
10 0052 0.038 0052 0027 0034 0052 0052 0052 0044 0106 0074 0.13 0113 0155 0.038
LS 0022 0016 0014 0011 0014 0014 0014 0016 0013 0064 0044 0047 0047 0069 0.016
Ccp 0.016 0010 0008 0006 0.008 0007 0008 0008 0007 0044 0031 0.025 0025 0033 0.006
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Figure 1. Effect of building age on exceedance probability of performance levels: (a) IO; (b) LS;
(c) CP for the mid-rise reinforced concrete buildings for various construction years.

5. Summary

By applying the concept of probability to the evaluation of earthquake-resistant design,
this study performed PSRA to examine the effectiveness of Taiwan building code in mi-
tigating the risks associated with earthquakes. The influence of construction material,
building height, and building age on the exceedance probability of various performance
levels (IO, LS, and CP) was investigated.
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The observations from this study demonstrate the importance of these issues in the
PSRA of buildings. The results revealed significant differences among the building cat-
egories with regard to vulnerabilities in the event of earthquakes. In other words, the
design procedure used in the current Taiwan building code leads to non-uniform level
of risk for different buildings. According to FEMA-350, buildings are expected to have
a less than 2% chance of suffering damage exceeding the CP level. In buildings of light
steel, pre-cast concrete, and masonry, the probability of exceeding damage associated
with the CP level exceeds 2%. These results provide a valuable reference for the further
development of building codes in Taiwan as well as future study into performance-

based design procedures.
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