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SUMMARY

The purpose of this paper is to investigate the ground motion characteristics of the Chi-Chi earthquake (21
September 1999) as well as the interpretation of structural damage due to this earthquake. Over 300 strong
motion records were collected from the strong motion network of Taiwan for this earthquake. A lot of
near-"eld ground motion data were collected. They provide valuable information on the study of ground
motion characteristics of pulse-like near-"eld ground motions as well as fault displacement. This study
includes: attenuation of ground motion both in PGA and spectral amplitude, principal direction, elastic and
inelastic response analysis of a SDOF system subjected to near-"eld ground motion collected from this
event. The distribution of spectral acceleration and spectral velocity along the Chelungpu fault is discussed.
Based on the mode decomposition method the intrinsic mode function of ground acceleration of this
earthquake is examined. A long-period wave with large amplitude was observed in most of the near-source
ground acceleration. The seismic demand from the recorded near-"eld ground motion is also investigated
with an evaluation of seismic design criteria of Taiwan Building Code. Copyright ( 2000 John Wiley
& Sons, Ltd.
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INTRODUCTION

The Chi-Chi earthquake that occurred in Taiwan at 1:47 a.m. on 21 September 1999 directly
struck the central part of Taiwan. The epicentre of the earthquake was at 23.853N and 120.783E
with a focal depth of 7.5 km and magnitude 7.3 (M

L
"7.3, Central Weather Bureau Earthquake



News). A surface rupture along the Chelungpu fault with a length of 105 km was observed. The
largest measured vertical o!set reached more than 9 m. After the major shock a total of 10 252
aftershocks were identi"ed (till 10 October 1999). Among them four aftershocks with a magnitude
greater than 6.5 were also identi"ed. As a direct result of this earthquake, 2333 lives were lost and
10 002 people were injured, and over 8000 buildings were damaged. On the basis of the number of
dead, this was Taiwan's worst disaster since the Shin-Chu Taichung earthquake of magnitude 7.1
(21 April 1935) where 3325 lives were lost. This earthquake was the movement of Chelungpu fault
(thrust fault) and the overhanging wall is on the east side of the fault.

Many buildings, including reinforced concrete buildings, were damaged but other facilities
and structures such as bridges and lifelines were also damaged by this earthquake. The
damage done by this earthquake in the central part of Taiwan is the "rst example of
severe damage to civil infra-structures. The purpose of this paper is to study the ground
motion characteristics of the Chi-Chi earthquake using the strong motion data collected
by the Central Weather Bureau under the Taiwan Strong Motion Instrumentation Program
(TSMIP). These analyses include: ground motion attenuation analysis, spectral amplitude
study, principal direction and inelastic response analysis of a SDOF system subjected to this
near-"eld ground motion.

SEISMOLOGICAL AND GEOPHYSICAL DATA OF TAIWAN

The island of Taiwan is located at a complex juncture between the Eurasian Plate and Philippine
Sea Plate. North and east of Taiwan, the Philippine Sea Plate subducts beneath the Eurasian
Plate to the north along the Ryukyu trench, while south of the island the Eurasian Plate
underthrusts the Philippine Sea Plate to the east along the Manila trench. Taiwan can be divided
into two major tectonic provinces, separated by a narrow, linear to geographic feature known as
the longitudinal Valley [1, 2]. The eastern province is interpreted as the leading edge of the
Philippine Sea Plate in this area. The western province, which comprises the major part of the
island, is associated with the Eurasian continental shelf. The western foothills have been stacked
up by a combination of northwest vergent folds and low-angle thrust faults dipping to the
southeast. Several large earthquakes have occurred in recent history. Figure 1 shows the active
faults in Taiwan [3]. Three categories of fault are speci"ed. Category I denotes the active fault,
Category II denotes the less active fault, and Category III denotes the not-clear active fault. The
Chelungpu fault belongs to the Category II. The Chi-Chi earthquake was caused by the rupture
of Chelungpu fault. This earthquake is associated with a region only with relatively weak recent
seismicity. The earthquakes triggered after the occurrence of Chi-Chi earthquake is shown in
Figure 2 (with magnitude greater than 4.0) [4]. The Chelungpu fault was identi"ed as the thrust
fault with a dipping angle of 303 to the east. The epicentres of the aftershock were located mostly
on the east side of the fault.

In the seismic hazard analysis of Taiwan previously, the Chelungpu fault was not
identi"ed as the most active fault and the seismic hazard analysis (SHA) did not consider this
fault as one of the active line source. It is necessary to consider this fault into re-evaluations of the
seismic hazard map of Taiwan. Estimation of the earthquake occurrence rate on a fault requires
the assumption of a fault model. For Chelungpu fault in this study the mechanics of faulting is
described by the maximum magnitude model [5]. The average expected repeated time
of earthquakes on a fault that is described by the maximum magnitude model can be
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Figure 1. Identi"ed active faults in Taiwan. Before 1999-9-21 Chi-Chi-earthquake Chelungpu fault was
identi"ed as category II.
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Figure 2. Epicenter of Chi-Chi earthquake and the distributor of aftershocks.

approximated to equal

¹"

M#
0

MQ '
0

(1)

years, where the seismic moment M%
0
of the expected event on the fault is proportional to the fault

length and the geologically assessed moment rate MQ '
0
of the fault is a function of the fault slip rate.

The moment rate MQ '
0
"l l w u [6] of each fault is a function of the mapped fault length l and the

respective fault slip rate u, and the shear modulus k ("3.0]1011 dyn/cm2) of the crust. The
seismic moment M

0
can be estimated with the empirical relation log M

0
"1.5 M#16.05 [7]

where M is the moment magnitude. For the estimation of expected repeat time of Chelungpu
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fault, the following parameters are used:

M (magnitude) 7.5
k (shear modulus) 3]1011 dyn/cm2

uR (slip rate) 0.2 cm/y
¸ (length) 8.0]106 cm
= (width) 4.0]106 cm
M%

0
(seismic moment) 1.995]1027 dyn-cm

Based on Equation (1) the estimated repeated time of Chelungpu fault is 1000 yr (occurrence
rate"1.0]10~3). This estimated repeated time depends on the estimation of slip rate uR . In this
study uR "0.2 cm/yr was assumed (The rate of relative convergence between the Philippine Sea
and Eurasian plates is about 6.8 cm/yr [8]) and based on the width of the distribution of
aftershock (as shown in Figure 2)="4.0]106 cm is assumed.

Since 1991 under the Taiwan Strong Motion Instrumentation Program (TSMIP), Central
Weather Bureau (CWB) deployed over 600 seismometers on the island to collect free "eld ground
motion data during earthquake. There are over 50 strong motion accelerometers along the
Chelungpu fault, as shown in Figure 3, and many near-"eld ground motion data were collected
during the main shock of Chi-Chi earthquake. Figures 4(a) and 4(b) show the recorded acceler-
ation from stations along the fault, respectively. The velocity wave form was calculated from the
acceleration data through baseline correction and integration process. The so-called pulse-like
wave in the velocity wave form was also identi"ed. Figure 5 shows the comparison between the
calculated velocity from station TCU068, TCU102, TCU052, TCU075, CHY029, and CHY101
with the mathematical pulse-like wave. The type-A, type-B and type-C [9] near-"eld pulse-like
waves can match the calculated velocity wave form collected along the Chelunpu fault very well.
The duration of the pulse-like velocity wave form can be identi"ed as high as 8.0 s. This pulse-like
wave may have signi"cant in#uence on the seismic response of building structure.

CHARACTERISTICS OF PGA AND PGV ATTENUATION

Figure 6 shows the attenuation of the maximum horizontal peak ground acceleration (PGA)
collected from each station with respect to its corresponded shortest distance (D) from the fault
plane (with dipping angle 303 to the east). For this event over 25 records were collected within
shortest distance of 10 km. The regression line of PGA attenuation form for this event is shown in
Table I. The Taiwan &hard site' (i.e. with shear wave velocity greater than 250 m/s) PGA
attenuation form is also shown in Figure 6 for comparison. The Taiwan &hard site' PGA
attenuation form was represented as [10]

y(g)"0.02968 exp[1.20M][R#0.1464 e0.6981M]~1.7348 (2)

Comparison between the Taiwan &hard site' PGA attenuation and the PGA attenuation of this
earthquake indicated that the value of PGA attenuation form of Chi-Chi earthquake is smaller
than the value of PGA attenuation of Taiwan &hard site' form. It can be recognized from this
"gure that the PGA attenuation of Chi-Chi earthquake is not very peculiar except that three
records with PGA value greater than 981 cm/s2 were observed. The peak ground velocity
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Figure 3. Distribution of strong motion instrumentation along Chelunpu fault. The TSMIP was developed
by Central Weather Bureau.

attenuation formula for this earthquake is also analysed. Figure 7 shows the PGV attenuation
formula for this earthquake. Table I shows the attenuation model and the model parameters for
this event.

The contour map of PGA and PGV along the Chelungpu fault is shown in Figures 8(a) and
8(b), respectively. It is found that on the east side of Chelungpu fault the PGA value attenuates
slower than the west side of the fault. The PGV-value distribution along the Chelungpu fault
indicated that a larger value of PGV was observed at both ends of the fault.

Di!erent from the plot of contour map by using the recorded value (either PGA or PGV-value)
directly, a method to plot the PGA contour map is also introduced (the so-called &shake map'). It
is de"ned that the estimated PGA value at any station j is expressed as

lnPGA
j
"ln >(Dist

j
, Site

j
)#

(+NSTA
i/1
=(D

ij
)Resid

i
)

(1#+NSTA
i/1
=(D

ij
)

(3)
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Figure 4. (a) Plot of recorded acceleration (in east-west direction) from stations along Chelungpu faults.
(b) Plot of recorded acceleration (in north}south direction) from stations along Chelungpu faults.
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Figure 4. Continued.
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Figure 5. Comparison between the calculated velocity with the mathematical pulse-like wave (Type-B,
Type-C1 and Type-C2) for station at TCU068, CHY029, CHY1101, TCU102, TCU052 and TCU075.

where

=(D)"G
1

(D#0.1)
for D(20 km

0.1 for D'20 km

and ln > (Dist
j
, Site

j
) is the estimated median PGA-value (from regression analysis of the recorded

PGA-value). Dist
j
denotes the distance at site j. Resid

i
is the residual (di!erence between recorded

value and regression value) for station i. Figure 9 shows the shake map of PGA-value (using
geometric mean of two horizontal PGA values) by applying the regression form from Table I. The
ratio between horizontal PGA and vertical PGA is also studied. Figure 10 shows the change of
ratio with respect to the shortest distance. It is observed that the ratio between the horizontal
PGA and vertical PGA is about 1.5 at a distance close to the fault. At the northern tip of the
Chelungpu fault, particularly at station TCU068, the vertical PGA-value is greater than the
horizontal PGA-value.
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Figure 6. Attenuation of peak ground acceleration for 1999-9-21 earthquake in east}west, north}south and
vertical direction. The dash line represents the regression line from data of the Chi-Chi earthquake and the
solid line represents the Taiwan &hard site' attenuation form (without consideriong the data of Chi-Chi

earthquake).
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Table I. Identi"ed model parameters for PGA and PGV attenuation form.

ln PGA (cm/s2)"C
1
#C

2
(m!6)#[C

4
#C

5
(m!6)] ln(R2#C2

6
)1@2

C
1

C
2

C
4

C
5

C
6

EW-direction 8.7482 !0.6829 !1.3397 0.3645 6
NS-direction 8.7574 !0.6760 !1.3479 0.3628 6

Up-down direction 7.8809 !0.4428 !1.5474 0.5025 6

ln PGV (cm/s)"C
1
#C

2
(m!6)#[C

4
#C

5
(m!6)] ln(R2#C2

6
)1@2

C
1

C
2

C
4

C
5

C
6

EW-direction 6.2693 !0.6015 !1.2842 0.4721 6
NS-direction 6.2903 !0.744 !1.2535 0.4683 6

Up-down direction 6.2047 !0.7672 !1.2205 0.3439 6

ANALYSIS OF PRINCIPAL DIRECTION AND RESPONSE SPECTRUM

Principal direction analysis

The principal direction of the recorded ground motion along the Chelungpu fault is calculated
using the method developed by Loh [11]. Based on this technique, the variance}covariance
matrix is calculated from the three-orthogonal ground acceleration data at a station. The
direction of principal axis is the calculated eigenvector from the variance}covariance matrix.
Figure 11 shows the major principal axis calculated from the data collected near the Chelungpu
fault. It is found that the major principal axis of ground motion from stations near Chelungpu
fault is almost perpendicular to the fault. It consists the larger PGA value in east}west direction
than in north}south direction and the frontal thrust fault in the east.

Response spectrum analysis

Linear response spectral analysis was also studied. Figures 12(a)}(d) show the calculated acceler-
ation response spectrum (S

!
) and the velocity response spectrum (S

7
) from the data along the

fault line. The contour map of spectral acceleration S
!

at period ¹"0.6 and 1.2 s is shown
in Figure 13(a) and spectral velocity S

7
at period ¹"1.2 and 4.0 s is shown in Figure 13(b).

A large amplitude of spectral acceleration was observed at the east side of the fault line
on the contour map of S

!
-value in the east-west direction at ¹"0.6 s. A large amplitude

of spectral acceleration was also observed at both ends of the fault line on the contour
map of S

!
-value in north-south direction at ¹"0.6 s. Even at ¹"1.2 s a large amplitude

of spectral acceleration was also observed (as shown in Figure 13(b)). From the spectral velocity
contour map along Chelungpu fault a large value of spectral velocity was observed, as shown in
Figure 14. It has to be pointed out that even at ¹"4.0 s very large S

7
-value was estimated on

both ends of the fault (as shown in Figure 14(b)). The velocity spectral amplitude (S
7
) attenuation

form for each structural period is also shown in Figure 15. This large S
7
-value may be due to the

e!ect of near-"eld ground motion. Table II listed the identi"ed model parameters of the spectral
amplitude attenuation form.
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Figure 7. Peak ground velocity attenuation for 1999-9-21 earthquake in east}west direction,
north}south direction and vertical direction.
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Figure 9. Shake map for the Chi-Chi earthquake (using geometric mean
of both two horizontal components).

Spectral ratio analysis

To compute the spectral ratio of the response spectra for 5 per cent of critical damping, the
vertical-to-horizontal (V/H) response spectral ratio is discussed. Figure 16 shows the V/H spectral
ratio for data along the Chelungpu fault. Generally the V/H spectral ratio will have a value
greater than one on the smaller range of structural period and less than one on the range of large
structural period. Figure 16 indicates that the V/H ratio from the data of Chi-Chi earthquake did
not follow the same trend as the general trend. More detail analysis on the vertical to horizontal
spectral ratio must be done from these near-"eld ground motion data.

EMPIRICAL MODE DECOMPOSITION ANALYSIS

Based on the results of acceleration response spectrum analysis, it is found that the ground
motion collected near Chelungpu fault is quite di!erent because of the rupture process of the fault
and the site condition. It is known that the earthquake ground motion is a highly non-stationary
random process. It is di$cult to recover the low-amplitude long-period seismic wave (greater
than 2 or 3 s) from the recorded data with traditional Fourier analysis. The e!ect of this
long-period wave to structural response was generally neglected by engineering design.
The empirical mode decomposition method provides a powerful technique to identify the
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Figure 10. Variation of horizontal PGA to vertical PGA ratio with respect to Distance.

non-stationary data, particularly the earthquake ground motion. This decomposition
method was proposed by Huang et al. [12]. Through the application of the method the
fundamental period of the ground motion can be identi"ed. A brief description of the method is
discussed.

Consider an original ground acceleration xK (t), one may perform the following mathematical
operation:

h
11

(t)"xK (t)!m
11

(t) (4)

where m
11

(t) is the mean value of the lower and upper envelops for xK (t). Next, make the same
shifting procedure for h

11
(t), that is

h
12

(t)"h
11

(t)!m
12

(t) (5)

Keeping the same shifting procedure until h
1k

(t) converges, the sub-channel signal c
1
(t) is de"ned

as follows:

C
1
(t)"h

1k
(t) (6)

Thereafter, the residue signal r
1
(t), which is equal to xK (t) minus c

1
(t) is treated as a new data and

subjected to the same shifting process described above. Then another sub-channel c
2
(t) is

generated. Repeating those procedures, eventually, the original xK (t) is decomposed as follows:

x(t)"
n
+
j/1

c
1
(t)#r

n
(t) (7)
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Figure 11. Plot of the principal direction from recorded acceleration along Chelungpu fault.

The summation indicates that a total of n intrinsic model functions are decomposed. Through the
empirical mode decomposition method, the intrinsic seismic wave can be decomposed and the
long-period wave from the original data can also be identi"ed.

In this study, the empirical mode decomposition method was used to identify the dominant
period from seismic response data collected along the Chelungpu fault for 1999-9-21 earthquake.
To emphasize the dominant period of the decomposed wave, one can calculate the Fourier
amplitude spectrum from each intrinsic mode function (IMF). Figure 17 shows the decomposed
ground acceleration (intrinsic mode function) at station TCU129 (at the center of Cheluinpu fault)
and the Fourier amplitude spectrum of each decomposed wave. Through the Surfer software the
contour map of the PGA for each decomposed wave is plotted along Chelungpu fault at di!erent
frequency band, as shown in Figure 18. Figures 18(a) and 18(b) show the contour map of PGA
(both EW-direction and NS-direction) for frequency band between 0.5 and 0.8 Hz and between
1.0 and 1.4 Hz, respectively. It is found that at the low-frequency band, 0.5 and 0.8 Hz, the
PGA-value with 120 gal was observed, and at a frequency band of 1.0 and 1.4 Hz the PGA value
with 200 gal was also observed. From this analysis it is clear that even at low-frequency band
a very large ground acceleration was observed.

INELASTIC RESPONSE ANALYSIS * SEISMIC DESIGN PARAMETERS

The Taiwan seismic design building code for base shear force is expressed as [10]:

<"
ZI

)a
:
A

C

F
u
B="C

$
)= (8)
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Figure 12. (a) Plot of acceleration response spectrum (S
!
-5%) from acceleration data in east}west direction

along Chelungpu fault. (b) Plot of acceleration spectrum (S
!
-5%) from acceleration data in north}south

direction along Chelungpu fault. (c) Plot of velocity response spectrum (S
7
-5%) from acceleration data in

east}west direction along Chelungpu fault. (d) Plot of velocity response spectrum (S
7
-5%) from acceleration

data in north}south direction along Chelungpu fault.
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Figure 12. Continued.
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Figure 12. Continued.
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Figure 12. Continued.
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Figure 13. (a) Contour map of spectral acceleration Sa at ¹"0.6 s along Chelungpu fault. (b) Contour map
of spectral acceleration Sa at ¹"1.2 s along Chelungpu fault.
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Figure 14. (a) Contour map of spectral velocity S
7
at ¹"1.2 s along Chelungpu fault. (b) Contour map of

spectral velocity S
7
at ¹"4.0 s along Chelungpu fault.
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Figure 15. Spectral amplitude attenuation (both S
!
and S

7
) from the Chi-Chi

earthquake data (horizontal component).
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Table II. Identi"ed model parameters of spectral amplitude attenuation form (east}west
component of 921 Chi-Chi earthquake).

Spectral amplitude attenuation form

"C
1
#C

2
(m!6)#[C

4
#C

5
(m!6)] ln (R2#C2

6
)1@2

Spectral acceleration

C
1

C
2

C
4

C
5

Period"0.2 s, c
1
"1.94560, c

2
"!0.65872, c

4
"!1.41080, c

5
"0.50263, STD"0.51894

Period"0.4 s, c
1
"1.92180, c

2
"!0.65138, c

4
"!1.29700, c

5
"0.46650, STD"0.51693

Period"0.6 s, c
1
"1.94850, c

2
"!0.69280, c

4
"!1.23220, c

5
"0.47969, STD"0.52390

Period"1.0 s, c
1
"0.98592, c

2
"!0.56657, c

4
"!1.18120, c

5
"0.49207, STD"0.54619

Period"1.5 s, c
1
"0.45160, c

2
"!1.15200, c

4
"!1.09620, c

5
"0.41803, STD"0.57395

Period"2.0 s, c
1
"1.77340, c

2
"!1.51410, c

4
"!0.73545, c

5
"0.11430, STD"0.60970

Period"2.5 s, c
1
"0.64668, c

2
"!0.74830, c

4
"!1.21450, c

5
"0.46497, STD"0.63079

Period"3.0 s, c
1
"0.46429, c

2
"!0.66944, c

4
"!1.24210, c

5
"0.47259, STD"0.63964

Period"4.0 s, c
1
"0.18932, c

2
"!0.55785, c

4
"!1.30510, c

5
"0.50354, STD"0.66424

Period"5.0 s, c
1
"0.30564, c

2
"!0.73768, c

4
"!1.27550, c

5
"0.46788, STD"0.69629

Spectral velocity

C
1

C
2

C
4

C
5

Period"0.2 s, c
1
"5.7637, c

2
"!0.91196, c

4
"!1.3473, c

5
"0.38320, STD"0.59426

Period"0.4 s, c
1
"6.3057, c

2
"!0.85197, c

4
"!1.2500, c

5
"0.40801, STD"0.54224

Period"0.6 s, c
1
"6.0524, c

2
"!0.60943, c

4
"!1.2246, c

5
"0.46696, STD"0.52817

Period"1.0 s, c
1
"6.1241, c

2
"!0.62033, c

4
"!1.2154, c

5
"0.51522, STD"0.54218

Period"1.5 s, c
1
"6.2302, c

2
"!0.60659, c

4
"!1.1989, c

5
"0.49692, STD"0.55695

Period"2.0 s, c
1
"6.3999, c

2
"!0.61395, c

4
"!0.2108, c

5
"0.48253, STD"0.57660

Period"2.5 s, c
1
"6.4948, c

2
"!0.56989, c

4
"!1.2733, c

5
"0.50490, STD"0.58852

Period"3.0 s, c
1
"6.6239, c

2
"!0.57207, c

4
"!1.2551, c

5
"0.47031, STD"0.59924

Period"4.0 s, c
1
"6.8046, c

2
"!0.60848, c

4
"!1.3417, c

5
"0.51500, STD"0.62485

Period"5.0 s, c
1
"6.8913, c

2
"!0.61201, c

4
"!1.3495, c

5
"0.50731, STD"0.65067

where Z is the design PGA value with 475 yrs return period, C is the elastic design spectrum,
)"1.4 is the over strength factor, a

:
is the structural related factor, F

6
is the reduction factor,

and C/F
u
can be de"ned as the yield base shear coe$cient. I and= are the importance factor and

the weight of the structure, respectively. Consider a structural system with period ¹
0
. The

ZI(C/F
u
) value can then be determined with the implementation of seismic design criteria of

Taiwan Building Code. This value is equivalent to the yield strength factor (b) de"ned from the
analysis of Elastic}Perfect-Plastic SDOF system. For the inelastic response analysis of SDOF
system the yield base shear <

:
can be determined from the following equation:

ZI
C

F
6

"b (yield strength factor)"
<

:
m )xK

',.!9

(9)

where xK
',.!9

is the maximum input PGA-value.
If a structure was designed with a dominant period ¹

0
, and with a seismic zone factor of

Z"0.28g (Zone-IB in Taiwan Building Code), the base-shear coe$cient (similar to yield strength
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Figure 16. Vertical to horizontal spectral acceleration ratio at station:
TCU068, TCU076, TCU129 and CHY028.
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Figure 17. (a) Recorded ground acceleration at station: TCU129. (b) Intrinsic mode function decomposed
from acceleration data at station TCU129 by using empirical mode decomposition method. The

Fourier Amplitude of each IMF is also shown.

factor b) of the structural system can be estimated using the Taiwan Building Code. Based on
Equation (9) the yield force <

:
of the equivalent elastic}perfect-plastic (EPP) model can be

determined using the same speci"ed ductility ratio k. If the EPP-system was subjected to
a speci"ed ground motion (for example: the ground motion measured in Chi-Chi earthquake), the
true ductility ratio of the system response can be estimated from the dynamic response analysis
(using EPP model). Comparison can be made between the true system ductility and the designed
ductility. Figure 19 shows the true system response ductility of the designed system (with
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Figure 18. (a) Plot of contour map of PGA value from intrinsic mode function decomposed from ground
motion data along Chelunpu fault (for frequency between 0.5}0.8 Hz and 1.0}1.4 Hz in east}west direction).
(b) Plot of contour map of PGA value from intrinsic mode function decomposed from ground motion data

along Chelunpu fault (for frequency between 0.5}0.8 Hz and 1.0 Ha}1.4 Hz in north}south direction).
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Figure 19. (a) Plot of ductility ratio with respect to structural period using ground motion data from
TCU068. The system model parameters were determined from Taiwan Building Code (with Z"0.28 g, Soil
type 1 and ductility ratio of 2, 4, and 6). (b) Plot of ductility ratio with respect to structural period using
ground motion data from TCU129. The system model parameters were determined from Taiwan Building

Code (with Z"0.28 g, Soil type 1 and ductility ratio of 2, 4, and 6).

a speci"ed ductility ratio) subjected to input motion measured at station TCU129 and TCU068,
respectively. It was found from this "gure that for a structural system designed with short period
the true response ductility ratio (subjected to the ground motion from TCU129 and TCU068)
always exceed the code-speci"ed (designed) ductility ratio and of course the structure will
damage. To improve the system response subjected to such a near-"eld ground motion it is
necessary to revise the seismic design code with the consideration of near-fault ground motion
characteristics.

CONCLUSIONS

The 1999-9-21 Chi-Chi earthquake (Taiwan) with magnitude M
L
"7.3 provides a lot of near-

"eld ground motion data for the study of near fault ground motion and the structural response
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Figure 19. Continued.

subjected to such a near-"eld ground motion. From the preliminary analysis on ground motion
data the following conclusions and recommendations are drawn:

(1) Based on the data collected near the Chelungpu fault a pulse-like wave was observed in the
velocity data of free-"eld ground motion, particularly at both end of Chelungpu fault. The
dominant period, ¹

1
, of the wave can be identi"ed with period from 4 s to 8 s, and a

large velocity amplitude was also calculated. This pulse-like wave may cause signi"cant
damage to the structure.

(2) There are three records collected from this event with PGA-value greater than 980 gal.
A large PGA-value was also observed at both ends of the Chelungpu fault as well as on the
east side of the fault. Except the near-"eld ground acceleration the PGA attenuation of this
earthquake did not show any particular feature as compared to the PGA attenuation form
used previously in Taiwan (i.e. Equation (2)).

(3) For this particular earthquake large acceleration amplitude at low-frequency band
( f(0.4 Hz) was observed (based on empirical mode decomposition analysis). A large
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spectral velocity (S
V
) was also calculated in long structural period. This ground motion

characteristic may be one of the features of near-"eld ground motion.
(4) The seismic demand of an inelastic SDOF system was studied using the ground motion

data from this event. The displacement ductility of the non-linear SDOF system subjected
to the near-"eld ground motion collected from this event was estimated. It is found that for
a system with low ductility ratio the calculated base shear coe$cient exceeded the code-
speci"ed value for system with almost all structures having di!erent period.
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