W E MR R ' R
Bull. Earthg. Res. Inst.
Univ. Tokyo
Vol. 75 (2000) pp. 15-32

Damage to Buildings Caused by the 1999 Chi-Chi, Taiwan
Earthquake and Earthquake Response Analyses Using
Recorded Strong Ground Motions

Yuki Sakal, Kazuki KokeTsu, Shingo Yosuioka and Toshimi KABEYASAWA
Earthquake Research Institute, University of Tokyo, Tokyo, Japan

Abstract

The Chi-Chi, Taiwan earthquake, which occurred on 21 September, 1999, brought about
severe damage. In this earthquake, many free field strong ground motion records were
obtained in a wide range of areas. Most of the strong ground motions were recorded beside
reinforced concrete school buildings with simple shapes. Very useful and valuable data were
provided for investigating the relationship between strong ground motions and damage to
structures. .

Damage to buildings caused by the 1999 Chi-Chi earthquake was investigated and earth-
quake response analyses were made for recorded strong ground motions. The relation be-
tween actual damage to buildings and results of earthquake response analyses was examined.

The results of the damage investigation show that severe damage was found at Chungliao,
5km north-west of the epicenter, and Tongshi, Puli, and Kuoshing, 10-20km east of the
Chelongpu fault. We found moderate damage in Shikang and Wufong, but around the
Chelongpu fault, we did not find severe damage except at locations very near the fault. These
were explained by the results of the earthquake response analyses using single-degree-of-
freedom (SDOF) systems.

The results of the earthquake response analyses show that from the distributed records,
strong ground motion with the most destructive power was recorded at Puli, 20 km east of the
Chelongpu fault, except one due to local conditions. These findings corresponded to actual
damage. However, the destructive power of the record at Puli was smaller than that of the 1995
Hyogoken-Nanbu earthquake. Moreover, it was shown that the elastic response at 1.0sec is the
best index of the destructive power of strong ground motions and that the results of analyses
of investigated school buildings approximately correspond to actual damage if the strength of
brick walls is considered.

Key words: the 1999 Chi-Chi earthquake, earthquake responsé analysis, Takeda model, maxi-
mum ductility factor, required strength

1. Introduction

The Chi-Chi, Taiwan earthquake which occurred on 21 September, 1999, with
local and surface-wave maginitudes of 7.3 and 7.7, respectively, at a depth of 7Tkm,
brought about severe damage. More than 2,000 people were killed and approximate-
ly 10,000 buildings collapsed. In this earthquake, many free field strong ground
motion records were obtained in a wide range of areas. Most of the strong ground
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motions were recorded beside reinforced concrete school buildings with simple
shapes. Very useful and valuable data were provided for investigating the relation-
ship between strong ground motions and damage to structures.

Damage to buildings caused by the 1999 Chi-Chi earthquake was investigated
and earthquake response analyses were made using recorded strong ground motions.
The relation between actual damage to buildings and results of earthquake response
analyses was examined. '

2. Outline of investigation on damage to buildings

During the 1999 Chi-Chi earthquake, many buildings were severely damaged in
a wide range of areas. - The number of collapsed buidlings was -about 10,000.

Damage investigation was made mainly on reinforced concrete school buildings,
because:

-school buildings are located in inhabited areas and equally distributed in a wide
range of areas,

-the shapes of school buildings are simple, regular, and similar to each other,
therefore, they are easy to analyse (typical plans of school building are shown in
Figure 1), ‘

-most strong motion observation sites were beside school buidlings and

-most buildings in Taiwan are reinforced concrete structures.

Damage investigation was made in Taichung and Nantou county where damage
was severe (Figure 2). Building data for earthquake response analyses, such as
member dimensions, span lengths, story heights, and reinforcements were collected,
in addition to carrying out building damage inspections. The locations of in-
vestigated buildings (strong motion observation points) are shown in Figure 3. An
outline of investigated buildings (strong motion observation points), the results of
the investigation and level of damage in the surrounding areas (area damage level)
are shown in Table 1. The area damage level was judged as quantitatively as
possible according to Table 2. Area of 500m by 500 m square around the buildings
and school buildings were investigated. The target of the investigation was damage
caused by strong ground motions, excluding soil failures such as fault, landslide and
liquiefaction. The number of sites and buildings invesﬁgated were 14 and 23,

m - » ] | u -

Fig. 1. Typical plans of school buildings
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Fig. 2. Location of Taichung and Nantou county
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Table 1. Investigated buildings (strong ground motion observation points) and results
of investigation

No. Name Location No. of Building data (symbol) and Area damage
station building damage level level

1 Shikang National Elementary School Shikang, Taichung county 068 ©majorOmoderateOmoderateOmoderate 3
2 Tongshi National Elementary School Tongshi, Taichung county — X (demolished) X no damage 4
3 Fongdong National Elementary School ~ Fengyuan, Taichung county 102 Xno damage X major(complicated shape) 2
4 Kuangcheng National Elementary School Taichung, Taichung county 052  Ominor 2
5 Wufong National Elementary School Wufong, Taichung county 065 ~ Ominor X (demolished) 3
6 Chiaotung National Elementary School ~ Chiaotung, Nantou county 075  Oslight 2
7 Swangtong National Elementary School =~ Swangtong, Nantou county 071 OmoderateOno damage 2
8 Nankuang National Elementary School ~ Puli, Nantou county 074 X(demolished)Ono damage 4

- 9 Kuoshing National Elementary School ~ Kuoshing, Nantou county 072 Omoderate X (demolished) 4
10 Sweili National Elementary School Sweili, Nantou county 078  X(demolished) 2
11 Jryetan Meteorological Agency Urchi, Nantou county 084 Omajor -
12 Chi-chi National Elementary School Chi-chi, Nantou county —  X(demolished)Ono damage 2
13 Chungliao National Elementary School = Chungliao, Nantou county —  ©kcollapsed 5
14 Shinchie National Elementary School Minjien, Nantou county 129 Oslight 1

— at No. of station: no accelerogram
Building data: © : datain detail, O : simple data, X :no data (reason)

Table 2. Definition of area damage level

Area damage level Situation Approximate collapse ratio (%)
5 Annihilation. Many buildings collapsed.
Most buildings were damaged. 30
4 A large number of buildings collapsed.
Most of buildings collapsed or were severely damaged in some part 10
3 There are some collapsed or severely damaged buildings.
Between 2 and 4. 3
2 There are a few severely damaged buildings. 1
There are many slightly damaged buildings.
1 There is no severely damaged building. 0
There are some slightly damaged buildings.
0 - There is no damaged buildings. 0

respectively. Building damage level (no, slight, minor, moderate, and major damage
and collapse) was judged according to the reference (Architectural Institute of Japan,
1980).

Simple data for many points and detailed data for some points were obtained,
although some buildings had already been demolished or were being demolished.

Some of the damaged reinforced concrete buildings and their surrounding areas
are shown in Photos 1 to 21.

Severe damage was found at Chungliao, 5 km north-west of the epicenter, and
Tongshi , Puli, and Kuoshing, 10-20km east of the Chelongpu fault. We found
moderate damage in Shikang and Wufong, but around Chelongpu fault, we did not
find severe damage except at locations very near to the fault.
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Photo 1. Building C of Shikang National Photo 2. Severely damaged tops of
Elementary School, which was severe- columns at building C of Shikang
ly damaged National Elementary School

Photo 3. Surrounding area of Shikang Photo 4. Surrounding area of Tongshi
National Elementary School National Elementary School

Photo 5. Surrounding area of Wufong Photo 6. Building A of Nankuang
National Elementary School National Elementary School in Puli,
which was severely damaged and was

being demolished
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Photo 7. Surrounding area of Nankuang Photo 8. Building B of Kuoshingi
National Elementary School National Elementary School

Photo 9. Shear failure of non-structural Photo 10. Surrounding area of Kuoshing
wall at building B of Kuoshing National Elementary School
National Elementary School

Photo 11. A building of Jryetan Meleo- Photo 12. The front of first story of
rological Agency

Jryetan Meteorological Agency



Damage to Buildings Caused by the 1999 Chi-Chi, Taiwan Earthquake

Photo 14, The front of building A at
Chungliao National Elementary School
which was originally a two-story but
looked like one-story building

Photo 13. A damaged column by the
first story front entrance at Jryetan
Meteorological Agency

Photo 16. Close-up of Photo 15 (Longitu-
dinal bars buckled although there
were many longitudinal bars.)

Photo 15. Collapsed first story of build-
ing A at Chungliao National Elemen-
tary School

o —

Photo 17. Severely damaged first story
of building B at Chungliao National Photo 18. Close-up of Photo 17 (Longitu-
dinal bars buckled. Pipes were found.)

Elementary School




Y. Sakar et al.

Photo 19. Surrounding areca of Chung- Photo 20. Building A of Shinchie Na-
liao National Elementary School tional Elementary School in Minjien

Photo 21. Surrounding area of Shinchie

National Elementary School

3. Characteristics of strong ground motions

During the earthquake, many free field strong ground motion records were
obtained in a wide range of areas. Reinforced concrete school buildings with simple
shapes were located near strong motion observation points. Very useful and valu-
able data were provided for investigating the relationship between strong ground
motions and damage to structures. The locations of seismographs installed throu-
ghout Taiwan are shown in Photo 22, with 637 on free field sites and 56 in buildings,
totalling 693.

Earthquake response analyses were conducted with single-degree-of-freedom
(SDOF) systems using strong ground motion records as inputs at the damage
investigation site. Characteristics of strong ground motions were examined first
and compared with strong motions from other damaging earthquakes.

Strong ground motion records for damage investigation sites are shown in Table
3, together with reference records. The peak ground velocity (PGV) was calculated
using elastic response analyses for a period of 15sec and a damping factor of 0.707,
instead of integrating accelerogram data, in order to avoid velocity remaining after
strong ground motions. (WaTagg, 1985) Some accelerograms and elastic response

22
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Photo 22. Locations of seismographs in
Taiwan (a display in Taiwan Meteo-

rological Agency photographed by

permission)

Table 3. Strong ground molions

D Station(Station No.) Direction Earthquake PGA PGV SI
068NS  Shikang National Elementary School (068) NS 1999 Chi-Chi, Taiwan 3711 2178 1612
068EW 1" EW " 5076 1800 1853
052NS Kuangcheng National Elementary School Building(052) NS " 4386 1174 2616
052EW " EW “ 3534 1552 2061
102NS  Fongdong National Jr. High School(102) NS 1" 1698 740 H8l
102EW " EW 1 2983 1120 1437
065NS  Wufong National Elementary School(065) NS " 5380 743 1940
O065EW " EW " 7787 1202 1867
075NS  Chiaotung National Elementary School(075) NS 1" 2644 333 6Ll
075EW " EW 1 3132 B40 1046
O?INS Swangtong National Elementary School(071) NS Z 6221 628 1393
071EW " EW " 5160 549 1363
074NS  Nankuang National Elementary School(074) NS " 3803 460 1336
074EW r' EW " 6040 686 2046
072NS  Kuoshing National Elementary School(072) NS " 3583 543 1352
072EW " EW 1" 4655 787 1541
078NS  Sweili National Elementary School(078) NS " 3104 319 819
078EW " EwW " 4447 388 1113
084NS  Jryetan Meteorological Agency (084) NS " 4285 525 1342
0B4EW " EW " 9990 1132 3923
129NS  Shinchic National Elementary School(129) NS “ 6168 373 1113
129EW " EW " 9712 585 153.7
FKI  Osaka Gas Fukiai Station NS 1995 Hyogoken-nanbu 8020 1304 3590
SLM  Sylmar EW 1994 Northridge 8267 1257 2775
KSR Kushiro Meteorological Agency EW 1993 Kushiro-oki 7114 331 1154
ELC  El-Centro NS 1940 Imperial Valley 341.7 34.8 93.1

PGA: peak ground acceleration(cm/sec?), PGV: peak ground velocity(cmvsec.)  SI: spectrum intensity(cm)
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Fig. 4. Time histories of ground acceleration

acceleration spectra with a damping factor of 5% are shown in Figures 4 and 5,
respectively. Three strong ground motions points, Chungliao National Elemantary
School at Chungliao where damage was severest among the investigation points,
Tongshi National Elementary School at Tongshi, the site of the next severest
damage, as well as Puli and Kuoshing and Chi-Chi National Elementary School,
which was the nearest to the epicenter, were not included in the distributed CD-ROM
(LEE, 1999).

In Table 3, peak ground acceleration (PGA) was greater than 500 cm/sec? at six
points: 068, 065, 071, 074, 129, and 084. In particular, very large PGAs of greater than
1 g were recorded in EW components at points 129 and 084.

Large peak ground velocities (PGV) were recorded at 068 and 052. In particular,
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Fig. 5. Elastic response acceleration spectra (damping factor 0.05)

a very large PGV of over 200 cm/sec was recorded at 068 NS, which is far larger than.
that of FKI from the 1995 Hyogoken-Nanbu earthquake.

On the other hand, spectrum intensities, which represent the destructive power
of strong ground motions more adequately than PGA and PGV (Sakai, 1998), at points
129 and 068 are 153.7 cm and 185.3 cm, respectively. Both values are far smaller than
that of FKI, which is 359.0 cm. Spectrum intensity of 084 EW is, however, larger than
that of FKI

For accelerograms (Figure 4) in 129 EW, short periods dominate and the PGA
pulse is spike shaped, although long periods dominate in 084EW. Rather long
periods dominate in the records at Puli (074) and Wufong (065) where severe damage
was found. The accelerogram of Shikang (068 NS) with very large PGV is distinctive
because the acceleration shifts to one side for a long duration of about 4 sec.

For elastic response acceleration spectra (Figure 5) in Shinchie (129EW), the
short period dominates and responses of around 1sec, which bring about damage to
buildings (Sakai, 1999), are small. In contrast, responses of around 1sec are large in
Puli (074), Kuoshing (072), Wufong (065) and Jryetan (084) where severe damage was
found. The values are very large in Jryetan (084). However, the Jryetan Meteoro-
logical Agency is located at the summit of a 1,000m high mountain and is 300 m
higher than Jryetan lake at its foot. We think that very destructive ground motions
at 084 occurred due to local conditions. The responses around 1 sec are largest at 074
EW except for 084 EW. The responses of around 1 sec of 068 NS with very large PGV
are smaller than those of 066 EW and 074EW.

Elastic response acceleration spectra with a 5% damping factor from 068 NS with
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Fig. 6. Comparison of elastic response acce-
leration spectra (damping factor 0.05) from

1 records by the 1999 Chi-Chi, Taiwan

Period(sec.) earthquake and other earthquakes

Elastic response
acceleration(g)

a very large PGV, 074 EW and 065 EW, where severe damage was found are shown in
Figure 6 for comparison with the reference earthquake records FKI, SLM and ELC.
The values of 068 NS for around 1 sec, which bring about severe damage to buildings,
are smaller than those of SLM. The values of 074EW and 065EW are larger than
those of SLM, but are smaller than those of FKI.

4. Inelastic earthquake response analyses using single-degree-of-freedom sys-
tems

Inelastic earthquake response analyses using SDOF systems with the Takeda
hysteresis model (TAKEDA, 1970), assuming reinforced concrete buildings, were carried
out in order to assess the destructive power of recorded strong ground motions more
accurately. The primary curve of the Takeda model is shown in Figure 7. The
ratio of cracking to yielding force, the ratio of post-yielding to initial stiffness and the
ratio of yielding to initial stiffness are assumed to be 0.3, 0.01, and 0.25, respectively.
The damping coefficient is proportional to instantaneous stiffness with an initial
elastic damping factor of 0.05. The bases of systems were assumed to be fixed. The
equation of motion was solved numerically using the Newmark-3 method (NEWMARK,
1959) with 8=1/6, and the time increment of the numerical integration was taken as
one-twentieth of the initial elastic period. '

The required base shear coefficient, which produces constant maximum re-
sponse ductility factors (called ‘allowable ductility factors u.’), were adopted as the
inelastic seismic response, which represents damage to buildings. Required base
shear coefficients (called ‘required strength spectra’) were calculated for allowable

Shear force

Cymg =0. 01k

0. 3Cymg |-,

,.];\0. 25k

Displacement Fig. 7. Primary curve of Takeda model
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ductility factors u,=2.

The required strength spectra in the period range from 0.2 to 1.0sec, to which
most buildings belong, are shown in Figure 8. The results are as expected from the
elastic response acceleration around 1.0sec, i.e., the required strength spectra from
084 EW are very large but those from 129 EW are far smaller. The spectra from 074
EW are largest except for 084 EW occurred due to local conditions, hence 074 EW has
the most destructive power. ‘Comparing the reference earthquake records in Figure
9, the spectra from 074 EW with the most destructive power were, however, smaller
than FKI.

5. Correlation between the results of earthquake response analyses and structur-
al damage
The relationship between PGA, PGV, SI and elastic response acceleration with a
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Table 4. Analyzed buildings and results of damage investigation and earthquake
response analyses

D Nameofabuilding Sry Dir Peiod tu G, G D reod  f, M
(sec.) D
AT G ikang Nationl Elementary School Bulding A~ 3 1 033 0756 045 Jg3 3 JoNS 274 120
BT Shikang National Elementary School Bulding B~ 2 1 933 0605 062 (35 3 oegew 248 092
ICT ™ Shikang Notional Elementary School BuldingC 2 | 033 0605 028 013 4 (GO0 715 127
T Shikang National Elementary School BuldingD 1 [ 032 0605 047 [[3 2 W 661 0x
SAT Kuangcheng National Elementary School Bulding A 2 1 933 075 050 2% 2 o3ng 375 07
UAT" Wufong National Elementary School Bulding A~ 2 | 033 0756 032 (%5 2 oopw 799 155
NAT™ Chizotung National Flementary School Bulding A 2 1 933 0756 027 098 1 (7ng, 136 06l
OAT S wangtong National Elementary School Bulding A 1 1 033 0756 125 298 2 (7N 129 089
0BT Swangtong National Elementary School Building B 2 1 033 0907 078 139 0 (7iN§ 146 045
PAT Nenluang Nationel Elementary School Building A~ 2 | (33 0907 067 155 0 (upyw 247 077
RAT ™K uoshing Netional Elementary School Buling A 3 1 933 0907 063 Jo¢ 3 O7ZNS 251 077
AT Jryetan Metoorological Agency 2 T 033 0756 039 099 4 QoS 403 248
GAT™ Shinchie National Elementary School Bulding A~ 2 1 033 0756 0M 1oy 1  popw 164 022

Dir: building direction of analysis (T: transverse, L: longitudinal)

T u: ultimate shear stress of columns (N/mm?)

C,: base shear coefficient calculated not considering brick walls

C,: base shear coefficient calculated considering brick walls

D: building damage level (0: no damage, 1:slight damage, 2:minor, 3: moderate, 4: major damage)

M ;2 Toot sum square of maximum response ductility factor in two directions not considering brick walls
{4 : root sum square of maximum response ductility factor in two directions considering brick walls

5% damping factor at 1.0sec and area damage level is shown in Figure 10. Almost
no correlation was found for PGA and a weak correlation for PGV and SI, whereas,
there is good correlation for elastic response acceleration with a 5% damping factor
at 1.0sec with area damage level.

Next, inelastic earthquake response analyses using SDOF systems were perfo-
rmed for 13 buildings where we could collect data such as member dimensions. The
analysed buildings are shown in Table 4. The weight of the buildings was calculat-
ed assuming a unit weight of 1.2ton/m? The period of the building is calculated
from member, story height, and span dimensions assuming a concrete stiffness of
21,000 N/mm?,

Strength (base shear coefficient) is calculated assuming that the ultimate shear
stress of columns 7, shown in Table 4, i.e., 7, is 0.756 N/mm? which is one-twentieth of
the average compressive strength (Architectural Institute of Japan, 1988) calculated
from data using the Schmit hammer test of buildings constructed three to ten years
ago (Architectural Institute of Japan, 1999). The ultimate shear stress 7, was as-
sumed to be 0.8X0.756=0.605 N/mm? and 1.2 X0.756=0.907 N/mm? for buildings con-
structed before 1981 and after 1997, respectively, considering the deterioration over
time of concrete and the major revisions of earthquake resistant design regulation in



Damage to Buildings Caused by the 1999 Chi-Chi, Taiwan Earthquake

1.5 300
! cdrre ldrati o’n ~ ' c&rre Idratio on
IC] . caeffigient=0. 15 g cqefﬁotent'ﬂ 16
Tc : J ; H T ' . o)
S8 1.0 --@-errrbmeniona e ] £ 200—----4------ PR (TR SR
g% e g8 e
wp ' . T . oo, . ;
. : @) ‘ :
$g 0.5~ é%‘-@\w — 5100 p—
< ] : o©
S R
4 5
Area damage level Area damage level
E 00— T 5 15 T %
Nt v Q ) : . "
2 : H : : © 8 : &) :
b ; : : : 2 R
2  200f----i------ gy O---— g 1.0f----i-oer e S —
@ : .y : LT
E o—g i © £s NS
g 100 i @— 28 5——---%4?@ ----------------- -
S o ‘ A g
+ : correlerathn S5 . correleration
‘% | cdeffigient=0.28 Y 0.0 i coefficientF0. 70
0 1 2 3 4 5 &8 o0 1 2 3 4 5
Area damage level ® Area damage level

Fig. 10. Relation between index of representing the destructive power of strong
ground motions and area damage levels

1 o

2 10. 0y ! g 30—

8 corrglation : S : :

4+ 8.0rgsefficient™ 0467 +

> 8 5 -

S ) S . SRR S, - £

P e 5

Q Q

=} =

o ©

£ £

3 =

E E

2 0 1 2 3 4 5 g 70 1 2 3 4 s

Building damage level Building damage level

(1) not considering brick wall (2) considering brick wall

Fig. 11. Relation between building damage levels and maximum response
ductility factors

Taiwan in 1981 and 1997.

All walls were made of brick without reinforcing. Two cases, i.e., considering
and not considering brick walls, were analysed. The brick walls were considered in
the case of walls without openings. In the case considering brick walls, the ultimate
shear stress of the brick wall 7, is assumed to be one-sixth of that of reinforced
concrete walls, i.e., 2.5/6=042N/mm? and 0.756/6=0.12N/mm? in the longitudinal
and transverse directions, respectively. The analytical model of the system was the
same as that described in Chapter 4.
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The relationship between building damage (0: no, 1: slight, 2: minor, 3: moderate,
and 4: major damage) and the square root of the sum of squares (SRSS) in the two |
directions of maximum response ductility factors is shown in Figure 11. ‘A good ‘
correleration is found for the case considering brick walls, whereas, a good correlera-
tion is not found for the case not considering brick walls. The values of response
ducility factors for building damage are also more appoximate for the case consider-
ing brick walls.

6. Conclusions |
Damage to buildings during the 1999 Chi-Chi earthquake was investigated and |
earthquake response analyses were made using recorded strong ground motions.
The relation between actual damage to buildings and results of earthquake response
analyses was examined.
It was found from the damage investigation that:
-severe damage was found at Chungliao, 5km north-west from the epicenter, and ‘
Tongshi, Puli, and Kuoshing, 10-20 km east from Chelongpu fault,
-moderate damage was found in Shikang and Wufong, but around Chelongpu fault,
severe damage was not found except for places very near to the fault, and
.these were explained by the results of the earthquake response analyses using
single-degree-of-freedom (SDOF) systems. ‘
It was found from the earthquake response analyses that
-strong ground motion with the most destructive power was recorded at Puli, 20 km
east of Chelongpu fault, among the distributed records except for one record at site
084 due to local conditions,
-this finding corresponded to the actual damage,
-the destructive power of the record at Puli was considerably smaller than the one at 1
Fukiai from the 1995 Hyogoken-Nanbu earthquake, |
-the elastic response at 1.0 sec is a better index for representing the destructive power
of strong ground motions than PGA, PGV, and S.I. and
-the results of the earthquake response analyses for investigated school buildings
approximately correspond  to the actual damage if the strength of brick walls is
considered.

Acknowledgements

The damage investigation was carried out by the first and second authors as
members of the Chi-Chi earthquake invstigation team of Tokyo Metropolitan Gov-
ernment. The people in Taiwan cooperated in our investigation and provided us
with very valuable materials, although they suffered greatly from the earthquake..
The strong ground motion records from the 1999 Chi-Chi earthquake and the record
of the 1995 Hyogoken-nanbu earthquake were provided by the Central Weather
Bureau, Taipei, Taiwan and Osaka Gas Company, respectively. We gratefully ac-
knowledge all of their assistance.




Damage to Buildings Caused by the 1999 Chi-Chi, Taiwan Earthquake

References

Architectural Institute of Japan, 1980, Reports on the damage investigation of the 1978 Miyag-
iken-oki earthquake, 145 (in Japanese). -

Architectural Institute of Japan, 1988, Standard for structural calculation of reinforced concrete
structures, (in Japanese)

Architectural Institute of Japan, 1999, Preliminary report on the 1999 Chi-Chi, Taiwan earth-
quake, 72-73 (in Japanese).

LEg, W.H.K, SHIN T.C. Kuo K.W. and CHEN K.C, 1999, CWB Free-Field Strong-Motion Data from
the 921 Chi-Chi Earthquake, Vol. 1, Digital Acceleration Files on CD-ROM.

NEWMARK, N.M,, 1959, A method of computation for structural dynamics, Proc, ASCE, 95, No..ST
3, 67-94. '

SakalL Y. MinaMmi, T. and KABEyasawa T., 1998, Simplified method to express characteristics of
strong ground motions, Proceedings of the third symposium on the disaster by near-field
earthquake, 265-268 (in Japanese).

Sakal Y., 1999, Destructive power of strong ground motions: What kind of strong ground
motions bring about great damage? Interdisciplinary study on the generations of strong
ground motions of high acceleration and velocity and their influences to earthquake
damage, 7-18 (in Japanese).

TAkeDA, T. SozeN, M.A. and NieLsen, N.N, 1970, Reinforced concrete response to simulated
earthquakes, Journal, Structural Division, ASCE, 96, No. ST 5, 2557-73.

WATABE M., O"asHI Y. and HASEBE H., 1985, Research on design earthquake ground motions for
high-rise buildings (part 1), Summaries of technical papers of annual meeting, Architectural
Institute of Japan, B Structures 1, 135-136 (in Japanese).

(Received February 18, 2000)
(Accepted June 26, 2000)




Y. Sakar et al.
1999 EFEEEEMBICL I EYHE L RBERER O CHIBLE
fEHT |

5 A - MR - SEEE - BERESE
AR HIR BT

1999 FEEBEEMER, AR ANB L UOEEYRES 6756 L, REiic, [REH
KD, FEEICEL OMBLHEVBAIS N, THOLE, $Fa vy ) — NEYER

o3 CHTEASNTSD, MESEEEYOREOBIRERT 2.0 OIFFICEE

hoFHIBERM R,

AERTE, S v 7 ) — M EEREYEIOICT - I ERE OME AR, 1999 £
BEEENRECTHAlS MRS AV, 8o v 7 Y — F ERY OMBINE R %
TV, ARG s R oMWY, BHE), BEOMETEE ok, EBoWE LI
BRENTRE R DI I 2 W TRRET L /e,

FORER, WENKRE D - 12013, BiFEM, S bkm 3 EJFEORE, HEHED S HIC
10~20km & N7 HE, HE, Bk, HEETREIE R, AR, BETPPRE H
END - 120, LA, BBE LRV TR, SEEREILWEILIL-TE, &
DFERIE, —HHEREZHAV/CHBEHBINSET > ST 22 L, BREBERTH
HELALEEZSNIILRERTE, AShLEohTI3EEERE, O HIC 20km B
L#EEn, BB 2EBOREOREILIWENEZ LS, EBOWHEE SIET 55,
1995 FE FLRE R FEERHIB OBIE T L 0 i, HED/PENWT &, HEFHOBREHDIEES L
T, 0oLy, B I1POBBEESBELTVWAI L, BELLBH Y2 ) — b
EEREY O E & HBINEFITER S, FEEREEAZET T, Bt dsT &
Db -7,

F—0— N 1999 ELEEENE, HBICEMIT, Takeda 7V, BANEBHR,
W]




