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Tomohiro SASAKI, Atsushi AOI, Hiroyuki TAGAWA, Koichi KAJIWARA, Daiki SATO, Toshimi KABEYASAWA, 

Tsuyoshi SEIKE, Satoshi YAMADA and Hiroshi FUKUYAMA 
 

During the 2011 off the Pacific coast of Tohoku Earthquake, many suspended ceilings and other suspended equipment fell down causing 
fatal accidents even in Tokyo, while relatively minor damages were observed to the structures. To mitigate such severe damage to the 
ceilings during earthquakes, new seismic design code for suspended ceiling system was issued by the Ministry of Land, Infrastructure, 
Transport and Tourism. However, the mechanism has not yet been understood clearly yet why and how the ceilings fell down due to the 
earthquake motion. A new research project started to clarify the collapse mechanism of wide-area ceiling system and to develop its 
countermeasures. Full-scale shake-table experiments of the wide-area ceiling system in a steel gymnasium was conducted as the first 
phase in 2014. This paper outlines the test plans and the observed global responses of the structural members and the ceilings. 
 

Keywords : Gymnasium, Steel Structure, Seismic Design, Full-scale shake table experiment, E-Defense 

 
 

6

1-4)

 
2011

5) 6) 7) 26 4
1 H26

 

1 1

TR

*1 
( ) 

Senior Researcher, Earthquake Disaster Mitigation Division, Natl. Res. Inst. 
for Earth Science and Disaster Resilience, Dr. Eng. 

*2 (  )
( ) 

Researcher, R&D Inst., Takenaka Corp. (Former Natl. Res. Inst. for Earth 
Science and Disaster Resilience), M. Eng. 

*3 (  ) Ph.D. 
 

Assoc. Prof., Dept. Arch., Mukogawa Women’s Univ.(Former Natl. Res. Inst. 
for Earth Science and Disaster Resilience), Ph.D. 

*4 
( ) 

Manager, Earthquake Disaster Mitigation Division, Natl. Res. Inst. for Earth 
Science and Disaster Resilience, Dr. Eng. 

*5 (  )
( ) 

Assoc. Prof., FIRST, IIR, Tokyo Tech. (Former Natl. Res. Inst. for Earth Science 
and Disaster Resilience), Dr. Eng. 

*6  Prof., Earthquake Res. Inst., The Univ. of Tokyo, Dr. Eng. 
*7 ( ) Assoc. Prof., Dept. Socio-Cultural Env. Studies, The Univ. of Tokyo, Dr. Eng.
*8 ( ) Prof., FIRST, IIR,, Tokyo Tech., Dr. Eng. 
*9  Director, Housing Dept., Natl. Inst. for Land and Infrastructure Mgt., Dr. Eng.

実大鉄骨造体育館試験体の設計および応答の概要
Ｅ－ディフェンスを用いた吊り天井を有する体育館の天井脱落被害再現実験　その１

DESIGN AND STRUCTURAL RESPONSE OF FULL-SCALE STEEL GYMNASIUM SPECIMEN
E-Defense shake table experiment on collapse mechanism of wide-area suspended ceiling in gymnasium part 1

佐々木 智大＊1，青 井 　 淳＊2，田 川 浩 之＊3，梶 原 浩 一＊4，佐 藤 大 樹＊5， 
壁谷澤 寿海＊6，清 家 　 剛＊7，山 田 　 哲＊8，福 山 　 洋＊9

Tomohiro SASAKI, Atsushi AOI, Hiroyuki TAGAWA,  
Koichi KAJIWARA, Daiki SATO, Toshimi KABEYASAWA,  

Tsuyoshi SEIKE, Satoshi YAMADA and Hiroshi FUKUYAMA

＊ 1　 国立研究開発法人防災科学技術研究所兵庫耐震工学研究センター　 
主任研究員・博士（工学）

＊ 2　 ㈱竹中工務店技術研究所　研究員・修士（工学） 
（前　防災科学技術研究所）

＊ 3　 武庫川女子大学建築学科　准教授・Ph. D. 
（前　防災科学技術研究所）

＊ 4　 国立研究開発法人防災科学技術研究所兵庫耐震工学研究センター　 
センター長・博士（工学）

＊ 5　 東京工業大学科学技術創成研究院　准教授・博士（工学） 
（前　防災科学技術研究所）

＊ 6　 東京大学地震研究所　教授・工博
＊ 7　 東京大学大学院社会文化環境学専攻　准教授・博士（工学）
＊ 8　 東京工業大学科学技術創成研究院　教授・博士（工学）
＊ 9　 国土技術政策総合研究所住宅研究部　部長・工博

Senior Researcher, Earthquake Disaster Mitigation Division, Natl. Res. Inst. 
for Earth Science and Disaster Resilience, Dr. Eng.
Researcher, R&D Inst., Takenaka Corp, M. Eng.  
(Former Natl. Res. Inst. for Earth Science and Disaster Resilience)
Assoc. Prof., Dept. Arch., Mukogawa Womenʼs Univ, Ph. D.  
(Former Natl. Res. Inst. for Earth Science and Disaster Resilience)
Manager, Earthquake Disaster Mitigation Division, Natl. Res. Inst. for Earth 
Science and Disaster Resilience, Dr. Eng.
Assoc. Prof., FIRST, IIR, Tokyo Tech, Dr. Eng.  
(Former Natl. Res. Inst. for Earth Science and Disaster Resilience)
Prof., Earthquake Res. Inst., The Univ. of Tokyo, Dr. Eng.
Assoc. Prof., Dept. Socio-Cultural Env. Studies, The Univ. of Tokyo, Dr. Eng.
Prof., FIRST, IIR,, Tokyo Tech., Dr. Eng.
Director, Housing Dept., Natl. Inst. for Land and Infrastructure Mgt., Dr. Eng.

日本建築学会構造系論文集 第82巻 第736号，831-841， 2017年6月
J. Struct. Constr. Eng., AIJ, Vol. 82 No. 736, 831-841, Jun., 2017

DOI http://doi.org/10.3130/aijs.82.831
【カテゴリーⅠ】�

─ 831 ─



8)
RM eqM

MR
9)  

 

 
 

1 1
1  

10)

25m 30m
18.6m

30m
1

15m 20m
20m

1-4) 18.6m
20m

 

0.1 0.15
1-4)

0.15 10:3
9.09m  

558m2(=30m 18.6m)
7.5m H26

2
1

2 H26

2
Y1 Y4 2.2

( 2.2G ) Y4 Y7

 

─ 832 ─



JIS 1.1
( 1.1G )

 

C0 = 0.2
H400 200 8 13

H248 124 5 8 H250 125 6 9 H300
150 6.5 9

H
SS400

2
20mm 27mm

16mm
SNR400B

 

H900 300 16 28

 
32mm

M42 732mm ABR490 4

 
2 Ai

N 20 2m 2m

2
 

1
Ai

1/100
3

2.42
1.68  

1m 1m 64mm
60

 
71t

30t 230t  

1 1
0.310 0.228

TR 1.36

MR 1.29 8,9)

  
  

 

 71t  
 30t 

 
 230t 

 9.090m 

 30.0m×18.6m 
6 ×6  

 
C0 = 0.2  

 
 

 

( ) H400×200×8×13 (SS400) 

 
H250×125×6×9 (SS400) 
H300×150×6.5×9 (SS400) 
H400×200×8×13 (SS400) 

 H400×200×8×13 (SS400) 
 H248×124×5×8 (SS400) 
 

 
M20 M27 (SNR400B) 
T.B.  

 
 

M16 (SNR400B) 
T.B.  

( ) 
 

 (N/mm2) (N/mm2) (%)
(SS400) 299 443 33
(SS400) 330 444 31

(SNR400B)

M27 313 482 31

M20 314 480 27

M16 291 446 24

 

─ 833 ─



1.28 1.08  
(1)

(2) (3)
(4)

 

─ 834 ─



(5)
(6) (7)

(8)

3
4

 
23

  

2011
(K-NET)

K-NET 1995
JMA

K-NET JMA NS
EW UD K-NET

JMA NS 5
5% 6
6

 

3
4

5% 25% 50% 2
5% 25% 50% 80% 100%

─ 835 ─



100% 150% 100%
20Hz LPF

 

3 0.1 35 Hz
0.6 m/s2  

 

(20m×15m)

 
7 K-NET 100%

2

0.3
0.1

(X1Y1)

1

 

0.1 35Hz

 
8 1

1 (X4)
Hcol

Vroof  Vroof / Hcol 32%
(X1)

Vroof / Hcol 0
Hroof

Hroof / Hcol (X4) (X1) 1
 

1.28
1.08
84%

32%

 
5 3

 

 

 

─ 836 ─



2.4 3

1

 

9 K-NET 100%
6

6 2

  
 

 
  

 
 

K-NET 25% 0.27% 0.17% 
K-NET 50%(1) 0.68% 0.42% 
K-NET 50%(2) 0.65%( ) 0.52%( ) 

 
 

K-NET 25% 0.28% 0.18% 
K-NET 50% 0.65% 0.41% 
K-NET 80% 1.14% 1.03% 

K-NET 100% 1.81% 2.09% 
JMA 100% 1.45% 3.20% 
JMA 150% 2.05%( ) 4.47%( ) 

( ) 2  

─ 837 ─



1Hz 1.5Hz

K-NET 50% JMA 100%

 

K-NET 80

K-NET 80%
 

10
 

K-NET 80% 10
K-NET

50%
 

K-NET 80%

 
2 K-NET 80%

 
3

1
 

11 K-NET 50% 1
35

35
12 7  

4
0.1

 
12 K-

NET 80%

11)

 

K-NET
50% 80% 100%

bM X4
13 bM

H400×200×8×13

yM 350kNm pM
392kNm K-NET 50%

K-NET 80% pM
K-NET 100% pM
JMA 100% 150% pM

 

13.7 19.6 13.7

26.5 32.4 24.5

27.5 34.3 26.5

11.8 13.7 9.8

23.5 29.4 22.6

39.2 41.2 33.3

41.2 41.2 31.4

36.3 41.2 29.4

39.2 43.1 31.4

─ 838 ─



10
P yP

P yP

n

i
i

n

i
i APP                    (1) 

yy AnP                         (2) 

n

10 A y

i i
 

K-NET 25% 50%
K-NET 25%

0.3 K-NET 50% 0.6 0.8
K-NET 80% 80%

50% K-NET
100% JMA 100% JMA 150%

─ 839 ─



 
36

15 K-NET 25%

0.25 K-NET 50% 1
36 11% K-NET 25%

2 17% K-
NET 50%

K-NET 50% 0.6
K-NET 80%

JMA 100% JMA 150%
 

 

 
(1) 

Ai

 
(2) 

10Hz

 
(3) 

32% 1.8 2.4%
 

(4) 
2.05%(=1/49) 4.47%(=1/22)

 
 

PJ

( ) (
)

( )
( ) (50 )

 
 

 

 

 

2015 pp. 3-13 2015  

 
   

─ 840 ─



DESIGN AND STRUCTURAL RESPONSE OF FULL-SCALE GYMNASIUM SPECIMEN 
E-Defense shake table experiment on collapse mechanism of wide-area suspended ceiling in gymnasium part 1 

 
Tomohiro SASAKI*1, Atsushi AOI*2, Hiroyuki TAGAWA*3, Koichi KAJIWARA*4, Daiki SATO*5, 

Toshimi KABEYASAWA*6, Tsuyoshi SEIKE*7, Satoshi YAMADA*8, Hiroshi FUKUYAMA*9 
 

*1 Senior Researcher, Earthquake Disaster Mitigation Division, National Research Institute for Earth Science and Disaster Prevention (NIED), Dr. Eng. 

*2 Researcher, R&D Inst., Takenaka Corp. (Former NIED), M. Eng. 

*3 Assoc. Prof., Dept. Arch., Mukogawa Women’s Univ.(Former NIED), Ph.D. 

*4 Manager, Earthquake Disaster Mitigation Division, NIED, Dr. Eng. 

*5 Assoc. Prof., Structural Engineering Research Center, Tokyo Institute of Technology (Former NIED), Dr. Eng. 

*6 Prof., Earthquake Research Institute, The University of Tokyo, Dr. Eng. 

*7 Assoc. Prof., Department of Socio-Cultural Environmental Studies, The University of Tokyo, Dr. Eng. 

*8 Prof., Structural Engineering Research Center, Tokyo Institute of Technology, Dr. Eng. 

*9 Director, Housing Department, National Institute for Land and Infrastructure Management, Dr. Eng. 

 
In the 2011 off the Pacific coast of Tohoku Earthquake, many suspended ceilings and other suspended equipment fell 

down due to the lack of their resistance to earthquakes. To mitigate severe damage to ceiling system caused by 
earthquakes, new seismic design code for suspended ceiling system was issued by the Ministry of Land, Infrastructure, 
Transport and Tourism. However, the mechanism why and how suspended ceiling system falls down during earthquakes 
has not yet been clarified well. In order to clarify the collapse mechanism of wide-area ceiling system and development 
of its countermeasure, new research project was launched and the first series of full-scale shake table experiments of 
wide-area ceiling system in school gymnasium was conducted. This paper presents outline of the full-scale shake table 
experiment and global response of structural members. 

The specimen was designed as the full-scale specimen which can represents real steel school gymnasium on spread 
foundations built in elementary and junior high schools based on the allowable stress design with base shear coefficient 
C  of 0.2. It had a floor plan dimension of 30m by 18.6m and a height of 9.09m. Because its size was larger than the 
shake table size of 20m by 15m, it was supported by cantilevered large stiff girders with the overhang of 5m at the 
maximum. Based on pushover analysis using iA  distributions, it was confirmed that the base-shear versus 
displacement relation in the specimen was close to that in the prototype of the specimen. In the specimen, two different 
types of suspended ceiling were installed; 1) non-seismic ceiling and 2) seismically designed ceilings with seismic 
coefficient of 1.1G and 2.2G. Fail-safe system consisting of wires and nets to prevent damage caused by suspended 
equipment to people inside the gymnasium was also installed to evaluate its effectiveness.  

Two ground acceleration records were used as imposed motions; 1) K-NET Sendai record observed at K-NET Sendai 
station during the 2011 off the Pacific coast of Tohoku Earthquake and 2) JMA Kobe record observed at JMA Kobe 
observatory during 1995 Hyogo-ken Nanbu earthquake. Intensity of imposed motions were 5%, 25% and 50% (twice) of 
K-NET Sendai record for the specimen with non-seismic ceiling and 5%, 25%, 50%, 80% and 100% of K-NET Sendai 
record and 100% and 150% of JMA Kobe record for the specimen with seismically designed ceilings. 

Based on the shake table experiment, it was found that response accelerations measured at the base of corner columns 
(the edge of cantilevered stiff girders) were close to the original record in horizontal directions while vertical response 
accelerations were amplified in the frequency of 10Hz. It showed the response acceleration should be carefully checked 
in high frequency components. 

Based on the whitenoise excitations, natural periods and mode shapes were estimated. It was clarified that the 
vertical response was coupled with horizontal response and the intensity of vertical response was the maximum value 
of 32% of the intensity of horizontal response.  

Based on the excitations using K-NET Sendai and JMA Kobe records, the maximum response displacement at the 
roof top was 2.05% (=1/49) and 4.47% (=1/22) of the height of specimen in span and ridge directions, respectively. Only 
the base of columns yielded, however, no damage was observed in columns, girders and beams. All vertical and 
horizontal braces yielded and buckled repeatedly, and the deformation in the out-of-plane direction was observed. 
However, no brace ruptured. 
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