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Collapse Mechanism of Wide-area Suspended Ceiling System Based on
E-Defense Full-scale Shake Table Experiments

—Shake Table Experiments on Non-seismic Suspended Ceiling
and Seismically Designed Suspended Ceiling—
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Abstract

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, Transportation and Tourism (MLIT). However, the mechanism why and how suspended ceiling
system falls down by earthquakes has not yet clarified. In order to clarify the collapse mechanism, a series of full-
scale shake-table experiments of wide-area ceiling system is conducted. This paper presents the collapse mechanism
of wide-area suspended ceiling system based on E-Defense full-scale shake-table experiments.

Key words: Suspended ceiling, Seismic design, Gymnasium, Shake table experiment, E-Defense
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Photo 1.2.1 Damage of Ceiling due to Tohoku Earthquake [1.14].
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Photo 1.2.2 Damage of Structural Members due to Tohoku Earthquake [1.21].
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Photo 2.2.1 Full-scale Gymnasium Specimen.
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DERI—RTIE, HORIEF- TIZTH &N
o5, BRT S H26 F A ITE D < BLEESR -3
APHES NN HRA D CHICR S THFH T2
EMSE, ANZALDENRED BT NE %I
BAHED, U ELL.

C SRS mm BFE S 25 R —KRE 9 mm &
Ow =)%Y RkaifAHrabdEdsn. 2 X
WA AL ST0m?, LN ® AEIZ 625 m? THD.
F/m, AMAERAEE 3130 kgm? THO, AN
ML A PREES NS, NPT EaNDLE
80.3kN &7325.

AFREICEIUT T RFRL, A
2RO RTS8 H200 X 200 X 8 X 12 A3 B
ThHdHELRBL, ZTNIIHWLTE “FF2rREn<

(a) EHEHIATITHFE LS

(a) Ceiling Constructed in Gymnasium Specimen.
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Tt atEh

#2.3.1 AN DF K
Table 2.3.1 Design of Non-seismic Ceiling.
g A%
N R sl
'S AL 19.0 X 30.0 m (570 m?)
ERL 625 m?
ENE -
. i}g‘—rgf;‘; 13.1 kg/m?
R 80.3 kN
2075 2A aU
HOR S 1,500 mm
0 Y 1147 X 1,000 mm
mORIL W3/8 & 0 R)L b
1] — D -
N s B )
IV AR JIS19 ™% @364 mm
DI JIS19 % @1,820 mm
2T JIS19 ™ @1,000 mm
sy JSIOMR Oy FryT
OB aL
HOIZOAR—R9S5Smm+ 0y 7 —
=7
£ S K C s 3 S
@200 mm (& 12%% : @150 mm)

REXFOTRF 20 “F k. BORZITONWTI,
ROz > TRAMICE SFHE TR TE -
Jz.

R g5 Y, ROBHFDT )T T AN
W, B OFEGT- RAOIZEE INTELAE &
Rz, JISHEAEZ 19 F 2 L L=, TE 232
WFEP L2 THS.

g0
55

2T
o)y

7 8
S EEED
7
Xl

(b) *F B DA
(b) Model of Specimen.

A S

Photo 2.3.1 Non-seismic Ceiling.
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(a) Cross Section.
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(b) Plan View.

v 231 A A
Fig. 2.3.1 Non-seismic Ceiling.
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(a) 2RV &7 U — N\ — (JIS BUAE 2 ¥ )
(a) Ceiling Joist Receiver and Ceiling Hunger (JIS Equivalent).

(b) ¥ TNEFKEY TIVT U w7 (JIS £k 5y
(b) Wide Ceiling Joist and Wide Ceiling Joist Clip
(JIS Conformed).

5§ 232

BB # (6-100x50x20)

HB

W3/8/m Y AR k

Y232 &HDoo
Fig. 2.3.2 Connection of Hanging Bolts.

T TOEREZEFTLEIIICLEZDTHS. LR
I 1Sm&L, M PROAZTHETHE I NHH
FOITHRWHDRIZER Lz, HIV=2IEOC
KOL— RT3 mOHBDRIETHRFR G6F &x-o
TWB), ROBHFDFE QLS R/ EbF EL
Fa, 1L5mEROHDRINE. vEERiHR N

©) U NEFET T v T (IS £FE)

(¢) Narrow Ceiling Joist and Narrow Ceiling Joist Clip
(JIS Conformed).

AW T B LR

Photo 2.3.2 Members of Non-seismic Ceiling.
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i 1ZDONT, Ra-zfi 9.
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DH— 123 25X FF 313, NoH— 12537
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SNy TOREBFDOZE D L;t BB, TRCICER 59 TR I2ONTRE
3BENTHD,FHM IZ1ION &> T 5. THE, TV OEREER? BT, Hmtr)l/b
Uy TIDEEDOEXRREMNSTEHE, 1 D0 1,146 mm D5 F, 29.4 N/mm? TH 25 DIT
TN TINER LTS T 4 1346.8 N SEICKDE BT IR 13254 N/mm? &,

T%% EoT, MR CEE I3 QIR A 1.4

CETHETY Y TOERLTNDEE BEE
ﬂ% 62GIBTHEEF 2BAD IR
.

A EET PN,
2Ty T ADHH |
ST,
Uy TMHRET AN ALNT A 6N5.

3000 \
N ——No. |
2500 71 -—No.27
- | v\ ~——No.3
52000 A
81500/ \, |
N
1000 —f - — - — _ _ = _
500 { Allowable Strength 930N
| |
00 5 10 15
P Displacement (mm)
(a) EFRIL (b) E5HE %
(1) 7Y —=N>7H— (JIS)
(1) Free Hanger (JIS).
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. So0r ~~No.37
Z 5001 A
= 8 400 A
% k i 2 300 :
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w® [\ . 200 7
=“"- B 3 ‘ ‘ 1005~ ZITOW'TI ] ngthi 10N |
L . T 00 5 10 15 00 5 10 15
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(@ AL (b) #1 (©) BB
Q) >Ny 7 JIS)
(2) Narrow Clip (JIS).
1000
No. 1
200 N -— No. 2]
\I —=No.3
Z 600 L . i
— EEmE g 1
£ 400 L
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| | | |
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(3) 7)Yy JIS)
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v 233
Fig. 2.3.3 Tensile Test of Metal Parts for Connection of Ceiling.
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Clip (JIS).
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AEITIE, EHEBRADOTINCFH TE A DS
5, H26 A= 12200 < BLigSh =W VS
2HEEOHRE D1 DITDNTRNDS,

241 11G W 2 QFF KM

FETHAFE, FAHRAT PO IIFE T
5. ZOX OFFIELD, FEAVEREE LI
Lz U, oM & LIGHERNY &9 2.
ZO1HRBOFFAVEREE, INEXTOR O
RHEIZBNTRF I WonTE@R? TH
D, $HOFFTBNTHRFT W EMRD VML
?azm Fro, H26 AR TIEFEA T REI1E5H

B22LTHLNTHBD, TNDOI2EREZHDT
%5. 7238, H26 SRR IT K AUT 2 g 1 RS

5:‘0)?%’%*]’”'%)% 1£098 &4 @%%i 123 W iE
ThHb.
L1 G4 OFF T, H26 5o &

= RMIZRES . 3D AZMEICE Wwsh b OF”
FTIE, WA RFEFFT IR WoNL T ENETS
N5, 20D, £ — MNIEDWEEGE Ny Y
ThabHEXHL .

H26 g ffr=8 O £ )L — R TlE, 2 F oh DR
IN- KTHIELIZOAEA TES., ZDRD,
LIGHWERAY OHOR SN TLobkd, B
ORHEE CEEEHTLHZHAY &L

SR, AR EH AR, 9.5 mm BO
HoIZHR—REIMmEOOy 7y —)L %y i &
DOEATHET D, AP ETREES L, F241
ICATA DAL M OHE HE 0, 13.8 kg/m?
ThHbD. Irp, *FEFOEE 1L, 25k, IR
o, 7y TJOEE THO, ORIV, NoH—,
FHOHIT ENTWARWN, b, %3*’61 H26
REE DFEFUCH HF Wb T2, “EE0F”
TETHEDITN AT 2T S, B R A
4% ldkgm? &Lz AR EEE Li 20 kg/m2
UM THD, H6ZFEEDE )L — K DF P aEY
Thb.

BB, XAFREFOIITITOXIF, Y 241 1T
LI, BRIE, 7 )b— 70 H D (2.6

HEVREODTHRED 60mm AELFIL DL
L.

LW

# 241 A B AT
Table 2.4.1 Unit Mass of Ceiling.
N L
Ho ISR —R 6.2 kg/m>
Oy 27 —)L %% ik 4.5 kg/m?
T e 3.1 kg/m?
5 2 g
- o o
Al Ny =
TP T
i
.’ 20 4
i !
w0 |

(a) Y 4@ WrimX
(a) Cross Section at Y4.

(b)Y 733D e v
(b) Cross Section at Y7.
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= EXABEAY H—
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L2 7L H6303
(JISTOE)

H HES Y v T
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(c) Y DELE VN (X4,YT)
(¢) Around Column at X4Y7.

Y241 LIGHWEAF OIUT TR
Fig. 2.4.1 Clearance of Seismically Designed Ceiling
with Seismic Coefficient of 1.1.
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(a) Plan View.
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(b) W2 ¥
(b) Cross Section.

Y242 1.1G ﬂi*ﬁ;ﬂ\i'
Fig. 2.4.2 Seismically Ceiling with Seismic Coefficient of 1.1.

.‘. 4 i-tl-_

(a) M RAZBATEUNTHFE LS (b) = F Bk DA
(a) Ceiling Constructed in Gymnasium Specimen. (b) Model of Specimen.

SE 241 1.1G Fﬁ*’?fj\i'
Photo 2.4.1 Seismically Ceiling with Seismic Coefficient of 1.1.



FEA R DN ORWYERT AN ALFEPOLODE —F 1 7 2 X ATRI B 5 T — 2 FE»

#24.2 1.1G ﬁ*%j\i' DI &
Table 2.4.2 Design of Seismically Ceiling with Seismic
Coefficient of 1.1.

e [
FEAYRE 1.1
AN HIIT G 9.0 X 29.7 m(251 m?)
ENCLNS | 279m>
AP R AT E 13.8 kg/m? (5 Tl 14 kg/m?)
AT 38.4 kN
77 T2 A 60 mm ) -
mORE 1,500 mm
&0 WG 860 X 1,000 mm
H ORIV W3/8 & DR b
NI — BT ) =N\ I —
>V ET JIS19 % @303 mm
DI JIS19 ™% @910 mm
IR JIS19 %4 @1,000 mm
[is: GER7A A
gy s )y T
FEDOPHFH FFE LDH)
2 avH a0 x 20X 16
Rshh Mifiss EHI227
HoOIZHOR—R9S5Smm+Ov Y
L — )L % AR 9 mm
Lo ﬁ~;%£23§ind%$:
@200mm (& 32E3 : @150mm)

K, STRRCTVHIE IS 19 P L, 2o
DOWNTH H26 %%fﬁ'??;i'\i% IZA-INDHHR ([ — 40 X 20
X t1.6) 2 B T2 &T, PR EDR NI AR
CHELTWD., § 813 243104382 TR
B L7z B UREIITE 2421054F. N2 H—
I, FHAFICER L, WERTU NI —%
@R L7z 27Uy TICDOnTh, H265HREEDE
FUTHHRIEI L, TOEENPSNELST
WBHRE 70y T ERERs )y TEER L

RLPESH W QIR T, RSB —
7Yy TOFHEITHR T DN ORI 2 L
9L, B SWEII IN S ORE NT 3, LS.

QEXED ) T O VSITIE, RO
FER ¥ OF EaAd priep 28 i i s
Vw7 %, ZNJAOEFNIIWRE 70w TR
B L. ROBHEE YIS, REIRTT
ICERE TP ERRRs )y TEFE THL
T, PURBIIOAMNDAY T 2RO T ICEE
TE2MmEEnb.

(a) RIOEF EEEA 4 A
(a) Connection Metal Part at
Brace Top.

(b) THEZ V=" H—
(b) Aseismic Free Hanger.

(c) W w7
(¢) Aseismic Clip.

(@ fREZ Y v 7
(d) Windproof Clip.

I

d=X====d \

<l
e

HE

»”

(e) BrtxziFvaA >~ b
(e) Ceiling Joist Receiver
Joint.

) BfgxraA b
(f) Ceiling Joist Joint.

Y243 SEEPBICHL TEEE
Fig. 2.4.3 Metal Parts for Connection of Members.
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W3/8/m Y R b

(b) DI Y

Y 244 RO ST ER DZVH T
Fig. 2.4.4 Connection at Brace Top and Support
Beam of Ceiling Brace.

BHEFOE THIZICDODNTIE, /%2 =TI,
RO DI BHNSHO YT AR DRIV -
A LTV, 9 BA C-100 X 50 X 20 T,
FOERTITR OEFITIER T5 B WA TN
W, I ETIER HITH 213 H-100 X 100 X 6 X 8
YRR R L, RO 3N EBeTHEIEEL.
V244 TR DO SRS BEAT. ROBH
TN, BT AROBHOHEERT Py NgEEn A
wZER L7236 TH, BAOFTHFRIT B2 ITR
HEOFF LTS, 2 AiTR= 2wl e
EEOHER WTNW5.

=S <o 2.4.1
Z, 4z, ¢ @4
- - S g e
(@) TEZ U v 75 L OTET ) — o A — COT MAFH R R ENTO 2308 K
Jpliz %’*"@’E%Jngﬁ\lﬁﬂ L7izms D
T 242 LIGWERAE 0B 4 @J@#de PICIER T2E—A 2 b, Z1 i%%*ﬂ’v
Photo 2.4.2 Co‘n.nectllon 1n. Se.lsmlcall}.l Designed % DR Rk L A DT DF X ijﬁ
Ceiling with Seismic Coefficient of 1.1.
oo THS.
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FHHRAT CRHEREZEFT 2200
Fry b= NX3ADBRIUTXSADDOI
TRFUsNTVWSE, ZOF vy hUr—T
FLOHRIAY 2450V THS. *F 2L
Fry bUr—rr % EOHEOWEIX 150 mm A
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HO, FryyhUr—r09 LBITHD R BQN
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30B
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DE LY 246124 T EBOTHS.
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EXDLEDIZT L RO - TEL BX
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?2.4.5 q:-\v\yl\@yj,_ﬁkj\iv@gg,&}
Fig. 2.4.5 Ceiling and Catwalk.

Ej. 2.4.3 :‘F’\" Vi }\Wﬂ“—ﬁl:?%‘ﬁf:?‘
Photo 2.4.3 Hole in Catwalk around Hanging Bolts.

b - &
“_,.'ll'l‘l.illt!.l ‘:l E
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iy 1 e [T8]
B G 0
T o

Y246 ROBHOE
Fig. 2.4.6 Length of Ceiling Brace.

GE 244 RO -WHBER DI LT
Photo 2.4.4 Connection at Brace Top and Support Beam
of Ceiling Brace.
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Table 2.4.3 Strength of Connection and Safety Factor.

P D@28 AIC e @F & Th% | @OHE@BT | dhw
= o M o
NindmE (N) P, (N) @+ P, (N) @+
2 o u L
1565 e 3 iy 1938 1.2 2813 1.8
[-40 X 20 X 1.6 L=1840
WS 7 S 783 e 641 08 962 1.2
P 7 @61) TRV 2.4) (3.6)
A E 1565 O 4185 26 6278 40
NEEZ P e 3, : :
N T .
g , 313 AR5, 776 2.4 2328 74
EX% T
16000 e .ﬁltﬂél-.t_x‘.'- 10000 i
14000 s aRqaE ﬁ rd
N = ik Sl T
15000 4 L'F 2000 i 7
bR nali] - 2000
£ som S almw E o
= T gRo L TAnomE € 2000 /f’ 7
B oo LA
4000 (
000 R I T 6000 [
2000 LI 2 EAD -B000 }/
ERd Ead 10000
! ] [ 10 1% -54-3-2-101 2 3 4 5
f Bl it (mm)
(a) BRI (b) - %m0 FH (c) #03E Latsk
— M ARBRICB T D EEMER L OZEN
518877 ) JE A5 7 1)
2552 (mm) far #E (N) 5 (mm) far # (N)
1 4.90] 1 7254.92] 1 2.02] 1 8331. 10
2 2.35] 2 5179.92] 2 2.68] 2 8521. 11
3 3.82] 3 6400. 47| 3 3.72] 3 10158. 37
da+ 3.69| P} 6278. 44|d- 2.81| P, 9003. 53
(d) - & 33 HBuE S

Y247 AOBH -WETEL RIoEL

Fig. 2.4.7 Test Result of Metal P

BEOBT)| ETONTVWSEE THD, - B9
A EHBTIC, P 0LDIZLT

D 15w 3 R0 Eontmd L9 %
ICETDE, AENE K OB 2L

2) KBDOFEZEHDEHE, @F —AdEITE
?6&5’9q%ﬁbtﬁ®%éﬁﬂtﬁé.

D EMIELEZUOR AIIBIT2BT 2HEEOD
T P, ERHRT.

L, WA ZRE LicEx5i mE MiEicE

U, F<IZWENKBYTVIZET T30, 20

WHEL (BT BT ZMERT P, E LTV,

HHEHOHEHHT L, FEB]T P, ELT

H26 5 508 |

Part of Connection at Brace Top.

7’ E

P, =15

2174,

b

2PN, KRk > TR D .

(2.4.3)

ZZT, EWRV 7 1R¥% (=205 X 105 N/em?), 1, 1%

W e 7 (=295.35),

Ay 13N A (=1.209 cm?) TH 5.

W5 E ORD\BH DS B OR DB NG bR
<RBBD, “FZOEJwE THP L.
Xz, FEWH PALATAD 5.

(2.4.2)

ZZT, aldls &L TW5.
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(d) - #3886 S
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DR ACE . SUbELD
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Fig. 2.4.8 Test Result of Aseismic Clip in Direction of Ceiling Joist Receiver.
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Fig. 2.4.9 Test Result of Ceiling Unit.
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Table 4.2 Maximum Response Acceleration on Ceiling and Roof.
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Table 5.2.2 Progress of Damage on Brace 1-1~5-8
during JMA Kobe 100% Excitation.
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Table 5.2.3 Progress of Damage on Brace 1-1~5-8

during JMA Kobe 150% Excitation.
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Table 5.2.4 Progress of Damage on Brace 6-1~10-8
during JMA Kobe 100% Excitation.
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IMA A3 o 3 100% J74& 5 4 {5 R3(6-1 ~ 10-8)
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Table 5.2.5 Progress of Damage on Brace 6-1~10-8

during JMA Kobe 150% Excitation.

FOEH BIEKR ROEH BIHIKR
6-1 6-1
1. TEEREI(6-1) (6-3), BTl (6-2) (6-4) RHERH EEEE D)L MR (L
6-2 6-2 I Dsih)
2. R—F O TEER A B A A SRIK I B 32
6-3 6-3 (3 THEMEI(6-1) BERIDKE—FDET
7L
¥ (6-5) ~ (6-8) MOEM TEDHR—FDET
64 ooa |1 Q0-D~(10-8)HEH FEDR—FDET
2. 1.DETIBRELTE-1)~(8-8)RIDEHM FEDR—FDZET
3. 2.DE TITBRELT6-5)~(6-8)RIDEM FEDR—FDET
- 6-5
- 6-6
7 b
&L P &L
- 6-8
- 7-1
7-2 7-2 |1 THEREI(7-1) (7-3), EFSEAEI(7-2) (7-4) $HHERH L ERE B DAL MEMT
HL 2. TEEREI (7-3) RIOHEBHFEMTERBRIZ (7-3) RIOBH FTHOR—FDET
7-3 * 7-3 [ (RHBH DB DRTIZ. FOEWH EBEEN T A of=DIZRYRILINE
#.)
7-4 7-4
- Bl - il
o-1 HL a—q |1 TEEDEI(8-1) ROERH DER
< 2. TEEMAI(8-1) EBEETAY, T
8-2 - 8-2 -
8-3 - 8-3 -
8-4 - 8-4 -
8-5 - 8-5 -
8-6 - 8-6 -
8-7 - 8-7 -
8-8 - 8-8 -
9-1 - 9-1 -
9-2 - 9-2 -
9-3 - 9-3 -
9-4 - 9-4 -
9-5 - 9-5 -
9-6 - 9-6 -
9-7 - 9-7 -
9-8 - 9-8 -
10-1 - 10-1 -
10-2 - 10-2 -
10-3 - 10-3 -
10-4 - 10-4 -
10-5 - 10-5 -
10-6 - 10-6 -
10-7 - 10-7 -
10-8 - 10-8 -




B SR S R R AR E 3915 2015 F 2
#52.6  IMAATJ 3 100% 74T 2 5 RP(11-1 ~ 15-8) 527  IMAMJ R 150% J785 48 R Pu(11-1 ~ 15-8)

Table 5.2.6 Progress of Damage on Brace 11-1~15-8 Table 5.2.7 Progress of Damage on Brace 11-1~15-8

during JMA Kobe 100% Excitation.

during JMA Kobe 150% Excitation.
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Table 7.3.3 Workload for Construction of Ceiling with
Area of 200 m?.
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Fig. 7.3.1 Workload for Construction of Ceiling with
Area of 200 m?.
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Table 7.3.4 Amount of Construction in One Day, One
Person.
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Fig. 7.3.2 Amount of Construction in One Day, One Person.
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Table 7.3.5(1) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(2) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(3) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(4) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(5) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(6) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(7) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(8) Difference of Characteristics of Members in Ceiling.
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Table 7.3.5(9) Difference of Characteristics of Members in Ceiling.
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Fig. 7.4.1 Effect of Seismic Counter Measures for
Ceiling on Construction Costs.
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Fig. 7.4.2 Cost for Construction of Ceiling.
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