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Abstract

We propose a method for constructing a shell surface made of flat plates and bolts, in which two or three bending

plates are superposed and fixed. A flat plate can be easily bent in one direction, but superposing two or three

plates bent in different directions creates a gap between the plates, making it difficult to estimate the stiffness of

the curvature. The first objective of this study was to estimate the bending stiffness especially for seismic design.

To estimate the stiffness by using the thickness of the plates, we create an FEM model and changed the plate

thickness to match the vibration frequency of the small assembled model. The second objective was to reduce the

difference between the drawings and the assembled model. We achieved this by changing the nodal positions to

reduce the sum of squared residuals of the curvatures and checked its validity.
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Fig.1 Geometry of Rectangular Shell Model.

Fig.2 Junction of Flat Plates.
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Fig.3 Hole Position of Element. Fig.4 Flat Type Hinge.
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Fig.6 Assembled Rectangular ShellModl.



PR AT - BRI SR

3. 3B = )Lyl (T I ET

3.1 FFEETIL

H PR 1R & Z DR RICO W TR~ 2. BARHE
EHORMMEE L TR EEROME, HEROIGEZFE
BICEEREMCET2METCH D LB L, ZoMMEE
S DORIETE T 52L& L. ZhEiid 570
2, BHEICERONT 3D E — >0 = MR
L LEEEET VEER L, EAA WA SR -IEE)
LB OIRERER ) DR O IRE S T D REE
KHTWD.

7E, BREL L BIPES T 3 CREIE STV DR HE 2 4l
EFNLTEHMIERT LT LV, HEET L
DEERFMIEEHEMEICG 2D 2 L Lz, ATl
ML= 0.8mm D EH DY o VAR ITH B EBR LY
5200N/mm? & 54, W7 VI 038 L LTS 9,
BRI o 2R R (0.986kg) EAHISAAIET AT
FICHp Lz EEE L TH X TWA. [E A MAENT I
XA f#AT 7 7 b Midas Gen?Z IV T\ 5.
LZAT, BIETHRLEEEY = VORI, BRI
LA E THETEALTEY, BROEREEI2[AY
VEREThAELEEZLNS. BEREOEMNE Y RE
LL, WEA 24mm (=0.8mm X3 £) & L THEIEETF L
ZIERR LERIMIT L7 & 24, NSRBI TH D720, 1
WEAEEVES 500Hz LA L& o7, FHOLNTAT D

REE TR T O ERAEE CMERRTE 2070,

LVIRB LG 25 L5, RFEFmEMEFMEL,
FHEOEREZMEEZBHRE LIZREICOW TR L.
BAEE T V2B W T, Fig7 D@HI TR LIzHim A X
L LT LZE 24, | REAREEIT 43Hz TH -
7. ZOHEETAVICAEDE, BRI TR DO
THEERTHLIELEZA, ZOENIPFENTLESTZ.
BEIc WY, T 28R imE2 2 TXFLRNE

FERZIR N BRI E EH LS B D 2492 R bino T
Wz 7z, B o i FEEEAE % SurveyFromPhoto (SFP :
SWTEY 7 9) AHWTEHREL, # ol THEE
TNEFER L. BEMITLI-ZEZA, 1| KEARS
¥ 31Hz ThoTo. ZOREORHHE TCHNITIED A
THRETTRE TH o 1= 7- 8, Z DSk Tl F WM oo 40 &
1792 & & L. AT REMETmOENE &N
KEWHONBIEIC 3 K E T Fig8 12”7 .

/4
D ( | CH1 CH3 CH5 ) @
/
CH7
@(e) 1®
CHs
y/ . \\
® { cH2 cHa CH6 |®
/

Fig.7 Support Condition and Position of Strain Gauges.

Fig.8 Eigen Modes in Longer Direction.

3.2 RBERELUER

Wiz, IREEBR L VR OB A IREEEZ RO D, EAE
TEEIL, WL OPORBIFIETRD Z ENTEDHH,
A TIEA Y 0 — 7 IREBRZ A7z, SEaiiesrks £ X
DR E O A 20~50Hz & L7-. JEREET 5 BN
T 1Hz $ 2 EFEXETEY, B EEEOREIX
IHz TH 5. MEHE~DOANTEBE TR EZICEDL S5
EELTEY, FARENKE 2D, NIRRT/ S
7220, BE L EEBOMEANTOT HNEHITE
LHEICEBEDOKE EERDTCND., £, ABHEBK
R OOFHEZFHL, TOZLETHHIL TS, O
T AHOFMNL, BfAE— F&5E12, Fig.7 /7 L7z CHI
~CH8 DEDEFHm & Li-.

Fig.9 (CHRERER 2 515 5 = O3 Al o SL R it 1 %
AR BREINIINERF QR EN L (Hz), MEENIISZE 07 7
(X109 TH 5. IEBHHH 30Hz T CHI~CH6 DT &
DAMICERSLTEBY, 20N 1 REFEHKTH D
EBEZBND. ZOKOOT AT —T OMEERLARED T
— 2oL, FAFEFEZED TRRT D L&
Fig.10(a) & 72 5. ZOUOT Hoam & v, BB PRp
WCIRBY L TH Y, B Fig8 ® 1 kE— R TRLIZED
WWIRE L TWD Z Wb nd. ZOESRE 5T 5%
BETFT NV EOWRIEZR KD D &, FalfEN TIIRIE 2.4mm
D 1R EAIREIZE S 31Hz TH - 72D T, HE 2.34mm F2
ETHIVTIEESRBROBRELE KT L1chb. Lo
T, BRI CHWEKRE 0.8mm (23t L, BB LT
2.9 fEREE OMRIE & T HUE, 1R E AR B 63 5 R
EROONDZENRDhoT.

! —— CHI—— CH2

150 — B2 o cmz-e- cu
{1 -5 CHS-=- CH6
“— {1 = CH7-4— CH8
E
7 100
£
£
250+

30
Natural Frequency [Hz]
Fig.9 Result of Sweep Test.

35 40



SRR E AL E A6 20 B Y 2 VIS B T MIPERTAN & SRR RIS & 2 B K

(a)_.3OI;Iz (1t modé)

5p -10
>< 5
==
> >
50

WAV
(c¢) 40Hz (3" mode)
Fig.10  Value of Strain Gauges.

3.3 2RE—FLUBOKE

Fig.9 XV, 30Hz UIBEO##RIEAEH L TEY, 23K
OEAERIEE AR Z DN TW iRy, 22T, FH
EAF S H WV CHS DIRE N K E < EH L7 38Hz & 40Hz
W 3REAIREEENEL, TOINEZHZE L.
ENHOOT AT —Y DA% Fig.10(b) & ()IZRT. T
b O — REHAEMHTRE R & g 5.

Fig.10 X ¥, 1 k& — FTl, CHI,CH2 & CH5,CH6 ®
OFHOEAK SRR L TR Y, ERFmISx LTl
HME—RTHLZ ERDLND. 2 - 3RE— NTIT,
KN ET 0T AOEAF SN —HLTRBY, D
TN L CH WX 72T — RRBNATWD Z &b
L. RER O BERRITEY & RIS FR 72T T LT
HY, FEOFEIFEB L2WBRTH D3, HEAEOE
WA XV EL FRORESHNEZ 2 aliEEnH 5. L
2L, BRITEAR 2 SO L7 0T 7 L Tl ARVE R
NDREVWEAFAE—F (Fig.8) [ZBWT, x5 mIZRE)
THE—RNEENGE -T2, 72720, AREEEN/NE
WE— RIZBWTIE, HA0E— RPN 20HEATY
L., ZZT, FOLEHIBRE—FRDOI L, BEEEBEIN/N
SV 2 ffE A Fig 11 1”7 . BAREEIT 75Hz & 154Hz
ThV, IR CHE b7z 38Hz & 40Hz & b5 &%
BREWV. LoT, BIRAELAMIERELZRKIFLTND
HEND D L& 2.

Casel (75Hz)

Case2 (154Hz)

Fig.11 Vibration Modes
(Asymmetrically Vibrated in Longer and Shorter Direction).

3.4 BREEN2RE—RFLURBRICRIZTEE
RN B 2 RITTHA & LT, MR AR
—ThdbIll, BRAFHEOR—FEZEZ2T-. L,

W2 Mg 5 2 SR CH D7, ERLEICOW
THRHATLHZEET L. BAKGORELZZEL, EH
HEBORBREOWVEAICRLBEET VERRT . K
EfAT ClX, 2 COXFH LY TR L Lz, mEiAzm
FHCEELTWATELRL NOBICIZZ VT 50 AN
HY, BEBRECXFTRNES .

T, BRE&EMFICE Lt — T — 0 2 FlEAE
L, Thbaflab bt o5l T v oMMt Rzl
L7z, 728, BEET VOXEEF105THY, Zho
BRRAGMHE 2 TEZDEWRBRETVERICRD. Kt
TOHETNAEZMS 7720, XM%E Fig7 TRLEZO~
@D T N—TITH T, T —THICER SR EET S
el L fERRLTEEEET VT 64 FEL 72D

el S W e ARV IC S B LA T — FE2
oo 2 e ROBHESROLEL 2 RIESKL, 3
WETROL D% 3 RREFIL LS L 95, 2K
RV B B NS T2ET LD 1R 3D
BHE— N% Fig12 IZ7-7. ZOET L, BRI L—
TOLOEE X, BVEr—TF—XFFL LTV
Thd. 7ok, BT 2 wIREEE 1.27, 3 wIEEK
133 Tho=DIckt L, ZDOEF LTI 2 IEEN &t
1.10, 3 WAREN SIL 3.46 TH o=, ZOFETIVTIL, 1+
2 RE— RIERIE, 3 IRE— RIZIEHIECTH Y, 1R
DEAFE—RERRLZZENDLND. MOBEET LIC
BT, B LECMEEOEAEE— RIZESNR0 -
7o BEETNANORANLEZH AL TnD Z Eai
MotEZ —EEBEZTWDZ &, ARfidhmicr-> T
WHEIM &2 PR EFRTET VLTS Z &7 MRS
DHERNTHDLEEZEZLN, ThbEaXRETDLHZENEGH%
DOHETH 5.

P\ N\

3 mode (97Hz)
Fig.12 Eigen Modes in Longer Direction
(Modified Support Condition).

4. HMIFEZEBETILE T DR

41 HEEERETIV

ARGETIER U7 RN, #3285 0002 BEd 5
L, BEBRIZEWERICZRS Z ERbro TG, =
T, BREEET A LR, BERY R LT
LHEEBRRT 5.

FH OIS 5 AR OB/ SVIE EXIEIC



PR AT - BRI SR

WAL 2 ERLC & B a[REMEZ R L7 9. Loy LEEH @
FETIE, SRz BEAICBE SR EA RS T
7o, SERERNITHERR E KES BT, 2o
FETIEHEED E LTHRWSH W=, KTk, HiE
WY OEFAIBIRT, E5I12, ZABROIMERNEL
D LR BT HEERGT .
MFEEFEUER Y = VER D . T VR G N
NS BB EHICHREBB S, ik E kD 5.
RN, i S B L0 ihESE IS 2R B 7m0, i
SRBER L BAEE 0 OB A ERId 5 2iE, #hm LT
HAEBHSEITEn. LhL2EZmThR=k o0, 4
By =z VIZAFRICL > TR =2 HAETHD. £

7=, T SN FER o iR DS 2. %
COARBRTIR, HiAEY L TY T EELE3RODRS

T A i A E U, SR 0O xy J7E TSy E L7 dhi
roSCHARBETELILDOL L., &b, BEEY
VT 2 OV TR TH D DT, HiAILZ O
MERESRVWEIICBEISEL L. £72, =M
FEHOAERKE L, MF220108T 5 R KEVE
WD &, ZTOYMRE ZAEZ LG T 2O
JFoHrhEAML, ZOMOVROMITEREZEZTLE
DAREMEN H DH. T TARIMTIE, MUK TOMIT S
HWNEL oDk o, ZABBOAELZNL D =M
NEFTIERADOESOMERDTBY, Sbig, i
REOELSDEE/NELTHEHIE, HIEET Lo
FOKEV T CEEEN L OEO AR L LTN5.

ULEVETABRERD D FIHIZLLTOBY THD.

O AT7T4 o dhmAEKEEETESE LET AR
s fER (BARE ISy BRI 2 B 8k & 15
B4k (ZARMOoM[E L SEFLREOREOE LT
FFn) HEH

EHRIZR VT, B &S ICH SN BE L2

@

®

A0 HBBEEERD, TRNENERDREE R,

T ZICHLR BB
QDR T@EITV, LIEQL@A# VKT
T, BEMEME O EIEE 510,100 & LA OHE
1 B DU B A Fig 13 (oRk7. [ o Ml i34 v
LR, #edhid B B2 BROBUE TR LM TH
L. BARATUTIOR LB, SARMOKRTAE (5
T I IE) OEEE (K TiE ave. & RiD) &%
YRz (S.D. L £ ThD.

Fig.13 KV, 43813 100 & 10 DA T HBBEE SRR
BN RT 5 Z LR bnd . UEIBEIIE 1/10 TE D
NItk Z2 W%, Fig.14 1015 bz gtk o B %,
Fig.15 AT B2 6 L7 mf7 & 2 9. 2RISR #
RTONMETH S, Fig.15 I[TIX =AM MAE (degree)
HaLTEY, KRESEZUOBEHEKETEL TS, Figls
Fv, £HAFETLVOERFRICEEHL WS, ER
MAEAE T 5 & ML 6.07 D 5.48 I,
HEUEMR 221X 8.99 D 8.05 A L TR, MAEE
DIELOEEHJXPTETWVD. £z, BRAEITVIHTE
KT 36 ERETHLIOICKL, 25 EREF TR T
TWa. LIBEIPIEFEIR AT 7V, Fig.14 O % dh
IR T T L & S,

@

750
1/5
2 7404® 0 Initial: 6.07(ave.), 8.99(S.D.) —&~ /10
! -~ 1/100
= 7301
o5 1/5: 5.94(ave.), 8.66(S.D.)
E z 720
£ E710
2 F 1/100: 5.57(ave.), 8.25(S.D.)
% 7004
E yan\ O o
% 690_' A4 A4 A\
1/10: 5.48(ave.), 8.05(S.D.)
680
T T T T T T T
0 20 40 60 80 100 120

Trial number
Fig.13  Convergence of Sum of Squares in Related to Interval of
Movable Positions.

Fig.14 Convergence Solution
(1/10 Intervals, Birds-Eye View).

Convergence Solution of

1/10 Intervals
Fig.15 Nodal Positions and Angles of Sides between the
Elements.

Initial Position

4.2 RRHEFEE

WIZ, HhRELEE T L O U B AR T 5. B
WRECEPE IR & BERROZREZ RO, fitT /v
DG LT 52 & THMMiL TS, £, ZZTH
WAL DO SHE, MBS R TRIE TH W b O & [FEEE
TH Y, EAZROFN G SFPO% VTV 5. 72ds,
HUTEARNZAL AL T FNTHRAFET D720, B 2 & FERIC,
PLFICART 3 2ORE TR Z il L.

(A) HO0 U DMPZERE OB A EE L, R

5 HLMT 7 o THRLASL T 7o F R

(B) (A)DFIE TR L 72, ML B AZEREL TWD

TEESL, BN BH LA
(C©) MHAEHWT I, TR ORI > THEAL

T 7o

A7 L & il R T T I o0 TA)~(C)D FE
IR BRI A ERL L, HARR & BRI O 3 22 5 %
E B SALE TR D 7=, RBIET L (previous model) T F
B % Fig.16 (2, #EEELEETT /L (new model) TOHF=
B A Fig 1712R7. (P TRICRLE3I SORIE, #R
DKERGOREZ L FMERTRLEZRKTHY, &
NHIEIZA)HCODHEAEE TR LTS, FIZRLEX
%, ZEROHERSEZEGHETRLER TS D, EEkk

-
)



SRR E AL E A6 20 B Y 2 VIS B T MIPERTAN & SRR RIS & 2 B K

MOBEAIE mm THDH. X5, EROVHMHE, AR
7, ROKE, B/MEEZE LD TE VITRT. EHoOHEA
Emm THD. FROFRER, &bELR R0
ol e FMERLZO)THD. ZniE, (O»NKb i

RN ER WD L TCWBEZ ERNbns.

Table 1

Differences Between Assembled Model and
Drawings in Relation to Construction Methods.
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