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2 L2 ERE LT- FEM AT ZATV, S RO & 28
NEDNFERED k L% U< 725 X OIS v o 7155k
EEDD, X3 ITHEARL T 7R ORRE R T,
ETVITFT, wETONTIUTBNTY, o &IRERIC
HAE & WY o 71BN I IR AR B D SRR T B,

3 IS0 22156 o EfEmt A=k
3.1 EEMAODEHSE

JEEEfi /) (Crushing capacity) Pel, 58 & Wrifi~1E L
DIRESH, FPREMEIGCEE £ LW A 21V,
RATETZENTED,

Pc=fc><ZA 1)

Z @H%* Wiikifs A 1%, RAUTRDD Z LR TE DN,
D NOFHEER § DZALHRD 10%AKi# T D 5a1 3

ﬁ%@?ﬁﬁ%ﬁw,w%uh@%éi,%ﬁmﬁ»ﬂ
NOMEERAWCRE SN,

A=T/,x[D*— (D —26)?] )
ARSI 1, B EEARE T 5 2 & TRk D
ZEMTE, KATRDD,

fe= Fult/A X CRCDFCT(l/FSm) 3)

:@ﬁ]ﬁﬁ@@&%ﬁﬁ@%ﬁﬁﬁ,Aﬁ%ﬁﬁ,
TR O TUEMS%EL (Redundancy factor), Cor |7 EL
%Zﬁ%ﬁf"ﬁf—ﬁéﬁ( CriIEAREE R HIEIER L, FSald
MBIOZBIRETH 5, 2 1 T O TR A 7R T,
IR EEM & LT, #EWDG 1 SOEHM A HY
H 2SI KV BET D REMD 5 5, F TR O
MOAERR SIVTVO DR 1| RO EE) 32 &
(CE D RREET B RREMED B D, FEDMBIIRSITND,

&1 EMOTRMERE G

Redundancy of member in structure Cr

Non-redundant 0.90
Redundant 1.10
all other structures 1.00

7% 2 | AR R Cor 2o g, (2 7 ATh
b, LT, #7277 2% SC(Service Class) & 9%,
SC IE, HrOReEICHSE, SC1~SC3 IZ3ES N,
SC1 1XE/KF 12%Am, SC2 1TEKE 12%LL E 20%A4
T, SC3IXFE/KE 20%LL ETH D, SC3 Tl Cor lXEFR
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12X > T Cor DHEEEITD,

&2 FEHAHREGRS G

Load duration SC1 SC2 SC3
Permanent and long term applied load 0.60 0.55 0.50
Transient loads 0.75 0.65 0.55
Instantaneous loads(wind and seismic) 1.00 0.85 0.70

Fiz, XINTRT LG, FHEHIREICT D HIERE Cr
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T=38CTHWONL HDET D,

£3 FERREICKHT HMHEREC

Temperature SC1 SC2 SC3
T=38°C 1.00 1.00 1.00
38°C<T=52°C 0.90 0.90 0.90
52°C<T=65°C 0.80 0.80 0.80

MBHO LRI FSm 13, RN f. TIE2.0 TH 2.

3.2 EEMAODELTE
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I RIEOH RS, KLITHAMRE S Th D, ikitH
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x5, AWK 2RE T, PRI EE
L72UY,

Cpow =1 — (bo/oloz) (7
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RDBNDMN, KN L0 22 HEBRRIE A LT
IRHIRNZ o TNA,

b, = bmax/L <0.02 (8)
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, KSIARESREEZ~T, AR SIREKIE, A
WFGEDFEER & RO & 5720, Wil & bk
W) DL ET 5,

K4 FEHFHEOBIERL Cr

Load duration SC1 SC2 SC3
Permanent and long term applied load 050 045 040
Transient loads 1.00 095 0.90
Instantaneous loads(wind and seismic) 100 1.00 1.00

x5 AMRIFEHK

pin-pin  pin-fixed fixed-fixed
Laterally restrained 1.10 0.80 0.65
No laterally restrained 2.40 2.10 1.20
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20% % KB 2 HEELE HEIZ L AW R B D RERMAL IR
ARSI

ISO 22156 Ti¥, AMELLORAEIZE L CoR#EN
72, RN BRI O L 0 B L7223,
NSR-10 (2T b [FARC10)RTRD 5, AR SR
k13, BRSO R OA IR L > TRZRY, £ 61
AR SR Z T, ERSIHE, Wi & BRI G D

DEVSFFET DI, AR SRk, 1.0 &35,
®6 BUMRSFEHK
Condition of the supports k

Both ends articulated (Both ends of the element must be secured
from displacements perpendicular to its longitudinal axis) 10
One end with restriction to rotation and displacement, and the 21
other free

ISO22156 & 1XFE/2 1D, NSR-10 2RV TIE, iR
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EHEIT 5,
NSR-10 IZ8BWT, fHEL ML, 5 i, By
T HERE 720> TND, ZIVHIZHFEIFRHIRE Ce

IZE-oTEDLINTEY, KATRDHND,
005
Cx = 2.565 7 (11)

Z 2T, Eloos [ FFEERD 5% FRREICHRE AR T2 b,

Fo b[ARRICEIER OFAERICHE TH D, Fo KW
Bloos (FFNZFIU12), (13)-UTROHNB,

F'c = F nsgCpCrn GG, (12)

E'405 = Eo.05CnCe (13)

NSR-10 Ti, FERSRIHIIE U THIERARE LTV

%, WEERRATIZIVNT, Guadua OFESRE LT Eos, JE

bt & WS TGN B & 72 D356 3 Boos Z AV D,

Guadua ? Eos X OV Eoos, B DAERRIZ LV ROT-E D
Y Fy L= Bl ORI o TR OVEE (Bos) &3

712”7, Guadua DY > ZHREUITEZKED 12%LL T DI
DIETHY, TUIUF T, <X 7D Bos DE/KEDW-
BIENE, =2 37.1%, 39.0% CTho, [FELY, £V
VF T RO F T O o 7R E Eos D575 Guadua
DOFPERI Y L@ L3 D,

xR EIMEOHITY TR

Eos[GPa] Eo os[GPa]
Guadua a. 9.50 7.50
P.edulis 12.59 -
P .bambusoides 13.77

(12), (13)UZHBNT, Fonsr [ HMEFEHOITAFTRE, Coldk
T BT HATRIEREL, Cn [ LB ARRIE BRI, CIRREEE
A, ClIM BRI CH 5 AEIERDIEHMRE F,
sk (3, FEREEAERER L 0 SR & 2 EHETREE Fe &2 IV CLL
TOXLYEHT S,

FC
F. X FDC
T 2T FC |35 CoOmRaA T & RO AN S
DFEFIZ X DHNERE, Fo 13222658, FDC |3 Ekret
RHEfRELCH D, K8ITRT,

Fensg = o X (14)

®E EHiEREDEBEERR

FC Fs FDC
Compression-parallel-to-fibre 1.0 1.5 1.2

TP EEHHARIREL Co & 2% 9 (R, ff BRI
ISO 22156 12 & 2 AR M TR & Uiz & [FRkk
(2 Impact 0 2.00 ZHWHZ & &L, BiatatT9,

&9 FEHFHIREER D

Permament 10yrs 2mos 7d

10min  Impact

Fc 0.90 1.00 1.15 1.25 1.60 2.00

—RENS, TNTEENDKTESEIT D L, R
AWEDME T2, 3 10 (ZEKRERSFEZ R, [FFRE

v, BRI L DTS Y L SRR DTN, AR
FEICHA NS W D35,
F10 S/KEEEFRE Cn
MC ~12 13 14 15 16 17 18 19~
Fc 100 096 091 087 083 079 074 070
Eow 100 099 097 096 094 093 091 090
&R & U CTE S 2558, £ OB OIR

TREBRIZS U CEFRBAE R CD2MLERH D, Fiz,

NSR-10 TR T/ <, WEIZL > THXBITE
B, ZIKE;CFV”T* L 37CUTORIRTHERT 22L& L,
?E’JE RS- Z AN AL N R S R :*ﬁfﬂ%ﬂ%ﬁ

/T?‘o BARR LRI, IREEPIREEC LD 3y
> PR D TT IS ERETREEZ MR N 2 & Zmbi)%o
&1 REBIERKCE

Temperature T=37°C  37°C=T=52°C 52°C=T=65°C
Fe Dry 1.00 0.80 0.60

Humid 1.00 0.65 0.40
e Dry 100 090 0.80

Humid 1.00 0.80 0.80

TP BRI Ce 1, 4 ARLLEOFTAY 0.6m LLF DI
FRCHATIZNY, oA EEZ AT 554,
L1 352 ENTE, ENLUSNDOEEIT1.0 LT 5, K
WFZECIE 1 ADIHECHOW BRI 2 BT 5728
Gl 1.0 295,

TR I fonsr 13, FIHETIE A <30, HHETIL 30
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AZRED oD &b b Tw, EEOHWNC XL 0y
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Fig. 1. Deformation of the cross-section caused by the Brazier

effect, accompanying culm bending along the culm axis.
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Fig. 2. Distribution strain perpendicular to the fibre.
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Fig. 3. Examples of strain both parallel and perpendicular to the

fibre, along with the mechanical properties used for calculation.
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(a) Compression test parallel to fibre. (b) Layout plan of strain guage.

Fig. 4. Test method for measuring Poisson’s ratio.
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T vy BPEORENE, v, BIMEOREETH S,
Table 1. Poisson’s ratio of each specimens.
Specimen D [mm] ¢[mm] E,[MPa] Vis,in Visou  MC [%]
Madake-1 594 3.8 20940 0.7 031 9.38
Madake-2 824 5.0 24140 028 0.17 11.94
Madake-3  111.0 6.5 6770 033 0.25 14.86
Moso-1 63.6 5.8 12750 0.14 0.10 11.44
Moso-2 71.5 5.5 18464 033 0.36 10.00
Moso-3 105.6 7.5 9102 0.30 028  27.70
Mean value 0.28 0.24

Note: out = outer surface, in = inner surface.
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(a) Sampling method. (b) EW-hinge test

4: Strain guage
(c) NS-hinge test

(d) ISO test
Fig. 5. Method for sampling test specimens and measuring

strain in an edge bearing test.
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Table 2. Test specimens for the diametric compression test.

Species  Test method D [mm] t [mm] MC [%]
) EWH 93.1 59 16.3
Madake NSH 92.1 5.5 184

1SO 92.3 53 17.6
) EWH 933 7.4 364
~ Moso NSH 93.0 6.9 26.0
ISO 92.7 7.6 17.0

Note: EWH = EW-hinge test, NSH = NS-hinge test.

Table 3 | 3453 BR D T KA ERF O E & T DR A F
LOTbDTH D, [A—REFTDOWNEL « AN DEIHNINNT
NORERI BT HNERIDIE D IREL, KR, &
7O EW b U BRTIIPAANDEDZENKE VY, FHL
SATIE, MR LN DD 1~2 BB LFE TH 5,
F7, KFIBIEMIEZ A U@ OBADIETH Y,
VTR & IO TIEEA £ U 555 DELIVINS <,
RREHLDOVEEL, ~Z 7 TiX071%, TV IF7
TIX072% Th b, —F, WEMITCHIEES 255 0/RK
BHOFEL, ~&Z 7 Tl 241%, TV Y UF 7 Tk
1.65% T D,

Table 3. Strain values at maximum load for each test.

Location N S E w
Species . . . .
Surface out in out in out in out in
EWH 147 228 124 2.55
Madake NSH 0.78 0.86 0.69 0.82

ISO 1.02 165 095 179 0.71 0.88 0.65 091

EWH 140 171 149 1.59
Moso NSH 0.68 0.76 0.78 0.82
ISO 1.15 1.19 094 1.06 0.68 091 0.76 0.92

Note: Unit of strain = %, out = outer surface, in = inner surface.
Bold = strain at failure location
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Fig. 6. Upper: Measuring points for strain on bending-test

specimens. Lower: Layout and orientation of strain gauges.
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Table 4. Dimensions of specimens for the bending test.

Species Madake Moso
Position  Dimension BT1 BT2 BT3 | BT4 BT5 BT6
D [mm]| 732 71.0 63.7 | 684 684 62.7
t [mm]| 5.9 4.7 4.4 5.4 5.6 5.1
¢ Linc [mm]| 344 394 430 | 454 326 314
Linc/D 4.7 5.5 6.8 6.6 4.8 5.0
D [mm]| 732 72,6 656 | 71.0 703 649
t [mm]| 5.5 49 4.5 5.6 5.7 54
b Lip [mm]| 344 388 430 | 458 314 308
Lip/D 4.7 5.3 6.6 6.5 4.5 4.7
I D [mm]| 69.1 748 668 | 732 716 66.2
[mm]| 8.3 54 4.7 5.7 6.0 5.7
y D [mm]| 732 675 605 | 646 652 598
t [mm]| 5.3 4.7 44 6.0 5.4 5.0
L [mm]| 2000 1800 1800 | 1500 1500 1280
Lcp [mm]| 70 391 430 | 464 337 322
5.2 HERER

Table 5 (T4 0 15 DAL SRR 27,
b, £ BTSRRI, £ AN, £ |
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Table 5. Properties of specimens for the bending-test.

Species Madake Moso

Properties BT1 BT2 BT3  Mean | BT4 BT5 BT6  Mean
MC [%] 89.0 68.1 73.0 76.7 215 45.6 31.1 32.7
Pary 0.64 0.69 0.69 0.67 0.60 0.82 0.82 0.75

fo [Nmmi| 481 538 577 532 | 436 756 701 63.1
fi Nmmi| 91 119 136 115 | 100 141 151 131
fre [N/mm| 803 955 953 904 | 987 1082 1013 1027
Ep [N/mm?)| 17993 20714 20037 19581 | 14086 13356 16777 14739
San [Nmm’]| 230 254 282 255 | 268 437 489 398
Epw [N/mm?| 1173 1238 1748 1386 | 1307 2634 2289 2077
Srou [Nmm| 108 115 111 I1L1 | 118 153 188 153
Esou [Nmm’]| 1186 1319 1320 1278 | 2846 2846 2573 2755

EKEBRTHN-TD 5 S, BTI~BT3 (& 47) 13{5d%
~iBRE COMBNE L, B7KED 68~96% L & Lt
HIEV Y, —77, BT4~BT6 (£ Y U F ) 1 3{EE% H4F
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Left: Failure at center of BT2 after test, Right: Failure at center of BT5 after test.

Fig. 7. Photos of culm-wall bending failure in the bending test.
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Fig. 8. (a) Deflection at C versus bending stress parallel to fibre
at C; (b) bending strain versus bending stress parallel to fibre at

both the upper and lower edges of the cross-section.
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Table 6. Tensile strain at EW points under maximum load.

Species Madake Moso
BTI1 BT2 BT3 BT4 BTS BT6
1.08% 0.73% 0.81% | 0.69% 135% 1.20%
Mean 0.88% 1.08%
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Fig. 9. Bending stress parallel to the fibre versus strain
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Fig. 10. Bending stress parallel to the fibre versus strain

perpendicular to the fibre at point D.
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¥3, BEzollaofonFickoT, Kol

RS Vx5, T423 =8

{paranel L [ (T1wh) = f (zaw3) (1)
skew : f (7173) # f (T473) (2)

DWFTINPITTL D+ ZD2DERDADPVE 5 230H AT
FIFACNOAMEBIZH D, ZDIREITHILT % par-
allel(1) % 7z ldskew(2)E— FAE IS % -
FNEFROE—RIZBWT, EVa2—LBEDLD
BRIV AT 2 ZFEm s 5720, P, P sEOfrfa
L P, Py [EOWABEIERT 5. parallel E— FTI,
(IZMATRDAVE S 2LDRIDHEL VI DD,
THPEATIUAIE & 72 %« parallel & — R T ¥ 07 bk
BIZBOWTH XA VIR THTRERICH D, &%

VDI AIZK3D & 5 1Ca (F72138) DATRES
ns.

—77, skew®— R TIE—ica (£7213p8) OATE
TOXRINE DA ZRET, B LHEOIFAIZXI
DEICa, B, I &oT, 2O ERZE—RELT
zELND. E—RFD1DEu (F2dv) HRID XA L
BENETNFETRIFTODERTH D, TR XA NVFEL
DHFEES (F72130) ICXoTIDIZEE 21ED, 2D
u (F7213v) HHED S Bz ROMAFIZ4-bar linkage
T, a,v (£72138,v) H%E#E) L C1HHECREES) 3§
%728, u-rotation (¥ 7ziv-rotation) E— F 2 LR,
BB, skewE— FORKERGEEE LT, XA ADBET
AT BERIC D B in-planeRFEDSETES 5. in-planeik
FEIX, wu-rotation&— K ¥ v-rotation®— K DR ZEE
Thh, ZOREBIEL T X XDBEEFD -

ARG TIE XA VAL OEERA I X o THREICHT DA
B3 2 UEMEZ Bl 25 00 5, DIEIEskewE—
FicoAEHT 5.

3.1.2 skewE— RODIDODEHNFT XX

skewE— FO#EEIFEE X 5729, u-rotation & v-
rotation DX FED 5, u-rotationD A ERNR L LT,
ZOW DL T X RZT 5 -8B, 7—LHKFIR
EArSHEEICLS EALETD]a| < I, B < E, |y <
TICBRIES % * u-rotationTIX, P& Psy, Pt Pas
D DIRBICBWTIRTHTE RS0, ZDHIA
MO DEREREED L, 7— AP, Pl 3HRNFRNC
IR RALRETE LTHIT 2 (M3) - ZoHEKIC
BWTIE, PPy, PiakPysld, HVICEH 72y
b L7 EBBERICH 2720, A7ty MERE OoL
OO *EIhe LTEDLZIEEZD - (12
L, hi3fFSNOEZES Z A TE, Pl 1%H1E
Y L7=P3 1OERAAELEL LG EHWS) . 7
0 R L7285 & 21 B Ol & S R X h oA 72
7 DIHABHEIC X o Té-bar linkage Z T % 2
CWTE D720, ZD4-bar linkageD1HHEZ D 5 —
DDNRITRA=RE LTEDS - BEICIEP 1 2 P,
Py st Py 303 2 EIERA0, = a — yE2AWTRIT
X3 -WRIT, TNOZRITDERARIXXLED, T
DE% fre, ERT. 7L, a8, yDOHEHMH XD

[h] < min {u, v} A [0, < 3 (3)

S REND D -
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3 All Modes of Module

32 TyElL—>arvoifbER

M; jy Dhu-rotation DIt DAIREE fn . ) 0.0, (M ) &7
2%, Tkl —2ayRNETOuFADE A MIFF
TRBERICDH 2. FHERL BT AANSEAS 5729
12X, 21KIEE Cu-rotation® ¥ 3 Z ¥ L TERW,

Friserbuiir sy Mz ) EAF D ZTODSHE T 5121,
M4 X b @EX DOIEED KR L 2 OEiEAS—HTIUIR
W, Thbb, uAT vl — a rDEASEE,
hiiz1g) =~y P Pbui1y) = bui THB. T,
vITAIRBED D' 2=V i, o 0000 (M j+1))
YOO EEIEET 2I1I2E, HAXDEXDIEAD
ABRETIUIREV. T2b5, viATyEL—>a
Y OHEFRMEh je1) = —hu )8 7%, LEdoT,
P ZCIZREEAO,, ..., 0, 2RO e TES. B,
TN DFEEFRIFDRROZ, vy B & Py I
LAWY, BY a—AuffAPv A NIZZEL L Ty
THHEET 25, hd ERMER ), v, ORIMETIRE
52 CHERPRETH .

Z AUFv-rotationt X L THRBED I ENEZSHD
T, TytlL—a YOREBHLRTD AR, 2
H@EThomEhe, v (F/iFv) AN FETRn (F
721 m) EDEERIC k> TREHE X, 2FFRIZu (F
7203v) AN U SRR EZE S .

B4 Single Tessellation Single

4 2BLYIES T ADITOER

YIS 74 2dm, n D2 21 HHEMAL, #T
DEEBLXUREGIE T2 Z e L RS. 22
T, RETEHE T XX DB 22Dm x nYIHk >
T4 RE, TRNENDO—ED XL VERD EhE1H
HEOUIMMEE 2R T 2 v, 2RI
ERE2BNED 2 — VORI D EICERL
BELHL2CT 5. LI, B (£ E) 20
s (F72131) THFNT, 2BLES 2—1% My,
LR

28, WD B AEE, EEIREED & Eh T
DERT 270, ERRETETOEY 2—LHNDK
DEDCHR S XD 5. £, ITHEEHT
BLEWESZ, EVa—AMEMDEShy & hld



E5 Side View of Module

WREE RS LS CRET 5.
41 2BILES 2—ILDFOER

MyDRERBT 235 X — Ridu,, ue, vg, v DAE
H5-ZNoDENCEBEENS D, ufHDOE VY
DAV d, = up — usBETvAADE ¥ IHD AL
dy = v, —v, D515 (K5) .

Z Z T, u-rotationE— RTITHEEE T3, 2ED
YHLS 7 4 ADEE L TWB20I121F, 24 LD E
H—HLTWb I, (FBELR) RO2GMDNE
DEAB—HLTWVWE I e BPRE+ENTH S, Hi
FFO, =0, =0 LT, BEIIIN%O/20HE L /AL E
B L7z RAIR Du, v FRIOSEZMIEB KT
rBAERETELWZ L TELNE (K5) . Tk

bbb
lu,h u ku,h
Tv,h,0 U COS — qv,h,0
3 1@y 2 2 1Yy

7L

ku,h = u2 - h2

0\ 2 0 (5)
Qu,h,0 = v? — <h cos 2) + hsin 3

WXL

lusuhs = lut,htﬂ

Tve,hs = Tvg,hye,0
HEDEY 2 —MIZDOWT, h,0%(3)DHEIFHTEID
L7t 200, 1, rOfEZELEZERS T2, 202
DS DIGEE T F— 2= i =, HEEY 2 —
NOBCEZERZRT. (us, vs, ug, v¢) = (1.52.0,3.5,2.5)
ELt ZD2EDSOEREDEEZKGIIRT. 0

K6 Configuration Space

RARZEHEMIRFET 5 L &, 2B(LEY 22—V My D
O EBIZODAT—RITEES.

%8B, FEUFET$T X X Do-rotationlBWTH 2D
DS(h,0,,Th,o,, 00)DEIREFFOTLHIX, £ DM l3u, v-
rotation D A AIRETH 5. ZDL X, E— PO
HEEY 2 —)L 2 [AkiCin-planeE— R TDAEL 5.

42 2BItTvEL—>3>DIDER

HEg7vtlL—>ar bk, 2Bty —>a
VRKB[E Cu-, v-rotation® & 5 Z ¥ LT ERL.
REY a— LPu-rotation®E ¥ 5 ¥ =, BB L-1H
HEEY 2 — LEALOuTROMEESEMEE, & he, hy
L R0, 5T 228 THD, hy(i,j) = he(i £1,7),
he(i,5) = he(i £ 1,5), 0,(i,7) = 0,(i£1,j)TH 3. —
7, RCHIDEY 2 —dE X hy, hy DABP—ETHT
WE L, hs(i,§) = hs(i,5 £1), he(i,§) = ha(i,j £ 1)
PGS 5. Lo THEE KD HGEE X by,
hey, BATDORA VALY, (j)2FEFD. X HIT, &
Va2 NVZIHHETHOERT 2720, h, he, 0,(5)
FIARTY 27 LTIHBETE . 22T, 0.()®
he AHTT 2 BIBUE, v ITHRIF T 2 D IIRRTFE L
Wiz, uAMvARICRREZEY 2 —12RTD
FHEDSERAL S 2. L72hoC, uwliNcHfi L & -4
MO THHETELT 282 5.

5 =7y RIS S 2BILYIES 7+ A DG
526070, he, hBXL, EBDu, v LT,

R(6) Zup, I OWTHE HEEZEZ 2. ZDL &,

U, Uy > 02725 &9 ITu,, v, BN, ORETRT



target polyling V1,6(5.d) he

Gha,diD
dhs ¢ Ghs,¢i h
t

Wi

7 Design of the lengths of v-direction Tile Panels

AEZPIEOEBTH B L&, fon, n, (M) & HHEH
KO ER T 2 M IFET 5.
COBRFFEEAVS Z T, RO E
B3 2U0EEE2AIHT 2 2 BAEETH B, X—7
v MHHRRE, oS AICHEIO e 7 > L VIR T D B
RYVIA4 2835, ZOKRY 74 VIFERBEOMED
O1y. . On T, BROEZDwy, ..., wy CEDOLND
Y&, 7—L20URICEL CTIIEREEAE;, TED
heyhe > 0, YR, v % (6)ITRATIUIRWV. o)
MODRANDARICELTIE, K7&D

Ahe, i1

o ANsPi-1 Ahs,¢:
YT Ssin (di1 /2) (™)

+ V1s(i,5) 2sin (¢ /2)

THZDT, NP DU HPRDSEND. AL
Toyu)dRDOND. —75T, HHEHOM L LITH
WCH2uiADRANDIEICELTIX, #ThEE
DEBEZICEE LR WDT, & TDd, WIFET % HifH
TWHEYREE 228 TES. DEXD, EEY
v 7 7 A ADnfEORRD THEIE N, ZRkuli AN
LHLMREZDL %12i%, FEO7 —200Em+n
il B X FufimD XA NDOAEM+ MEZ#E Y1252 %
YT, ZONEIITD AT 2UIMEELRETT 2
ZENTES. K8 FIELEDIUEAMD Z 2= v b
HEARICERET L2 UIHEE T H D, REINLDEMEEN
WFHERRE DO RWEREEZES Z e A TE 2.

6 #&am

ARETIE, BEHED YIS Cubic Core’ (iAH R
PR LUK S 74 A2 HWT, FETIa 774 L %2H;
OIS D AT 3 2 UIMEE ORE F IR IRE L.
UK 7 7 4 RIIRFAHR4T D 22T 3 SkewE— R TH %
LRBINCHSkewE— R D, mxnflDEY 2 —
NDHBEEm+ 1BHEEZEn+ 1HHETHIZE
T e AR Z Gl 5 2 O B HREEZ A3, <xoL%—EEED
EbeTEBILTZ 2T, MEZIHBHEZICEE L,

8 Real Model which target curve is sin wave

DLW L TRIRZ RIS 5 2 LT L7z, 2f@ Lk
77 A AFWHD XA NEEERE TSI TY VR
A FRINDATHE L TOISHDOATREND D % 7=
B, SHRIZEFEEY & L TOERICANT 7 ik
MREALZEZERLIZET VOB GITO TETDH 5.

HEE
AR 12 ISPS R E 22H04954 DB R 52T 7= % D
T7.
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BT vt A% WG 2 D08 5, BEEURED
BEHIRBWT S, S ORERSCEMILE, aHE
ROFECIE ZAVE TIZE < OMFERHE S TnD D,
HEHE CORGE LTI ONTIE, B HEE & 58 R
FHRCKBI SN D, BEFHE TG RR A &0 D) 2
U b2BHDH, B AR A E T D MER S D,
R TE CIIBI O Al 2 B &g KIS
RS D T ENHRETH D, FRIITHED 5 HE ik
SRIETI, i LRI ARG e &
(2 R DREOEHH I, FHR =R R AR D8
2B D, £ T, SARFRIC L D hasf LR e
RV — T EEAT L EIckY, R AR
ZHIN LD DL 22 BB O SN 7S 24T 5 WF9E
MPTHOIN TS 2,

Y — NET VITEAERT 2 FAT T 50 0 ITfE
LT 28T NDI L ThHD, MERISESHIREK
EEFFD 2D OIMT OFHE 2 A SR THHEHASC,
Z b7 b EHIREEZ ATV DD, BERORE SR
EALREICR 2AF L LT, SVM RIREARZR 8D
FIEE Aol 7 L — ABLE ORFEARE S TR0 |
Z DA, ZEOTEIN B D I,
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{RH T V=Y R I(Genetic Algorithm : GA)Z T L, #H5
A N EHIET DREERGE O FIEEA TR T D, NN D
3. Bl 0 FEOSEET LD L OERMT 5, STk
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3OITKRBEND, BRFET N TY ZLD—>Th%
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I 5, GA L DERELOEBIETIE, HAIRSEE 5
DEIZ NNIZ L DT HE WD Z & T 2175 2 & 72

| ARERANC L D5ET— v FOlEk |
v

[ For— r e OREGEEFAON) ]
v

B RO n—



| 9.6m | 9.6m | 9.6m |
I

=i 1 FEGEEMA W 2 HEME S

g|  Listnumber Section A(mm?) Max_Story story

el | column | 1-400-400-19 27100 1 2 3 45 6 7 8

o beam | H-400-200-9-19 11000 3 2 2 1

;—— 5 column | [1-450-450-19 30900 4 2 2 1 1

s beam | H-450-200-9-19 | 11450 5 332 21

5 column | [-550-550-19 34700 6 333 2 21

s 3 beam | H-550-200-9-19 | 12350 7 333 2211
/ﬂ\/ﬂ\/ﬂ\ gl 8 33322211
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B EDOERIFILL T DO L 212725,
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DEIET, Te Positive & True Negative DAFHOETH B,

£ 7 LOBERIGMEL . MWVIEEREZGLTND D
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-8 JEDMNTET N Z G & U CHIR 2 & It b
AT, T ZCITHO =02, EIROBEIEE FH R
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HEEF AR, 2U4ED T A+ F— R0
3 bR Y —DOTFHREE DI S D % % FERICTHHM
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ZVy FEU| Vm®] | Vim®] | Vp[m®] | w,[kNm| | w,[kNm] | w,/w[kNm]

3x4 0.724 | 0.722 | 0.763 0.044 0.026 0.589
4x3 0.563 | 0.557 0.502 0.053 0.056 1.066
4x4 0.762 | 0.745 | 0.835 0.098 0.092 0.934
4x5 3.299 | 3.276 3.319 0.062 0.063 1.006
5x3 1.431 1.428 1.265 0.017 0.017 1.016
5x5 1.898 | 1.897 | 1.818 0.209 0.206 0.986
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> N

(a) GS (D) KE R B Y — () FW b T —

X|5: 3x4GS (« = 0.45, accuracy= 86.0[%)])

() GS () KBRI KB — (o) Tl b Ao —
[X16: 4x3GS (a = 0.35, accuracy= 97.7(%)])

(a) S (b)KBREY FAm D — (o) FHl FHmo—
X7: 4x4GS (a = 0.30, accuracy= 89.4[%)])
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(a) GS (D) REY B Y — () FHl kY —
X8: 4x5GS (a = 0.95, accuracy= 94.4[%])

(a) GS (D) KEHY F RKB Y — (o) FH P AR Y —
9: 5x3GS (a = 0.65, accuracy= 84.5[%)])

(a) GS ¥ (b)KBUY P EE T — (o) Tk Er S —

X10: 5x5GS (a = 0.40, accuracy= 85.0[%])
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X11: ALHERED AR IZ W 5 GS

4 B RaY—DJ R 2

ZVy FEC| Vm®] | Vp[m®] | V, — V[m®] | w,[kNm]
8x5_1 2.568 | 3.627 1.059 0.891
8x5.3 2.996 | 4.062 1.066 0.801
8x5.3 3.424 | 4.270 0.846 0.739

X12: 8x5GS_1 (a = 0.30)

B13: 8x52GS (a = 0.35)

X14: 8x5.3GS (o = 0.40)
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SEH = sym.,E = R(90){e;;}R(90)T

| When directly set without = I. _______________________

ey iwoafp e woalf sy

e 7' =0

{eij}:

Guide curves

(b) Roughly follow v and s
but weigh more on v.

(a) Fully conjugate with v.
(Can be used for supported
edges)

(c) Principal direction
alignment.
(Can be used for free edges)

e;; = Agij

I When satisfied through conditions applied to the third surface |— ———--

(d) Roughly follow v and s  (e) Fully conjugate with s.
but weigh more on s.
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Minimize : C(p)=d"f ()
NU

subject to : m, (p)=>_ p; /ND <m, )
=1

where,

p:{pl,...’ I_’...’pNn} (3)

0<p, <1, (i=1,N,)

k, = pik?

ZIZT, p RGN MY, ClxmrTIA TV

A GMERER), d IFERENRY L, fIEEESN )
R7 MERT, £l2, m 3G HSRERORE R,
m, | STRE R OFRIEEZ RS, 72721, ZZTIEEAE
BROWHETH— L LD, 72, EEHKICONT

I, REHEEER G OTERILET558 b H D0
::Tﬁﬁ$®t A REROWE R LT 5, F
7o L—7 0 2y FED A THREIFICR S W 5,
a, =1 p, & T 2ITDREBATNHRDIEE D Db LUF O L
2T D,

=Ye) (i=1---Np) @)

QB TD0o<p <1lF, 1<Yp <0 L7250, (DK
@nXﬂJT;j(@J:TBEfET&)é Ay & A 11 L0k 725

S, KFLTE, a, = +100 & LTNA,

qﬂFaﬁ%*fE@%%@%%%fﬁz%fH:w: 0 & 1oMoh
MEECAT VT ¢ T HIEEAGD, 205G, &
HERIL, ROXHITEFHT S,

=(Ye)' K®,  (i=1-Np) (5)

PILp>1DOREFEHT, G)RXEHNDE, 0210
MO 2 A3 2 BRITAWED T LT 1 52 6
ND, 1272 U B ORI T VT (135 2720,

Fl, NPT 4 ERTORTIET = v I —R— RIR
Lo TLEIDEMRA D ENTE 2N, ZZTF =
o == RbEST=DDT7 4 VB ) o TEITH AR

FRSCCITE S WAMBRRE LB NEE WS, EINE
i, I BFEHERICER L, ZOEROIFERORE 1%
AT D, EANEEEIEIC TR 2,
S PiPj
=l

g = ©6)

i H ER LR O | B EROFLEOE
%ﬁ&*f %

O)RIHBAMZ, BB EWEEFRETET TR,
PEHEBEORNEESE  [RIRFCAR D, R A IE A<
BERITHEISN TS b & L CEERIEREZ A LT
BE, 0L, koL olicEEHRZIOND,

gi :Z;,{pipj +(1—pi)(1—/?,- )} Y

IS

(1) Rz T~ TORFHRERIZOVTRLAEDED
L IRAXDOEI AR & 725,

=i§D Nzl n:I {pipj +(l_pi)(l_pj )} ®)

72120, nXi BB OB LA D EREOT,
W%BO)E?%T 4 LR D0, A OEHRTIL3 £2lk
2125, 74NE D TIETIE, 8)RXDG Dffix K
L LW, 16 & LTHMBIICmZ %, =27
TAT VA C EDNRT L A% L5202, (8) &
DEINAT—V 2 TT 5,

G, =2 :-21:1 1{p'p' A ©)

max z n,
i=1

O)~E) XD LTI R D

G 1%, 0<G <1 ThbY,
X212 %

Minimize : £ (&)=C(a)+w,C°(1/G,) (10)

subject to : m( ) Z(l/a) N, <m, (11)

7=1

where,

&:{dl’&z,...,di,...,&%} (12)
amln ~ amax

o <G =y (1=1N))

Wy (XES 7 4 NE —OEREEL, CO I (9%

) OarTIAT U ATHD, £z, TA4NZ VT

B3 & DREENABERED E E > T BT 2 503 &

W2, FE(ED AT > TINEAT T D UL (F

72350 27 > 7LLE) MH#EHTHZE L LTS,

FROFECRTEE <11, Y6, DIKEELRE
2720, k72D,

o (& (e s




2.2 |ESO &IZ & AtEmiEik

BomE A e FE & DUNIOR T b FREO K
HRE ZRE N, RETER p, W0y FTREZER AR L
T D3, 0 & 1 OBEZER S LTI IDiEN L2 D,
B EIMEE LR, 7 4 VE U o T IEORERR
o ik BDOLHAADE D Z LT, K0 A
TEREZRVET D52 LN TE D, Z OGO FER R LM
BT CER S NS,
1 C(p)=d"f (14)

Np
subject to : m, (p) = ZP[/ND <m, (15)
i
where,
p={p1"“7pja""pNU}
p;=0or 1, (i=1-,N))
k; :pik?

Minimize

(16)

=171, HE (WEDNp ([ZHEld HHE) 2EET
DAL, p BFERIZ 0 18T 5 &, EN HREANLE
WNZFRT 72\, 103 FRE DB NAE () ZIEL,
B bD& AT v 7Tl B EHFKILL EOSEITR
FEOHBHEATO, B EAFILL T OGSO HE1T 5,
F7, BB AT v T OERERREL, K&ES "OIE
5% ESO ¥ &[RRI BT 3 L CRIIEA R E L, £ D
BIELL T DERZPRET 5, ESO VATV N CIUREE I
(LEE AR E D, FRUTHT- > TR AR D &
ITEL,

q;ﬂﬁ{im@”ﬂ} Zmbﬂ (17)

w,(r)=r, -, (18)

s\l

L, w R EOEART, N IT i &R EEOH
FHLD DB 1 (= by ) PHPNICE TN HH
AR R B RO | B EAE TORE
FRT, F£o, ) IIkATTREND | FAHRORE
fREE L, NI, JEAES L ORNDERH LT D,

a ={qus]/N? (19

ZIZMBIXESOEDOT N X N ERT, B b
kAT T OBFBREE, WROA—MHE>TIT,
p =0
if 9% <q,"-7".q," 20)
i=1 -, NL(k)

22T, gL, AN LRESNDE Kk AT v
ORVEFREE, NI, 6 k A7 v 7 ORFEHEN (FE
FEBE 1L OFEHEH) L5, 2120, 9 Lg%
Fk AT T ORELFEE OV LR RA R R L, K
K&7d,

(1)

a0 = 1 $ (q_<k>_q<k>)2
sd NL(k) L i A

-1

£, 73, Bk ATy T OBREEREA R
DHINTGA—=BaHRKT,

IESO V£ TCIX, fifbd/ T A—% (Ni7r—4%) &
LT, s{bDEAT v 7 TEOREERZIRET 5
T DbRER A 52D, £ LTIOD A Db
L5 k AT > 70 BEERREEFRFNY OFEETTI,

N0 {zENL“'” if (12 )N Y >mN, )
NS -mN, i (1-2 )N <m N

22T, NYYIEk-1 AT v T ORFEREH, MmN,
I TREEDHFIEICET D & EOBEFERERT, £,
@QARD TRIDOIL, AN Y BRET S L HlROfEDEFR
Ba TR D56 &5,

Z LT, BRESNIERED, (2R NY Iz /e
% AR, WEE LA EHRREETT I,

Z I BITERMIMIONWTEXFEY, IESO EDE
FEN% CA (Cellular Automaton) 75 D L—L 2, &
DNVTT I, Za 18k [FRRDOA TR L RD L H
2785,

psij =1 If qi(l) 2 UA(I) ’ qav(l)
(23)

ZIT, s (i=leen) i, i BEERLDEALET D]
FHEROBERESZRL, nlLiFHOER LA
AT LEHEE A R~T, MElF3RET LT XAOED
EEDBIRN,  IESOVETIE, A Ukai{bdAT >~
T, BREEAMMEFRAATD 2 L1320z, Z 2T,
FNHDAT v Tk &1 THTF TS,

23)X> 5,V IO T, IESO AT, Falifbo 3T
A—H (ANT—%) L LT, IEBROFEAT » 7T
EORELEER 2 AN 2 D HIEd 20 2, 2 5.2
%, LT, ZDA,0n0b, mEfbE | AT v 7O IR
IEE S § IR 2/ G- WiN T o

N =2,N Y (24)



ZLTC, @R L BmEREES N ISEL 72D 0
= HERIRT 5,
IESO 1%, U EDZHRERE, BERMIMNZHEDIKL T
Ol T D L E 72 D03, BEIITIE, fRA IR
SELMERH DT, RBELORABEPETIE, BRER
Ao ERTMEE NI NEL T HHERD Y, AR S
% BB A A AR L A TN D M8, £ FIEFRORR
FREMINET, 24 =001, 4, =0.01IZFEEET D,
2.3 Hybrid 3%(< & A ftE50@E
Z 2 DIIAGRSCTIRET S Hybrid YEOBEESI &2
179, BIEID IESO LD HillfE% SIMP {ETITH 0
L7220, FHERIZOWTIERIEIO IESO EIFONT SIMP
EOLO LR b OV, FHE7a—& LTI
TOEHT D,
LIESO {EDFNEM Y (AT 24TV, A0 I UARATIEERL
DT HZZD L, ZIWE TCORERAEIRTT D0
2R LTRCRNT, BREERTHD p & p = (Ya,)
ELT, SIMPIETHEIETHD o ICEEHLZ D,
3.SIMP BN BT VT ¢ REFHE AT D,
A4SIMP {EIZ K BT ATV, Bt o 215 5,
PULEDRRIZINT, Bt 537 A—213, #i
DIRUSFEHTEEL (A7 > 7 850 |ESO EIZEBIT DB R
Fheo , BREFR A, HIFE A, , XTFNVT 4 _EFHhp,
AT 4 NV — DB W, 2RO T E1T 9

3 fEHTHI

2T, REFETHD Hybrid VEOEME AR
T 5, ZOTDIHARMNZ2BRELZ T R, 2®IRL
72 SIMP {0 IESO V£ & Hybrid {EICxt L T o4 7
o AR AT\, Hybrid SO A IWEZ T 5,
SIMP i, 1ESO HEIZBWT D/ 8T A—% |3 Hybrid £ T
HWDEERE— LT ZITS, BAT vy 7H3iTED
FEFTEICISVNTH 100 [B] & U, AL @RI 70 [EILARED
BITHObDET D,
3.1 fEHTHIL

FT, FEABIEE L THRFDLRIC OV TOfMT&1T
9o X 2 \ R RRGHEI 6 LTl &3 CligE S
&L, AL 3 AUCERE P E M EA 52 AR D
R4, 1220, FEHAKOARZ BALORE S
2x2cm TH Y, EHUT 96x60 & L, FHEEIL 5760 &
2%, £, YU REIE 207x10°kN/em? , KTV v
Hei3 0.3, ZESROYPBIEE 5 (39T 10 & LTV %,

192cm

e

‘3OOKN

120cm

1RE:1em
2. FIEARAK 1

2 OB RN 03 & 722 KO ITHIT AT 5, i
/ST A—B1E by =5, 2,=0.02, 2,=0.02, p=2, w,=3
& LT SIMP %, IESO %, Hybrid 1% FVCREMT 21T
3, LI OFRNTIZ 35T, 3 SOFEOMRAZ ),
(b), (QELFTRLTEY, X 3 IIfTFEREELTWD,

(@) C=36.586 (b) c=28.937

() C=28924
3. MEMTHER 1

LIEOFERI Y, bl 1 T, FE@), b0), @
fift ClRBEDERIIZIU T, Hybrid %13 SIMP #:°1ESO
ETHEONDMEY, a7 I4T ADRMREES
TWDZENGDD, ET2, IESOIEIC L » TH LN DRI
U<, ENE LTI E AR D LA & # O RE
Llpole, Lo, EFEICL > THELN M
IESO {EDfRE L AKIZEIFNAR & 720, WMEOEMEEZ1S2
ZEBTE,

3.2 fEHTHI2

FARHEIRE L U TR W T DT 2179, X 4
(ORTREFHEIR 6 L C R O LA S 2 fiNE
FNENE S, n—T AL L, B 3 RIC
FHE R E A G- 2 IC AR L 55, 72721, BREHE
BWOR 7 EAOKE ST 10x10em TH Y, rEEKIT
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120x20 & L, BT 2400 L7025, £7-, Yook
1% 2.07x10°kN/em? , ART > bRl 0.3, BEROAIIEE
PIFTT_TL0 L LTS,

}RE:10cm * 300KN

IZOOcm

1200cm
4. #WEARAK 2

X 4 OB RN 04 722 KO ITHTEAT 5, bl
EITONCHT=o T, avTIATAC WD, Fadfb
INTA=BE e =5, 12,2002, 4,=002, p=2, w,=3
& LT SIMP 1%, IESO %, Hybrid 1% FVCREAT 24T
9o KB IITRERZR L T D,

AR T DM

(@) C=6.497
(b) C =5.314

(c) C =5.226
5 fRNTHER?2

P EORER I Y, e 2 ik, FiE@), b), ©0
fift ClRBED B &IIZ I VT, Hybrid 13 SIMP X 1ESO
ETELNDREY, o TI4T7 2R MiFEEHH
TWBZENIND, FT7, IESOEIZ L > TRELIARC
D, FRfEED T L—2D K 5 RBEHICA LT
PRV DIRWERE L 7257, F72 SIMP L L 130 9
EAFOI, TR & 3R DEIMGOND Z & bR T
X5, LIZhoTC, ETEILS TRVWEEN SO
it &z Hib,

3.3 FEMTHI3

Z 2 CIXEEMITICL Y T —F ORREAIEETT ), H
6 | R E MR Ok U C R oA A B 2 B
EUESEL, ?ﬁ@iﬁﬁpﬁﬂ%@ﬁﬁmf&“éo 7z

L L
Zis

L, EEHEIROR 7 B O RKE Z1310x10cm TH Y,
’\i'%z 3 60x40 & U, BFEHL 2400 LD, Fiz, ¥
U UIREUT 2468.3kN/em? , TV T 0.2, BNA
FHE L 2.25x10°kN/em® & L, BEROYMIERE » 135
~NT10ELTND,

#JZ:30cm

400cm

600cm
6. #IHEARK 3

[ 6 DIVE LD 02 L7220 KOl 217 5 ez

119N /=5, avTIAT L AC ZRWD, Faflb/ N
FA—H I b =1, 14,2005, 4,=005, p=2, w,=2

L LTSIMP ¥, IESO ¥, Hybrid 5% W CRNT 21T
R 7RSI 2R LT D,

(@) c=00381 (b) C =0.0331

(c) C=0.0322
1. FEATHER 3

PLEORER I Y, iyl 3 T, TE@), (), ©D
fift ClRBEDE &EIHIZFU T, Hybrid 1E SIMP X 1ESO
ECTEHELNDMEY, a7 IA4T7 L ADIR MiFESHN
TWDZENGDD, ET, IESOIEIC L » TH LN DM
I, BN E LTI ERD LA E O IEL 721,
D22 T TN D MUZT —F D F7 A RZD
WTIE@IZOUVTIE 340, (O)IZOWTIE 320 £ 72 »TH
DR DE DGR TE D, LTE3> T, IREFEITES
TAFOIARIE IESO MEDfR L IREFARE 7220, il
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DENRERD Z L NTE T, 0B, LLEOREII 14
IOEET, SR/ 37 A =X OREIZL->TL, &5
IZEAETRTERENMS B D,
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AFRL T, HEUTETH D 1ESO LD FiEfR
BOEEHEVE Td D SIMP IEARLIBAA TSR 72k L 7
% Hybrid %% IESO 7£& SIMP {5 TR SN DM L b
D2 LRV ZORIWEERGE LT, EOREERLLTO X
RS IZNIAYE 1oV gl
(1) HEEFRICTHEA LTV SIMP 58 132 R A KX
WIBREZ 1S 72728, SIMP JED A ClIIAIHifEIC
KA 2 SR & 72> TNz RIREMED & 5,
(2) Hybrid {ECIIIAZ RO IREE 1T D Z L3>
72728 |ESO ¥k LAtV DS BTz,
() BEAHWZENT G ARETH 724 ) & BEAH
FEORTRICOIRERIEN FTRETH 2,
PLRZEY, AGaSCTRE LCFHEL, 18Ik~
IESO 152 SIMP K1 X » Chciilifi & 3K % Ik D] A
Uy bEFFLRNBOEFERFFOT AV v LT
ZEMARETH Y, O HEEIC S L O FELD bE
NTWD ZEMHRETE e, F£7z, IESO IEZMHT 5
T2 OIZ[R CAE BRI T C, SRR onsd, o
T OME I BB PE DB A HE03 2 L1272 0, 2D

WIZBWTHARTHL EEX HID,
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e, ERBEEHNAMET 227 T4 T Ak
REVEA TS, B, 20X ) kT, #broE R
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4ETIE, DLEORREZE LD, faaE,

2 HBREESO 2 & ALHEREIL

B D DS LT ESO a0 DI ABZ G- HIKIT, B
FRHTIC L > TR BN RESR (M) OOTHT=xRL
F—EFEORG/NSWEENDIAICERE L, ZOREH
BC/ONDBEAT v T O G, BERMZEINT 56
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REAEH: p={p.p PPy, )

HBRIH: C(p)=(d®) f — minimize
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R m, (p)zfpi(ﬁ\ui)/_”z“’(;\ui)s m

p=0or1l (i=1--Np)
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iR E 2, £, i*%ﬁ%%@ﬁﬂ%&@d
T LIRS . A, 10 & EEOMERS & B
F&E2RT, NI TV FRA NI I F v etk o%
FOW, BEREENET HERORSAERT, ik
RARAIZI1T 5 ESO ¥ TIE, Z DREEHEIE & L CERIGA

yyay
— ey

ERWAD, I Z TR OBEREE AV 5,
oC p-1( 4Ge Ge0 Ge
5~ ()" () K (a) @

722U, ERRBE T, BB ESR ORI (FRC
BWHRRS) ITRE UKFT D70, BIERE L LT KR
KOOFHEFNX—HEE NN D OB TH D,
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TiE, BEEDEA D L GO L2 712 k- T
HERENRIR D6 WIIMEEREN) 03625 2 E3mbi
TEY I, k) DHTEIL, )R KIS FowEfE % Kb
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1. L &Iz

WiET A v &5 2 5B, (A i A Tk
FEERY —LDO—>Th 5. MHAKELTFE
W, RENICITEREZSRET 200 L FM
HELZNRLETEHLOD 2O EEND. B
MEE R ET 256077 FA NI
F e X, REEICHEY R A E L, &
R Z T RERRY OMBERCTHALL S T R
ANT I F v OKBEROMBHEE (F 721X W&
) #2248 7T, BEZALETSH. &
BENHFOT T RARNT 7 F vl L DMK
WALOMIEE LCix, 7 AEE (EU#E)
RGP L LN OONED, mHL O,
FAAEE (EEE) 285 L L7cili & o5
N, BEHDLOMIE YR EFoNns. WAL
LI, &b 95 & L T GA (Genetic Algorithm)
ERWTEY, @EL YL, BEHEE, B
DX, FEMIEFTEIEEZ AT WD . WA DN
AN TWND GAIX, EEHEN LD LERER
ML TF L, 35 AR O K & VB E IR
FERE~DOEHARNHELNE W MERD D . %
7o, BEFEEEZHA VI EEDL Y, EHES Y0
WFIEIE, B OEEROMEEE (F 7213
f8) b3 52 & THMERD LD, &
BEORKEIVERLDLLEVIHEERD S.

— 707, @5 L, ALY E KL Tk
(ESO L) Y0&E 2 Fu#IEH LT, BEE DM
DX ICHEHEE (2 13WmAlE) 28
ZALEEDLDOTIERL, 0T AT R NLVX — K
DO/PNENEE (MEH) 2 SIRIZERWV TV < F ik
EREREL, 0O XD i FET, RiEEIC
TWERMASEOLND ZEEZMIEL TS, &
ST, KA DO P TIL, ESO L% 4y &

7 FAv 2 VOREAAICEHAL, Z0HFH
PEZMFEL T\ 5. Lo L, ESO I3 fx jil fif ~
DUILE ORFENFE N L W o 723 By F1ET
HDHI, BITFINC X - T, REME Lk
FHEMERNHDEVOIMENRD 5.

PUbTiliR_7=XkHic, @Ko Ve, EHLY
ORI, ZNENRAY v FET AU v bR
HDH.EIEFEDAY v NI, HEoNTMRAEREL
el ECEOMTH D LV D B EDN
HHZETHD., Ll s, BEREEZY
—Z LT WEN DR E RO DD, TN H
Arfc i il Bba D ATREME 2 S E T e, (W1
B AFME). —J7, & O BESOEIX, BrEFEL
MINEREEIESEDL LT, EHERMBESD Z
EMTEXDON, BONTMPREMTHDH &N
I RFEIT V. £ 2T, KX T, Ziuh 2
ODFEEMABEDLDETC, NEFEDOT AU v &
fRET 2 HIEZIRET L. R X CIRET 2 F
1%, ESO ORI OBREBRETELNLT-ME
ZHHEHBEEOMRED —>TH S CONLIN %
(Convex Linearization method) %9 ] #] & &
TH. ZNICLY, ESOEDORELEEE(LEE
52 LT, ZERRMHERG AN, £IND
CONLIN £ Chi il fif 72 BRE 711X, 15 5 e g
NI RERCTH D Z ENRIESND . LLT
T ZDOFEENAT Y v RIEL S,

UTF, KX 28X, /9 FRANT 2
F X EIC K D E M R L E Ok & L
T, CONLIN {EIZH &5< FiEE ESOEICL D
LS FEERL, S 512, CONLIN ¥ & ESO
BEMBEEDLEREANAT Yy RIEOTFIEE R
T 3ETIE, SR OERWRFIEIZON
T, CONLIN ¥, B ESO ik (IESO ik) 'O
EDOWREATV, BREFIEOAHIEELHREFTT 5.
728, ESO{ETIE7e < IESO{EZ B D 729 T
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BRI 2 0ix, IESO ED RIS < FlAn
GFET D06 ThbH, BIKMIZE 21X, IESO &
X, BRET LT XA X - THIKI S 20T
THZBEZRIS,AMT LT X 8E 2 HNTHE
BoOBEREMML, ZNEH -0 HEREES L
THORETAVIV XL E2EAT 2 FETH
Lo ZOFEIL, BRERLWHI ANT XA —X B
bSELZEICE->T BRI EN O MR
EWRFTELH0, RFTMIZHEIZS <, £V
WO SWERRTEDLZEN D> TV
510, Lo T, L FIETIE ESOEEER

HALTWS 2, O BEIZE, LYRIMED SV
fRESGOLNDARELEND D IESOELXMAT 5,

FBATETIET, ULORREET LD, fMimzE<.

2.1. CONLIN % Ic & 2 futi & 1t

MAR i L R T, TR SR T CcCar >
TAT A w/MET D
RADEERMEOMRZ RO L Z &2 MEL
TWwo. ok, ERXMITENT, EROMEE
EERIEE, 27747 22 BB,
fR G EEEORERILET .
Minimize : C(p) =d"f =d"kd (1)
subject to : m, (p) = %pi (A1, )/%(AI.]I.) <m,(2)
where, - -
p={Pupupirpy, | 0<p, <1 3
ki:pik? )
T, CEAaryTIIAT R B ER),
d, f, kiX, @i~ ]\/1/ ShJ1X 7 kv,
BRI~ FY 7R, m ITRFIHEEROR
B, zﬁ,&i%’ﬁi’féf%ttwfﬁl WM, N,k
RURBAERT. £, plIRFEH A~ b,

iz%ﬁ%f®ﬁﬂ&f(%??%&£&

m», k,, KO, d I3 i % HE#0EHME~
MU A, MIEFERME~ Y 7 X, BER O

WAL by, A LT 0 &R RO m i
&Eyﬁﬁé%?&%ﬁ

A 30T, (1) 2o AL FH & i Ak R B o g 15
L LT 1986 #{Z Fleury and Braibant {2 & - C
#£ % & 4172 CONLIN i 9% i\ 5. CONLIN
EIE, (D)o BB & Hl R R F 2, /&R
MIEDLEIE, 74 7 —REZITV, BEREK
MADGEE, R ZEROWHTT A7 —RHA

JeLTESEL,

7&?1——5 7LC7LCL/, ::T&i pXu+jT£5(“\7 f\/l/
ZallLTW5,
¥72, CONLIN IETIE, &FIHE#AERAD X
IEEMRD.
~ ai
ai:W (%)
G XE2EETDIE, ®AXDXHITRD
) oc . oc (1
C(a):C(a()) 25((1 _1)_;60? [d_J
a ac aac oc 1 ©
_ (k) il A — L
[C(a ) Za&i ]Ué}a&i ‘ %()adi a
K om, . om (1
@ m () T M- 3 02
. o aﬁd‘ om, 1 @
_ @) m, m - _ m 1
[m'(“ ) Zadi] %Oadi “ and G
Zo%a, (HAF, g (i=1---,N )%pxﬁr’ﬁ
BT HREI %@zé:k>T%é.
A oC oc 1
M :C Za-Y = —cc
inimize : C(p)= ?@Zioaﬁl @ Pl (8)
. l om l om 1 _
bject to : L@ — L. <M, -mS
subject to : m, (p) = ;mzoadi a %05@ Z <m, -my (9)
where,
&= {d, @,y Gy, | (10)
ar(nlr; <a(k) (i:1,...,ND) (11)

ks, (1)~(4)£t@F’Eﬁ%c: CONLIN 3£ % i fl
To%HE, ORORFER o %, o =1p T

HHD, WHRPEEDZ ENMOLNLTWD.
K =(@a)k®,  (i=1-Np)  (12)

KEMEORETIZ, BMBEKTH D 2
VIIGAT U REHINGETHDIRERELD
RAERICHEHT OWMOEEZHAETILER D
L. ZOXDBREEERICHET DM ES Z
CERIRERETS., a LTI T v ADK
EREEL, XD,

EZ_(dIGe T ak| dGe _ ij dGe kGeOdGe (13)

oc, lo

N ,\%E%tKODW B, AL s.

amr _ AII

op; & [ j (14
>(Ak)

i=1
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U ETRTHETHERD D L, VMR %
KD ENEL, WERBRE L ITWVZ 2.
ZIZT, 0L 1 OMOFMEEICTFTALT 4]
EMT HEAEBRAT L. £, BRERAKE, B
FEIICLoTREIBENRTEEED, 7T
RA KT ZFviETIE, 2D ORERI A2
FEMECTHE - AL D 72 0 o R U
BT

2o 2] o) e o) 09

oa, '\«

22.ESOEICK PRz EIL

T ZTUE, 1993 4T Xie & Steven 12 L o T
R I N7 ESO IE D& MIEN 2 AL A7 i i
Wik FEE 77 RANT 7T yIBICHEAL
7o hik%E"9 . BSO k& EH T 256 O il
{EM&EE, (HRXEFBEICERSNSD. ESO &
T, £ p=1 (i=1- N, WML LT,
77 RARNT 7 F v OBEMIT 21T\, K5
FORBRIEZ L LI, a3 TITAT V ADE
M~ FHE R /NS VERZRNLIAICKREL T
ARG

v =(d°) ke4de f(AL) (16)
TIT, velE, BEOFTALAIRALX—0 2 fF

ZFEEZEARBCTRLEZLOICHSET 720, LT
T, N EZEFOTHZRVF —FEE LIS
Z &2 T 5. ESOIET, b HMAFIEX, &
WLDKE AT v 7T, 0T AT R/ X—FEN
A DEFZZEREL, RXOFMFZ W= EHR
DHhERETDHHFIETHD.

V< (L A V) (17)

T, AFROBEEGEE LT D7 A —
X T, ZZITIEHBRERLES. LEOBRET
3 Y XL L o THIF SR 256 =T %5
5.

3.NAT Yy REICKDHEZEEL
%5 2 # Tor L72 CONLIN ¥ & ESO ¥ % fH 7

bl nnA 7y RIEEOHET LI Y X A

LU TNIZRT.

D77 FARNTZ 7 F ¥ ORIEMRIT 21TV, &
RN BEFIZH LT, 16)RDOVDTH = xR
NE—BEZHETD.

@A T D2 REE G EF O T T ve® DR /AME
VO ZFEL L, (10)R D Sk % e 9 2 2k
ERETH(EEEE pp# 0127 5H). £z,
HEAT v T ORGSR ER O v D fE

REE L, Tl LT /103 T O EFE
T _RCBRETS.

OBEMFEZOKREEL M NRE &K OH M
maiiiedT2ET, OLOEH/EYIKT.

@G &L HK % e 9 5 2% CONLIN 75D
REEFOMME L LTRET S

®@® T1H b 7= CONLIN ¥E o ¥ # 5 %
o =1p, (i:L---,ND)@C%?@ L, ME=EKEmM
DRERELOHFMEM ICEL 2D X HICHE
REEERETD.

®% 2 % TR L FIEICE Y, CONLIN ¥ 0 f
DIRLFHEICKY, REMEERD D.

4. fEHTHI

T, E3IETCRELEFIEORDEE
¥ 2 # Tss L72 CONLIN % & SCik 10) (2 &
S< IESO{EE DRI X 0 REET 5 .

4.1. BB 1

Fig.1 1%, 3000 mm X 6000 mm O % # 81k (2,
Witk 28, WHEH O NTAEED T Z K
A2 NF 7 F v (FWIERE) =3 AT 6 1%,
Fig.1 [Z3B W\ T, #E & 6l K &Ik % m,=0.2
& LT 24T 5 S Irm A X TH L <,
BREFEIHEAHSEZE VS, T 422
VEFFE L, KUCRTALEIZ 1 KN O KA
#5225, Fig2 ZREFEDO ATV v Nk
R R Z R Y. Fig3 (3,
CONLIN {£ & IESO 512 X 0 15 b v 5 fif O fig b
WRERT. 22T, mIENMEEICHT D
BROBRERNLK, CHEMW %O 7747
VA(BROTHT RV —EE) 2T, ¥
2T, & FEORBEICBIT /87 A =4, <
FTAT 4op, BRER A, MR A, EZRT.

Fig.1 Ground structure of namerical example 1

A X A

m,=0.20
€,=34.478

p=1.2,2; =0.10

Fig.2  Analysis results of proposed solutions

- 117 —



A A A A A A A

m,=0.20 m,=0.20
€,=1.329 c,=1.182
p=2.0 b,=2.1,2; =0.10,2; =0.05

CONLIN method IESO method
Fig.3  Analysis results of comparative
solutions

UEofEREy, el 1 Tk, AROE&E
HATHEWT, BEFIETHONIMD, EPEEHE
ETEONIEMREY, av TI5AT U ARPNENZ &
MWbnd. £, FERICHEE FIECH ORI,
I[ESO ETHOLNIMRLY, 2 TITAT AR/ S
WIZENDMND. LTZno T, EFTIE TR, B
FHEIOMMEO S WEEGEDL Z N TE LN
5.

4.2. fEHTH 2

WA, fRVTBI 2 1%, Fig.d (Zowd &M% 28,
BEE 251 O N TABED T TV RARNT
FrilB\nT, REABEKOHKNRZMEEZ m,
=0.04 & U CTHENT 24T 5. SXFHeEIL & & gk,
FERIFIINTH L R CTH LN, BER S %
RRBEICHREL, BEREEZHOLEEREET .
WEBEZMOL, BB S0EFL2RET D
T MEELVEEICLELAICBNTY,
REFIETHEORWVENREG LD D0, £z,
FRATE] 1 L IX B BEEZAETE DN ER
AETAHZEEENELTWS. 2B, BEARLME,
WESHEIE BRI H & REE 3 5.

Fig.4 Ground structure of numerical example 2

A A A
m,=0.04
€,=22.121
p=2.0,2; =0.10

Fig.5  Analysis results of proposed solutions

A A A

m,=0.04 m,=0.04
€,=25.456 €,=25.927
p=2.0 b,=2.1,5 =0.10,2, =0.10

CONLIN method IESO method
Fig.6  Analysis results of comparative
solutions

UEofER I, el 2 Tk, FKROHE =
HAZHBWT, R FIE TR OIS, EPR 5
ETEONEMED, av T34 T U ARPNENZE
Dbond. £, FERICIRE FIETHELONZMRIL,
I[ESO L THLNIMLY, v T ITAT L ADBRS
WZERNDND. LEBN->T, R FIETIE, i
FHELOMMEO S WEEGEDL Z N TEZEN
25, Fio, BYTE 2 ZMEHE 1 LTS
ELEFEH AL CHIMEEEAAER T L Z L
T, AEShDERERLELT 22 ENbroTz.

4.4, FEHTH 4

AT 4 1%, Fig.10 {289 6000 mm X 4000
mm O % G, fia 5k 35, R 386 O b
FAEEDO T TV RA NI 7 F X ITBWT, B
BELOHIK SN % m =004 & LTI 21T
. EM B EREIE T R TE L L, RS
A EY S, EMShITEE XL L,
BUZ/RTALEIC 1 kKN OShEMEZ 52 5.
Fig. 11 ZIETFIEONA TV v RIEICE 0 H
SIS B AR, Fig 12 1%, #23, 5
3 % CTs/rk L7z CONLIN ¥& & IESO EIZ L 0 15
NDMOMITERZ RS, 728, IESO LI,
WHE A m =0.04 (23T 2 EfE R EREAIE N
TAITYXAMICELL, £, REELOH
G T COREBALENRNETH 7=, Z Ofk
B D, RETH 4128 WT, IESOEIZART
RN E WX DL Fig 12 X m =0.04 XV b2
RERBIZH T L2MIHERE T .

Fig.10 Ground structure of numerical example 2
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m,=0.040
€,=9.102
p=2.2,1; =0.10

Fig.11 Analysis results of proposed solutions

m,=0.040 m,=0.044
€,=9.255 €,=10.582
p=2.0 b,=2.1,2; =0.10,2, =0.10

CONLIN method IESO method
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Figure 1. Optimization flow chart
1. Introduction

Trusses have superior mechanical performance in
comparison to other structural forms, e.g., (moment-bearing)
frames because they only carry axial forces. The ground
structure method (GSM) has been proved effective for truss
optimization. In optimization problem, designers might impose
constraints on the compliance of the truss and minimize its
structural weight, or vice versa. In recent years, it has become
popular to utilize the plastic layout optimization, in which it
solves a LP problem to minimize the structural weight of truss
subject to the equilibrium equation with axial forces as the only
design variables, since the increasingly effective LP algorithms
become available 1).

However, for the classical GSM, the quality of result is
highly dependent on the initial GS. To obtain an optimal
structure with simpler topology, it is required to increase the
lattice density of GS, which results in a significant increase of
time cost 2). Another solution is to introduce the "geometric"
approach to GS that incorporates nodal coordinates along with
cross-sectional properties as design variables. Then the problem
becomes a nonlinear programming (NLP) problem with mixed
types of design variables. Achtziger 3) applied a bi-level
optimization approach to efficiently deal with the two types of
design variables. However, it doesn't change the fact that the
mixture of variable types and the nonlinear nature of geometry

optimization lead to slow computational speed and convergence

difficulties, especially for complicated structures.

This paper uses bi-level optimization and GSM, and
proposes numerical strategies to reduce the number of design
variables, improving computational performance. Additionally,
it performs a process of topology optimization to help converge
to an optimal or simple structure. The optimization process
involves the following steps:

(1) Input ground structure.

(2) Perform equilibrium finding to the structure.

(3) Perform geometry optimization while simultaneously
applying size optimization to the structure.

(4) If the stopping criterion is met, output the final structure.
Otherwise, perform topology optimization to obtain a new
structure and return to step (2).

They are also presented in the optimization flow chart, see Fig.1.
In section 5, numerical complementary strategies are

presented to avoid local instability and consider different

materials in compression and tension for truss members. Finally,

the two-stage processing is adapted for efficiency improvement.

2.  Formulation of truss optimization problem

Consider a truss with n; free nodes, n, loaded nodes
and n; supporting nodes. Let m denote the number of
members. Coordinates of loaded nodes and supporting nodes
are prescribed.

Let s € R™ denotes the vector of axial forces, D €
R3M1tn2)Xm - Genotes the equilibrium matrix, and P €
R3(M1+12) the vector of external loads for a three-dimensional
problem 4), respectively. For the free nodes and loaded nodes,

the equilibrium equation can be summarized as
Ds=P M

2.1.  Fully stress design

In this paper, we firstly assume that each member reaches
its allowable stress, having the same value in compression and
tension, namely fully stress design. Let a;, o; and [; denote
the cross-sectional area, allowable stress and member length for

the i*" member, respectively. Then the total volume is
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V=3Rial =30 @

where s; isthe i" entry of s. By matrix transformation, we
can derive the equilibrium equation related to signed member

volumes as follows:
Hv =P 3

where v € R™ is the vector of so-called signed member
volumes whose signs follows signs of axial forces and whose
scales equal member volumes. H € R3(M1+nm2)Xm g the
equilibrium matrix related to v. The definitions of them are

presented as follows

H=DL 0 4
lis1/0y
v=0"lLs = 1252:/62 6)

Here L € R™™ and o € R™™ are diagonal matrices
with respect to member lengths and allowable stresses,
respectively.

In summary, the design variables are transformed from the
axial forces to the signed member volumes. The total volume is
the sum of the absolute values of entries in v. Then the

optimization problem can be described as follows

Optl:

min__f =37y 6.1)

xER3NL, peR™

s.t. Hx)v=P 6.2)

where x are xyz-coordinates of free nodes and the total number
of variables is 3n, + m. We transform it to a bi-level

optimization problem Opt2, see 3)
Opt2:
min f = ¥, |vi 7.1

x€ER3M1

s.t. wve€argmin {||v|,: H(x)v = P} (7.2)
vER™

in which Eq. (7.1) solves the geometry optimization problem
and Eq. (7.2) solves the L1-norm minimum optimization
problem or size optimization to optimize the member volumes.
2.2.  Pseudo-inverse calculation

The Opt2 can be approximated by the following
optimization problem

Opt3:

min f = 3L, |vi @&.1)

xER3ML

where v =[H(x)]"P (82)

where the member volumes are determined by using the pseudo-
inverse H* of H, and the number of variables decreases to
3n, . It can be solved by NLP solver, e.g., Interior-Point
algorithm in MATLAB's optimization toolbox 5). Eq. (8.2) is
not only applicable to the statically indeterminate cases (the rank
of H is smaller than the No. of members), where the solution
is L2-norm minimum, but also applicable to over-constrained
problems (the rank of H is larger than the No. of members),
where the solution is least squared (LS).

Compared to the Opt2, in the Opt3, member volumes are
automatically determined by matrix operation (pseudo-inverse),
thereby reducing the number of design variables. This is a
significant advantage, especially for a complicated three-
dimensional structure with a large number of members.
Moreover, for the result of L1-norm method in the Opt2,
volumes of most members are zero. In comparison, for the L.2-
norm minimum solution in Opt2, most members have nonzero
volumes. After introducing an iterative process of member
deletion that will be discussed in section 4.1, we can gradually
change the topology of structure until an optimal or statically
determinate structure is obtained 6).

3. Geometry optimization
3.1.  Equilibrium finding

Let E € R3(M+m2)X3n1 denote the total force density
matrix and P* € R3(™1¥72) denote the vector of generalized
external loads for three-dimensional problem 4). The
equilibrium equation for free nodes and loaded nodes can be

summarized as follows
Ex=P—-P/ =p* )

To avoid ambiguity, we call it force density equation. Egs. (1)
and (9) and may have no exact solution because their numbers
of equations may be larger than numbers of variables. Therefore,
this section will introduce the iterative method to find the exact
equilibrium state of structure.

Firstly, the pseudo-inverse is utilized to determine one
solution of the equilibrium equation as mentioned in Eq. (8.2).
Then the force density equation Eq. (9) helps modify the
nonequilibrium error of this equation. Instead of directly solving
the force density equation, it is better to transform the variables
from coordinates to coordinate variations since the L2-norm

minimum solution of nodal coordinates is meaningless.
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Specifically, force densities ¢ = L™2v are substituted into the
force density equation and variables are divided into two parts:

current coordinates x, and coordinate variations Ax
E(q)(xo +Ax) = P*(q) (10)
The equation can be rearranged as
E(@)Ax = P*(q) — E(q)xo (11

Solving this equation by utilizing pseudo-inverse, we derive a
set of least squared coordinate variations. Then the new nodal

coordinates are updated as follows
x=xo+[E@]"{P"(q) —E(@xo} (12

Then x is substituted back into the equilibrium equation if it is
still not the exact solution.

In summary, this method repeats substituting the solution
of one equation into the other equation until the residual norm of
any equation is smaller than a threshold. Finally, nodal
coordinates and member volumes are gradually changed until
the equilibrium state is found.

3.2.  Singular vector optimization

Section 3.1 demonstrates that finding the equilibrium state
can be challenging. To simplify this process and also to reduce
the number of design variables, we apply singular vector
optimization. Firstly, let right term of Eq. (11) equal zero, we

have
E(@)Ax =0 (13)
The force density matrix can be decomposed as follows

E(q) = Usv:T (14.1)

where V* = [k, K3n, | (14.2)

K3n1—1

Here § € REM+3n24m0X3M contains singular values S;
which are arranged from largest to smallest and k; are the
corresponding singular vectors. Then we linearly combine
singular vectors corresponding to ng, (a small number, e.g.,
twice the dimension) smallest singular values to form the
coordinate variations Ax. This is an approximate solution of Eq.
(13), by which, the equilibrium change is controlled to the least
extent. Then new coordinates are updated as follows

X=xg+Ax=x9+ Y2 K;c; (15

i=3n;—-ngy+1

where c; are coefficients of singular vectors. Consequently, the
optimization problem can be reformed as follows

Opt4:

min_f = YLlvil +p

cERMsV

(16.1)

where v = [H o (X)]TPon (16.2)

x =x9+ Kc (16.3)

Here ¢ € R™sv represents the vector of coefficient and K €
R3MXMsv represents the set of singular vectors. p is a
continuously differentiable penalty function related to residual
norm which helps avoid generating unbalanced structures.

This method provides a more efficient optimization
direction guided by a subset of singular vectors, which can be
considered as a subspace of the solution space of nodal
coordinates. The number of design variables is further reduced

0 Ngy.

4. Topology Optimization and stopping criterion
4.1.  Member deletion
The Process of member deletion involves deleting

members with small absolute axial forces. This can be described

as follows

Stepl delete |s;| < B x max(|s,], Sz, ) ISm]) 17.1)

Step2 delete |s]-| <y Xmin(|s¢], [S2], -, ISmDexcept Is;1
(17.2)

where B and y are control coefficients. The convergence
efficiency of optimization is significantly affected by these
coefficients. Large coefficients may result in a high convergence
speed, however, leading to poor results for mistakenly deleting
some essential members. small coefficients may result in a good
result, however, causing low efficiency. Therefore, the
determination of them is an experiential operation based on
needs of the design.
4.2.  Stabilization and node combination

After member deletion, there may be unstable members
remaining. To avoid local instability, the unstable members are
removed and two members connected by one free node are
combined. Notably, some resulting single nodes should be
removed. They are illustrated in Fig. 2 (a) and (b).

%_w -

(a) Member removal

(b) Member combination

\
(c) Node combination
Figure 2. Topology modification
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During the geometry optimization, some members may
appear too short. To address this, we merge these two nodes
connected by short members. Notably, some resulting
overlapped members should be removed. It is illustrated in Fig.
2 (c).

4.3.  Stopping criterion

Procedures in the topology optimization are heuristic,
which help generate a simpler structure and speed up
convergence, however, they do not guarantee a smaller volume.
Therefore, they sometimes result in a significant increase in
structural volume. And also, they may mistakenly delete
essential members, resulting in failure of equilibrium finding. To
improve the performance of algorithm, we perform topology
optimization in advance to check whether these two cases occur.
If any of them occurs, we undo topology optimization and
perform a thorough geometry optimization in the next iteration.

The coordinates update in Opt4 can be reformed as follows

X =xq+ Zf:ll K; C; (18)

where the number of design variables increases to 3n,. Ifin the

next iteration, it is still unable to generate a stable and volume-

decreasing structure, then terminate the iteration.

5.  Numerical complementary strategies
5.1.  Local buckling penalty

As the optimization progresses, local instability may occur
when the compressive force in a long and slender member
exceeds its critical buckling load. Therefore, we introduce a
buckling penalty coefficient to the objective function.

As we know that a bar simply supported at both ends has
the critical load: s, = w?EI/I2. Assume that every member
has the circle or square section and every member has the same
Young’s modulus. Then, the relation between the ratio of the
critical load to the axial force and bar properties is S.,./|s| o
|s|/a?12. The larger this ratio is, the less likely the bar is to
buckle. So, we set the multiplicative inverse of exponential form
of this ratio as a buckling penalty coefficient. However, we
prefer the linear form of axial force because the exponential axial
force makes the problem difficult to solve. Finally, we have the

buckling penalty coefficient
c=0%" (19)

where o is the buckling factor. We multiply the coefficient to
the volumes of compressive members to restrict the effect of
local buckling. Thereby, the definition of signed member
volumes, considering buckling effect, and the corresponding

equilibrium equation can be reformed as

v, = oV (+D)g (20.1)

H, = DLC1-®gl-®) (20.2)

Finally, the objective function of geometry optimization can be
reformed as

fo=—Eilf SRl I L+ @)

5.2.  Different allowable stresses
In the practical design, we use different allowable stresses

for compressive and tensile materials. E.g., in the design of
cable-stayed bridges, allowable stresses of tensile members
(cables) 0;(® are larger than that of compressive members
;9. In this situation, it's challenging to determine material
properties because we can only figure out the sign of axial forces
after we've solved the equilibrium equation. However, building
the equilibrium equation itself relies on knowing the sign of axial
forces. We introduce an iterative method as follows to determine
the material properties.
Step 0 Assign ¢° = diag( oy, 02, --03) where o =

0;() . Set j:= 1.
Step 1 Solve v/ = [H(a/~1)]*P.
Step2 Assign o/ = diag(o], o, --0),) where o/ =

0;©, if vij <0

{ol-(t), if vij >0
Step3 If 6/ = 6/, output v/ and terminate the iteration,

otherwise, set j < j + 1 and return to Step 1.

where ¢/ and v/ are jt" iteration of allowable stresses and
signed member volumes, respectively. To improve the efficiency,
we terminate the iteration when j equals 2. In other words, we
solve the equilibrium equation twice, as a? is good enough for
most cases. And then the objective function of geometry

optimization can be reformed as

f3=— Z?fl UiS(‘C) I + Z:’;tl ais(‘t) I, +p (22)

5.3.  Two-stage processing for efficiency improvement

For complicated three-dimensional structures, we use two-
stage processing to improve optimization efficiency. In detail, in
pre-processing, we apply a pure size optimization to the ground
structure and delete members with tiny absolute axial forces. In
re-processing, we input the result of pre-processing as the initial
structure instead of GS, and perform the main optimization
process previously discussed in this paper. This method will help
us delete most useless members in ground structure, therefore,
reducing the time cost of optimization iteration.
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The pure size optimization based on plastic design method
and considering different materials are proposed in 1, 2). We
extend it to a standard linear programming problem, considering
buckling penalty, as follows

Opt5:

T

. _ T a
e S =] e

© ©1[Te] =

s.t. [HY -HP]| 5| =P (232)

a
T,20,C,>0 (23.3)

where e is a vector of length 2m, whose entries are all
equal to 1. T, and C, represents the vectors of tensile and
compressive member volumes, considering buckling penalty,
respectively. H ((xt) and H ((XC) are the corresponding

equilibrium equations. The definitions of them are presented as

follows
HO = pL-1-000"9 (24.1)
HO = pL-1-0g©t™® (242)

where 0® = diag(e,®, 0,0, .. o, );
d© = diag(al(c), 0,9, ... Um(c))~
We can use various available linear programming tools to solve

this problem.

6. Numerical examples
Examplel Tree-like branching structure

The Tree-like branching structure is applied with vertical
loads on nodes of the roof. We assume horizontal equilibrium of
roof nodes is automatically satisfied and preserve the roof
members, see black lines in Fig.3, during topology optimization.
And the single axial symmetric condition is considered. The
result is illustrated in Fig. 3. For a = 0, the result contains long

F=1 F=1 p=1

SR SR TR T S TR SRS SN S SR N

(@a=0 (b) a=0.1 (c)a=04
Figure 3. Results using different buckling penalty factors.
and slender compressive members. As « increases, number of

such members decreases. Although, see Table 1, volume of
structures increases, at the point of aesthetics and structural
safety, the results become more practically applicable.

Table 1. Results of branching structure optimization

Volume fa £ CPU time [s]
(a) | 22.5000 | 22.5000 0 9.3903
(b) | 22.6757 | 24.8132 | 1.0875e-04 13.4427
(c) | 23.7780 | 29.1160 | 1.1115e-04 15.7783

Example2 cantilever beam structure
In this example we assume all the compressive members
have the same allowable compressive stress g, and all the

ensile members have the same allowable tensile stress .

O'T=1O'C=1

(a) (b) (©)

Figure 4. Results using different materials

O-T=1O-C=8 O.T=80-C=1

From the result of cantilever beam structure as shown in Fig. 4,
we can see, as we introduce the different materials, the results
became asymmetric, and the proportion of compressive and

tensile members changed.

Example3 three-dimensional bridge structure

In this example, we compare the result by two-stage
processing, see Figs. 5 and 6, and the result by single-stage
processing, in Fig. 7. When dealing with this example, we apply
vertical loads equaling 1, and opposing lateral loads equaling 0.2
to the nodes of bottom plane. Four vertices of plane are fixed
nodes. We didn’t consider buckling and different materials. And
during topology optimization we preserve members of bottom

plane.

Figure 5. GS and result of pure size optimization
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Figure 6. Result after re-processing and its front view
By pure size optimization, many members in GS are deleted
previous to the main optimization process, see Fig. 5. The results
show big difference in form of structure between two methods.

Figure 7. Result using single-stage processing and its front view

Example4 two-dimensional bridge structure

In this example, we apply two-stage processing to two-
dimensional bridge, in which buckling penalty and different
materials are both considered. Members in bridge plane are

preserved, see dark lines in Fig. 8.

© a=02 6¢=1 oT=4
Figure 8. Results using different materials
and considering buckling penalty
From the results shown in Fig. 8, there is no long and slender

compressive members. As the ratio of allowable tensile stress to
allowable compressive stress increases, the proportion of tensile

members increases. Consequently, we generate the bridge forms

6) Topping,

like arch bridge, see middle part of Fig. 8(a), and cable-stayed
bridge, see Fig .8(c). The result data are as shown in Table2.
Table 2. Results of bridge structure optimization

No. No. volume £ CPU

members | nodes time [s]
(@ |32 52 70.28 1.26e-04 47.26
(b) |27 44 106.32 1.21e-04 | 145.96
(c) |25 42 72.98 8.3%e-05 6.89

7. Conclusion

An original and effective approach for optimizing both 2-
dimensional and 3-dimensional truss structures is presented in
this paper. By the introduction of numerical strategies, the
number of design variables is dramatically reduced and,
therefore, the computational speed is improved. Additionally, by
adjusting buckling penalty factor and material properties, we can
obtain various forms of rational trusses. In this paper, geometry
changes are always in the form of current coordinates plus
coordinate variations. This idea of controlling equilibrium
change to the least extent will help keep the original form of
structure. Consequently, architecture designers can perform
further optimization for an already designed structure, using this
optimization approach.
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UL EBICHT R A Wi O E B AR RS L,
3.3.2 BUWL—T

KR I D Z EPFFCERVB I —TD
ETVOWERE &, T VOERELEFT 5 720128
TR ERRGH AT 90 MTIEEET 3.1 LRIT & L,
F2ITRT, FNENDET NOEHZAICSEDORE
e EMUAE R 2R 6 ITRT, BEERENE 2 k1o

BEH AT L QOB WE O T, b BRIED EW OB
17 (812.8 X 12.0) DFRRIAREEA 270t 1IN T LD,
FOMOET LOWIE S 270t LLT T 270t (25 7225 &
INTEE LTe, FFRIGIIE AT LIz Wrimliss 2 7 C.
FEBRAE S D Wi OIARE B Ak T Lz,

3.4 BETILOMEAEME

A TN—"T B I N—TZ N CHRIGIIE AT
L7eNHEEDNTL 725 X2 W4 3E Lz, £E7
IVOERWTRI AR TIZE & DD,

2 FEEF 2 AERHET 3 AEHEF
BRERFNE
S
ANINININININISISAN
NINININININININ/NY
2 EHEF 2 AEFHAET 3 AEHEF
AEEFSE

X4 REHTETILOEERR

=2 fEATHE
K BB 30 B, FHEEkGR
THENH | BEHELTE mAn—>—XEF
BEEH | EsS
1.5kN/m? & L TR ETRIHEl
FEAH | mrms
{EFRBTE | STKN400
E =2.05x 105(N/mm?), v=10.3
SAMEETT | G = 7.94 x 10*(N/mm?)
gy, = 235(N/mm?)
E:VYUOR v:R7Y UL
G : BANBEMERE, o : BIRSHE

50m
50m
@ 14.6m

AN <
VAVAVAVAVAVAVAVAVAY, 476
VAVAVAVAVAVAVAVAVAY, > O—5—3%f%
IAVAVAVAVAVAVAVAVAVA or
" 50m 50m § eV

5 fRTETIL
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R3 FETER BEESHETE) 812.8x19.0 33.6 8.8 79 176
TN 812.8x22.0 293 76 69 150
MR ETAEAR 914.4x19.0 257 73 6.1 136
2AME | 2ARM | 3AM A 914.4x22.0 23 63 54 119
190.7x82 5885.7 4869 248.1 1929.1
190.7x9.0 45190 3722 186.7 14702 55 BIFRE (A SIL—)
216.3%6.0 41969 3492 188.8 1449.0
216380 31866 270.1 1443 11192 FRHEFEIG NIEDIRTE (%)
267.4%6.6 21497 190.8 1148 8252 WRTETAERS o JACS ) R EIRY
267.4x9.0 16249 1438 85.7 621.9
318.5%6.0 1533.1 141.0 933 616.1 27 | 3AE | 2750EH | 375
318.5x9.0 1052.8 96.5 632 03 267493 139.7 83.1 1430 1348
355.6x79 9186 876 599 376.5 318.5x6.9 1236 815 1258 1288
355.6x12.0 627.1 593 402 256.5 318.5x80 107.7 707 109.6 112.2
4064x9.5 568.8 570 494 2373 318.5x9.0 96.5 632 982 100.5
406.4x12.7 4353 434 374 1814 318.5x10.3 852 556 868 88.6
406.4x19.0 306.1 302 256 1273 355664 1067 733 1064 1129
4572x16.0 2708 282 26.1 1142 355.6%7.9 876 59.9 874 92.8
4572x19.0 2327 24.1 22 98.0 355690 774 528 713 820
508.0x19.0 183.0 199 195 777 355.6x9.5 734 50.1 34 718
508.0x22.0 161.0 174 17.0 683 355.6x12.0 593 402 594 630
558.0x22.0 1296 147 152 553 4064x79 679 494 673 721
609.6x22.0 106.5 127 136 455 4064x9.0 599 435 596 636
7112x19.0 86.6 112 13.0 370 4064-9.5 510 413 567 606
71125220 759 98 113 24 4064x12.0 458 30 456 488
812.8x19.0 648 9.1 110 276 4064x12.7 434 313 432 463
812.8x22.0 56.5 79 96 24.0 HRAE=(1)
914.4x19.0 50.1 7.7 9.5 212 &ﬁﬁfﬁ*ﬁ 1&?3 E%ﬁ%“ﬂ ﬁ J’E%ﬁ%ﬂgﬂ
914.4x22.0 436 67 83 184
2AFR | 3AM | 2AREF | 3AR
i e s 2674x93 743 1209 739 1321
R4 TR (BEFHFR) 318.5%69 66.6 108.3 662 1183
REERFAS WEDREEL (%) 318.5%8.0 769 125.1 764 136.7
BREARAE 2E5m | 2508 | 35 — 318.5%9.0 86.2 1403 85.7 1533
318.5x10.3 983 1599 97.7 174.7
190.7x82 29235 508.1 402.6 11706 1556064 02 oy e 1230
190.7x9.0 23738 3887 306.1 891.5 155679 850 1384 "y i1
216.3%6.0 21004 361.1 3002 8854 155690 965 pp— 9.0 716
216.3}80 1626.7 2795 2404 683.5 355.6x9.5 101.8 165.6 101.2 1809
2674%6.6 11334 1953 1848 508.6 3556120 1276 076 1269 68
267.4x9.0 855.8 1472 138.8 3832 106475 074 1586 %69 1730
318.5%6.0 819.4 143.5 1470 3818 106490 o 1202 o1 1968
318.5%9.0 5623 982 1005 261.6 106405 163 1900 61 075
3556x79 4930 874 928 2340 406.4x12.0 146.5 2384 1456 2604
355.6x12.0 3364 504 63.0 1594 064127 148 2519 1539 51
406.4x9.5 305.7 56.7 60.6 1480
406.4x12.7 2339 432 463 113.1
406.4x19.0 164.4 30.1 323 793 xo6 fENTHER BIIL—D)
457.2x16.0 1454 28.0 299 714 ERARE NEDRTE J:|.’,(%)
4572x19.0 1249 239 256 613 . T e
508.0x19.0 97.9 196 208 487 27 = EFRA
508.0%22.0 86.2 172 182 4238 2 AA AR 2 AR VA=)
558.0x22.0 69.1 144 150 347 406.4x19.0 306.1 1273 1644 —
609.6x22.0 565 124 125 287 45723190 327 980 1249 613
711.2x190 e e e = 508.0x12.7 263.5 1119 1410 702
711.2220 S ‘L ol _LiE 508.0x14.0 2409 1023 1289 64.1
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508.0x16.0 2134 90.6 114.2 56.8
508,0x19.0 183.0 77.7 979 48.7
558.8x16.0 171.8 732 91.5 46.1
558.8x19.0 1472 62.7 784 394
609.6x12.7 170.8 752 91.6 47.6
609.6x14.0 156.1 68.8 83.8 435
609.6x16.0 1419 60.7 752 382
609.6x19.0 121.7 52.0 64.5 328
711.2x16.0 1013 432 53.1 274
711.2x19.0 86.6 370 454 235
812.8x12.0 99.8 25 517 272
RIAE=(1)
XE; =] 152 =]
PR e REN IR AEEHEIR
2 A VAY::}i2 2 A A
406.4x19.0 209.0 249.5 2478 2594
457.2x19.0 236.5 2824 280.3 293.6
508.0x12.7 178.6 2133 211.8 221.8
508.0x14.0 196.4 234.6 2329 2438
508.0x16.0 2235 267.0 265.0 277.6
508,0x19.0 263.8 315.1 3129 327.6
558.8x16.0 246.6 204.5 2924 306.1
558.8x19.0 2913 3478 3453 361.6
609.6x12.7 2153 257.1 2553 2673
609.6x14.0 236.8 282.8 280.7 294.0
609.6x16.0 269.7 322.1 319.8 3349
609.6x19.0 3184 380.2 3774 3953
711.2x16.0 3158 377.1 374.5 392.1
711.2x19.0 3734 446.1 428 463.7
812.8x12.0 2729 3259 323.6 338.8
®7 BETILOEREE
AJI—T (RIS BEEE =5 1501
BRERENEIR AEEHEIR
2ARFHEF | 3ARKEF | 2 ARSHEF | 3 ARNEF
GRS
yAVAVAVAVAVAVAVAVAV Y
\VAVAVAVAVAVAVAVAVAV,
T
NNANININININININING
$406.4 ¢$318.5 $406.4 $355.6
X 12.0 X 9.0 X 12.0 X 79
BYJI—7 (HBFARSKEEE=1270)
BERENER AEENEIR
2HIMT | AEET | QAT | ARSI
$812.8 $508.0 $609.6
X 12.0 X 16.0 X 12.7

4 HHFEREROES

41 MRITEE
i LT 2 M L CRIS R A DS 217,
HRATIE & 8 (2T

4.2 ERAEDEN

8 DDET VDI FHIRHER Il « B39 5 Z LT,
PHUAEDEN RS T D 2 LN TE T, 2 Fakg1%
RS YE| L AR OB X AP RO
I3, EHL LTI Ch o7, 2 HRHEIE
EH 6 Bl BT, 3 s & ST ZI3E
FHEDBENZ L W IEFUAFIEC BBV T, EhEho
FERERIITRT,
4.3 #R

FHET VD 2 DORRFURRBICIS T 2 EHEMEHEEE & Rk
REERE A U7 RER, AR D SR
TR DT T VO ST R RE L 7podz, FERIRFUR
BEDEEMRIEIT T R COEF L CRREIZME S /o7,
FEHARFEERE F T TR O T VD F 0 NS UVMELS
12T BET VO HBRSFMRAE D EHMEHEIE 41X 6 12,
HRBRFARIED GBI A X 7 12, WP H %
X 8IZEELDD,

5 &

fif FARR R RE D S HE MBI Sl IR D 7 VD J5
MREL 720 | R EBO G I~ ToE
TIUTHENT, @FIfEE oo,

e bR B AL Te o 7o DI, BEERSNH
B3 g Chote, BEHE LTIZOFET DS
EHEICH Y | IENDIGEEREE 2 Ffo T DT,
HJRIRARAE, FERARIUREE L bl B & < 72
STEMBIEEEZ NS, Fio, WRWIEERE I
FHROETNOSEIEZL . P EFROET LD
BEWFER E oot ZAUTENTEPBRIOET VO3
RISTERRE L 725728, MHRFURREDEHEMEF R
DWNEL 22 | WIFREEDE L o Teinb Th D,

6 #EEm

Hig 7 F AL =/ UIEEM I EIRE L2 — D
EONC X > T, EHUHTESEORH NS, T OEPUTE
DA EGH TR il RN Ko T, R
(CENHTL B, FERE LT, iHEH RO T he L
R K< 72 D AAVR S,
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RS FRTHIE

SIZN B 30 E, FiEkak
THEESG | BEIMELXE mn—>—%iF
eS| RS

1.5kN/m? & L T&EimIZHE|
FERE | oETms, meEE 10%

BHRERREX / w89 T7 08— (#8
MAgsE | B

HRVTHIRILF— ({(ER)
{EFAMTE | STKN400

E = 2.05x 103(N/mm?), v=10.3
SHFEET | G = 7.94 x 10*(N/mm?)

gy = 235(N/mm?)

E: Vo0& v K7L
G : AR, o, - BIKIEHE

%9 FETILOEINE.

LiiPAE S T AT
2 771
2 J71als
3 41 o
N g%

D wERE | | BERSHEE AT~
[]mﬁmmﬂ [ ] meesnmm B YN—7
5.82 5.86
291
2.45

1.03
. 0.45
039 0.0076 D

Ll O _ O

55 ) [ [

ERARSIREDEREILER

&l

X 6

58.28

39.57
29.84

38.26

15.22

0 [ |
) ) = B

X7 RERFIREOEEEER

11.69

1
£

1243 1121

1.834

1.577
1.370 1.386
1.191

0.994 0.986 0.993

[ B

REIRERER

£

)

£

&8

7 5w

il T F AL = /W& 3B ITIE kA5 — 2D

BN - T, B HEICEVREN S, FOEbIFE

PSEITHGTRL) il AN &> T

AR

(CRENHTL D, FERE LT, s/ TR H3e
Fdtac MR 72 DHADVR S,

SE

1
2)
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HAARS S SF 2L = /VORMIE i/, 2010
TRIEER, TS - iR B R IMED B A
TFAY ) VEEMIOIREAE, AAREE PSR GE
TR, 2019 47 A

FHENE - S - PG - 5 RIE - INEERs - 1B
Bth, - R - A OB« S S EREUEEEIRE AT
—FRFCIRIERR G HEOPR —, EEHAN, 2008

R ¥ — o ROBBHEOENNC L D HfE T
TRy = U O TR & TR BT A5, 1k
BORFAEERRC, 2021



18 2023

MR ERRERE L-BBBERICEIAREY T LEBEEORKRKEL

A 2D, BB
DR B RZP R G Tapi ek LR gy 7 n 77 L, R%E4E, k5321751@kadai.jp
2) IR ERFERFZRE TR TEHERELEE T v 7 T N HEHPE yokosuka@aae. kagoshima-u.ac.jp

1 [XCHIC

AR, MEEAHTEACRAS L EIR O REIZ L v | KE
HEEIZ & 5 H Bl 2 A9 2 B AEESS CLT <° LVL %%
DR SNV ZAERE & U TR 25 T3 %
TW5, — 5 CHMEZIREZIRIT, ML - RYEAREE
BREHEIR L I D AIREMED B D, £ 2T b L - SR
%8 UM B B OIS ETED R D B D,

AMFFETIE, i TNt aREL & LT Bt
PA(Conjugate net), BEHTHISHAE(Circular net)Z VO,
BRSO HRREDLC Bézier HIfFOE D, ZiLHDF
IR 2 i TR R Ok S A thil, Wb
WNTE A TOARELR & § LR A v 2 Th D, LR
Ao 2 FHFINTAARE, 2l EGE TE %R
W DT, K LECE R, H5VNIRIFH A BE L
IR TETH D LV 2D, FEIT Circular net T,
ZOMWHE b, AR CABEL D Z EORVERE
Wbz LnTcE D,

ARETIL, HHARIGDE A AR SR & T D iR A »
T2l KRB LT B AT Y = S AR O, R
O BT RLF % AR & U7z B— B Ao/ LRI
BHEEAGI 2~ T, £7o, BRI bFIEC X 5 g
EATURIZRED ) F YRR AR5 Z & T, SR
T CRELT 2 Mt OF DUV TIREET D,

2 HERBEFE
2.1 BEERHAR

HERIEAE( Conjugate net)| IREEIREE 5 f, f,, f, D3
Hipi BLL IR 5(1)~Q) &= 92 & T KX
BTHD 4HAE f, Z28EH L, a2 %0
SRS 5 TH D, Conjugate net Z4%RKT 5 I
WA 1R, @

o.f =gw Q)
OW; =YW, 1#] )
0.8, =(t,8)r;, 1#] A3)

ZITS E. ow o HARY ML, g B OR X,
y D EEARECH D, f, f,, f, EBRE L LT LITO
KO EREEETED 5,

f

Tl.Wj
f . L /;

1 BERGURE. BEREHREREER T SR
w,=g'0f )
LW, =W, +y,W, 3)
rg, = 8" &7y ©)

1=y,7;

8 +87
L&, 0

Jilij

22T @), GITBNTw,, 7w, BRKRIZEE D,
L7eDo TR KD RAETH S 4 A H f, 28

ZEnTED,
fz‘ + (Tiwj )(ngj)

T 72 {f, (e )78
ATl Conjugate net % JH\V 7= B HiliH & = /A
DRI IZISN T, FRERE y AR A s LT

-

®

Do
2.2 BERNHBERIRIE

BIERH5E4E(Circular net)ld Conjugate net & [FIARIZEE
HEETD S, f, [, D3RP ORMETH S 4 HimH
f; ZEEH U, IO 2HER 5 R i A T
#ETH D, Circular net [ZHTR L7=5H=(1)~GNWNz T
RO &I HERH D,

Vi lw P4y, [, P==2(w,w) ©)
ZIT w1 ETHE AOILTOL I IZRSND,
VitV =—2Aw,w,) (10)

LLEDZTILy,, 7, 1T —EIZEE LT, BT
A=K g B AL TUTOLIIZTD D,
&;

v, :——a+[—2<wi, wj.>+ij(l—a) (11)
8i g

7//_[:—&(l—a)+[—2<w,.,wj>+—j)a (12)
g g
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TR

2 SR & — SR L - E FIL
L72735C, Conjugate net & [FERIZIAUZ X 0 RHnE
Tho4HiRH f, ZE Z LB TE %,
fi+@w)(g))
ﬁf(a):{ﬂJr(TjWi)(Tjgi) (13)
F7-. Circular net | ZEHE OVSERN K- TITE OB AT
kU CEEBEA TR Y | RO WEE Z R,
ZD7=%. Circular net |% Conjugate net & H~"CAME T
RRFENVE U7 oD 8 TN BN ARIE S 4L,
T TV « S RYEEI BN - 2R, SR L
U LY —EHERL L= BT U OWTIK 2 1T
AH@ Tl Circular net % V7= H F R S = /WAEIED
TEREGEGIZ BT, EFUE ST A —F o ZEEHEK
LTI,
2.3 Bézier BH#R
Bézier FHHRILH{H 5 & Bernstein FREBEIE & IV CiE s
SND, n' RO Bézier HIFREn'+ 1 ROHHESD HFF 5
AR THY | ZHUT L 0 KBS N HHIEE~S b
IR TH -2 Hib,

r(,,)=2 B (P, (14)
i=0
, n'l . -
B''(t)= — ' (1=t
7 (1) D) 1-0 (15)
2T, rEREESR ML B i & BN

(ZB49"% Bernstein ALEEEEL, P, HlEHREIES bl
t PLENFHRAST A—=F 0 0" WETH D,
BB EEIC IV T, ARG IARZ RN L3528 T

RMEZRFER IR & 1 D D72 R KRB ATRE & 72 5,

L7eho T, ARCiE, BEsehm O D8R dhifit
FHUZ Bézier Mtz AT 5,
2.4 BHEERCFIE

312 2.1~23 OFEE VT AR5 FlEE
NT, FI. Bézier BifRE FAWVCHEER A RILL, il
B EOHFETIFT S (Step-1), &IZ, BifF LicHisz
#, &2, Conjugate net & 713 Circular net % Fi\ T
\Z 14 sE O 2 KBS 5 (Step-2), HARITHER LT
1/4 fEsoD i 2 6 FRAICALE 2 2 & Tl ek &
BT 5 (Step-3), LLED X D ITHERR L7z #iral st LIt
FENTAAT 9 6

71 SGA /NT A—X

A% 10000 BiaTRE 16bit
AL 100 e tournament
LB ES 0.7 XI5k 2 X
FJERIE IR 0.1 T U — MRS 10
#2 PSO /T A—H
A% 200 FARIEEL 10000
Woin 0.4 C 2
Wi 0.9 C, 2
#3 EABC /X7 A—%4
AR 100 a 0.3
T 10000 Tl 5000
Sbouna 0.0 Saceuracy 10E-16
dr 0.9
Step-1 Step-2 Step-3

3 HHEERFIR

3 E—BHmMREIL

TAVE TR LT 72 i aR B2 2 B i
HEAE Y =/ WEEICH LT, O Ao S Mez
HEE Lo H— BRI L AT 9, i b TFEICIIFE A
HIZIRERTE L D | AL D A T = X LB AT
B IAY 7 /L =2 U X I(Standard Genetic  Algorithms
SGA)W, OB TEN A T T Uk U TR R b
(Particle Swarm Optimization : PSO)©, M0 EARTTH) 245
L 7o e BN T = v =— i {b(Enhanced Artificial Bee
Colony : EABC) O% 3%, ZhbORANIZ AR
{£ SGA,PSO,EABC O 3 fHEIC L V15 LN D RFZRED L
AT 9 o 3% | ~3 B MHETHWZEE AT A—2 %R
75
3.1 fRTETIL

i RTE TR © SHIZIRIEIX 4 12777 Model-A &
Model-B T %, £ ENDOZRIIRIZKT L Conjugate net,
Circular net CHENTET /L2457 5, Model-A 134 Rt
> % Ff, Model-B 13 12 i 3k & LTl LRIE 2%
T IIFMRIROIERE & LUl 5,
3.2 BUOTHIRILER/ME

BOTHEZRN XL LN ENHBIBER S LIzH—HBY
s/ MERTEE D
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O B 3kf

Model-B
4 SERAK

Model-A

3.2.1 Conjugate net

#(16)IZ Conjugate net THHHTET /L Model-A, Model-B
HERT D5 a0 kAR, (16a)~(160) F TEHH
Bl &L, ZAUTR(16g) DI AN Z T2 b DZHER 2 &
T%,

find Vys Viir P (162)
to minimize .fa(yij’ yﬁ):%dTKad (16b)
subject to o <o, (16¢)
<y, <t} (164
Vi<V <Vi (16¢)
0<P<20 (16f)
4 <154 (16g)
T, REHER y v, MERHRANT A =X

(Conjugate net), sXatZH P : HlfHs z FEAE~Z hL

(Bézier Hi#) . o, : i BRONNE, o, : FFRISIIE
TdhD, ETow ¥y ¥ \SIFIREZR FIRME, LIRIEASE
STHELT, TNENLTO X D ICHFHEZRET D,
Vi ViV TRRAEL . v, OTHREARLCERY, Zh
TN AR LELRDIHEAEONT A =X
vy =—8;18,.7;=-81¢g GU)~®)ZBH) ZED5D,
Yy >V R IR LTI Y | AR ClIbk 2 78—
OYFIERNER £, £, f,1T L, f, DT R 457 &
72 DA /3F A —H % Newton-Raphson #5(Z & ¥ ¥T{Ll
MiZkd, Thzi/D _fEZHNT
7y = f(<w,w, >, c080)) 75 = f(<w, w, >, cosb) (X
(D~@®)ZH) DX 5 Il LTRLT,

A(17)IZ Circular net CHEHTET /L Model-A, Model-B %
Wk 86 OEALE T,

find a, P (17a)
to minimize 1(a)= %dTKa d (17b)
subject to o, <o, (17¢c)
0<ax<l (17d)
0<P<20 (17e)

ZA’ A

i=l

/ZAS <02 (179

4 <084 (17g)
zz T Rt a  fEEHRNT A—F (Circular
net) . s ER z RS R L (Bézier HIAR) .

ﬂﬁﬁ%Tﬂ/@l FREOWEME, 4  ZHIPRD Ef’ti oxf
ST D EREOEE CTH D, (176g) THATET /L OEFEN
WAPSEIRTGIR & 72 % & 5 Wi K DKz L7z,

M ORERGEFIIARE L (AFH) THH ., Kl
HEAWRE  t=01m, KTV v=04, Y7
¥ E=4.0x10°%N /m* &%, £, BRI
Kirchhoff HFHZEED O Z W T To 7,

4 HERER

AA6),(AINHOWTROT 1L F iy Mb a4 3
FEAT L., BOT R RV RN 70 2 iR,
FEEreR AR, R(16a)~(160)12 K 5 Model-A D F-%
5. Model-B OfEHRAX 6, H(16a)~(16g)iZ & %
Model-A DFEFRAZE] 7, Model-B OFEREX 8 (77,
F7=, AT L D Model-A DFEFZ[X] 9, Model-B D
BA2X 10 1RT,

fRATAE R ORI, £, ROTHRVF, d -
RRENEZENL, 0y O - TN FRDFIET ) M, M,
K« B NEHTIS )T D, ST - EITISARIC
B AMOK S, HE IS - #FES O
SHTHERT D, 2 2 CTHENIRKNZBWTHEL S8R,
IRENEME I ZR L, FEHFISRICBOCHE A R
ity ARED NISE RS, ISR T UKk 2
3 OaEbTFEIC L 5 BB OESR 2T,

FFERIZOWT, X 5~10 D be L VIR - HhE
7% LR % LA ) BT A IR ATV D,
B HSSRTIEHERHIIC BT S AMET L, %
TIPSR IR RO C RIS MEFR LT
W5, X606k, BRI TSR ALN, =
HITIE B/ S <o TEY | ROTHZRLF H/NE
725 TS Z ENDND, Model-A DEcHEfEIFIRIL
Model-B & FbTRK « S hERITIS IR RE AT T
WD, ST DREE IR A T TS TS
TNz D, X 11 L0 RANZ RIRERIED 3 fiilh
(2 E o T BT R COMIREIZ 5\ TRl O
DGR ST, BRAESGD Z N TEZEWN
25, 3 EOREIGRER LV . PSO M RPMREHE 2 T
WAFDH D
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£, =0.0565[kNm/m] [, =0.0567[kNm/m] f, =0.0714[kNm/m] f, =0.0275[kNm/m] f, =0.0278[kNm/m] f, =0.0415[kNm/m]
d =6.534x10"[m] .d,, =6.244x10"[m] .d,,, =9.694x10"[m] d,, =3.248x10"[m] .d,, =3.223x10"[m] .d,,, =5.194x107*[m]

z ““max max max z " max z “max

a) B a) S5 a) i a) EH a) S5 2)
¥ + ¥ + A T
Ak f1x A\ AYAEVA VIV
AR AR AR A AR ER R RN At L] ] R TS
A NS A N S HAEARRR N [ KK EI KN 7 N[+ x] +><\\:
EEaneE ~[~ |~ + |« ~[~ AT A A A L N L D [ B
=~ |+ =[] ™ ==~ x|+ = ]~]™ | o [ [ [ [~ ||+ [+ x[x]+]+]+]|— =+ x [ x [+ ]+]+ I S e e
|-+ x || -[] N x| x| [] e[| [ | |+ [ ] B I R R R B e e e R R RS RS B R e
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O =15206[KNIM* ] 0, =14296[kNm* | o, =14433[kNm*] o0, =6.832[kN/m’ | o, =6.636[kN/m’ | o, =-2.024[ kN/m’ ]

O\ = 180294 KN/’ ] 0, =—184.873[kN/m’ ] ,,,, =-245.226[ KN/m’ | &,,,, ==76.061 kN/m® | &, =—75.385[ kN/m® | 0, =~126.272[ kN/m’ |

min in

b) FSSIX b) FSAHH b) T b) TSI b) TSI b) FSAHX
X[ X[ A]X] XX | A< 7 D \\ SYES
N[y ] x| A NERREEZ D ~T+T+ - X[ ]
NE =X X[~ . X \ / —T % +
S|~ ~ | | — ~ | + + -\
x|~ - [~ x|~ | + + e 2 ,\,
XX B EEE X : . =
A AN AR AR NS X -+ ]+~ X2 7
<] A% X <[ AX X N v I \A\*
o B P BN =
M, =0.0199[kNm/m]| M, =0.0188[kNm/m] M, =0.0231[kNm/m] M,  =0.00276[kNm/m] M, =0.00280[kNm/m] M, =0.0293[kNm/m]
M, =-0.0212[kNm/m] M, =—-0.0214[kNm/m] M, =-0.0270[kKNm/m] M,,, =-0.00499[kNm/m] M, =-0.00519[kNm/m] M, =-0.0331[kNm/m]
o) FHIFRIIK o) EdhiFEIK o) FHIFRIIK o) EHFIEIK o) I o) EfhFIETI
EABC |2 L DR GA T L DfER PSO I L HfER EABC T L DR GA T & DR PSO 1T L D55
X5 Model-A (Conjugate net =& B1&mk 1)
L TR

£, =0.0770[kNm/m]  f, =0.0783(kNm/m] £, =0.105kNm/m] £, =0.0455kNm/m] f, =0.0466[kNm/m] £, =0.107[kNm/m]
d_ =1.036x10"[m] .d . =1.003x10"[m] .d__=1468x10"[m] .d._=4.859x10"[m] .d _=4.760x10"[m] .d,_=1378x10"[m]

T s o smE o MR @ e S ) B
7
2N A g
S SEoa7ANS.
FE R
Stk NG
R gensiinnues N8
X7 VA
o, =10.894[kN/m*] o, =6.724kNm’] o, =8213kNm’] o, =-48860kNm’] o, =-475TkNm’] o, =15.742(kN/m’]
O =—219.275[kN/m* o, =—209.201[kN/m’] o, =-257.260[kN/m’ &, =-91.739[kN/m’] o, =-95.396[kN/m’] o, =—121.753[kN/m’]

b) T b) FIEHIX b) T b) T b) FEIH b) TGN

‘ ’
BN AP
E‘N%Es"ﬂf’;
//

Y
\REE

M, =0.0264[kKNm/m] M, =0.0264[kNm/m] M,  =0.0429[kNm/m] M, =0.00606[kNm/m] M

=0.00673[kNm/m] M,
M, =—0.0365[kNm/m] M,, =-0.0326[kNm/m] M,, =-0.0507[kNm/m] M,, =-0.0132[kNm/m] M, =-0.0124kNm/m] M, =-0.0307[kNm/m]

=0.0468[kNm/m]

max max

c) EHhFIGAIX c) EdhFIGAIX c) EdhFIGAIX o) EHFIEIK ¢) EfFIGAIX o) FiFIAIX
EABC |2 L DR GA IZ L BHER PSO (2 L HfER EABC (Z L DR GA IZ L BHER PSO (2 L BfER
7 Model-A (Conjugate net |2k &Rk 2) 8 Model-B (Conjugate net [Z & S1&RK 2)
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d,.. =7.746x10"[m] .d

z ““max

=0.0569[kNm/m]

max

£, =0.0572[kNm/m] £, =0.0555[kNm/m]
=9.154x10"[m)]

d

z “max

=9.332x10"[m] .d

z ““max

f, =0.0200[kNm/m]
=3.547x10"[m] .d

f, =0.0223[KNm/m]

max

f, =0.0224[kKNm/m]
=3.654x107[m] _d,,, =3.674x10"[m]

a) X a) Sl a) X a) S a) a)
e e D
T O T T
R AT I DK
AR e[t t]+]x]= [+ [+]x]= ,x*ﬂtL*‘x
BB =[— |+ | x|+ |[+]x|+]|-\F x[+|+[x|+|=\= =[=]+ x|+ |+ [x]|+]|=\=
[+ =< —T=[~[+[x[x]+[~]=1~ - + [ <[} [+ [ [E N\ === EE
<~ [~ ==+ x[x]+[+][=]~ . + [ [} [/ N\A I ==
ke il bl R R R N x|+ |+ [ X[ [= \(~—+‘X++X*—'>Z
1 SRBNREEE DEDBHER U ]
11/ "\ NnnDY4 ADDRvY4 NN
Ny NARNE anny
T BB "&x
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O =—292.975[ kKN/m’ | 0, =

min

b) A b) HRAE

267.998[kN/m2] c

min

=—272.158[kN/m2] c

min

b) A b) A

=-178.117[kN/m’ | &

min

=-173.525[kN/m’ | o,

min

b) HRAE b) HRAE

=-1 83.372[kN/m2]

M, =0.0126[kNm/m] M, =0.0187[kNm/m] M,

M

AN
| X4 x|x g a5 || >*[ >
- x| NREZ foll Bl 78 I el el I AN [~ il AN - - RN
- . AEEE IEEE 7 N N / \ / . \
7 R T x| x | * o [x HES X[ - e - \X . x[ 1111 <\ x
B X[+ | X X[+ [\ X S E '\ /” BESVARDEE K x|
x X\ X X\ x| X A4 x BEIAN AN BE3D
A} x Z A+~ x| x | x MY ES %\ - . Y R x\~ -]+ T- 7 [x
. =[=]+ S\ o|-# N . 7 S 17 N /
N ” e " N |~ / ~ - -]- W =~ -[=[- 1=/
X< IS [+ % < [ ]| X
R ~T= S

=-0.0230[kNm/m] M

o) TS
EABC |2 k& 5558
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max
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o) IS
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c) EHFIS
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10 Model-B (Circular net |Z & 5#&R%)
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o) EihiFEIK
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=-0.0133[kNm/m] M =-0.0168[kNm/m]
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@ WICEVEDOND,
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Wur23.4
SEn=9 T[N * m]

Di=732[m
= o]
A ZEE ORISR
O
e
S 1&«‘%%‘
% e

1 #EARAK (R

- 151 —



y u=0.5
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3R EIZRBIT 537 A—H u, v OREE
BT, u v X g, vi(i =l 6) KL, TTF AT )LD
HZRIIST 53T A — 2 2808 U ChdiE+ 5, i
[HilE 2=0.5,v=0.5 ([ZBWTHRE T2, X 4 [ZHlEmRA
2 NV Re, p DEHEZ R, FKT 9 DOHH AL O
XY NIV Ra, p it Bt e LTI 21T 9, HlEROH
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RHAHNTIRTHY, ZOEHAITEEETHS. Zhb
) S S N2 =N A A it R A B A

4 KEREMTIZ & ZBIEDER

SR 2 B8 LI KBTI L 0, &
RS BIUYEH RP 2= v R /L OiliE %
R . RETEARATICIXE AT & [7 T < Abaqus
\&r. 2022 2 5.

41 KREMEHROBE

R IE, BERA~OSEHI AL OVEH CER &+
%. BEZIST A= % 05 1 O#FAT 001 328N
SETHEAVIREESD. oL &, HHFIZN L RIS
B B EZENE T & IS/EH S THEOFEZM
R LTz Btk a R 5.

4.2 BPRFROKRERRK

5D PER: (1) BER A Ta=600>F#LRS, (2) &
B Ta=60DF#RP, (3) MEASERCT=010>EHH
RS, (4) MATUETIR T T =040 O'EHL RS, G)/SAEELR
T T=025 F# RS OREIEIRZ KD 5.

X 5@) & I EFNENEER A & BOET LVOERI%
DOIRTHD. BIHT (LX) OREAO~—H—IL XY,
2 MDY U 3kiaR L, BEORANTRHIZENLD 7T
ERL, TXUNETRETHD. PROFERIAET
% 2 OOBEATRE B TIRFT D, RN OKRE S,
F&FARFARD y AR D 20%E 5. ZE% O
B £, 2flEbENEND TIRE— RTEEL
TN ZERDI5.

B4 5), @IFMBRER OB THY, £hZi T=010
L 040 DETNTHD. T /AFRO 12 [HOBEEHE
EUEERE L, MND 4 SOOBEAERITE L CHE_Ef &
DOIRHIEN Z 52 5. T=010 OFT /L TRz il
HEAMESA, T=040 DFEF /LTI OME S b D.
IS OREFITRTEI TR LT3 T A—% T OfE & s
Bt — REDBHRIC—E L TEY, Wbk bRk
¥oE— FOME M EFHNS.

X 5EIIAAIEEREZ B> T=025 OFIREAROK
B THDH. D 3OO E B THFFL
6 DSOS ENZENE._Em = ORI 2 5 2 TAEMR S I
%, BETFIRERIE, 2 Uy PEO—E AR L7
FERIZERI L 72 7R — RO~ E AR L TN 5.

Pin support Forced disp. 0.2L,

(x, y, z-dir.) _jo-= (-dir)

<
<
S

o
byttt
Pt
EER T T TS

FALLNLP NNE. 2.3 5 5.4
ssceeraees
£535000800088

g

(@ IJHA a=60DFFERS

Pin support Forced disp. 0.2L, U U3
(x-, -, and z-dir.) (z-dir.) +] 780e+00
I o S |
- 5 I S
m——— +2.0516-01
= ' gt 5
e L, -7 400a-01
: 4 -1 055a+00
. -1 370a+00
b‘ ' p -1 §85a+00
. 22 000a+00
o
(b) BERB a=60DEMHERP
Foreed disp. 0.2L, v U
/ 1 (z-dir) o +1. 1850400
/ i
N +8. 886e-01
/ & oied)
+50246-01
3 gaberd)
-4 37 g670-01
Pin support 4 3ed)
(x, y, z-dir.) +0. 000e+00
(©) FMEERIER, T=010DEHRS
Forced disp. 0.2L, I
/ #(z-dir.) b 3%2°:88
/ AP 19’ 4506-01
- T O E
/ WGy B RSN p +6 6436-01
T 'S ' 1 Jageo)
: s = gl
: Pin supor i
k N (x, y, z-dir.) +0. 000e+00
(d) FMEERIER, T=040 DEHHERS
S/ Forced disp. 0.2L,
// (z-dir) & sagernn
L +518196-01
, 43 770e-01
2 44 g8iee)
/ ‘ ; -2, 5570-01
- TS -4 §66e-01
. Y, § gaseo)
. 2 Q 21 09900
E; Pin support :} 32‘?::88
. " %, y, 2-dir) -1.7326+00
(€) NAMESR, T=025NDEHRS
5 BPFRFEIRODAERMAK.
RS RS >t AR

X6 EEREDREOIAFARIC & HEFDEME

4.3 [EERIMORMAEREEF LT HTFROLER

B 60X, [EHEILIEOXARRAAED, Zh etk
T T DAL T D, K 6DAIE, A—8T v 7
HEEOMWEZ RO Z LB TN, JEOFEM RS <
HFL RP LHAAIED 2 LT, KTV U IEOREK
(Mgye) &AOmEE Gl 22— DDk EITER
B A 2 LN TE S,

B4 7 1XPUIITE & SRR ARG STt o] ¢
5. Oz M7IE 2 FROEMERT. K 7@1%
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SEARAERDH3 D ERL RS TRV 55 D3 FRR ORI
AR DA SN DM THDH. B RS TIIA 7 A
FE, RABTIXETHS Z LB3bns. X 70),
VUSIFE &t A 22 BACHLE L TRz Cd v, Al
FURL EIRUDNES L= X9 RIIRICETE T 5. X 701,
BTGRP EA LT i Th
0, B LB ORI A B LT 5.

(c) BRI AR ZEE L-fhm

B7 iR EARERES SE&TFE L Dlim
5 F&H

FHAIATED A > ¥ 2 A& TR ET DT 4
TT T 47« 7V v Ry VOMENETAE AT~

EARENTIC LY, BT RARORIFRME & oS il
FEROHENZ LY, RO EZ S ERA T 5
AR LT, B A b OB RS &AL RP X
T=0 (a=0)DFRLGE 2 R<IZ L AL EOET L THS}
EEE— FR TIROBEHE—RFE LTHELN, 2O
HENREND Z Ll bhotz. —F, MR L
NATESROER RS O XEANERE— REOEA
EDHIVINEL, BRLARVWBIRICEE LT LE ) aliE
MDD 5.

RISTERATIZ LD, BV S il 2 AR L7z,
BERGAAFTT 275, WRELIZ BT /MIT N TR BIR
BOBNEANEE®— RICEET 5. 61T, HKARFE
WDz BRI DX AR & 975 Z & T, T E
(2 AMEROIEAR 2 % M=, 12 Ui Lo
Rl 2B TE D Z L ABPR LTz, TR0
722 R 95 2 & C, mANOETEAMELZH D
I A SO 7 AP AOHEIZRE S & E
SERMEAERTED. 7212, A—8T 4 v I HE
LR DT DOIIWETRE <72, HRERDOEZA
HEDERT 2 RITHRETH 5.
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M1 NS ILOO®RA

1. [XC®IZ

PrOMRITAARDOEHA 2 BE O - AIVETRENCTH DA%,
WHETIIRE S E Y2 o R N0 272t 2 &R
TELHEMELT, MEFHEV ST LFB 2D,
EWR, EIN7R EORRA 7238 TISH S TS (1D,

EELTIFIZ RN T D, B ATRE e i 1300 TS0
HERIERE A ) L SED Z LN TEDRS 21 85 D, K
(2, B EDIROIINAR T CHEE S D MR PTRR AE
UMTEFC BT 2 72te Z 2N TE, MEIOERZED T
W ZORWEIINCKFTH TR —LDORER
G T2 EDOISHATREMED B D 3],

—5 T, RIS OMEOREHIEME TH DT,
AHFTE TIIAERL (SAAIRAT AT A ) TEOBLA
DB IR DAL BN DR E A 7O, AT
ST DL [4] 28U, Frc, BIRFUCBEIC
FETDREBEED —>TH DR BDOMOIT 0 72 7-7x
HIZERLE,

BHROADHT Y 12T AHIFFRIZ Lo THEX [5] TH D,
BB & A 0 MO VU TE R DT 0 72 7= DBR [6] 12
DUVTHAFZESITNND,

FEEIC R RO AR U CRBRZERE IS L7 E 4
[7]1 b0, BFEMEEY L LCOIATREMEIZ 22 d
Do ABFFETIE, BROFTHE A I LT ORI (K1)
DDA 8] IZEH L, Y ~IGH ATRE/ Y
FHREORRE RN ST 5,

ARORERRIZLLTO®EY Th D, 2 ETFILVE
ZO%RBOREFEKNCE T EOHIZITIH, 3ET
PR DFFEY — /L& OFRERIZOWTER TS, 458
Ty al—yara AV RENKEREFTFEOB L
ZEMEEDOREEIT), SECARMCTIRET LI TIEN
SYERR LT AN LD MGEEAT D,

2. N\YILIOBRBEERMEEE
2.1 INFILUIZTDONT

NI AUINF I AVHOBRTHY, ARIDIEY
RN ELTAEOBE R DRRTH D,

VIO BE DO HEFE MO B ARDOTIAET e PR
/N2 A3 (Anisolabella marginalis) 72 & (33 % £ 7=
IRV, IHE D BRIRIZE T =N X A (Eparchus
yezoensis) 72 EOFE WA FFO,

BBTHES TREL, BRIV 27 A TRIA
EFHINAES CTHREZRADOFIZLEW AT, HT0EE
B L7-HF9E [9] BATOILTERY, AR (X 2) 12X
POl loF T ARRB DM P D IS Taiitk 2 fdi -

2 NYILOORADERF
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e HY=1=-#

@wivy

H3 NYILLOBADIFY f=f=#
TRIRE CRREZE ST [10],

NI LT OHRBOYTY 12 T-HOFEEIE, BOLD
ISP 72 7o ENTHIK RV BB A Oy
TN ETHIENTELETHS (X 3),

A IAVOBMIEROP THRER a7 M
N7-7=FpZ LN A[EETH Y, Forficula auricularia 72 ED
FIZ Ko TR T 7 Al o R L 23 1/10 AT 722
DT EDRBIVTNS [11],

AWFFETIE, N AL OBRMOY Tt F )7 222
ARG DORXFHIISH T2,

WHILY 7o BB O E FINADREZ1T 9,
2.2 INVUILODOBAERRARREEE

FEHOIX, ZNHONFI AV OBRIOEHERTTY
T ledp R B — AR B D A 22— L 2 B 5 7)1
\ZL. Rhinoceros+Grasshopper [12] & F N CREPH% D
BT DR ERRA IR AL~ A AT EHaity —L
ZAERRLTZ [13], 2%y —/V CAE T A[RER /X T A—
ZIZLLTOmY Th o (K 4),

1. Basic elements: 4,5(0,A,M,N) CHEEL S0 THY,

RONERRZ#ET 2 2 L CRANAZ(EX T
5

2. Hub Radius: JFOEIIFZYS T 5T LOHDORKES
EERTD,

3. Rib angle: FLODBHUIIRIZIRN 54 Y 7D f

Crease pattern

X4 REAROD

Outer Radius

Rib Number

EaEETD,
4. Modify angles: HLCZHTVTEMAL & S B8 & o
LTS D,

5. Outer Radius: H.002> B E TOMDFERD
RESEELTD,

6. Rib Number: FL00HFRRIZIEA S Y 7 D%k
EEETD,

INHDONRTA—HDMBEDLEDLZ LT, B
(Crease pattern) & 37V 72 7= A DR E (Folding state) %
filgsd - 1 Cx 5,

UL, $ERORERXERFY —/L OIS HIE 2 RoTHY
PRI E UCOAHZRRRE DR FHIE -T2 (K5)
[14]

WELY, BRARERY—LO—EEEL, K
TEAROERFHIEAT D720 D TR ONW TGRS,

3 RBIROEL
3.1 BRI
2 R U BB O VR M b, TR0 437

BE/T A5
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Flat foldable

8%

P\

=

Join

Remove

X6 FHEHAIFTFHEROFERFARZEE

RELRD M (LUF, AT RIEL 5 ) iz Lz
KBTI MAEIET D (X4 6),

NfzZzhZha, B, v, 0&30L, MEDTEA
R EITIE/TESu ey e i Nl ) G D=V el IOV 97
b5,

at+y=08+9 (1)

ZDEE, BUEONANLENENH LM T
TP RBEKO A2 EY ., Y- 7=5 R4 R
THE—FIE5LE, LT LD,

y—0=1+ 2)
d—0=4¢ 3)

I, EHEFTONARER LM AT LT REET
SEARFEIR AR ATRE 72 BRI 2B 35 Z LN TE D,

ZZCOVMITE s

a+v" + 8+ <360° 4)

ThHID, Jux DOFH/REE TR TE T E
R EZ2D O AT S 2727

PERDHTVHRE
—
AR
—

3.2 AV=t=AE—F

2 TR LIZIERDBFIEIZ L DT 0 & ARBFFE T
OB ORI OPT 0 7= — Rid 25 (K 7),

PERDOPT VKR TIL, P10 7o 7 A RF TEFRAA & Sl
MICHERSTZEPRAOIT VI C DI 0=/ D
7oth, JRHEBRESDEIMUDEIZ /e DIFERELHTY
a4 78y NTORERH D,

AHFFE TR T 0 RN TEER RIS NN T 0 A %
NBRIC D728, T TRIVESIZL ATV 72
T Z ENATRETH B,

Fo, Pzl (B B ORETCEET DS
LT R CIRRET O MEIRE LS D Z &
T&5,

4. 2alL—al IDETIL

2 BN 3 EETORMMORFHEZ IS, LA

WROBET D=0 D 3D TFILDIER & Z DI 1212
YRalb—varEfiol, AFETIE, BEtY—Lk
LC Rhinoceros+Grasshopper & =D 77714 L T %
Kangaroo2[15] Z T 5,

NNFEL T EYBE

N @

X7 7Y f=f=H&F— KFDZEL
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P1

PO

to keep flat

PO - P1 - P2 - P3 maintain distances on same plane.

The lengths (PO - P2 and P1 - P3) are fixed.
P3

K8 ~IalL—YarvDREEH

F1

X9 IV -BRBELE—HSE 5T

4.1 EFEOERES S aL—ay

2 BETCIHRATAERDRFAMGREY — 2 iz, B
I DOFEHE L 702 ji /T A— 2 H ZA L S CHAR DR
BIZAER T D, 3 O AT St & R o T IRAEIZ T
D72DIT, BB MERE O ML 2 07217 B
W A BN ED,

WIZ, GIVESTAEUTE SRR L% <> DI 72RfIC
HIZR B2 D NARTZ IR 2 e 7895 72 D1IT Kangaroo2 (2 &
5y al—varEiror (K8),

EEL Goals & I3 (Strength)
EEDRED Length 1} 10
EEDOA AR Angle 1% 10

PV B> =i Length 1X107
REDER Coplaner 1 X101
TEROREER Anchor X104

XSolver (FIZEDELDEFEAL TS,
1 ZFaVR—R2 MEFTDHRESEH

Design procedure

ERRIcRr [ 2 §3
I

— wwm — e

=i

EEL-EHE Y= t=A LY B A DS
K10 MNABKDOIU I aL— a3 0kF

KDDL xR EZ e TEART ) 18 #
L., MREFNEL, £, FEHONADELLR
WZDIZ, ENENDEVE S s NEhe )
WAL T,

IO E ST A B R % — B S D201, 91z
R a,b DENTEIGEROM N —E T 5 L e f ki S
PEMZ T, £z, BERGMEE UCTHEHEMAIOTERD 9
H1 ROEMEWMHRL, TV AE—REHRETD
T2 DI i B D A R ZER B B (Goals 44 74k :Load) &
RELL,

B R TEFMATKGT Do R— 2 b EFIXT A 72 $)
W9 %) (Strength) DREZ AR 1ITRT,

FROFMENSI VI THROY I 2L —v 3 ET
VY, FEAROREBKN DY IS oA BE R & o7 E
AT OIBERE 72D 21X 10 1R T
4.2 ERBRORE

AREITIE, I LT ORI BRI 2 JEEL57 B~
ISHT 570, ZERiEE L LTO R IR ORK
FROEREIT O,

41D I 2l — g Nt Lo TELNIERRITH L
T, & b EiE TOMEBEEZFmShO<h<]) &
LTHEL, HOHEEDES h ONLE TOXKFER P &
SRTERE DI FEM N BRI T D, ZDEEDRFER 1
X AN EOR T ZREERICEINT 5,

Vlal—valrBoOBREREMR 1 THEIL, K
T PR LTS KR LT b D e D7 &/ bE5 (X

B IARRDIER
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HR: Hub Radius
OR: Outer Radius
Ra: Rib angle
RN: Rib Number
Ma: Modify angle

Syl
o _§§\\\W/// o

H12 JINSGA—FEZELSE-EESDORERDEN

1), BT, SERFIRIC L7 BRI R B X O TEER (R 0>
Horrthm T o891, mEbAloHimEE T LT
WA AR E RN LR ETHA BT 5,

HEADRERKDO/NT A—4 (K 4) KOFES h, JEH
XOGIVED AL 0 k2 B b ST L&D 3 DD
RoEW (AB,C) %K 12 121”7,

5 ERZ K BHHET

13 Z/RTEY, 4 HE TONED LG T2 B
(12 D A) Z R ZER L R ARG LT,

R TR DRI T Tt T - B rTRE 72 A
DT> FEREL TN D,

HRIOMERIL 125 THY, MEHIERDO R —
Jr—3— (112g/ mi ) Z LW,

14 (2RI 0 | TEREAN & i AR & D 72 <
PO DOEN e PRV 7L LTSN 5
ZETRRNETIRETH D Z LA MR LT,

R E LTSS R U= RE 2 BORHMAN S & [RER LS
BEL. ERHE Yy =8OR EGbY
%o ZOBRIHIe EE LRI 003 0 7= 7o A r]

REZR SRtk &l 7= S 72 <7e 0 EBHIE D 4 & [H & L7z

WEECHRREZ RN SEL LN TED,
ZDOMORERGEF L LT, X 14 OJBBRARRFC Hhifi

CHET DA BET D7D BiAteT v —, K13

membrane

zipper

H13 REOBRERDA A —D

M14 REORBADERTF
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DBEBINZT L—I E DDA BEZ R TH 2
LEELTWD,

6. F&H

ARHFFETIX, FHHZRRRE CORER £ TORARM 7~
P I LT OBRBORFAMREHEN D, I 23 AT6E
AL O ORBENO MY VIRS Z & T, AT
BIRE LG T DT DOFIEERE L,

B UAERR LT BB D DANLIRTE IR Z MR 95720
DIV I-T- I ab— g 2470, ZEREEL L
THWDT2O DR DIREZIT T2, ZOBIT, v
Eo— & ETRRGET LI SRR 0~ & i BH X A 7 S 1
L, &EtE1T25 89127,

Flo. KR TRETDLFIEEZHNTOITIA—F%
EELTBREWSODBFIL, TDIHD—2LLT
TERR L7= BB DA 1/25 OYA AOBEARIDO BRI EE
1To7c, BRORWEIZLDMGEEZITH 2 & T, BEAT
REZRNLARTIR DG HIA R T D Z L &M LTz,

UL, AR R SR C DB a5 B LT
FHZE E-TRY, FETRTORBEFZRITEE LAk
BRI E R SRR A Z R LT REHTIEE > T
VY IIZT, BRI XD MEHI R — 3 v T —( 2
KON EMICIDBFRTE E-TEY, B35 IT
KU DEHDOREEZBE UG E T TA TN
728, SHROBEET D,

HEE

AWFFEILIST FOREST (RREEZE 7 JPMIJFR203E4)Dl))
AT CTRENT WD, £, F—FFIRISTIR AR
W& PR 9E 7 0 7' 2 (JPMISP2136) D BNk %
ZF TS, ZZICRLTHELRFRT,
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1 F

JERIRRE T AT LD 1 FETH D o — AL, 24K
OB OHRZ Ry MES LIz XD P — X% H
a=y h& L, OB =y NIRRT U
G L THAGIOE D 2 & THRA RIBRBEHERT 5 2 &2
TED, VA MMED L O 72 TN & A 7 <OER
RT T FD LD REIRIAE T 5 2 A AT ohbd
[, Ha=vy MIHHE1THY, ERERHELD D
T EMRNE D EENERE L TN ZE TTHHE 1 O
PItEE AL TE D, AL, HEZ A 7 CHHREE
| LR DRI TR T 5 2 LR BN LT 5,
Hoa=y MIEIZK 1D 3 XA TRHY, BpuHRo
ETFoe R SIIT =y MREFHINS, XA
L id =y MRBYAT & 72 0 A TINLE (BAEAE &)
AT 5720, #fE LIGAIc TR To2=y M
Az E, PHERRC 2237 Mefliced bvod
RS, 247 2E 318, EADL=y MNEIET
TR B> THEBEZIT D72, ks L Cllim4TE
EDZ LicaRIThD, 2L, dHfia=y NEOEE
WEMEZT- T 72D ORRIAE -0, HANEDH 5%
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Tablel Input seismic motion
Lvl Lv2
Maximum { Maximum | Maximum { Maximum .
Name Duration
acceleration} velocity |acceleration{ velocity
(m/sec?) (m/sec) (m/sec?) (m/sec) (sec)
El Centro NS 2.554 0.250 5.108 0.500 53.8
Taft EW 2.483 0.250 4.966 0.500 54.4
Hachinohe NS 1.667 0.250 3.334 0.500 51.0
Notification™(Random) 0.744 0.100 3.720 0.501 120.0
Notification™(Hachinohe) 0.787 0.113 3.933 0.566 234.0
Notification™(Kobe) 0.758 0.102 3.789 0.512 120.0

XWaves are fitted for the target spectrum confirmed Japanese standard.

Table2 Seismic design criteria

. Design criteria
Aol Constraint
method gl v
Time history Inter-story drift angle 1/200 : Chapter 4 | 1/125{ Chapter 4
;iﬁ:io;ssc Story ductility 1/200 i Chapter 4 | 2.00 { Chapter 4
Inter-story drift angle 1/167 | Chapter 5
Rigidity 0.60 i Chapter 5
Eccentricity 0.15 | Chapter 5
Static Stress Column 0.96 Chapter 5
analysis ratio Girder 1.20 | Chapter 5
Column - 4.00 | Chapter 5
Ductility
H Girder - 4.00 | Chapter 5
Qu/ Qun 1.00 | Chapter 5

Q, : Horizontal load bearing capacity
Qun - Necessary ultimate horizontal resistant force
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Table3 Specifications of MDOF system model

Mass [T, B, m, Lo Ely Qu | Ok, K | K. | Ks
number 7 (m) (m) (kN) |(10°kNem?)| (10" kNem?)[  (kN) (em) | (kN/em) [ (kN/em) | (kN/cm)

25F | 4.00 [ 32.00 [ 8,675 7.40 2.62 3102 | 200 [ 1551 [ 971 [ 1,551

2 24F | 4.00 | 32.00 | 6,321 5.39 3.67 4391 | 200 | 2196 | 1,650 | 2196
3 23F | 4.00 | 32.00 [ 6321 5.39 4.67 5511 | 200 | 2756 | 2,301 | 2,756
4 22F | 4.00 | 32.00 | 6321 5.39 5.49 6522 | 200 | 3261 [ 2923 | 3261
21F | 4.00 | 32.00 | 6,331 5.40 6.10 7451 | 200 | 3725 [ 3518 | 3725

6 20F | 4.00 | 32.00 | 6,324 5.40 6.63 8310 | 200 | 4155 [ 4084 [ 4155
7 19F [ 4.00 | 32.00 [ 6,324 5.40 6.93 9,110 | 200 | 4555 | 4622 | 4.622
8 18F | 4.00 | 32.00 [ 6,324 5.40 7.07 9,856 | 200 | 4928 [ 5132 [ 5132
9 17F [ 4.00 | 32.00 [ 6,359 5.43 6.55 10,557 | 2.00 [ 5278 | 5616 | 5616
10 16F | 4.00 | 32.00 [ 6,334 5.41 6.51 11,208 | 2.00 [ 5604 | 6,069 [ 6,069
11 15F [ 4.00 | 32.00 [ 6,334 5.41 6.44 11,816 | 2.00 [ 5908 | 6,495 [ 6495
12 14F [ 4.00 | 32.00 [ 6,334 5.41 6.37 12,381 | 200 [ 6191 | 6,891 [ 6,891
13 13F [ 4.00 [ 32.00 [ 6,461 5.51 7.70 12,916 | 2.00 | 6458 | 7,267 | 7.267
14 12F [ 4.00 | 32.00 [ 6,658 5.68 7.66 13425 | 200 [ 6712 | 7625 | 7.625
15 11F [ 4.00 | 32.00 [ 6,659 5.68 7.61 13,891 | 2.00 [ 6946 | 7,953 [ 7.953
16 10F [ 4.00 | 32.00 [ 6,660 5.68 756 14,317 | 200 [ 7158 | 8251 [ 8251
17 9F | 4.00 [ 3200 [ 6571 5.61 6.88 14,697 | 2.00 [ 7348 | 8516 | 8516
18 8F | 4.00 [ 3200 [ 6.470 5.52 6.79 15083 | 200 [ 7516 | 8747 [ 8747
19 7F | 4.00 | 32.00 [ 6,470 5.52 6.79 15332 | 2.00 [ 7.666 | 8950 | 8950
20 6F | 4.00 [ 3200 [ 6526 557 6.98 15597 | 200 [ 7799 | 9125 [ 9125
21 5F | 4.00 | 32.00 | 6,613 5.64 6.93 15829 | 2.00 [ 7914 | 9273 [ 9273
22 4F | 400 [ 3200 [ 6614 5.64 6.87 16,023 | 200 [ 8011 | 9392 [ 9392
23 3F | 4.00 | 32.00 [ 6,591 5.62 6.65 16,179 | 2.00 [ 8090 | 9,480 [ 9.480
24 2F | 4.00 [ 3200 [ 6557 5.60 6.58 16,299 | 2.00 [ 8149 | 9539 [ 9,539
25 1F [ 475 [ 32.00 | 6,687 5.71 7.02 16,384 | 238 [ 6,899 | 9569 | 9,569

=== o Table4 Damper specifications
o | variable number . X
. > of design variables
g |9 2N 7 Linear
e T } . | Deshvot spring | Cost
E e PP« PV, M number | value ®h C, T, K, |coffient
5 N [kN/m\ o | MYems] | [kN] | [kN/em] [ x10°
n sN L - - - 9
N } 3 2 1275 531 933|907 10
1 3 2550 106] 1866| 90.7 20
N i 14631 186] 3265  90.7 36
. oN 6375 265| 4,665 |  90.7 51
% 7 1474 61 1003| 8315 10
. 1N 2 8 294.8 12.3 | 2,006 | 3345 20
o P 9 5160 215| 3510 8345 36
N } 5 10 73710 3071|5014 3345 51
3 . 1 = = = = 0
5 o f1sN 12 169.9 711 1077|  510.0 0
14N 3 13 3309 141 2154 510.0 20
N } 6 14 50481  247| 8770 510.0 36
15 81971 353 | 5386 | 510.0 51
: M EC 16 — — — = 0
. N 17 1763 73] 1097| 5942 10
- — — - N 7 4 18 35261 147] 2.195| 5942 20
O aares R =L . 2 BN 19 6171  257| 3841 5942 36
r:“ A 20 88150 8367|5487 5942 51
T e 21 = = = = 0
= = N 8 » 22 179.9 751 1108|6488 10
3 o 23 3508 150 | 2216 6488 20
. 2N 9 24 629.7 262 3879| 6488 36
23N k 25 8095 374 | 5541 6488 51
I I T Ly 10 A — - - - 0
o 27 1842 77 1121|7249 10
o 10 I ) 2N —» 11 6 28 36831 153 2243 71249 20
" “Hﬁl‘m‘ 29 6446  268| 3.925| 7249 36
. . . 30 9208 383 | 5.607| 7249 51
il I I 3 = = = - o
N N R P 32 1925 80 1146] 8320 10
- = G = A‘ 7 33 384.9 160 | 2292 832.0 20
34 67361 280 4012 8320 36
Flg4 Design variables 35 9623 40.0| 5731 8320 51
36 — — — = 0
ofoptimization 37 199.9 83 1168|9352 10
8 38 30971 166| 2336 | 9352 20
39 6095 20| 4088 935.2 36
10 9993 416| 5840 | 935.2 51
11 — — - = 0
12 208.1 871 1192 1,045.8 10
9 i3 4163} 17.3| 2384 | 1,045.8 20
4 7984 803| 4172 | 1,045.8 36
B ) 45 | 1,040.6 43.3 | 5960 | 1,045.8 51
i 46 — — — — 0
47 2246 93] 1239 | 11885 10
10 8 449.1¢  18.7| 2477 L1885 20
19 7859  82.7| 4335 | 11885 36
50 112281 67| 6.193 | 11885 51
51 — = = — 0
52 31790 1832|1473 15160 10
1 53 6357 264 2946 1516.0 20
. 54 | 11125i 4631 5156 | 15160 36
Fig.5 Damper model 55 iAses L Teed | aes | Laieo] T ThI
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H4 25, AJTHUEENZIT Tablel OHIEE A ELHT 5,

ARG CIEEY 2 5 RIS E I I A A N =D I 2%t
Bl L, FANK L A—DOWRICET #0521 ) =
THRIDBEEAG TR ED Z > o 2Ry MR, TEE]
PRI L OMEE O & FAE (BLOAMED R B 7 &
IZ X DIEBE DR E DR A ETe) Ao TR
ZEHTENE Maxwell 7 /U TRV (Figs),
4.3 BE{LsET
FRAHEEISCHR 6 DIFEIT X0 B L 7S E o sh &

Zon g RCOEDS, FT D% | 7 v—7& LT,
RS E 11 BRHEkT 5 (Figd), Kkt 225 i
0 1G5 HIREE R TR L OV A NEE RS Tabled (&
R, 7235, Tabled (TR L 9IS, AREHEEICITHREE
B2 LOfEEETe, SUEOEITIIFEL, Sk 4 DR
TR L > TEBNE, Lv2 #EEN - 52—
FREEDFGEARFS J OV— A TARE O (R
SAAENE & BRI UE) 28AL, 22kt LT
(DDFECEAT D, HBARFIDT=80, SCHk 4 OIEIC kT
VTR 2 Fe bR KOS OB ERE T O
W LRED[FIREAR L 21T 9 o 18I0 IR DRRE A X
SR 4 & FRROERE T DB R E 1 J—T 357
TN—T~F LD, REEREHEKT D,

WL TFEICII A dmE VA L, R T v

=Y X AIZIE SVD « RBF - Kriging D 3 FEEFRA L,
KAT v T TOERT ) X34 HIOREES L 0%
TSR R LT, b THREOR Wb D ET 5, K

AR DZE SR 7 L) X AT Sobol, ARSI,
\ZI3Z BREIEH T L 2 ) R A0 MOGA-11 % FiV %,
B & ARAR A LD HEFRIT 0.5, PR L kRS T
AR L T2 200 fEfA, BRERAT > 71%50 [B] (551 10,000
EARATRR) &35, R 3R kSR — L
@ modeFRONTIER (it thifiis 2 v - faifb 7 v =)
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Fig.6~8 |Zf, & f; DERI L O & £ ORRE T,

Tables £V, ROt & bk U CRIRE @ b ik
WY, ZUEORAEAEL, Lvl 3L 0 Lv2 HifEH)
X9 22RO AIEE /UM RS (LB LOE) /b
STeRBF LN TS, — 5T, fillREE= AN (§)
VXFRIREROE L O T AMEOR X 73 fF b Tnd, Zh
1%, FIRERE L CIIAMERANE L 50 < 5 2 L THA
W = DERE /MR T LT, fRE LT
B O AEEAMT DN NE L IR BIRBMEHN TV AT
OTHDHEEZOND, FD®, Figd 1T L1,
RS & BR O T B ORI TR R T, 284
DIHDEHEARIEIZ 31T 2 HRKISAF AR L TR0,

F72, Fig6~8 LV, LA AW IREL &
JREE A MII N L— A7 OBRRH Y, £2Thr
—RICBWCHIREE 2 A MPRELR2VBES (FA
N R—F NIRE D) LAEOA TS AW 1R EL
WRELRDZEDID D, ZHUISTHRS D 1 HARE
TNV WG OB L [FRECh D, Fiz, H=
BRI LS, - B L O -fy DIEZERNZBNT, [RIRFRK
b & e U IRV OFFAEDG DAL TN D Z &2
DD, Fig6 3L WFig7 X0, [R CHIHIRIE A6 & FF
OLEETY, BT RN R D 2 & CHIlREEE T
DIEANRIR D Z LD, Ziud, HaEbTFEE
WD ET, RS DIREFE (BERRDY v /3—i
Z FAERIPELZ LB U Cofid 32 51E) ClIE btz
HHREEERLE OB fTEE T d 5 AlEtEZ R LT 5,

PLEX Y, RFETEREEORET D4R L
T, SARRHIRIEERE 2155 2 & CHRERRGHI & 5-C
xHLEZLND,

5 ZEEFMEEROMEREL
5.1 HELREDERE

BREMEHITIE, IR & 9 ITHE S LUK O W
LA FRTIEE CRB IO,V ARV S, BB
L, BREWRER : f,, SO BEEICRHEOYARINE
VXS 2 E AT VORI O & RIS : £ (DA
T, PIAIMEESE) F X O BEEE T REORE
RN =R L — 2% B BT T /L O BRI =L
XF—OMGETHIEE : f CUF, BREEMGE) ZH
%9, Figl0 \TRT LT, f lTHMESERE~D 7
AT ATk, T ENE R E~D T 4 T 1
JEBR LI BB ChH D, ARFFETIE, CFT M4

Table5 Summery of optimization

Nuprer of]| Minimum Nat'ural
Case name feasible function ID : period JAC) £ JAC))
solutions [sec]
eq() fi(x) [2821; 3189 | 0.068 | 0.134 {3,978 x10°
(Min. f(x) of 2753 f(2) 5215 | 3.189 | 0.070 i 0.133 {3,978 X10°
f t. -
rame opt.) £ | 2847 | 3189 | 0080 | 0.145 i1,734 X10°
eq(D) filx) | 9192 i 3189 | 0068 i 0.125 {4,896 x10°
(Min.f, (x)of 2850 f(%) 1758 | 3.189 0.068 | 0.124 {4,896 X 10%
frame opt.)
fo(x) | 2186 § 3.189 i 0.079 i 0.144 {2,040 x 103
fi(0) 7050 § 3.281 i 0.057 i 0.112 {3,876 X 10°
Simultaneous | 999 K | 7701 1 3278 | 0059 | 0.109 (3,570 %105
optimization
fa(x) 7539 | 3.281 | 0.061 | 0.112 {2,958 x10°

e:Acceptable solutions, e:No acceptable solutions

0.15
0.13
20.11
< 0.09
0.07
0.05 .
0 5,000 10,000 0 5,000 10,000
f3(x) [x107] f2(x) [x107]
a) f1(x) vs f3(x) b) f>(x) vs f5(x)
Fig.6 Resultof eq(1) (Min. Frame disp. opt.)
o:Acceptable solutions, @:No acceptable solutions
0.15 0.20
0.13 0.18
20.11 20.16
< 0.09 —5 — «<0.14 —
0.07 ——ﬁ'— 012 — =
0.05 0.10
0 5,000 10,000 0 5,000 10,000
f2(x) [x10°] f2(x) [x107]
a) f1(x) vs f3(x) b) f2(x) vs f5(x)
Fig.7 Result of eq(1) (Min. Frame Cb opt.)
e:Acceptable solutions, ¢:No acceptable solutions
0.15
0.13
20.11
< 0.09
0.07
0.05 .
0 5,000 10,000 0 5,000 10,000
f3(x) [x10°] f3(x) [x10°]
a) f1(x) vs f3(x) b) f2(x) vs f3(x)

Fig.8 Result of simultaneous optimization

——6—— Min. Frame disp.opt. ===@==- Min.Frame Cb opt.
——o—— Min.f1(x) of stimultaneous ===%=== Min.f2(x) of stimultaneous
------- 2o Min f3(x) of stimultaneous

0.0030 0.0050 0.0050 0.0100

Inter-story drift angle [rad] Inter-story drift angle [rad]

Fig.9 Response result of strip frame
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JERWE A RZ A A R DR TR 2B, fI1TiE
JEH AT L JBIRIZE T8 COJRIRE AR A B3 %,
HIRISRIHTIE, — RG2S & L TRoRERIATEA,
MIPER, fRlR, FEOBTHIE R JORGOWHRE
bz, TIREGHE RS L U CORERA KRS
TRAAH ), A L OKREORARIBIERZ I 9,

Story shear force
A Target mass model hysteresis area

Frame model hysteresis area

iQuvz
1 S
—
1% henge of =T 1
J - th story ’,-’
/|
R -

Inter-story
drift angle
>

=
s
g
g
> 7N
B

by jBu iéva

Fig.10 Story skeleton characteristics of target and frame

N

=) AG) Ly
i=1

n o — ——\2
minimize f(x) =< fs(x) = Z (M> Wi (%)

j=1 jKT(x)
L - E 2
fe() = ;(JF(?ET*(;C)T(@) WE(x)

9.(x) = mjax(l-R(x) = jRiim, 0)<0

gs(x) = m}gax(jRe(x) - iRejim, 0)<0 @

ge(x) = mjin(]-Rg(x) - szlimr 0) <0

g7(x) = max(cS; (%) = ¢Siim, 0) <0

98(x) = max(S;(*) ~ 6S1im, 0) < 0

go(x) = m}.in( 1Qu(®) = jQun,0) <0
g10(x) = mls'iX(cPi(x) = cPiim0) <0
911(0) = max(gP;(x) = P1im, 0) < 0
x = {yCi, NGYi ), x; EN

subject to g(x) =

ZZiZ

o: EMEL, Alxy) : FM i OWRIAE, L;

v @ bbEE

Ee(x)  HRETIUCET 5 BERETL RO
Az (CUTRS) owiEitez, Rk v
FoRERE AL LIoE

K BRSO B R OYIRERINEE, B &

Y _EORRE R CEYERE L7

wi o f SRR E S OFE A

1B (x) BT T VRO REITI IS DIRA/K
A A E T OSEE AR TE 2 T
JEIE AR

1Er(x) - BT E DB DR AW IR

MO R

HIZETE A OIS (;Eg (x) FLHHICIS T D0 7K
A IIRE D B 2 A4 & CORGPH)

welx) © f HHEEOE R OEZ

iRGx) - REDIERIZET M

Ruim : JIEORBIRZSIE f ORI

Relx) : [REDILE,  Reyy, © JREOMROROMHIRAE

Rylx) : fHEDHWER, Rsyy, : jREOMIEROHIR A

Si () - BT oW E L

cStim © FEDWHRE LLOHIRRIE

o5 x) o« RGBT DTSR E L

eStim © RPEOWTHE L OHIRRAE

Q4 () - JREOLRATATA )

Qun ¢ IPEOLERAATIH)

P (x) - FE b ¥R
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ERGUITH TR ORI L D ERRLORKE W 25
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RS, RIS IEET, WIERRE IS K O fRT
I BEBERE T 1 77 LD NASCAYZ BT 5,

— 185 —



5.3 fEHTHER

Table6 (24 id KIZ I DFFAMOR, XQIZBIT S
# B rIB SR MEROE AT, B rIBIEER X O3)
(o & DA, Fig1l (CEAJEY & £ OB, Figl2
ITf &£ OBR AT, RQ)DE BTS2 L5, £ &
fio DERHEZHE TR HBBEE T 5,

1= () (i) ©

ZZliZ

p © NI DHIFIGA T A 7= T 7R OHL

Table6 &V, SREHRESILA HABIEUR IMEZR T 2.5%,
G JE I C 3.8% D7 6 D Z L H337 D, Figll K0,
RITEEETREOBEA A TH S 3.189 R T
IMEZ IS TND T2, WHAIZE A 5 RSB BN
TETWA, Figl2 £V, f&fITSERIZIEOHEBN
HDZENGDD, LLEXY, KE)ORHmIZ L Y W]
P OB EREDS HAEE O IR E SR VEHRLE T LD
RN ARETH H LB X HILD,

Table6 Summery of section optimization

Number of Minimum Natural
Case name | feasible functi ID : period fa(®) fs(x) fo(®) | eq(®
N unction
solutions [sec]
fa(x) 9243 3.319 2,510 0.0035 i 0.0045 0.390
Section
optimization 4336 fs(x) 8995 : 3.195 2,573 | 0.0010 { 0.0051 0.227
(Min.f; (x)of fo(x) | 9442 | 3.263 | 2524 | 0.0017 | 0.0029 i 0.204
chapter 4)
eq(3) 8670 3.233 2,542 0.0013 { 0.0036 0.192

e:Acceptable solutions, ¢:No acceptable solutions

0.015 0.04 ;
0.03
0.010 2 %
2 % 0.02 o
Z0.005 001 = uad ENEEN
0.000 0.00

3.00 3.10 3.20 3.30 3.40 0.000 0.005 0.010 0.015
Natural period [sec] fs(®)

Fig.11 Natural period vs f;(x) Fig12 flx) vs f,(x)
Fig.13 3 X O Fig.14 (2, R(Q)? B L OKG)D
FHmBES S IMERD, Lvl 38X O Lv2 EENZ T 25
FET /LI KO BIEE T IR E D R E T /L O
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BCh oWk - NEDNEYE R L 5 2 DRI L
T, BEETTI R SR M 2 R DT
BEEIFT5 2 LNATRETH D Z EDNDD,
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25
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o Min f;(x) —eq(® |
25

=
20 ——%
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Inter-story drift angle [rad] Story shear force [kN] Acceler

Fig.13  Response result of Lv1
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Fig.14  Response result of Lv2
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[Four-column formulation]?

If MOD(i/4) =0, then zij = 1 (j <x1 orj >ny —2 —x1); zij =0
(ny—2—x1>j>xI).

If MOD(i/4) = 1, then zij = 1.

If MOD(i/4) =2, then zij =0 (j<x2 orj>ny —2 —X2); zij = 1
(ny—2—x2>j>x2).

If MOD(i/4) = 3, then zij = 1;

Z 2T, X1, x2: integer design variables;

i: column number of finite element (i,j) 1=0,1,2, ... nx — 1);

J: row number of finite element (ij) =0, 1,2, ... ny—1);
MOD(i/4): the remainder of i divided by 4;

zij: zij = 1 represents that element (i,j) is solid, and zij = 0
represents that element (i,j) is void.
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and f,=P, =P

OM max OM max

U BHMERRATIC X DA B R R AShT

P BRESEMEARAT Ch 2 725 [3RA

0 o HURHFE RIS,

0 Mmax : X — B RIESI DT~ TORH A TORASE

4 KREREMEEEROEMREEER

F1IE, EMEEBROBERAL TR, AR TIRE R
LTWo, BIRIE, 3 HioHEC LD L — 7 b
EOFNLEE L, W2 ITHN LK 2 IR T A LB D
2247 ThD, 72721, SEERIAORIEIL, 6 mm, 7
NG, T2 GEOREIE, 5 m CRIF KB LT,
FERCHER L7283 L OGS ORRA (E721M0)
DOHIE L ¥ o TIRRO B Z AR 2 1T,

=1 HERAGFR. FERAMH, K

BRI | SRR TEIR
S-A #ik4(SM490) A
S-B Fik4(SM490) B
A-A T VR A45(AT075P) A
A-B 7 IV A4(ATOT5P) B
T-A T2 AE(Ti-6AI-4V) A
TB F 4 A 4(Ti-6AI4V) B

JEAEIERIL, AR RS E FEREE N O T Rek (5
B 1) (KE LT Thive, RBREORERNE TE 2
(R, RBMAD T OBRE N, 7 TV AR
RIZHAL MES U TINERRIZ A VS o F SHTND,

X2A) FHERATE (RIRKA

X2@B) FHERATIE (FIKB)

&2 M EITEEORMEFE?

RO | 4 BefR T | o 7R
iMif73(MPa) | (GPa)

Hips SM490 325 205

TV AT7075P 425 70.7

FH B4 | Ti-6Al4V 825 110.2

— 194 —

RERERI




dn]

50 mAF OB G 2 BAAICRE L, GE 3%, #
R ORERMAEDOEET (A-A BRI Z7RLTW5, X3
X, SRR EAIVENRZ R L TD,

3000
2500
£ 2000
i
7 150
L
(N)
500
S o
FE2 HEBRAEHRERT (A-AEREDH) %
& 3(C) ﬁi%ﬂ?%ﬂﬁ: (T-A FHERIK)
53
ﬁﬁ 3000
o
£ 2000
(N)

1000

25
rﬁy_ﬁ/ (mm)

30 HMELMEMF (S-BEEREK)

Amt

BT OFHBRADIRTF (A-A SHERIADB) 20
2500
2200 £ 2000
8 o
2600 T
= w
23 500
@ 1000
£ 3 .
(N) 00 EHRZER (mm)
30 WEEWER A-BHEBRA
EHEZER (mm)
3N TrELEHER (S-AGERIK) 6000
1600 5000
1200 E 4000
% o TE 3000
& E 0
g (N)
(N) i: 1000
ERER (mm) Z7 (mm)
3B frELEMER (A-AGERIK) 3(F) FrEZRER T-BHERE)

— 195 —



HFARIRIAR S-AS-B IZE LT 7L A4 A-AVAB,
FH oA T-A, T-B 1L, SHEEREE D TR E <k
RKLTWD, 72771, Ttk A ORBRAIL, Wb e
UMD 7273, JEIR B ORBRINIL, IR SHER S 4L
720 T-B ABRADOMEATBHRIL, MY 8 mfir T
RERIMTEEENR & e TD, FEERNRDL, Zh
X, T IORO Y 7 E R R L AT A 1AL RO
fEDTRDENSTZL DT, AL MZTTROPAEL,
F DT OISR LT ENERRER T o 7 Vs hizizs
b, 31, WEHAEBRO T —7 06, &R
BRIRDOTEMERRTE, BEMERAETE (Z 2Tk, 77 7 0f
8 10%{K N3 2R 2R & L TRt it T D)
EEELIELOTHD, X413, IR A ORERKROR
FRAGEL L1M7, BMERRZSE & (it v o 7 1) D BafR %
Try MLIebDOTHD, BELIXILLTWDHT2D,
RIEFGHMERA D X 5 7o MBIk T . A U7
WG OTEPERRATER-CHMEREIL, Eh—Hoe R
ROFEERRD DDFUL, FMFEOHEN G hOSRE
WROEDONTAETE D Z Enbid,

5 F&O
AW TIX, Baa M U7 KA O

BRE 172, SN mEE LI IR,

(1) TR B OB TIL, HEMERRZATEIL, TR A L0/
S Tp ooy, WIEIRATERIZE 2R . FhUCE
IRVEEIEAVE Uz, —T5, TR A ORBRiA TR, 5
PERRATEIIR & <, BEIRTE & MR AT L,
JRIFAE CehroTe, FHT, GaEATIRL FERZ
TEDKI 45725 5 FFIHER Lz,

(2) TEIR A OFRERIKTIL, SEMERRMTER & it /), SRMERRZS
& & (1 > AR50 OEIRMS B dTedaktis LT,

&3 EEMRFIE & EMERER

BRI FEVERRATE(N) | BPERRZSE(mm)
S-A 840 5.160
S-B 2910 3.540
A-A 1110 2045
A-B 2300 9.470
T-A 2170 24.83
T-B 4610 11.99

2500

2170
y=2.6571x-21.667.®
2000
z
1500
o 11.1_9,.
X 1000 840 .~
H ¢
# 500
0
0 200 400 600 800 1000
fif73 (MPa)

X4A) FERFIE &M HDBEFR

30
24.8
25 y=3.36x-0.0731.e
205
20 s

15

TRZH (mm)

10
5.16 .
5 .

0.00 2.00 4.00 6.00 8.00

it /v > %8 (x103)

4(B) BMERRER & (MHH/v T 1RE) OR%

B

AIfZET 0P =7 ML, IST ([CL A EEEE [
WRFET O —r Y A T AR LA | OIEBHO—BR
LLT, ITbE L, £, AFRIC TV
F LT ARG B LMt T 1 PR LSRR,
W Zs(nkk, JEILsEREE, NGUYEN TRAN THI HONG
NHUNG £k, SAFREPIRE SOAFIRER 2 < B L -
FET

S5

1) B9 A ERE A  ENDEE VLR, Tt
F 4 e MRS B 1 1% N 1 7 R M e NS QO T A
PERMOBEETTIE | RHF 2015-218453, HBH 2017-089714

2) Sawada, K etal., A Study on Multi-Objective Optimization of Large
Deformable Elastic Plates. Buildings 2022, 12, 1323.

3)  http:/Awwutitan-japan.comvtechnology/physical_propertieshtml (A A<
2 W Web ~—2)

4)  https:/kikakurui.com/h4/H4000-2017-0Lhtml (FASESEHIRE L 1)

— 196 —


http://www.titan-japan.com/technology/physical_properties.html
https://kikakurui.com/h4/H4000-2017-01.html

18 2023

RBEHRFT SN REREIEIROBRERMEN
BRL=S D, WHCE?D | REEMY, EEg—mY
DERRFAREGH T AHERET V1 %8, 2k
2) s AR BN AR VL i S5 A R ROR B2 B, sk
) ISR N S e e S HIRE Py R e 2 o S N Y
HFBIMRFREB T AEERT P A 2R, Bz

1 [XC®IC

BIfE, MHEEEAN, HIREEAN, BB oW T HAAF
TESA, BEMHEX ITTER STV D, ABFFETHW
TS RETEHIEAA I IMTEERA, HIEEAT. b
WCIRSHE A OEMTTH D, AWTETIIRE L TFEIC LY
VERR S VT RESTERAAA D 2 73D 1 Hie/ NrliRiAR % JiE
RS CHEMEEIR AT > 7o R A b LIS, ARREERMAT
ATV, SR LR O AT O

2 REREEMEM &1

RITEHMEAS & (TR S D3 BH% U725k OEFET
D, KREFWIETMIL, KHFED X 5 e KER K Z
HEIIRLAVLTHEMEOME A HERF L, B b L2y
k72 M T D,

USESHOSR CIIATE & A BI L. AT BRD L
% EBEHNEIZ 0 1272 D EO®FITIEFI NS, £
T3 OEEPHZ % 2 & ATERITIEIN LW S R
T HWEHIRICA D, IR A D & RTED R STz b
LTHEEDN 0 IITRLT, AN EL D,

LU G, RIS Criditi 2 <lz< <ic
2 LSO T35 Z L2 L > TREF THHEMED
MR EHERF T2 Z ERAHETH D,

F72. ROE N L > T35 < BREEDV N &
WHDMND, THIDMEOWDBFHRZEIE K & < 72 DIk E
TYERT 5 Z EXFRETH Y, FRIC L > TEVWVNT S
ZLENARETH D,

3 RERBEMERDRERET
RIETEHMAERR O Febis 7T 24T T2 9O 3CHR 2 TRkE
ENT KRR % 2 450 112 LIz b DA AMFZETIE
fEH Uiz, STHk 2 Clasmi b o 7= D OFHHRAR AR DT
T2l KA 2 K E DB OBERIRI >
LT, EFEOBRIZIESS bARa PN R — T
b L TW5, 7. ZODHEDOT I a—F R
STV D AIABFSE Tl Four-Column 7512 L 5 &ALl

K D Bk s HiR A Tz,

Four-Column VA2 X 2 RV Cl., i & 2h=rit)
DOFHRUARD T20IZ, SRS IZ 4 FIHNL TR SR
D IR — "G —RER L, KT 2, £ &
FEDEIL, 0,1,2,3 DX IFEZEEVIRD, F
VRS G % 4 TEHI-T2HEVITHONTER D, RY
D0, 2 0%A, EABEREHRIT. RV, 3DHLAE,
TEHBERLHTRNEVNI EOTH D, k2 TRIN
TWb7rr 7 I 7EUTIORT,
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ALV L, FHARIEDR R E o7z, L LAadis,
DEREL T LHRICEIITER VWL S BB IC D
7=, F AW L BRI DN F v AR K WDOFE
ERETT A BEMNND B,

S, Mises
(F19: 75%)

+1.635e+01
+1.498e+01
+1.362e+01
+1.226e+01
+1.090e+01
+9.537e+00
+8.175e+00
+6.813e+00
+5.451e+00
+4.089e+00

+3 620e-03

(a) D=80

S, Mises
(Ft: 75%)

+8.913e+00
+8.171e+00
+7.430e+00
+6.689e+00
+5.947e+00
+5.206e+00
+4.465e+00
+3.724e+00 | [
+2.982e+00 =
+2.241e+00

+1.500e+00
+7.583e-01
+1.702e-02

S, Mises
(F19: 75%)

+7.833e+00
+7.181e+00
+6.530e+00
+5.878e+00
+5.226e+00
+4.574e+00
+3.922e+00 | [
+3.270e+00 =

+1.315e+00
+6.630e-01
+1.116e-02

(c) D=180

B12: & A BERERIZ & 2 2 (A RAEER:20)

20.0
» .
// /
4 7
15.0 S
. 7
NS
R
2100 a7 N 4
T o N~
L.
S D
>0 /ﬂ./,./ \//\J
)
d —e—D=80 -=-D=120 — -D=180
0.0
0.00 1.00 2.00 3.00 4.00

& [mm]

BA13: AT IZ & 28 A WraABR oD fif BE- 2847 ffT
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F 6: B AWTERERIZN 9 2 PR AE O ELER

Py[kN] 6 [mm] | K[kN/m]
D=80 18.0 3.35 5373
D=130 18.0 3.03 5941
D=180 18.0 2.48 7258

6.2 BIRAICKH T 2 DFRRES

M v IXOFERM /1%, T —/ S0 O AR IR D
WESTDHEER, T ARITHEE SR ZET IV,
F=NENREAIZLEZETIVL, £/, M4V ET
V1, BTNV 2DWERT BB, WdH v LEAEREE NS
EOBREBRPEU 720, JEMICIEIITE S &5 12
HOEFIZEL O EIMAZETIVIZHWTHE, &
U7z, M5, RBTL D ETF VIR FFAM RO ZE
NS L, FIHARERA R E VG WS R 5 72,
UL URA S, JTDED D LA D E TV TIEZEN DI
DTINZVWHRHI TR D & S BEIRIPHER I N2 (¥
15). €TV, EFA2EL NI HBCLT /S R IV
WHUTEMTH-72720, ERVHOBRTT XD
HIokeEZZI5N5, ETAIIDOVWTIE, HM15&
D, TRYDDBENPRDKEL, BHH LELLZDIX
WHD EMOOBDETTHEILERDLL, BHD
FHOEMERS TR OEFIHELTWD EEX
LZENTED,

S, Mises

S, Mises
(F49: 75%) (F19: 75%)
+1.380e+01 +1.436e+01
+1.267e+01 +1.317e+01
+1.153e+01 +1.197e+01
+1.039e+01 +1.078e+01
+9.256e+00 +9.589e+00
+8.119e+00
16.0826+00 153855100
+5.845e+00 +6.010e+00
+4.708e+00 +4.818e+00
+3.571e+00 +3.625e+00
+2.434e+00 +2.432e+00
+1.297e+00 +1.239e+00
+1.597e-01 +4.614e-02
(a) 5 b (b) EF L1
5 S, Mises
?,‘lees (FE1: 75%)
(F49: 75%) +1.147e+01
+1.264e+01 +1.053e+01
+1.160e+01 19,5816+ 00
+1.055e+01 +8.636€+00
+9.505e+00 +7.690e+00
+8.459e+00 +6.744e+00
+7.412e+00 +5.7096+00
+6.366e+00 28530100
+5.320e+00 Ti50aerds
+4.273e+00 t3-207e+
+3227e+00 +2.962e+00
+2.180e+00 +2.016e+00
[ 1540100 +1.071e+00
+8.732¢-02 +1.249e-01

(c) EFIL2 (d) EF N3

14: BIERABRIZ & 2 2 (Z A% K:20)

15.0

100 -

P[kN]
-,

P &0 a0/
’-/’, ’l M ,|_1—\_, .;/— g

« :
L 5 Y (EBR) = ETFNL -a-
]

0.0
0.00 0.50 1.00 1.50 2.00 2.50

& [mm]

BA15: fEHTIZ & 2 B aRakER O fay HE- 22 A7 Hh iR
F 7 51RO S 2 R MEAE O PR

Py[kN] | 8 [mm] | K[kN/m]
1% b 12.6 2.15 5860
EFIV1 12.6 1.42 8873
EFIL2 12.6 1.90 6631
EFN3 12.6 2.11 5972

7 F&oH

AR THRONZERIIUTOLS Iz HENS.
- CLT/N RV DANEERIZ90x 90D Akt 2 A+, YA
TEET S LT, ERELEBKRTES.

WD D OF AWMEREIZEAD DR L, EAD%E K
LTBZLT, AWML KRELS RS,

3 D DBIRVEREIZE TIOLIDERE BIARMIMEA K =
{725,

SRIEE AWERE & SIERIERE DM I LT, Wat
2119
SE Xk
1) LR, AR, CLT SRV LEEOREY) B

TEER BB X COHBEIZDOWT-. 630

Ik v 3 B R BAR A 92 R 25w S, 2019.
2) JEHE, BHAL T, JEEHE, =Rk, HAEHE,
AL, MR SR LA AWZCLT2=y s DR
¥ D1 2=y b OBE - BEIHERRER. 2023
T H AR A 2 RPN - T o
VSR, 2023.
TF-HAEL, 2 REAF, EARIE=, B, B %
HI, SSRGS R SR M O SRR E. R
& TEm L, 2010.
{EREEEE. CLT/N AV TR DN D 72 & DR %
MrE 7 IVIZB 258, 2020.
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18 2023

3D Graphic Statics &3 XRmmARB/ A RENEZAWN-EHHEREESHOMIKRERE

£ ME &Y, NGKIAN HOU?

DRIRPEZERFT A o TP - B

BT YA R, HEBE, (T,

watada@edd.osaka-sandai.ac.jp
27 RIREEERSFT VA o LR - BRET VA %8 %4

1 [EL®IC

JEAE F 7215 |9l ) O A CHNTHRGTT D fil )T
HEFAIE, BRSO A U 5 — 072 B4 & )N
Wi CHMNTHRBUTE 5. 53R ) D ZVE U D
r—7 V7 EOBEORIEEIZ L FHBIETH Y,
F I ERME I DD U DM, EM RGBT EER
SIVD IR 1D T B 728, 3D 7°V o ZkE}
RN AT VT NIRE, ZIETIZRONE LSRR
WL OBIFMEBHIFRES D BIZIE, BRIEE AT
DEER % FHV = MycoTree! 72 EDOHEFINRHND).

R A 2R R D FEE LT, Rankine Oy

2 iHifA& 2% H L7 3D Graphic Statics?)MER S TUWV5.

FITFHEIZBNT, BHOBHESEIZIT 5 /10BN
— OO 7% R (3D Force Diagram) CTFRHL X4,
BALOEATLIR (3D Form Diagram) (3, &4 25 %1

TROMIET DEOUERSA EATE 2D LI EDHID.

BEAAFZE YTIE, 50 COskatE AEE LIz 108
BWE RS 5N EROTIR & 3 FN RS 2 fl iR
PIMEHORIRZ, 0K LOPERGRIZE Y RD DT
EPMRE ST D, [FIFFEITZARZ: Form Diagram % 5-
L UTHRR DIUAEE RN, M0 IR LR 22T
5707 T AOFENVILRY, FTARALNDLERMD
FERIFICREHRIC RO, =—F—EORRZE
BRI D03 L.

ARFFECIE, Rankine OIMZE{AZ HV 2 3D Graphic
Statics {233\ \C, Form Diagram OAEKIZAR 7 /A 43E|%
A, BRGHR AT SRl T B A ARk
TOLFELRET H. KRFEEORMWEE, T—7 Vo
FHORRGT » BEZ8 L CTRET 5.

2 3D Graphic Statics
2.1 Rankine ML ElA

3 WRIEZEH] ED I OFIEV NI U T SR CRE ATHE
Td% (Rankine DFEFEY). il LT, M1ITFT LD
(2, 3 W2 DsEDFIF; € R3 (i = 1, -+, 8) M990

BOREEEZD. ZORE, ZNHDOTNOEEWT 1
Ry s R E LTERBITE S, 2218, K1 Oy
HEROHEIIIF; L EAZ L, > 2O%HEDHEFEA; & FIF; DK
& Z|Fy| & OENZITLL T OHBIBIHRAL Y S2o.

|Fi|  |Fyl _IFl _

k €y

A, A, A

K1 Rankine DMZEIA (s =5)

(a) Force Diagram

‘ R
(b) Form Diagram
2 Rankine M E{AZEAL = 3D Graphic Statics
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2.2 MZBEAZMALVZ 3D Graphic Statics

Graphic Statics |23V T, JIO#EVWVEIXRT 5 Force
Diagram & ‘H O %253 Form Diagram (380D B
\Z& %. Rankine D214 % JiH L 72 3D Graphic Statics
IZ3UC, Force diagram [ AN D2 i A Rz
ST 2@)D L O A TRELEIND. Dk, —D
DOIMZHIRIY, — DDOHEEERTOIIDOEE NG L,
IMZ AR OIA T TR TR OIS NS, thorZimik
& SNRWEITZ ORI 240015,

X 2() I AR TORT L DI, EEEROKHEIEH
T HENIOER# A, TORIGT 2 EERT 5] (@
BB HEIRICIBNT— R TR S ) [@BET 22wk
& DIFMZBNWTHE—E25] AT 2 L0 I0ES
ZENTENL, ENOOERBERATZIZIRGG, HE
SIVTANTHE LTl DA U il T GHHoD
FEIR %29 Form Diagram & 722 (X 2(b)).

Rankine D126 HifA% FiV V7= 3D Graphic Statics Tl
H&ME LT 1B LUOSERIIORE S LMD,
BIEOSOFEVE RIS (TR & PR
T5) ZREL, EE5EIL TR GBS Force Diagram
25, X9 % Form Diagram ZRET 5 THi X 2179

2.3 Ra/ A4 H2E0FA

AT Cik~<7= Force Diagram 7)>% ¢ Form Diagram (7
TEWZOWT, BHERZE DTS, & 52> LOFRRE L7 Force

l

Diagram Dy EIHEIZRIGT 2 I OVERKR & AR R DfriE %,
0K UFHRITRO 2 HEBRR SN TS (K 3(a)).
ZOTEE, FHERHERH LD UDEHEAEICAE LD O
REILAE (Tebb, HEEOEREE EHHN) %
FRETE HMED D H—T7, IR LEHRNSMEL 72D,
FGFONDEFOIIR (Form Diagram) 7 Bl
T2 DIEFRETH B,

AFETIE, AHNZHEEONEIZIBVWT, Fom
Diagram OFEETONEIZR R J A ARGS AT, Zh
DO W TEE IR 3D A/ A 55EIL, 15
LA DEIE T ififA% Form Diagram & L CTHW
HFERRET D (K30). T2 50K/ A&
VORGSR EFEATEROE, R ) A EIOMEND,
W AP 500 & FICER T 57280, [ ITEH
DIEIR%ZFE Form Diagram =D b D L7210, AR /A 4
RS2 0O % F Form Diagram OF:5HEE 705, ZOFk
1, ARROX 3@)DTHED & 9 ISR D S oD ik
LIRS E B O CDIRET 2 Z LIXTERUVDR, &
AN LD UOBEATRONEE R /A LRSS ONLE
ELTHRETE, MoK LEHENARECHIE IR
DILAFREFFO.

3 ARG T—IILEHEDEE & BE
3.1 3D Graphic Statics OiEFA
ARFEEZANT, ShiE T E FroOeHEP, =

1

I

1

]

(a)Force Diagram (23T, (hZEAOSEIH A HET 57k LY OFE)

l

l

I

I

(b)Force Diagram (23T, AR/ A BIVAERONE ZFRET 5 515 (RIIZEOTE)
3 Force Diagram » & Form Diagram 49 5 5%
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500[N] % %ZF59 57— 7 NVOEf AT 5. SR
LT, 4 HADBEIS0[N]|TOEEEL, Zhbngk
725, Force Diagram OFIHIFZIR & U TIX 4 17~
AHTIOTRIS IR Z5%0E Lc. Z2IZ, V EEoil
RI3RIZ 1.0im] & L, I & Lo mfgoO 23150/
500 = 0.3 L7225 X 5TV OB S ZED T, AR HIRIC
BT, K(1)DHk = 500/1.0 = 500[N/m?] Th 5.

REFES00N

Effln

XHE
%)

&@#H0.3ni

/

@H#H0.3ni

X4 aROSEAEY

I, VERR LT2 M mAY ORI B RO S E
ERTA A ERREBINT S, 22T 16 EOR
o) AERREY EEIC 4 ERIPREAG- T X 9 I2RE
L7z, ARu /A 5EZ L0 Eoi 16 EorZmis s,
BitEd oA m A ARSI &S A TR B D Form
Diagram % [X| S()lZ7~ 9. ZAUd, XSO 2 fHOAR
1 A ERUR & FABITRIRT 5 2 O RO
B LG OLNHTREHAE ORI DOTH L.

(a2t
k = P/A = 500[N/m?] A=0010[m 4 _ R
A=o0o48(m?) = IO 4= 0036 [m?)

A=0114[m?]
P =57.1[N]

P=239N] P =179[N]

A=0114[m?—
P =569[N] y

A =0.069 [m?]

P =347 [N]
VY

A=0.057 [m?]

P =287 [N]

A'=0026[m2] A=0.036[m?]
P=128[N] P=181[N]

(b2 A
5 4mkL7=Force Diagram & Form Diagram

SOUTR TN RO K ORFEN D, BHRLOES
MIZAEC 282 RETE 5. HESREZFRIORT.
728, ¥ 5(b)127% 9" Form Diagram & [7] UK ORE AT
ETIUDNTC, RIRFORRAICORESNAN 1% 52
THREEMIT ATV, AT U 28 ) AR H Sk
KATCORESNTAEE —Bd D 2 &, FEEMIcRAET
HRHAMT T E— A b0 L7 D T AR LT

3.2 FT—DJIEBHORREET L EEE

TG 54172 Form Diagram % 7t BRI &7 50
MEIER USeia WS LC, T— 7 L OFfR
G BROIRE, ZORETRERZX 6 (12
AT 22T, MEEMTIZIE Rhinoceros Grasshopper (D77
KA > Cd % Karamba 3D ver2.2.0 [4] & L7z, £/,
FEHNZILERE ¢ 10mm AV t=1mm OEERZHH L, £
BRI CHIEES & Uz, P I 72 5 16
DEERTRE A —T =32k (72721, 2RO
<72, 9B 1 EOAFEREE) & L. FMOA
F—a A3 R ERE, 9l 2T

FEATOOFER, SMABHT A U 2 /113 51.2[N] Td
o7 (¥6). ZHUTX 5(b) THE SN FRIMICAET S
il /) S69IN| L T2 %, ZhUuL, Bk &Y EHD
JHRRAIER L, Jelind ol SEMA BN Loz L& X
HiILD. FEROEHIZE Y, K6 OEMOKHIMIZITD
FONCHIFE— A2 FEL DD, Z DB RMEM e 13
25 X 1072[N - m| CHEHTEX 21T LML, H/ T
BRI VERME DI TND Z & AR LTz,

1 [m]

P = 5.41[N]
AN] l

0.4 [m]

HFefisr n—7—%i%
(5 BIEDH, XYAELE,ZEE H Y BFRAEEBM)

6 it LI=T—JILBHEIR SR ERTHRR
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[ 6 DIMAIDORHAIZFEAT 28N = 51.2 [N)IZKL,
R O et %z, TR W REEShE A A 7—/E
JRfTEP,, & I L CHER LT, BHR OSSR, P, =
1,853 [N] TH Y, ZEFIIP,,. /N = 362 L +3Ic K& <,

LA C RN L AR LTS
w?El
P = 12 (2)

3.3 HYE

AIETE CCREH LIm T — 7 LV oE#E, M0
FEIL, BEOHEE 12 Y1 A L TRYEL .
R OMERRONLE ) DHEA T OTCRZ BB CAERT S
7w "7 1% Grasshopper TR L (X 4(a)), AVEHHIC
L7 (X 4b)). BEAMORYEZIEERA 3D 7Y
VEERWE BIELTIE T — T VOB AR 8 IR T

—)

apin

@)> AT LW

(AL~
7 BEHMROBSER S RT L

8 FELI-T—DILDEM

4 F&&H

AMFGECIY, /A B O S 723G HE A 3R
L7z, BHEDHIFE THEZE S 41TV %, Rankine DrHZ (A
7337 Force Diagram (Zxfiix 9% Form Diagram % [CRGE
BT LD R D HEIZR AT, Form Diagram OHEETD
NEZEWT D0 ) A AR ZRGEHEMEE L, Foree
Diagram O ZiiiAz R e /A ENZ LIV AT D2 &
C, WS HNH ARG B A RRGE T D HEARE L.
AMFIECHERET D TEEZANT, LD HEEREOIE
MT 27— NOBRIRERE L, T XK DiGEEE
PECREE TITV, RAFEORDMEE R LT

SE

1) Heisel, F., Schlesier, K, Lee, J., Rippmann, M., Saeidi, N.,
Javadian, A., Nugroho, A.R., Hebel, D. and Block, P. :
Design of a load-bearing mycelium structure through
informed structural engineering, Proceedings of the World
Congress on Sustainable Technologies (WCST), pp. 1-5,
2017

2) Rankine, WM. : XVIL Principle of the equilibrium of
polyhedral frames. The London, Edinburgh, and Dublin
Philosophical Magazine and Journal of Science, 27, 180, p.
92,1864

3) Akbarzadeh, M., Mele, T.V,, and Block, P. : On the
equilibrium of funicular polyhedral frames and convex
polyhedral force diagrams, Computer-Aided Design, 63,
pp. 118-128,2015

4) Preisinger, C. : Linking structure and parametric geometry,
Architectural Design, 83(2), pp. 110-113, 2013
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18 B2 v & v AMEEERE OfRNT & AllAE 2023

A k2023

™
Gt
b
H‘r
\l
ol

M 18 [O







O3 TAMEE

1. 2 TRAMDOBRE
TEREAVEIZIR T DT A DT AT 47 2L T, BERZERMIEN 72E D TEHT LD E <0 DA 72
TERERIAE FIE | B RN E<ar T ANT Y. G D 0L T, Z<DH 2 B INZIZ0T, B
RAIEOBLLASRA AR T T IR E B TnET . Rar 7 AT, BREAILED 7Y —
=T HiEL TWET. — 0, 2B a2 =47 s AR HY T MIELRWFIET, I b  ZAIET 5T
AT AT HARETT .

2. EE(FT—)
B8 A T ANDRE (7 —<) 1%, FredEBn 7Ty .

[7ovAILIEM =]

728, IGABEIEOFEANE, [55 18 Ao MEE L REDOMRHT LA A 2023 R—AhX—)
http://news-sv.aij.or.jp/kouzou/s49/03contest.htm

Rtz 2F D= DY

-

EF 5 (B¥rEE-50 FE)
HEEE:

fit F AR Ul L= MiE R o)
rTA:

H s GROLRS)

I B (BERERT)

SRR FR CROR)

- FiRFE A B (Rl GRTERART) -
HAS Wt (ST 17 2)
ARTF ot (RS AP T 5)

B

B
il

v

}

CAVTARDRRE
2023 4F 08 A 11 H: JSHFEIHIZ B4 5 E BEkiit)
20234209 A 20 H: FET ) —kEY)
2023409 A 25 H: fESSEKY)
20234209 A 28 H: —RFA (R AL TA AT L)
20234210 A 05 H: —REAREFO@EA
2023411 H 16 A @ T35 18 [Al=mm v AEIETEREO AT LRI 2023 12T ZIREFEEBLIOERE
(A AR — L)
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C

AT

D E F G H | J K

1 21IRRERS
13
14

1. Flexit2. #=(4. fz¥16. Jaba 7. %, }8. AHAI9. eNse1 1. ¥ 1 2. Bind-Inflatior

15 EmzRs
16 | |
17

18 u

{19 | i

20! e S
21 =

22 ] |

23 s B bl B
24 u = :
25 i = oo mell
26 =

27 u u ]

28 |l

29

30

5. BEDAE

—WREAL, FFEEBLZEUOREBRBICIVAI U I DY AT LMW, FELELZ. FrED
NGB F IZB L TCWZE, T BT —a Bl g0 %, BE8oEa2TVWEL. MEMIEE
A LU, B (T —=) (S DRSO R EDIE), Al

lwmag [ mae | TEHEREBIE AT EEAE |THA |SHE

n [ | | | | -
i [ | || | 8
n I || | 1
] | | u | .
| | | | [ ]

BHE 1 —REEOHKT

P = =1
ZHe

SHE (DN T2H) Z DB DO DMAINER

ETav R TETAT AT HEREZRAEMICEIRZL GHMELELZ. 728, IREEICBNT, B#EE
ERICFTRAF R B SCBRE THOGAITIE, WEME 7T e T E R DI EELET .

6. BHERRABLV—REETORELERK

TN —%k 181
ISR ¢ 13 1B
NEIEME : 516

—ANEER—
e BAML TR LOF: R 4]
1 Flexible bending O/MffnE, BRESE, PRET, B8R (BRERF
~FOIK BT DHHD~ KEFRE)

8 | M Of&JFmth, AN (R TERS)

9 eNsegrity OWN—H8E, 77 T HCKER, LRG3, = 4R, 78)1EH,
TEIFRAR, BT M2 (KU E bR

12 Bind-Inflation OpEW, kS (R KFERERR)

17 | B R O &%, EOME, BHER, AR—, FILFng,
51 R, T BB, (R s AR
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7. B 2ERDET

KA T ANE, SEETH 18 BIEZHR L. MEERER, —REEITA L TA TERMLIZ. SHENDEE
FE R PR ITBIBICASTNZEE YouTube 25 CIAMESHE CIHWIRLH > Th, FEFEEIVE LD
TN —FED, —IRFBEEZIZDHIENTE, iU, IREAVEICEIREZ RS T- 2L DN EH (T L —
INCEKDEZAPRKE., EARITREH AL T2,

LSFEEDATANT =L T O ANINH | THD. Tov AN, Y7 =T RO FETHD
T ANY TR =T B ARIRE LT, 2T Dm VOIS, R Il A E<E R T ThD. T
— KT DHEOAEZED R ERDIRNIIIC, EIHICBWT, T~ O IREE DI E L O 412
HEELRD0IZ, IEFEE DT 2 BREHBIZT —~ R TRWIEEL, ZNEND R T VX AN
HOREELMFFL.

ISEAERIZIE, TV ANV T —REILSSOLL, FUEMNTIC LD T VNI RGEEARA - 7 T
T HWNTZ T 4 P TNV IR AT E R LTI TERR OB RO NAEM N EL, DT mERZOH D)
TIxANTHY, MIIHIZR R RITIRD 5Tz,

RTYTTITAT R =T R T4 T HNT=b 0, ZBREEFRALIZLO, SR EIGH L
D, PrOMITEBLAGTHEAE, BUC > TRIBICEIHERE, DL VA A H 3, a5 8
EAFIARIERE, AREVEICE bk 2 R R b,

INETSEERHY, B HRREPEZLALNDLRIE, Ko TANIALNLM I D—2>Thb. fi
AT AR 7B 3 2 <, NRIEROBAEIELL TH BV O TILEWI FH HDIEE Th-o7203,
4 REC R SSHEEOFER, FEE RSB OREIZI > TR 5 SOEMBGRIEREL GRESNL.

NBIESOFNZIE, B AR OV THLE B CIE0CERE2 Ed D & TV D 83, A1ESITxT
L, BEENOVI T AR T AR TS, NEFITBWTE, ENBDY AR a A M RO |,
CREFEEETOMICHE BT Vv AMTEITEERR R T TIHE, (B D T Ty a7y 7 i< ifF L7
AY

(LT, [ 1E= N —FSErT)

[1] Flexible bending ~ZHM<ZE{bTHHD~
BEARDEI L F AL UG THY, $90RITENE 5222 TEVENLRY, BHDLEIC
FoTIEREE LS EDIRETHD. BFORNEEX T4 T T 7747 BREUTHIAL, B255E
PEDOM B G o T A E> TV D S & m<iHliS 7z, &R Z 72 #IRICEN 2 52 7
LEIZEMT DB D00, BRNDFFOG A T TEDO TR ), B2 DHFIVFEZIRTE
SHDHIE TR 2 RIBREIZ/2 DD TIE, LW o7z TR FESCIEEEDO R BIEIC YW TE RS -7,

[2] EBEDEUZMRD ML, 72 O AR T
eIl ZE BRI NELBRDOE ANRD AR D IR RETH S . ST IRDIEM THY, ZDHIZIE/N
HRTL D 2= N H D I DIRNET L — BB A TS, NIEEEZHZETHESEIRRETH
%. il Fon K, FRICEIHEE LV DT AT AT IXR VD, EHRT D00 THY, HEERRAYT
A ZFVITOREN DD, VAT LHIZITE HIZBERBEZENDIT TR, FmBRkEe EME L2 AbiEE
Thd, LVIHERbH T
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[4] 72729
ZEREVBNTUEE AN D SV — U Rl Lo — T ToeX, NL—VONEEZELIELH2ET
FELHATHIONCL, EMEHETIRETHD. BilETH IV — IR0 2 =—0
RETHLRDFMS . I — 2ROV T HZ L THNEE B LS ELHELE 2
TWDAS, EHLATRENEICEERI AR D, DTy T v 7 BB L TEBICNIENZE LT 20 5 MR8
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