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1. 1 #HAEERtETOnENR

LY, BEFOBEREROMAOMEEREITI Z & THDH LI TWH[L1].
AR TIE, BESEOSFOFECEL, HCAME ERICEE LEREFRT 5.

BEFOREED It T DML, BEweEoRFaCEREER LRI ST
0 CA<[1.2],[1.8], FIHIERHNPORCVETHELLELT, 2 X MNHEEREOE T
bEFERD., ZoX) RHERMBEOEERIRBABRUEETEIEED D
H5H[1.4]. BHIL, REKBRKICLI-TEUERELHIE L, BESEFEAE TR
t O L FRBRORRET, HITAR SN TV AEEICR T2 M ROEEEZIERL T
WAHLE] £7, BHEOMEEL[1.6]2ENL BB LI, KREKEZREL L
T HBEB S HITONL TV 5

HROE 2 FH1X, BRMRFFELET TR, HoBARFHFECHFAIN
L. TR, ETHEEO PR -2 ERINDEEEIZL D RE L[1.7], BEL
BREESHIMITIR O L O ICHMEOEBE TR ZRETHFRIEE 2 5. FRARITEE[8D
e, 3’“5+%/1/77rm‘/“~&$’rb“( EORFOWNENAZ—ELTEY, B
e, EARREH, FHRFHOENE LTI RFRFTe X E2RBR LTS,
T, —RER +kbf%%@%ﬁ%ﬁﬁmﬁﬁ XD BB RREREL, R
BRETE LCHREE, RME7R EICBT R Z1TO FELEAVER COMMRE L Vo
TEVW[1.9]. WTFhoBETEH, fRE, ML LIEEEROEMZLY, )
HBENETH 1SRN ET2 2B LTWA.

R EM oA L H5BEEEOERGE%Z2E 2 256, BMARMITIE—HK
HL Y2 VROBEEZHETHHBENL . ZHUL, HMICEMREED L5
RUEEES, R ERTBREIDV L INNLOBROEN X FIZEFITH S
o ThD. £, BMABREIEIE CLERNERY, BRAOMMICEL ik
HICEEPORERFERE LD, B, E—2REMI1, WEIFFHMELTED
ThO, BxRARICHBEELE LTHYLR TV, fIAIEBRRSICALND
B0 BHEE[1.10]%°, BEIEOAR Ry MRICHTDAT 4 v 7[R ER D D.
FHEEELE 0T, ZOKRRE—NREMZEE LEBEORFICEL, #ERIX
TREBRAE M B DR 2RI E S B R [L 12 KR E RV EL D TE
ez D, B, WRBEOAIRE BRE LERFFEIIFEAERY. LAL
BB G, IWEICE Y EEY OB ELSET IO, F5R T REHAL O TEIREY
RHIFIR, WIEEAH ORRICETAHEK R B Mb Y, EREMERELCKIENR
ELEFEL TN D70, MM MEEENEELLTVDEENRD. Lk
T, FEFRFMEOEE LIRS T A0, BRAZHMAERFHIBEL, SR



BRHEEZERTEORMFELEET LI EBRLELRoTETND.

1. 2 HEEEOSTEEETIE

HRAEGI, TOEETIEBEICH LT, BESE DL L < ITEO8I 3RE R
Ma T 2 REN 2 TND., OO0, WEEEDOL  ITHBEGSES O EE
FHFHELTWS. £, BRELTH, b HENEEZEZHEEMIMTEENOHE
BMOME L, E— KRG LITI— MROFEMBRZAONS. 20X 5 28R,
b, MEEERHFPEOEBELITOICHEY, MREEOSE L MIREE ORI
BB LBURETVLEITD 2 &0, ERABRMEBERFHFHROEBRIIHLET
borEEZRD. 22T, AECIIAREEODEEIT, KRR CTHRY % 5 #5aE
BEIZE L TEDOET MEORETTEIT .

9, MEEH L EREOMNBERICESE, MMEEORENSEYEZS.
FHIREDAS & TG O EBIMRIIMREANICIE Fig. 1.1 O XS I TE 5. Thbb,
(a) FHEEZHET IMEINICHEBM B EET 256, (b) EEREICH]E
MBFEETLHE, (¢) ERBEMOEMICHBMBEETLIHBEDO3BY TH5H.
INHERWTN L TEMIESERLTEY, WEHBRIVBICONTHENREN
ORISR U FEMRS SN TWS., Z0OBRIE, RO XD ICEBETE S,

(a) BMANEICHREMBEET S HE

Figll1@Il ;RSN EBEOH & LT, MHERILESHME (Fiber Reinforced
Plastics; FRPYFIZRRINHEAMENH 5. EEMENT, TEM 2B THHKE
REEEETLIORE L 2O00MFNICRR - TEWEERERELDOTHD
EEZINDMEITH Y [1.13], BEROMEIBRENZENETHEX OREMEE AL
SO KV EWEREE EB T 5[1.14]. %2 FRP 12>V T, BMThi~v U v
ZABEEER LT, BIMES L <ITHE OB VRRKE R 58LiE & L TRV EEMENT,
SEILA DS BEM O W ZRR 3T 5 L0 ) BT, BERRICIIMmEEL R L
TWABEEBEZDZENTED., LMLARBDL, —HFHAMBMERIEME D HREE Y
BN [1.15] 2 R CTHRALNRE DI, EEMEHIEEM & LT, —RIICE, %
FHBEDEVEEZEER L OOERMARBAN OB FMLE T 2HEM L LTOR
DIROHPEERIND[1.13]. TE, B 72 & OB EMEE IR R R E g
DEAEERZL, BRAOBERFOEOOZKRITHERTME LT, By
F OB T AN E T OIRE ~DEEORET[1.16] 0t T & ff s ORI 2L BN 7T
[L17]2M T TW5D. £/, ZO &5 RN ABEROERBBELT 7 a—
FLITERY, MR LBEERD E OB LTI 5 H78[1.18],[1.19]1 H
ITohnTWa., ZOMEITIHREAE (Acoustic Emission) (2 X 2 #BEZM & 0



(a) In main structure (b) On main structure

(c)Within main structures

Fig. 1.1 Scheme of classification of reinforcement with its form

BE[1.201I2 kY, HEMEOBBEHBESREREE~CEBBELTWS. Z0X5R
PRRFEE FEE Ao, BERER CHMEMNRH AT A—F2EZR L EHBR
FBERFICL2FH LWVEAMEIOAIRA B TE S, S%ITZO LD B AL
LEASMEBIOWMBRAEE ORRE, MITEN, AESNZREEOBENHFEINS.

(b) BMEEICMREMBPFES 256
Fig LIS RSB REIE, RS LR - V= BEWREICERLR
. ORI, EEEICHTOMEOBMN (2 ZITREOCEMRE) %
ToREL, THECRRIBELMNIEIHEO 2HEEICHETE L. I
BREOHEED, WO LIEEGHBEICLOMME LTHETE, BHEOR Ry
FE, NRVRBEDICEISHCOND. 20X 3 RESEED NFRIREIL,
AIRERER EOBENFETHMET 55, & LT Valery 0FEE[1.21]72 L1
HDE O, FHRESBELHE LB T2 L3RRS, £,
REAME 2 LA E e LCRIESREIE, MMEREE L ToNEIZZ oA
HEERD. BT, DME L TA= D LaTREOHEBIZAY, REMre LT—



J7 MR L B 2 VN 5581018, RRAMEL R FMETLHACHEEED T &I
L0, 2L LTEEERMEIZERL T 5[1.22].

(c)BMES LITERER OEMICHREBMBZEET 25E

Fig.1.1(c)D & 5 2 EBER 2S5 TOMIMIL, EWEN LML L EE
EHTLHIEEETHD LVWADL. BRBEYXOEFABERIIT, TORELE
TOEEDOHINROND. BEDLDOEE[L.23ICIE, ZOFEBOMBEIT - /-iEiE
DEFEFBITREPITINTVD., MOBEEELRY, ZOBEOHEICELT
SREERTAR SRR AT 8 £ 24T O S A, MREAMIT S IO — Tk e < Mg
LIEBEE RSN GE0L W), AREREIC XL 2 BEEEMIT[1.24]%°
7 A # ez RO TR T HA[1.25) 78 E OB FREE AV RHMES LB L 70 5.

MG SE LT LD & 9 RIS EEZIT A, MRICET 2 ISR ke
$L LT,

(1) #EtEEORE (EEEOHEIOERE S L X FEMEOMBRA 2 58(E)

() #EOBMN7R 12 & 5 EEEORMBAYR5RIE BREHEMNZR L)

(I FEJ/EMNELEEBEC LD (EBEMLEDIBREORE S
DIEEIC L D EEHIE)

(IV) FHEE &S LM K 5541k

DONTINERBIRT LI LITRBEVWZ . :

(1) ZHELEMEIEEOERIZE LT, Bt B ClHe R LR o B8 E 4k
BT HHENREL TN TS, 8o, BHERIEESHMENIZ 0 & D irklag st
BHBBOBRZ OB ME (TATF7—FR~T7 U 7N ELTaMLRTHWS. f
ZNTEHETRILE A MR BI L <%, Miki bIidHERC M A ORE[1.26]%, S5
BAT O 138 0 BB O REL[1.27] 2R A TN 5.

() OHF|EL X, FCHOORBELZEE LRSI K BEShTn
5. Bl 213 E 5%, FRP ®BOBFIZ-OWT, BEEOHESMFICH L CEED iz
AEN/NESL 72D L) RESFAEZFHELZ[1.28]. £7-, BEMOBEBEARREL
HEEAIZATON, Haftka ©[1.29113EEREZ BB L7 AR & HE OBEBERERE
fEE#HEL T3S,

(ID) ORI L Tk, EEMEMRORS R 2 8E L8 5 OfF%[1.830) 72
ERHDHN, EEEE L TEHABEZHE LERFAREMNIDEY Aoy, *
OHEME LT, ERAEBESE LTORFEROHEL, EEEE KT 5 RATH



RERFEROTEEBAT— NI KRES BRHPZENEZLOND. ZD X570
Bloxtt 27 7 —F L LT, Kirsch[1.31]% Sobieski[1.32], & 5[1.33]D B
BRBEERZET NS, I biY, TTx OKBEZRFREZ, &HoE! A%L
FDE %2 TRBRITEZITORATHD. BHIZ, BALORETIE, HEHELELEH
AR LR OB OV TE R L TEY, HEREN. it,%ﬁ%ﬂﬁﬂﬂﬁm
HZD XS RBEEHREROEZICEY, EBEORGERFNIEIT HEHBEIR LB
%®ﬁ@M% CAD EFNVERAWEEEFIC XL VMR LTERY, HE0RA

RAEBZETLOHRFBECB T OIRBLT e —FOEHELZREBR L TS &
%15

(IV) OFFICE LT, B ovA 7 v MREE1T - 7B & OBFFE[1.37] DA,
%Lm#kbfﬁﬂfﬁk@DOO%éFfm/—ﬁﬁ@ RERRE L THRZY
HIVH[1.88]. LU s, R U—RetEMENHEERHHFITIE, T0£L
IIHEEHEREB/DICE EE-oTEY, EEEL L TOREMOBRS-HERE %
ZEBLIEAITIZEAERONAR. '

ZAHOR (1) & () IMENES LxEMEEEE (—Kf) TH54F
BddZ &b, EEEOCHIMBERICBICEBEDPRE SN TWRITIIER DRV,
Ll () & (V) OFEFHGSHCE L T, MRUERICRE ST, ZHEEN
TR LB THBMMRFRIETH LD, BRODRMHIEFERL LTAEMTHL. Kif
RTHBEFEOEEY ~ORBEEET I 00, TNHLOFBEON, FILEXD
RERNCRT HREARER (D) RO (IV) IR LR FIEIC OV TRY #
YL L.

BHETOHLERLAZLDIL, EBEORA D L 1L EBEMO LM % 1
ATDHZELEEZGE, C—MROMEBHMEZEET L2 LRERLAEDTHS.
TOEBELT, YUy PR LIIMEEREOKERBIREHM & LT, =KD
LIZE—ROEHMIL, WHGTHY, MRECHERRZ ERFETOND. EEE,
BERWEEREE T D5 - LA REMOEZRFIIZERZITONS. B, HBEY
OREFIZ L AR FFICELTIE, Y= AREM LY E—REMOIE > A L0 IR
VWIS A BETX 50, KRR T, MREMME L TE—NREM 2 EET

5. BEMITIOIAERERES A, #Rmaes i, BagaER
CEHED 2HAERE—L2EBREHAVTET VLEIT). ARERETVOBEH
EROEIME~ N » 27 X7 OB L TiL, XER[1.39]% 2B L.

ZoETMUIZEY, B2ETERT S LT, FEHEHLE L THBBED MR
o Y—, fEHM LA T TR, %ﬁﬁ%’ﬁi&(ﬁ‘f(ﬁ%ﬂ%m@“é%%?)libé. ZDX
D RBEOBRMNEREZE T HREFMELM 2DI2IE, ENOLOHAERKRE, 20
BRERFHICBWTERTAINERD A0 E I NERFE LARTIERLG 2. Z0



NFICE L TE, F2ETERMEHEFLOMERR L ZORF~DERBIZONT
RET&1T 9.

1. 3 fHERERE &ERBEEHZOWT
1.3.1 BWERHIFICE T IRADRERTARDOEM

REREHIET 2L, BUE, HO2ERCTHAMZ A2 2052V 2 5. &
B OEANEE CTHHEKOERIED LER/MeDE 2 51X, TRAHOEIH
—ETHERNOEEZ BT KK ORBBERTLF AT AICLS X0 RTRIOBRE Y
TIZER INTND 0D, 1 THFIIZHME SN DIE 1740 FRICTA > Th»
5LEEPLNTVA[1.40]. S51Z, HIREDEFE L CORKEHRFE, T0o%M1Htk%E
BTEORKHKERILENTELLEEZD. P TLMEOERIIHENRIT LIZEEL,
Maxwell (235 % 2 B2 EH (1850 ££~1900 FEARTH) 26 fEEsRFHE (1940~1950
FEREE), BEEFEEOISH (1950 FE~), REMEEREE (1960 FEH~) ~&
b, BELBEEICE->TWAH[1.41]. Fi2, BHIOERMRRERFTOLERIT & LT,
1960 £EiZ 363 SN2 Schmit DR L[1.42]23%F S 5. Schmit 13, RS
/MU Z, REFRROMEL L THREREE AR bRELBEL LT
BNTHY, BERERHSTOEBI - OBBICEINZEELZTLL
[1.43],[1.44].

Fh, ZOLORBEROE/ME, RRCICETIRENRERELYERE T 0 KE
fEFE L TR, 50— B eEEMRT Bk Ro L FRERELFAH L, =%
A= b YR T A RREFIEOBIF[L45],[L461CRIZH 7L T Y XL (Genetic
Algorithm; GA) [1ATIICRE SN DHEBEMIEOIR Y, Fx R R HEb
MIEPRET SN T3

—J5, WEERELSFICE L, REHRITYSYNIIERIEEE R & o LN RE
{LFEPEBEEHATRE TH D L O 4, FIZERFHITY OB LR EOBEMAZR D
DIZRHINTE D, ZO LD RRRITT CICHREFREEOEFE[1.48] 0 E E
ERoTWS, ZHICH L TEESRBEL VUL TOERIITOEEIT, BIRREH»S bR
0 P—HREHICBY oob D, PR DRI EY ORELD S TSRO HER
HOWARERE LB L, —RINC LV EWSIRBE LN S[1.49]E b, xRt
THITON TS, 3 S I3WE L EEY AV TR E 2B OB E HAmikiEt
FREICE R, Ex ORMEZFO TV S[1.50)-[1.52]. SHI DI Z OFiEZ HEEM
RARE\ZHLAE L[1.53] [1 54] B O IXEAMEEEL.55], Min b 3R EEE[1.56]1C
NENREH L. WHEHE LI OFEZGA L CHBEENOTHICET &K
Bk & 1TV [1.57], E#Bifﬂt»n5a&woﬁm£$%7J/ﬂ&wEMEK
Y2 R U—&#HLEOMRANNEE X, TOEAERARDL 2L, BED PRy



—HHFEICBOWTEEIREFETHDI EVZD. TR Y, EEROMEE
BARFEH L LT hAn U—&&H%21TH Jog b D#HmI[1.60]1=°, HEEEH VT
ERZENICL Y bR o O —5REH O & e DM EVEE A & 5 B oMk EH I
B &z 72 Yang OmL[1.61], ZARERERSH L@k, EREZILICHS
IETBEOOERNNTA—FEE5 2, TRUERAVTHEEES S E#EILT S
Kumar & D53 [1.62], &5 GA AW TCEREREROBRELZE I ZERINDL
DFmX[1.63]72 L, Z< ORENHEIN TS, BHEEICRE L LR
A S HTE 5[1.64]%° Becker 5[1.65]72 FIZ X » TN TS, 1EFNTDH, %71
ZAEE LTz IR TAEEY ONLFHER S RIS, Bl 1388 kL% iz Diaz HiZ
THAEPND[1.66]72 L, FRm U—RFIBEOEBERERH TEIC TZ)E(/W)
—D,EFoTLW. F£/, Rozvany O X[1.67] T b Ao P—REOTLEHRE
2 RET L TR0, Papalambros i3 THAIEE(LEREH OB A 1T - 25 L [1.68] D
T, 1980 FRITIAE B HERED, OB TEREFH L FFRa YV —REH~H
TT2BHHRELZERTVS. ZhHIVTFRESED MR e V—&EH~DiEE
FRLTED, BHBRE.

FERBRERIEIC DWW C, SN OWE-HESAZRD B X 5 e ~HERET O
REIREREL L MR L T 223, Zienkiewicz HIZ LA B REZRE S % mz;ﬂ‘jrif(}:'i“
AR EEIL[1.69]%° Mota Soares 51T K 2 BEREN & A= —RES 72 5B 2t
LIGRERET[1.70], & HITHE RIZ &5 EORE[LT1]-[L.73]1R/MMA S 28 v Tz Basis
Vector {£[1.74] 72 12 XV, fEO~HER#EL & 1382 BARICEROMIR &3R5t xt
ZL L, BREHOFEEED LERFFESRFTINA TS, ZhbDflo LX)
IR TR R FIBORIZE L LT REFEORZICL Y, fEko~TiEFZzE{LE
;@)‘zbfibxb%mfocmwbﬁf ELRoZ[LTBlE VbR TG, b OIRERFH T

, RREZIERIMIREE E U TCTIRET RO bR e R EE I B LT A L
i% L TCWDRWS, TTCIZERLE "R e O—REHOFEMEND, EiEEIRERE
E R U—REEHAEDITEREZ NSO, B, BEELIIAEEHE
biE%E AV TREREH & bR e O—3&E & DA ITRT[1.76] L, ffEEé‘;&nJrfp uﬁm
BEFA~DOFENE VAT MEL TV S TEHBKED., 22 RAODEE[LSNIZ
m#%W7iD/“@A5_/ YT, FAReU—&E i%ﬁ&##%%
Kakat, FOREREHIEARRH 2 OGNS L, BERHICE L TE—#E DR
FHOKES Z»ﬁ@mzﬁr%{f%:}ﬂb\fﬁ%m—f LRV OB EETRTHITHS L
EZD.

— R BB OB T, ok ) REEFENEREER L LB FIESR
BT —F5T, BHLREZHRDBYEBAEL, WMNCEANR LV TR e
WO RBEICHEEREET - TWVD. ZOREHARFELE LT, Wb s BEEREI



EOLKRHFTERDD. FlziE, ANWT—FELHAT—F20B%RE, EHOMRE
BEHEEBEL-EHICIV ORI LIS Ed D5 =2=2—F %y U —72 (Neural
Network; NN) [1.77], / A X7x FOEHIZ LY BETICITIZIEE TH 2 K EHRD
I REIETH D L O REBOERMEEMEL KD X H & 32 Wavy Function £
[1.78], & HICERHEEAEBIILET X0V 7Y I HEEZRY, AT —
2 L HAT—F OBBREBOLREPERKICEEHR R, 20 L TRELEZITE Y &
3% Response Surface #£[1.79]-[1.81]72 ENZET oD, KRITHEGIE, BEuk
PO HBERY LTI T =2 OREEEZBRTTL, @Ry 7T TT—
AEBVDHZLEOFENIEEZRLE[1.82]. £, TO—FTEIEN7E ORBRIEH
PRENCHAVD Z L OEDMEEZ R L TED[1.83], BEHRFTTFEO TENFIAZ B
T 5 _ECRBRGE. 20 L) REEGEEUC L AR BRI LOMMIZ S, RARDEE[1.84]
REPCERENTNDLTFZ— N AT ARMRBLRFOE X R Y, FiHHE
DIz DFIEBE OV TERA RERVB RSN TN S,

IRSOFD L D RRHE, TFROROTEMNRER CTRERORERFHE T3
ENRETH - REIC, REFRFHEZAALSSLY LWEEHBLNEWVI B X
FRERENDEIICRSTELEZEEZRLTWVWDEERD. ZOZ LERFIITT
W|ER L LT, BEOHENSS)NETOND. Zo®ETIE, BMEEREHITIE, 1
TR R U CRERRT 2 —EfT o R T 2 KB3 2 L 95 RELENRFIENSRN
BRTW5., ZHIEEBRICEELITO MBI, BEREEELD b LARE 2
A MIREI BT OHEEZLEATHDHI TS VRS, £, HKEOHRE[1.86]T
IX, 1997 OB T, KE D 7 4 — FHER, BELIE XLV IX DN E S BB ETE[1.87]
WESNMNHEEREIEEZ ZICAV TS Z BRI TWA., ZOBEERX, BWE
bk L il U CEFRNRBR COMEIBRIMNZ L2 &5 Min 5 0OHE THEHE S
NTWBH[1.88]. LLAans, MERBRFENERANTELZ &b, TFHLY
b TENRBREFETHIZOFERBOONZEEZD. LENR- T, KiEXE
FIEERICEL, BEEEERAEDONRNT R ZEZEETHIZLNEFEICEETHD &
E25.

R EOKL ERIE, 2 FTHR< 1980 ERUBEOa  Ea—F DFREE
EHIVEEL TE XD Z EITHKR. FEkix, REMNICEREOFTMBAKOHE
BUE LD, HEa R MREFICEE L 72 5(1.89]. BIEOHEEHT ORER
BIETHILIAREREZ A, BEHBHEORITNITOND X Ik 2H7E,

SREFRLVRHEBRB T, HEaX M EBERTHIORIAREHTRNE NI H
ZFLHDHD, ERLTWADEFEWWEWFROD -7 25— 3 THY, i
DOBALIZEAIZE o CTEHEHERRATHD. 7205, REFEEE BT
BoaxX N P2BETAHZ Lk, TEMIRERERNERVES. Eilkd Response



Surface #EX° NN S EEREIDH CHEA INAA@EO—DIE, Z0D X5 eEBRITHE
DIEDOTHHEEZD.

1.3.2 HRBERI~ORBRIAFZOER

IR IERRE D, MO—RARBERE L FkIC, BHELRHBMEEZEE LS
BT, B MEERE 21T ) HOIKRERFEOEANE ZHND. LrLRR
b, MREPEELERCET I ZNE TORHTIE, ERFICHLEARTIHED
Ronev., KN LI ,_&mﬁﬁéﬁmb = BREHEIRICH LT, B A AIHIEE
WCHEENAE UG EIL, REHEBNCTEEBEL 25 L0 REROAKERAL T
5[1.90]. Z DI T, FJAHER A ARERIEIC i@%ﬁkb BHBRERIIR L
TREMBIT A OB REEREIC L Y WEELESH IV, RFEBOWEE ST
WCESERKROBDBELZREL WS, LihrL, @REED M Ruo—n"E6h 3
DHTHY, ORI EOFEMRREHIIT A2V, ERICITE I RWFE
ThbH. £z, ZOFETEHRHERORIARERLSBIEIIKTFET 510, S
FOERELZITHAREMENRDD. #DIL, bHEEMENERICH L CHSEKR O B fF
ZREL, AREREICLVESILENAEZERNOEER 2 MR OB AIE & R
Z2LUTHAERMEICEEHER, GA ITL VBTV H[1.80]. Ziuid, #5&EREHRIE
EIEFICHMML, BRDHLA4 70 FREMBEICEXHRI DD, MEtHEE
{EFETHD GA ZEATHILBFARERDIFETHSD. LL, il il
ﬁﬁ%ﬁf&g%ﬁﬁﬁﬁkbk5~@8 ERRICRET R EFRHEHOEEI Y
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E28 BHEEHE=ZRMHERKENE

2. 1 [ILHIC

ARETIE, E—2EME2RE L ZHEEED AR Y —, L4 T v L, BEFIR
FROSHERZRERE L, VA7 U EWERREOTEOMHBE L EE L - fHmak
HFEEORRELZITY. 7, FH2H CREERHBERORHEROEELIT). &
12, REMEHLE LTO MR V—LBR R S, ﬁ%%%& WEDSXEREYIT).
70, SEORFRIEOSH D HFRE~O B OV TR ETT 5. KRICE 3HIT,
BRI LA 7 U FEREHRIE L AT m AR - ARG RIRRICBE L, T oIS
WTRRZITV, RAEHOMAEELHRFICIKBRIELILEREL T, SOILE
4%ﬁ%%ﬁ&dﬁ%@ﬁb&wﬁ&;waﬁﬂ%ﬁw FESHITRET HEE
FEOHRGICOWTRRT 5.

2. 2 WHARGIEEDESR

2.2.1 BHEBOES

HREMOBALZBEL, EEEEEOERRERHEE BN E LIFBRET %
AlTiE, BREHBBEIUTOIICER(LTE 5.

Find x = {structure}

To minimize W =W(d,x)
Subject to g(d)< gp

Such that W (d, x): cost function

< (2.1)

EELx 3B EEHRETILDICNERETOERERTHRIELHTHY, WITE
HERx LISEd D EEL BRBEKRTH D, £ g(d) IEEOERICE T 2 FHE
BEfARL, g, IBEOERICHETLIHNEtEERT. Thbb, IWE (B |
o0 EmET LI, JVBE, EaX FOMEBEZRETDOZLZE
BET5. ZOHA, RHLEIIEREL LTOMBEELTERT - DICLER
ETORMFHFERTHY, —REIC i%?m/—k%ﬁ%&mﬁézim&é

FBIETREDRLAEZL I, PR —IWEOBBHLRERERL, BRIZEER
FERERTELTCRFZTOABAZTON, ZhDP RO THD LEDLND
[2.1],[2.2]. bR U—ZEHFENLRD RDICESERFERE LBliZE50ET A
R0, MEOREEESAFICESEHE L2BE0BERERE bR
D= LT R VRO ETHFEONFZIE OB ESINALTVD
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[2.3],[2.4]. L2L7Z2D D, WTFNOFITEH e o—0BEERRERITIR O,
SHIZMRrY—ROBRIZE LT, REEHFELOHEBER SOV TR LT
LTI EA LR LN,

Z T, RHPEBEICENLD, AR THET HIRFIEROYHEMLERIZO
WCEEEZITY. BIC R o P—ICE LT, BERERFHLZENE L7222 0K
XT, TDFEALEDOBEAEEEPBEBRTHD Z LD, RIFRE CIIEENRREFTIC
ESEEREITHIZEL LTS,

—RREIZIX, PR O3RN LY B =R CERINIETHY, FERE
OATEATE R, LEXR-T, MR —2REIEHK L LEBAIITIE, JEE
HLLITTED LD RIMOE L IIREMIZAROI Y VT TERNZ LITRD.
EHIZZDZENDL, M hAR e O— DR PR L EERE O FERREOES
ZHIETHZLIIAFRTCHH-D, Mo r—KE{EFEELE LT, £ED MR
B O—iC8 L TR B AT o RO E PR U —0BLEFE L, REME
EELFEPRL—BRORT Tu—FThirEELD.

T, BREWEOERZETEL LTESETIE, BRICBTABRIZ IR
U—BEZX LN T CRBFAIELRD LD, RELEH L LTOLETEELE
BRIICRESND. LENR-T, MR —RUOBREZREHLEE L L-EWIERORE
ERFHIE LTI, NEMICIERIEREZFRICRETHOILERDDLI OO, E
BICZFNEZITOOIIRETHY, BFEIT Fig2l 7T X9 RFELXETS. 20z
LU, —BAIRMEERFTAICE, PR ELERRIWEEET D 2 O00ORME
B RAWVORHFIEOLEREZRLTNDEEZS.

VT, BEMICERHZITHOBICAVDIET VOREIC L ARFEHOENIZD
WTHRET 5. AR T, BEMBITICARERELHA VD b, 22T
ETFTMVIARBERETNVOEELRT. B, ZRITEZERI EEET BT
L0 LTY Yy RETLVEEZRD. £, HHROBENL, TOHRLEMET
L 2R E —RTEE R TR OME L TRV I L DE L TE—LAET L
E25.

VU FETFVERAVTEMEOBERHZITOHEICE, RO MR-t
FEREZRETDHET THL. ZZTEIBREE, WhoRmizitdd5b0, fi
ZITEERTH D, ZHICR LT, E—LEBMEALZEEL, B —AETMIES
WKL EEZ AV EESICE, PR =Mz mEoRRE & SR
BEONRTA—ZEHOCTRATIVNERND D, RHEHEZZOHE»LXATH
X, MREM OELE, WEBRE CEENR-TERRAEHE 2D, 2L, b
HZMER EDHERE, Yy REFALOBRSIIWEEm AL T 2 EERIZLD
KRETEZHN, E—LETILOEEE, —RTEFLELTOE—LEZRTHEE (B
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Topology design

*Homology
* Homotopy

Real Structure

Decision

Shape design

e

* Coordinates of surface ccision

(or boundary )

Fig.2.1 Procedure on the topology and shape design

B, LATUR) &, E—ALEOBERIIBITAMEBIROEERSE LTRHRET D
VERDD. B, ARERFEICBIT DI E—LETNAVEEZLHEICE, BEBR
EARMICRBET A 72012, HEEL L CoBmER, 37205 EmOBa 2%
K WxE, ACTHEINEFETHIH») OFHE, RanBmBRICKTE T 2
ETESNY MWD ERTAIBRERDD. LER-T, E—2ETVERAVER
BREERENCB VT, MReY—, LA T TN, BEBREOTEEHRFEK L
TAHEUERHDEWVWRD., YUy REFILE E—AETFTVOYKROITER FIEDEND
Z Fig.2.2 |39, AR CTHRIAEHE L THRYHED hFRey—, LA47 T N, B\
TR B OSHEIZ DWW T LT OETEHEMICEER T 2. 7238, MRS EAICE LT,
ROEHEZRET 5.
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3-D Object

Beam Model

Solid Model

Cross-sectional
Shape

5
—
I S
Cross-sectional
Size

Fig.2.2 Differences of the object description between solid and beam models

(1) FREMRELEIRE LRV bDET5. BMFEHNIIRPLHBE TS, MHIME
MRTOMERRNB DL L, MHEMICOBETE 2FIBTH L 75,
(II) #HEREAT ORI FREE BIZHFET 5.
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(ID) FFREMITERROE—LTH Y, MHAOUEEREROHEIS —L95.

IROOREICEAL TR, BITOBEMIIRRKORMMEITI 2L 2BEThIE
ERERYETHOLEZXD. FZTINOLDOREIZESE, MEORRBRFIEICEL
T, E=LETNEROVTEZRIOMETLEOT O ORAEREERTD.

(a) fLfE (bR Y—) DESR

boHEBOES BIZAITMEEIOEEEZERLD) 2R V- ETLH
BIIE, MHEAEEICRMTERNERE 52, ORI THEAIT D, RFRHR
FARBEU—RELE LT, FErI—RURE =BT 5 5[2.5].

RERT— &1L, EROBEFICER LEAESEGETH Y, BESCEN RER
Fiekvihahns(2.e). #lxiX, BEREET R

o0K)=0 - - -(22)

OBET K IIHER CHIME X AT, EBICB TS T ToRMK L ERiC
THEREEFOBARBRAREBE T2 LT, RO MR U— (ZZ CHllEREE
BICEENDIROK) 2ETIHZENTED. ZOFEILED MARro—FKB%
RENCHWEAE LT, B SOFFR[2.7-[29]3H 5. FHE LI, AEr IR
EISLEBEOERBEERLTVDEN, b2 CHINEHEL LTESEIZ b Re Y —
BER 2T BIc EEoTHEY, MY —BBEEZRHEHE L TERVEH-T
WiV, RErU—RE AV MR e U—RBUX, oMK EEREEEICOEIL,
ZFOEMEZTETHHEAT —VEELE LTERVED 20, ARERER EOHED
BERARIE 7 B < AWV ABEREREI A H CIIFIA LY TV E s T 5 [2.8].
UL, BRI R O—%2REKE LTERVEIHEITE, OB mBIEK
ELTRWOLN D ZERISENBEEOSEIREBITETFET 2720, M FARn vo—
DHEBIETHZ LB HERVEBEALHE LTS,

—%, FE P E—FRIEBRNICEROL—TH LR EER, ThEERE
THEBHICINESE TV R/EI, PORIRERTEINILY PR Y—0
SEEBWRTOHLOTHD[210]. ZIZT, BBFOLI REEELEZLLEE, ST
P—EHICE S R e D—BSEITBRENIC L YV REFREL D, ZOSEGER
—RPICEAFRETH L. WE, EEOHRETMBENELEZ LN, Fig23 0L 5%
2ARDEHMABERICKESZE2EXD. ZOBA, BATHEMELIES LR
(=R CNEHET D) SRETHIE, BERRTEMOERBITEM AN
WL —BIZEDD Z EHks.
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Fig.2.3 Typical example of topologically equivalent structure
to connect two bars

:h%—&kbf,%ébﬁuy—%ﬁﬁéﬁﬁhwﬁﬁwzE%F$N$@%
MEBATAHAZLEEEZEZD. ZOHBAETH, TAOEBEIC bR U—HELBRT

i, BEREL LTo M e P—X RO EOEAMN T ARBNII A &
N5, BAABAEMORCET S FARr P—13 L5 2 ROEM % #5 SRE & &0
THdHZELEFBALNTHD. R, R CHEET 2R EHHES A E L 13E
RLRWZEEREL TS Z 0D, MMOBARENIZ L) FHEEED iR m
U—RBANRAETHD Z L RH 5.

MEELS BROND bR P —&itE2F—U— L3 5% ,%M’%Lfﬁ
BOHIRY 2 <, 2O FHEEN CTHBIZEE % 758 kbfwét Wz, EHoOR
BEHEMBEBENRAEHE R > TNHE2ICEBEZXLNTVS. S HLIZEATMEL
OORNBY ZEERELRTNE, BHEAD MR V—&FNETHD L DEXHTR
—RETH DB, ZHITRYVTHD. ZNHLORFFEOELLIE, THHFHE/ T A
— I NERERDABEIL, PR —OFR LICHMEZBATS] E0WIbOT
H5. ERITHTPC, oo MRe O—BEHE I L RELREES RV
mbfwém1u~oibmzi$HW BIFD M EMABAT LN £ D
FIREZ R AR L L TRV, BEIC AR —%2&HFH L TWnDH Z &iZidA
LBRNWIEZFERLTNWALEEZD, LER-T, KX TCETEZXMOE I
ﬁ%%ﬁﬁ%fihfu/ DFFHIIT o TR, ZHICHR LT, ERERIZ AR

— BRI AFREL T, UTO 2 0BHA2METHAILERDD. T7hbb,

(1) FReY—0 BRI T 2ZBESVLHARERZ L.
() REERIIC PR O—2 LS EHBLZ L.

\

T FTU/— W) EEZARMROBERATM AL L VI SEIIREL,
HABZNE, MR, (1), () &i%ﬂ%i’b

-
~—
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(1) FABMAROEIITH T 2FMERFTRETH D Z L.
() WBARMAREZREBICRE CE5Z L.

LB, INbEBETNIT, RBFTEIC BIFORFAEHE L TO M FRaY—%, &
ABHAL L LTROH D T LB FREICR D.

(b) V47U FDOES

AECHRET HRMEICRBITZ LA T U ML, BIlEMoRBEETHO
EEBEZD. WML ATy FERERIEL LT, Mmm1wk7xmlm#ﬁ%1&
50, ZOMEOCHELIERL, BEOERBEDA LV AREBEWIERE RS L) ICEE
THEVWIZMEEEZTREY, BHAKBE K i*#%ﬁxfw&mtb,m%ﬁ
BEBREMETCHL E VD, ZOEBAND, MR U—RHLHRENDFEOH
DRRFHIBEE L, Michell F 7 2 L DB X2 R UMHOBRBIIBEI DS L E2 5.
Fl, BEOVA T U FRUICETIMELEFHET DL, LAT U REVHIEEN
RITHNEOHBELE LTI, BMOEBEZEEHE L TWAZENHS, LER-T,
AR TH VAT U MRERIEE LT, HAFARMEAENEL LN BED, B
MORBEEBERESZ 2 5. B2, FBELOLED 2 825 L 0 ICHEEH &
FATLHEEEZINL, VA7 U MR REIIE R BAEMEE 5.

(c) BROER

TEARBRFT IR & 13, BFERIZIIMAE 2 EE L2EBR COBEROLEE 2 Y 5 [
BThH2EERTEBH[2.13]. L, HIEEMOBREI—RIZIIMEOCORESE
%E%?émﬁ’ibﬁﬁ?%é:k%ﬁbfwé.:ﬂmﬂbf,H-A%?w
DOHEEIE, SHOMEERIZE VWEOBRIERTE 5. HBICHARERELY
wtﬁn,ﬁiﬂ;%ﬁ%h% EETHZENBETHY, EREFEOBRITER
OWEFRIZE VR T2 Z EBE. KR THLRHNRLE LTCE—AL2HAET
5. ZOBRICHEMERICETZRES LT, R—EMATcolrmBiRizyg—L 1
D1 LWIHIEHEEZRD. Thbb, MAIME L CHER—BRRERE—2ROMH
MEMEZZEZ D70, ZOBRIE, BEEROACKE SRS, Zhicky, I
DZRITBRIZ, —REL Lo —AE, ZRITEMRBTEBRICL VR T
5. 22T, ZREOHEERIISIOICHE, EFE, [BEOKEELLTO
TEIR &, BRREICELR D BEMRBREFMICRET 2O ORETEICOEET
XD, ZODBEXIT AL, AR TRV RFHELKE L ToRRIE, BEELL
TOEMBEBIRTHDIEEETED. ZOLIRRALH L L TCORROERIC
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Mz T, Bl —BRARERE—2REMEE XD Z L IIHEERFICB VO TIIER EZ
WMRFETHDIEERLD., EbIZ, P—LAREMEZEREET S Z L2k BEFEOWE
FBROEANHBHORES THLHEVIFRBELD. 20X I RIGHEICE, EED
REMBREBHMBERED O UDMBEME LTHEERFL, ZOFNOELHFELNLO
BN D XD ERE SRR E 72 5.

(d) ~HEDES

SHERET DL YA VU TR, RVWEKTI unﬁﬁtbf RITDEE
BHLMBERBEEMTRILOIRBOZIMVEK ). ABFETIE, ZOEKRZREL
T,%5%@%%®%%%@%%ﬁ526ﬂt%@ﬁ,%@%%%ﬁ%%ﬁ%ﬁ?
6kb®ﬁ§f%%ﬂ%¢6%%kﬁﬁfé.%Z@%@%%&LTEﬁ%ﬁﬁi
bhlega, RIEABI-DORESTHY, AROBEIIINELIEDPRFTEK
725,

PED X S B EHOLTERETH O ORFFIERICONT, RIZFEEDRTS.
B L7 XD ICREABE LTCE—LEFTAEEETIZLICLD, BREWD
BB, BIZHHMOLVAT U N, WEEBREAOEHER-TEE WO RTORLR LR
HEBICOBESND. ZOBEORMBEILTOXI I ICEHRT5Z LN TES.

Find x= {Topology, Layout, Cross — sectional shape and size}
To minimize W(d,x)

Subject to  g(d,x)< g, roos s 0 (2.3)
Such that W(d,x): cost function

g(d, x): constraint function

BB OEH O DI LB EEEITICEREREL VWSS, VAT U b
IR EZRTTEZEOROER ZARZEME L, BEBRIE MR e U— & Rk7BER
IR EOES A MERM L35, ERmm-TERERELHEBRICEKFT 5 E
BEOHOERZMEMET 5. Lt#of SBE SN TR BRI R R O ME R
AL, ZNUOOEHEHERNOICEET D012, BEIORFFEZRVDLER
H5D.

WIZ, FEREICBIT 2 EANR BNBERICOVWTHRET 5. WE, BAERRER
FFEEE LT, BN OMBHOENRRE 7225 L O RAMEBERTNEL
EZD., FEHEL LT, FHBESH TOEMNNY M ORBVEEZEXD. T2
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b, HEATOFTAII T HENNAY Mrd” BFRIZE Y, a8 L
T, MHRZIR E, i3

E, = L(jdk"’g o - - -@9

I d reinforced
%k

LR TE D, SHIT, HEEQABHERLS TV,

) -« - (2.5)

' d reinforced
%k

ER - Z(jdkorg
k

EEBRTEDHDLET D, 22T, MAFLHFBERIESNHRAEZRT. ZDLD
RSN ROBMNBRAERL 20 OFER, RRKERD LD RAREEL
BRETHLZENLETD. LK~ T, BETHRFAMEICRT 2 BB,

d reinforced
k

fy =3 ) e

ij ok

CHRTE D, 2T, THRATGIIER, jER2RESHERMHMEZERT. VIidmEeE
BThd. £, BIZITHOBELZZ 2 2BE8ICHSHE U TREREMIPIERE S
LT CTh D ETE, ERICES REEFHBETL, RKRKOXHIRIT A TX
4.

Find x= {T opology, Layout, Cross — sectional shape and size}\

R
14

Subject to |d| <d, o (2.7

Such that V: total volume of reinformcenets

I d reinforcement
1%k

To minimize - f=-

d: displacement vector

EXo &0 ERE S MmEER A RERITEL 201, SHIUTO
RICOWTORFZIT I LERDD.
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(1) BREHHEOOB & HoRFHBEDOER.
() SRS N7-F o aRat IR R L O R,
() FESyERFHRIEORR Y T FiE.

KRIELY 2D ONFIZ OV TR Z1T .

2.2.2 BHREEEDOEER '

RIECER LR HEEZ B 202, MmEMo bReo—, I//(7'7 N, By
ﬁ%ﬁ&@#&%ﬂpﬁﬁkbf“ﬁﬁﬁé ZTNETHOBRFELE R O EE
WCRBET S L EEXD. TOBB L LUIUTORBETHND.

(1) HEORLLRHELZFARICHEIHEEITE, BEVOMEBESE TRTE
ROV, AMETIEZORBHALNTRN &,
() % AEBR PR OMEMIIBL, TOMERMOMENRRR>TNSZ
BAEMICIE, bRaY—, WEBROMERMIMHEERE LTOnEE
7@‘1, VAT Db, BESHEOFZERIIEHEZER L LTOREEZHA LTS,
S DI, VAT U MNIBEBZEMERER E L, BriE-HEERZE R £ AR 22 R
ELTWD.

L7d3o T, BIROREH SRR EE %% nﬁ%iﬂi@mﬁﬁ§&
IRHFELZHOCERFAZITO LTS, £2C, KETIH, RIFEOLEE L
IR R EEOERLZTT ).

(a) PR O—RABIEOES
TR L2 L 918, RigXTiE, #mEEO MR o U— I3 /MmEt o AR
BICLVERTEELDETE. LEXR-T, Mo —2fE+58RFBIEIIAK

DEIITEETEXS.
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Find {Topology} = {n}
To minimize — /" /" > 7 for v
Subject to |d|m <d

1<n<n, c e - (2.8)
Such that 7 :a number of reinforcements

f : function for evaluiation of effectiveness
(n): suffix of topology
d : displacement vector

TIT, ni3EEO hRe V-2 R ITMEAREETHY, KR TIIMEEIBMEA
AL 45, T, THRAT DIIFHFHVEELRT.

Thbb, KRIXTRVE) PR O—&Et L, rReY—HnickvRkES
BREE f 2 RibT 28 EEZ D ZENTES. BRI, fARIEEZERT
SEMBIEL f 2 RoNAL T D HEREM AR OBEREZITO. 2T, B L7 X 91,
PR —DERLY PR —Enoh 2B E5Z LiIC L2 BMEEOZE

HEEECTE R, LER-T, MReP—2HELERICVA T U b, SMETEE
%,ﬁﬁﬁﬁ#&ifé THREL, & bR U —ixt UCEERE f 2 & K{bT
HEORFBEHEELEIL, BRD MR U—MICB T BREITY, KER B
U—ERETDH.

(b) VA7 U FREHEEDE

AHFFERICBIT D VAT U MR +&i FEE FICBEROIC R T 2 RE R F £ OfSE
é%ﬁmh,J%%ﬁ%wkk#éﬁéﬁ@ﬁ%%%?é%@?hékTé.Lk
NoT, LA T v FEFREIIRQR.YD LS IZETS.

+ (2.9)

Find i, j,-i,,7, ,(im,jm)eS,ISmSn}
()

To minimize - f,

ZIZTC, i, j i m A B OEMICKT A MEEM OmSOBERMEEZET. S
FEEERICR T MR ERNORHIEETHD.

(c¢) BrmRiRREt O ER
REFFIZB T 2 WEBIRER T, AERIC PR e U—&E L RROMEEZH LT
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W5, ZHUZEMERIZIE, FIAIXHEBER S RAREEOES L RET HEIC

WrEIRIZ &> TIRITOEE DWHETIENY MLVOREERDPHEE LTI/\ZDMEZ’J:&)

LEVWOIMHETHD. Lo T, WEBIROREHET MR O—RE & FRIZ, &

Wi R ORI L CRaBE 2B -TEZRE L, TAENOBmEmMIR Z & O FmE

R LU TRBEBRERET S, £, BmBROMERTREIEZEH 7 FLOR

oL, fREEDO PR -3 RDLEMBARBLVRESNDZ LD, Rt
BT HEERIRERE EIIRA DO X H ICfEd TE 5.

Find {cs} {cs,,cs,,5c8, L cs, €8
To minimize — f"(es, f5), " (cs, f5) > f(cs, f5) for Vfs € RE™<
Such that n. a number of reinforcements 4

cs : shape characterisic parameter vector

J§ :size vector at each cross — section

- (2.10)
(d) WrEm-TERFREEOER
AFETIE, WE-TERH B TOARBPNEHOZBEEZIT). LEN-T, W
HE~THERECIE, fINEGEEHRE Lo oW EELS /M3 6852170 . Wim~T
HEEREERIZE, MOBRHEEXRETENTHILELRD H.

Find {fs}= s oy, f5, ), fs, € RS
To minimize W( fs)

Subject to |d( f:g]max <d

Such that W :total volume of reinforcements

5 : size vector at each cross — section

nn : dimension determined with topology and cross — sectional shape

- (2.11)

ULD XS EORGFEEL IR EIZHBE L EEIT, &EHRE—E
FILEOMAERERIL Fig24 DL HICRKREATEDEEZD. T, bRe &5
FIRED DM ORFRIEICH L CiE—FRMOEEL»RL, VAT U T\nxd’F'ﬁ?E&Hfﬁ
EFIR « STEREIHEOB TR EMOEENRH 5 & 5 eMBERK E 2 5. REMIT
DEEINT- 2 TCOROHRHABER LRI EVICHEEZFETILEXDLZ ENARY “C“ﬁ)
05, $TTCWRRIBLEZELIIC, RHEHRELTO MR U— I3 EHEM ETERS
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NOYMBEEZ FNEGELSMIRBRTE RV, KR T Fig.2.4 © XL 5 RHEEK
ERRE LILRE FEEEET 5.

i Topology Design \ Cross-sectional Shape Design
Structural Design : -~ — _— |
Problem g B ’
. Layout De31gn | | Cross-sectional Size Design
L ] - >
l <—> Correlation
| Topology Desiglq

| Layout Design t :

Cross-sectional Size Design

Fig.2.4 Correlation among divided sub-problems

2. 3 LA77bEEEBRK - TEORRRE

2.3.1 L4779+, BEBRRUTZOMAEEZEICEYT 51&5

Fig.2.b R IHELZETHLEOEEEIIH LT, 1 ROFHEBHEZHEAL THE
EREICBITDEREMEZRED S D L0 RFERFEFHI OV TRIT L. ZOBRIC
%ﬁﬁu CHIFOERR, PRSI D EEBBMMAR/INE 2D K5 RREHERRD.

ZC, MEMEMOBAMEBEEA L LEBAIE, HmmmH N ERIRER:

W%&&D ﬁk%ﬁwﬁﬁ%ﬁ%%ﬂkbtﬁa,: OFFIEMA2 LA T T b
RETHE L 25, I b ORFHEEROMEBOFELZHOLNE T 57201, RO X
DBRRETEIT o, Ik, WIEEM & FHEEE/ESTHENME LT, Fig.2.5M)IIR
TEOREHEELICERBICY 7V 78 (HE) 2RI, 2HORRLY
TV TRERBETDHILICLVMEEZIT > L. ZOBE, VAT UM
B L CHBEORERNE LI, Zh 0L TOMERIIH L USE2TE+HIT,
RELTRERVAT Y NBDZ LRAREE 72 5.
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Fig.2.5 Dimension of main structure and sampling points on main structure
(a) HERLA T U R BEHBTERREEINC 52 5 HEOR
FIEEAM OBAMIBZBEE & L7256, MR R OB RAERL 25,

Bl LT, Fig2.6 (T & 972 2@ OFBEMBEAMELZRELLHEO, £
LA T U MOFT 2 8MEEEREELETT ). ZORE TR, HERke LT
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W 4@
(a)Layout 1 (b)Layout 2

Fig.2.6 Layout of reinforcement for design of cross-sectional shape

-34 -



i |
//’N\\ | T
T SN o
-2 h
1o T Xy
(a) Circular (b) Rectangular (c) I Shaped

Fig.2.7 Representative sizing variables on each cross-sectional shape

A%, EFEERNIEZEZ, FRENICKH L TEMHEIHSET ToTERBE{LE
TV, ROMREEN/NEL 2B RERERRKE L TGRETS. SEIOHFITI,
TBREA 248 AN 2 B O IR K2 55.6mm (2% LN HIFSM: 10.0mm & 5.
7E, WE-TEEELICET 5 &Ic T, ZFWERRICE LT Fig.2.7 IZR4%
F-HEICH LEN Q.12 ~K(Q2.19)D & 5 RfilFRGEZ AN 5. Zh b Of]
ik, Wri-HEREIGICIEREHEEEZ HWEEEI, HEXRLEEICRDII L
<D bDTHD.

(1) MEEEICX 5 ~TEHIK
X202 + - - (2.12)

(II) EHEWmEI S 5 ~TERKY

x 202, x,202

<100 (x,2x,)F - - - (2.13)
X,

%2 <100 (x2 > xl)
X

() 1 WS4 %~
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x, 204, x,204, x;20.15 x,=20.15

X <100 (x, > x,)
X

22 <100 (x,2x,) L - (2.19)
X ;

X —x;20.1
X, —2x%, 202

BRI LA T U MIX L TH SN R E M O @i -1k, SMWrmaE, B4
DIRENT AT AW 2 RE— A > F(Moment Of Inertia; MODE L OHEE @ #
DFITREM ZBA L2356 OBEREORKEA % Table 2.1 12777,

Table. 2.1 Optimum size on each layout and cross-sectional shape
(a) Layout 1

Xy I
Circle 0.575 0.00534 |
Rectangle | 0.509 . ‘
I-Shaped | 1.308 ) } .9C 0.05839
(b) Layout 2
Size Area
(mm ) (mm?)
X, X X3 X, S
Circle 1455 | e | e | e 166.2
Rectangle | 22.68 | 2.268 | ----- | ----- 51.46
I-Shaped | 43.66 | 5.366 | 43.20 | 2.083 10.64

Table 2.1 £V, LA 7wk LICEAL T, BrEERANTILOHEATH, &
MRIREGZHET DO LEREREITIEL, VAT U IREILCTHDZ &
NG, B/AVEERREIT 290mm? LAV E LV, ZICH L THRELA T U b 2126
LTI, RUBMHREGEE2EET D201, BEBRS [ BoBE IR EENS
B/ANERD. T, fERET D DL E R RS HIEEM OWmEL T T
BRABE2WRE—A LV FLEENDEOTHIEZELZLND. £, FBLAT U
N1 EBRLATY N20OMEBZ2EET D E, FUKHNKEEZHRET D DICHE
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REREHEOETR, THERRRS TS 2 L ES. Lo, MlLAT
U R RBARNE, BERRCHE TEORBLERENRES L LD, BRLAT
O R ST AR R O IEOR EHO RIS T BB EET 5 = L S D L Aot

(b) EHMBTERRD LA T U FREHCE 2 2 EEORKRS

I, HBMBEBREOTER LA 7 U FERFHIERETEEIC SOV THRETT 5.
Fig.2.5 LREAROEBELHE L BB OMMRLA T U MNEE%1T5. Fig.2.8 2,
HE A OWERR E AE L RE LTZBE OO LSEMICRT 558 %7~ 7. Fig.2.8
HICiX, BB 2 GRS LEHAOMMEEEMNE, ZoBRIUBEEEIZALS
RREMEZRL TS, 22T, FIAEEMHENE LT, &HKREMD 30mm BT &
5T EHRERT D ETIIE, KPR ETAREREOF T, B EBEEMRDS
BROLAT T RBRE LTGERENS. ZhICH LT, MRS oERRERES
B LIRE LGE D, BOSEMIIXIT DIEE% Fig2.9 1277, REBRICEMHIK &
U THRRZEMD 30mm LAT &9 2 MAM LSS, REfFIIAREEORE &

6 Circle
0 5.64mm
(A R I I I O O B I B R Y R A = fﬂ

50 [ AT S ':j”’* "t. R : @
E ,,,,, ,,,,,,i;,,‘,f SR S ¢ e * ® e — —
E 40 0. o‘ . . .
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§ 30 F l ‘ /
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p= //

0
0 5000 10000 15000 20000 25000 30000
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Fig.2.8 Evaluation of the layout of reinforcement in case of circular cross-section
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Fig.2.9 Evaluation of the layout of reinforcement

in case of rectangular cross-section
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.
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Fig.2.10 Optimum layout of reinforcement for each cross-sectional shape
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FRRICHED ZENTED. TNOLOBRRICIVEONEREMABRL ATV %
Fig.2.10 \Z7=d. ZNOLOFKREZERT L L, RETLHMERRPIER LGS,
BEIRAHIR LA T U NS BT D FRRENH D Z L2V B

O, MREHMMEEZEE LB OMBLA T v OB T b RKREN
DEAIZDOWTHRET 5. Fig2.b L FEROEHEITH LT, HHBREAREZ B,
BHH 1 (st iy Fm s Brmosmmi—& L TWHEE), EFE2 (M
SEERALT D R TR & BTE OFRERS — K L CWAIEA) O 3FEELE L, & 52 Fig2.h
CBITFDLKEFERIA—ZEEELEGAOBRI FRANT A—FOEIZE) &
RKENM D% Figs.2.11~2.13 IZ7R79. REB, 2T ) i Hm e ix, iR
MOTCAE C DB bk, {d}, &L, #REH Lo RFTEER & F %
EREOEH~Y Y v 2E[T]E LEHEI

=[rlfa), -{a},) - - - @15

@ =[r'o d. dsf - - -@.16)

WCEVEEEND, Mt 2BEFMEMES TH5S. B, R2.16)F D'z
95 THRAFE, HHOEAFRE 1 8E T 5RTERLEBIERORTEERT. I
LORIE, FBLAT U MORREMICHTIREELZRT. 740D, ZThbofk
RBERLZLX, WEERS L 3Ea-HERER-LGBE, #BL A7 O
BRREMIZHTDRMENRLRD Z A2 T LTNA. BEBRE K E - HEN#HE L
AT T M L TEEZRIZFERVBEEICE, ZRHOBRIZIETELLRDIET
Thodrb, ZO/BRL BWEEREOEER - NEXSHBRLA T 7 MREHIHT L8
B2HELTWVWDHIEERLTVDLLEEZS.

U EDOH LD, B—REMEALZIEAE L fdmEEReHclBW T, #mLr A7
vk EWrEER, TEER +fﬁkbtﬁu,%h%hmﬂw:%%%&ifﬁ%
PETHETHDIDZEDHELNTHSD. LEER- T, REFITEBL ISR ERY
TNETNMNICEROE ) Z i3 TEd, BHEOHEE, LrbRAMOHEELER
TAHONENRNLDZ LN RENEEEZD.
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Fig.2.11 Alternation of max. displacement with change of layout of reinforcement

in case of circular cross-section
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Fig.2.12 Alternation of max. displacement with change of layout of reinforcement
(1n case of rectangular-1)
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Fig.2.13 Alternation of max. displacement with change of layout of reinforcement

(1n case of rectangular-2 )
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Fig.2.14 Alternation of max. displacement with change of layout of reinforcement

at each cross-section for parameter h2=10
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2.3.2 HEBZHI AR EHOREIAE

HOFHBBEICBNT, HEZAE T IEROBRHRIFIPIFEET IHE, TORE
FiEE LTERMLTRO 3@, TROLESIER, WHIREREH, fHAEFRER
HNRFETF oD, T b % Fig.2.15 17,

BEFIREREHT, —HF OREFEIEB BT OREHREEAL méblﬁﬁb“(b\é%/ﬁ\
AT REFETHS. BT OEFIRHRE T, RILEEBOREIZLD
TRHAEHAZRETE, HIIHHELHEAORKRE EOPT%&‘%”E%{B BRE SN
DRI YRERYEZ D, LIALAERS, BB CRLEZLYC, KFECHEE
TORFNELR, TROHLVAT U EEMBmBR, THEORBICIIN G mOMEER
FETHD, ZOFETIIRYRERIMT IR0,

QStartw)
Start ( Start
D
‘ N esign |
Design ’ ( Problem A |
Problem A | v . [ ok l ;
\ 1 Design | | Design | Feedback f i
L 2 | Problem A Problem B l Loop : #
Design : ; X !
Problem B 5 | Design
E LProblem B
End
n .
,,,,,,,,, ) End v
: Coa)
(a) Sequential flow (b) Parallel flow (c) Feedback flow

Fig.2.15 Procedure to determine the design variables

with considering each correlation

WHIRIEREHX, BT HAEBEZE T LR EEE L& R ’H%ﬁ?ﬁ‘éﬁ?ﬁ'@&bé
L LR s, ZOHECIRERHEHFTLOMBENBITRICBICRAEINDLER
BbHTD, —RIIFITONATHRY., KECHBEIZT S 1/47‘7 ~ EWrmmAR, ~F
EORBRFICEAL TS, ZORRFENEZRINZHAITIZE AL LR, FHELOH)
LT, GA LEHEHBEEZ A LARFFERECX Y AR EBABRESNT
W5[2.14]25, TOFETIEIRENIZIEDH S VA 7 U MCBET 7HMBES, &#EkE
OETEHBREANTREHEN TV DB E Y, BEFINREFZ2ERERYRL>>%
R RERITL, BONTCHBEMOTNOR AN RBEZZBH LZIZBEE R0,
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T, ZOFEEFERHTFES L CENBERORE LY AV IEHREHEEE AT
éK%#ﬂb%#,uwwm#XT/7T%%ﬂt%®kﬁ%ﬂﬁbfw&wkm
IRTHENRENENZD. ZROLORFEIH LT, HARERHL, —H0
R AT O B Mﬁw HEBIIRESND D, TORENFFRETIITONDEIZ
ERIh, Fozx ﬁ%éhéﬁfﬁ%@kﬁéﬁﬁbfwék%xé A
iﬁﬁ,ﬁ%%ﬁ#éﬂﬁﬁ%%aﬁ REHRIEZ B O o RE NI REL, M
AR 21T - CA ORI HEL2 HEZ BR L oo REFFETRETD.

2.3.3 LA7 rEBmEBAR, Brm-TiEo Rt
REFHEOHEE LT, DBELERHEERLOMHBEEZEZERL TV REABET D
N5, HEREL L L, SEFMEOCHEZMORFBE T — v 7 $5H
EERRA L. 8o, AR CHEE LERFAERICOWVWTOE, flEED hRr Y
— LR OLAL T U, BEBREOCHEO ATEHIZKBITE 5. BIZ PR
/—%%wt3@%@ HEHKIZ, v 7 U, BrEBRE T EOE TORBRIZ
_&n¢®%ﬁ%%ﬁ?5tb,%h%nmﬁifi&<mﬁéﬁbfw
%@#&m%ﬁ%ﬁm&ﬁbfwékw10@%&%2& L, RS AT

(1) HHBED bAn o—0RE
() WRHH O LA 7Y b O
() HEBRHAS O FE O T

D3FHEORFICRNTEDLLEZOND. ZITRIBLAELDIE, FRrIY—IT
AERNMORFEE L FEOHNEITERVWOT, (1) OVA T 7 FREFE (I
OWERFHIOWTHEE2ZE X5 L1875, LT, Z4—FKv 27 2HFT51
AT 7 b EBEERORZRARFFECOWTRRT D.

fR NREMBEICH LT, ROV A TV MEWEREREFRHERE L TERL
BA, BRI F(rs) o5 DR EROKET

—=—t—— = ~(2.17)
dr oOr dr Os
g=a_F+gr_g_ - - +(2.18)
ds Os ds or

ThDH. 2T, R@2.17), QIYIZEALTL AT Y br & EmMIRs ORIIHIG RO
BN FET U
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§¢O,£¢O + .+ (2.19)
dr ds

ThHr0b, FROFEDOE2HEBIFEETS. VW, Flrs)icEALTHHLAT Y
N R OWrE AR A3 R PTHI Bl g C b 2 SRFI

F_ o9y ... @220

dr ds
ThHbH. ZOFBEWMET AL, LA T U MRE & WEBREF Z2ENICITV D
OBRBET LD, ROFIEEEZRS.
(1) FmEM oL 7o ML, s=s LT

r=r*{r*eSl F(r*,s)< F(r,s) forVr} < (2.21)

CRBREERTH. ZOLEORELEr =r*T5h. B1IRHAT v 7T
THWERIRORELE s=s" LT 5.

(2) FERERM OWERIZBE LT, r=r OREDTFT,

=0 forr=r’} < e 0 (2.22)

s=s*{s*eR’"1 aF
ds

s=5*

LRAMERERD S, ZOLXOMmES =S*L+ 5. m iR TERY
MVOWRTEE R .

(3) EBEOFEHMEE (0<&<)ITx LT,
55,1«1 (S.I < cfsl—l)

s’ =4s" (cfs"l Ss'ls(l+§)s"l) -+ - (2.23)
1+&)s"™ (1+&)s™ <s")
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ELT, BIRFAT Yy TWCRD. LEORFFIEEZHVIRL, BRI

dr
—=0 - (224
: (2.24)

Lol b EHERZTHYS., BEICET S A EDORAFHIHRFAT 7
ERITLOETH.

ﬁkt@zmwg_ouf FROBRE L V) B CIIAEMIZI/ NS T/ hawn
FE IV, KBRXTHEEaX N EHEORELEDO F L —FRAFT72ZE L, KRAD
B4 7=,

-1
§

§:<1 ; [’sl _sl—ll

[)sl _SHI
0.5 > 0.1

. (2.25)
<0.1

-1
s

ZOFEOHEEW S Fig.2.16 1277, Fig2.16(a)d, xEHEHEE LTl A
T b EWERREE TGS OSERICKHT 2 IR OIS Em AR LTV D
_@uﬁwﬁ¢fibﬂwﬁﬁﬁ%ﬁfév47ﬁ%&%@%%@ﬁ%?ﬁ?é%
DIZ, Fig.2. 16 RT X9 R FIEEZ & 5. (2.2 EDOTE, WrEmBikoZE{L
WHESEEO VAT Moxtd 2 BMBEROE(LEZRT SO THY, Fig.2.16 Tik
HEH AT v 7S i@*%ﬁﬁﬁbﬁ%uu#X7/7F@iUV477Fﬁ%W
LWz &2FKT. 9hbb, R@2ONVEREIND Z &1, WrEFROE/IZ
TLAT DU MREFERPEELRNIEEZRLTNDBLEEZXD.

W, BREHAT v T ETEEAMORF E VA T U MFROREHIKBILTE
Al%E, VAT U MREHCE LT ,mﬁ§%®A%%%ﬁitb % I&MEEIEK
THoBETHLRERNIELNS. LML, TERFCEL T, BREVER
DEZFERANTNDDOT, BHRAT v 78" i@#%#ﬁﬁénéﬁﬁf#&%
F RN TR N T - 7 B A BN BN BRI, L LARS,
BAEE CIEBE SN TEE OFERECAICENT, EREHEESAVGN
TWAEND, STEEBAFMICE LTI TH 2000 LIRS LLERIEEVW L 5
B, TR, =a2— M EROEE (T205B80O 2 RBBE LB ORK
AW HIR) TR, REEROERBBENTENERILTHY, P ORBEFLE
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THRBEEN 2YGERIERD Z EPBEAEMH L LTERSNTWL ZENOHRAT
5. LERoT, AP TIT I & 5 REMOTERERICEW TS, BRREED
MHERMIE TE D Z LR —RINTHERTRAMSNTVDHEEXD.

f A r (Layout)

s (Size)

(a) Original surface of cost function

f r (Layout)

s (Size)

(b) Alternate design procedure
Fig.2.16 Alternate procedure on layout and cross-sectional shape design

COREIZLY, FELAT U RNRFHRAT TR, HERF AT v 7S Tldg & HKiE
REBELND Z EBNREINT. KRIZ, ZOBERICLVEDLNDMARFEELE
TEOEIRBEEAEL NIRRT 5. 2ok, REHHEL L TH2 BRER
flxeX)OBEXLHEEZEX D2 LICT 5. XIIBEERORTERL T 2.
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9, VAT U MR ER(LTHAIEEERD. AETIE, RIEHELTO
LA T Y ML, AREREICLVERILSNESHROFEOM(, ) TRENS. Z
ZTi, jiIEENEN

G,j)={i,jeLij=1~mndi#j} -+ * *(2.26)

ThbH. EELITEOEREEEODESEZERL, mdiIRKHAETHDL. DX
aﬁﬁﬁ%A WZRL, RO LI RERLEEZ D, Thbb, EEOEHSE
EICE LT, EROERORTERESEREEOBZHHB VAT Y My

r(t)=txi+(1-t)xk,0<t <1 - - - (2.27)

LRI, LA T YN0 ) )X R OB RES L RS, ’@iﬁﬁ@ﬁm
ERFoBE, vAT U Rl l)icxtd s BEEROEEE, foESRCE
<HBEMRBRLY, ERESETCR, BETHIZ i’J‘f£<k%lef&T§)6k%Z%
ha. £, TECELTS, TOBRBREHAES L THUE, HLNISHERZ b
s IZ R DEDEHEARTHD. LEN- T, BHAEHELTOLALT U NRUSTHE
DAL, Heine-Borel OEH L W ZhZhav s FCThAH[2.15]. &biz, Zh
SOWE 2 REHE L T HREFEMIBT AREMIIERER <R OHZEMTH D
25, Tihonov O TR LV BZEM KNS 2T N THDH Z EBRIN5[2.16].
REMX B2 b ThHD L, XWBOWEU BLOHRESTICLY

x=Juv, - - -@2298

CETHETHD. LEB-T, MEMXIIHEREORDZERU \ZHEITEDS.

WE, XEMEOESU IV ARBEORMSEMCSBILIZET D, R, 20
RKEX, R™ DM ZEROBEHSZERIBERa L 7 N THDHIZ b, FEES
FRMLT D ZENBRHICEMTED. ZOBRE, BEHHHEEU, BT 5 BHEKOR
kﬁ%F()f%f:kﬂ#ﬂﬁ,%%ntmxexmﬁﬁmm@mf@étw@
VB G

f(x*)zmax{F(Uj)} <0 0 (2.29)

ERDBIETHD. ZITU,MTHDZ Ehb, FEMTI, +oI/hE<E-
LAERBEOU, £ TIoRt L CHEREHEREZER L, TORRELoNLFU, )% e
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THZET, BNEEARELT M B’ELND. ORI, BONHMBOMm
BHH, MEMX OMIBEEU, ~ORFNOEENE, BU BT OREROME L
CHERFET DL ERL TS,

—7%, BREFETIIMERSEITTTH8RIIITOT, MOZEBU, U, ~O
BENCTERBLIC LV B o HEXY MroFmfaERIR+ 5. 22T )
U,i3Hs~TENT SVEBRELEED, THEOREERCZOEHIZET 5 VA
T MK D BENEROEETHD. LR, BRICLVHEICgU )<egU,.,)
&%, 22T, RQR2)ZWMET LHWOES U, ORFKIL—IRAIITIEN RdE L
L2, ROBHART v 7 TERENDIBHEAU,, OBRRIZEL, ROE
VHSEEBRBORESEEZR LT 57017, R(2.23) TRENDFALEOEHNE
WX 2R =Y T ERToTe. ZOFHEICLY, FERRERTORBAIRERIL
BoNRWR, BEFIEL LTKRO XD BB T 2He, REERELIZED
MEEETOMEBRDLENHED LEXD.

(1) KIBWEEL

(I EREYVIRLER (Ro5—V o 7H0)
() NERMEYELUBER (R7—V v 77210)
(IV) NER#BRFHE

ZIZT, JERBDIBLERELEIBEFEOL DI, BETAIXRAEROE 2R E
WEZBRBOBERFETHZ 2R, JBERERE L, BETLIERO#HE —FE
EZTHRETDHZ2RY. EROBEZIL, EENNSWIEEBOLERBL,
BERICGHE A M2 ETSH. RETREBTD L5, —BEICIERRERBELITE
REIDFRE AT v 7 TIXERTE RN 0D, BEFELZTRATS Z LITHEEN
THORLETHDHLEERD.

2. 4 WHEARGIRIEOMYIRLAE

BIEE CICRER L LI, AHFECHET AHMEHNEEL, v — Ao
AEZBEL, O MFad—, V47U BABREZEERELRE L, Wim-HED
HEEGEHELTRVEKY Z LT 5. bR Y—LBmEBIRIE, AHEZEETE
BEINIBHETHHED, EELEHELTEMVE Y ZERNTES, BEBREKLE L
THRYVRI ZEBRYTHDHEELD. ZHRICHLT, VA7 7 ML, BAHMO
MO =R TEZBIZ L VREINDIEH THHDOT, FEMITITEREHE LTO
REBFRETHD. BRBEKOMENBEMTHY, MTCROESEKTHLZ L
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PS> TV DHEEICIE, BOWEZIT) EOICERHEHEZERE LIT O B3FH
ﬁ&é.:ni%ﬁﬁﬁ_mmféﬁgﬁwﬁ#mgﬁawhﬁ% REHIZHEZIZF]
ATELINLTHD. LLrLAERL, —RICFFRaP—b A 7 U hOFREHIRE
N FEM RS ORBE & 72 521779, HEFHEEZR VWD Z LI TEF, KR
I BB L FTRE R R BT A MENAE LS. Horst 5 OCHER[2.18IC L X, &
5 RPTHIBE RN KIRMRERE CH 5 Z L 2R THANIENE SR Tnd. Zhid
TR0, BHOIKRL LE2KERERED, Wb FBFBEHROLE AW DS
T ETKREHR#EILEERTLHILIEITERVWIEEZRL WS, £, ffELOD
SCRR[2.1911 LA, RBWIRELEBRED AT v 7 CITH T & IIARERITA A HE
ThoEINTVS., Ziud, KEMEREE, BERX, RHERxICLT,

f(x')<f(x) for VxeX -+ +(2.30)

ERDEX FRBTH L THY, MERMICKIRMEEILZIT O DI, ET
AIRE R MR ZE I D& ARUT Téﬁ%%ﬁ&ﬁﬁ#%ﬂf%é &@ME&%%LT
WS, TZTRIAZEHELTOVAT U FEEGEHE L TR - BEITIE,

BB % R E2A CHMT 2 2 LI ENITIIRATH f%ét@,m%ﬁ;w
FLERFMELIELNRWNWI EIZRD. ZHERLT, VAT v MNeBEREf L
LTEDHF, BEBeEo B BEEE EE oLk E catl5iE, BB
OFHIZEREI T4, KIBORBOBEREITHIZENTED. SEEETHHE
T, VA4 77U MCETAMEBMPRENTHY, FHEEOFEEMESCHEBHIFIC

LVMBEMBPRELLBESND Z ENnD, ZOFECLYEENHRERLETO
ISEBEB ORI EIT ) Z EBFREE 72D,

VAT U N EBERAERE LEREHBEICE LT, GAICRRINDHERGBNRIED
HWHREZOND. *@iﬁ&%iﬁmm&i REREEONDRIENENMLD
NIz, BREXT v THEREL TR #5 N 5 MNEE Y] uﬁﬁﬁ#kﬁ’)

X, BRLLTHY ﬁ%f%émgwmﬁ Hhb b Tuwnb[2.20]. #iZ GA
(X, 1975 ££iT Holland[2.21]iC X ¥ R S =%, 1989 FIZ Goldberg | ;5ﬁ%
723%” Genetic Algorithms in Search, Optimization and Learning”[2.22]352 & h
Thn, BEHERICKTIRALRMEL LTEESN, ZLOMERZINTE
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Fig.3.13 f-map for cross-sectional size: (5.0, 5.0)
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(a) Layout candidate 1 (b) Layout candidate 2

Fig.3.15 Alternation of layout on each f~map(unit:mm)

Table 3.1 Alternation of optimum cross-sectional size on each design step

Step | Assumed Size Layout [ Optimized size
(mm) Candidate (mm?) (mm)
1 (5.00,5.00) 1 0.00437 (0.67,0.67)
2 (2.83,2.83) 1 0.01302 (0.67,0.67)
3 (0.67,0.67) 2 0.12544 (0.51,0.51)
4 (0.59,0.59) 2 0.14327 (0.51,0.51)
5 (0.51,0.51) 2 0.16442 (0.51,0.51)

(b) hRvo—%» 20854
him =281 OBE L R, Figs.3.16~3.20 ICRFBE CTIER L f~ v
7%, Fig321 I f~y TOBMIHEIBKHE LA T U MEROEILETT. EHIT,
Table 3.2 IZEXFHARIZK T 2WHE-TEORE, VATV MEEROELN LA T
U MEMICT A RE(LBOME - TEOEERT. Rr—XTit, BETELY
LR EOTENRKEL R 2BERCHELZITHE - .
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Fig.3.16  f-map for cross-sectional size: (5.0, 5.0)
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Fig.3.20  f-map for cross-sectional size: (0.39.0.39)
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Fig.3.21 Alternation of layout on each fmap(unit: mm)
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Table 3.2 Alternation of optimum cross-sectional size on each design step

Step | Assumed Size | Layout / Optimized size(mm)
(mm) Candidate | (mm? | Reinforcement:(1),(2)
1 (5.00,5.00) 1 0.00442 (0.35,0.35),(0.35,0.35)
2 (2.67,2.65) 2 0.01854 (0.47,0.47),(0.40,0.40)
3 (1.40,1.36) 2 0.04465 (0.47,0.47),(0.40,0.40)
4 (0.94,0.90) 3 0.08178 (0.47,0.47),(0.40,0.40)
5 (0.70,0.66) 3 0.11909 (0.47,0.47),(0.40,0.40)
6 (0.47,0.40) 4 0.17454 (0.39,0.39),(0.39,0.39)
7 (0.39,0.39) 5 0.19839 (0.40,0.40),(0.42,0.42)
UEDRENS, PFRuY—%ZFhEhl, 2L LELEOKEBEVAT VU FROR

E-HEOMBE LN, & MR —Z LIl o -fE% Figd.22 [I7d. Zhb
DI L THBREL BT 5 &, Table 3.3 DX O RERBELNE. Lo
T, WEHFMEOREE 2, BREOREELZZBRICANRTAE, PR Y—ZH
TORFEEZD L, MBEMARII2APHFELNI LIZRD.

B Main Structure

. . Reinforcement-1

/7 Reinforcement-2

(b) Topology 2

(a) Topology 1
Fig.3.22 Optimum solution on each topology (unit: mm)

Table 3.3 Comparison of effect for reinforcement with different topology

Topology V (mm?®) d_.. (mm) f(mm?)
1 26.01 0.8 0.16442
2 30.42 0.8 0.19839
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Fig.3.27 Alternation of layout on each f-map (unit: mm)

Table 3.4 Alternation of optimum cross-sectional size on each design step

Step | Assumed Size Layout f Optimized size
(mm) Candidate (mm?) (mm)
1 (5.00,5.00) 1 0.01385 (0.55,0.55)
2 (3.37,3.37) 2 0.02371 (0.42,0.42)
3 (2.561,2.51) 2 0.02608 (0.42,0.42)
4 (1.47,1.47) 3 0.14383 (0.39,0.39)
5 (0.93,0.93) 3 0.32103 (0.39,0.39)
6 (0.39,0.39) 4 0.99327 (0.37,0.37)
7 (0.37,0.37) 4 1.03985 (0.37,0.37)

(b) hRaI—ER20EE
Figs.3.28~3.31 |[ZFREHBRECTIER LT f~ v 7%, Fig.3.32 IZ f~ v 7 OELkIZ

- 86 -



EIORBLAT U MEHOE(ERT. &5IC, Table 3.5 ICEEIC & 5 aRERH D
DELHEB ZRT. ZOr—2TiE, REHERICBWTHELNIHRLI T Y MR
OWrE~-HEN AL LR oo e R CHHEZ T B - 12,

S

= i.}b;‘:‘«ﬂ?;}j()&ﬂ}
B 08-02-1 30802
89 00E-03-1 10802
87 GOE-03-9.00E-03

~7.00E-03

31 31

61 1

Layout parameter j

A A
et

)‘l;
R
oA
s
SFER

1 11 21 31 41

61

Layout parameter /

(b) top view of f -map

Fig.3.28 f-map for cross-sectional size: (5.0, 5.0)

-87-



Layout parameter /

Layout parameter j

1 1 21 31 41 sl 61
Layout parameter /

(b) top view of f~map

Fig.3.29  f-map for cross-sectional size: (2.67, 2.67)
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Fig.3.32 Alternation of layout on each fmap (unit: mm)

Table 3.5 Alternation of optimum cross-sectional size on each design step

Step | Assumed Size Layout f Optimized size(mm)
(mm) Candidate | (mm? Reinforcement:(1),(2)
1 (5.00,5.00) 1 0.01392 (0.35,0.35), (0.35,0.35)
2 (2.67,2.67) 2 0.04655 (0.28,0.28), (0.28,0.28)
3 (1.20,1.20) 3 0.20828 (0.27,0.27), (0.27,0.27)
4 (0.73,0.73) 3 0.23486 (0.27,0.27), (0.27,0.27)
5 (0.27,0.27) 4 1.29555 (0.27,0.27), (0.26,0.26)

UFRDORERNS, PARaY—%2FNEhl, 2L LELZORBELAT Y FROW
H-TEOHAELN. &R -2 BN -#E Fig3.33 IIR7. Zhb
DOFRIZXT L CHmRN R 2 tE 35 &, Table 3.6 DL I RBEENE LN, LiRo
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Fig.3.33 Optimum solution on each topology (unit: mm)

Table 3.6 Comparison of effect for reinforcement with different topology

Topology V (mm? d, .. (mm) f (mm™?)
1 14.1 0.7 1.03985
2 14.2 0.7 1.29555
3. 4 F&oH

ARE T, E—LNROWHMBEAZIEE L @RERFHIOWNT, RHERR R
MEDERZITY, HHMEFFEOBELITo. mpwﬁiﬁﬁﬂﬁw%fm/
—, AT UL, WERREOEE TESE Lz, FEEEICEBLT, i, &RitP
FEREEICE LT, THEOEMICERB LIZVA T Y FRFFHELRELE. BEF
L, BEEMEAOREY, 1 KOEHMBEAIIK T2 EEEOEMOE(LEICK
DHRILTRY, HEa X M2 RBICHBE L TWD Z EICHF-RH 5. PABIEEYD
OEBHEMCL Y, BEFEOFEDEL T LIS, LA T U FeBERBIR,
EORGAMEEZBET HREFHFEOMLEREROEIMEEZ R L.
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Fig.4.2 I EHEEHTHLAT Y FOBEEZHOSRBERSRKRL TS EERD. K
W2, YUY TEREEINEN2ME, 4%, 5%, 10f%, 20fFL LEBED
LA 7w MEERE L Figs.4.3~4.7 IRT. o7V 7 GIdHEMETE D &
L7z, ZROHOERIY, Vo7 RSN 51 EELEENEL R D525,
oY N1 OBFREE CIIEENICBEORW LA 7 v MNEEMEN S
bR TWnWadEEZS. £, ZhboatMm Ll vEBoNZEEBLVAT Y M
Table4.1 12579, FH D Sampling quality 1%, V7V 7 S xFRERME &
FEE L LIREER 1 & LEBAORMEZET. o7V v 7 S eARERHR
LREEE LEBAIBONERELVA T Y FEEORKELA T Y M EHT S, &
7z, o7V o T EBEOHBOBRICIE, YT T RBERBE R LD LT,
FH @ Optimum layout i, #5EEH OEMm2S, Figd. 1 (IR L7 —FRIEHBED
FOEE LD 0ERLTWSD., Table 4.1 i LiE, o7V o FHEBHREELIZD
n, BoNIBREMRIRLICEDOREMRI LN TV 00, BIRFIEREOH
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(a) original shape- (b) deformed shape

Fig.4.1 Arch structure
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Fig.4.3 f-map for sampling quality half as finite element division
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Fig.4.5 f-map for sampling quality 0.2 times as finite element division
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Fig.4.7 f-map for sampling quality 0.05 times as finite element division
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Table 4.1 Optimum layout obtained by approximated layout sensitivity curve

Sampling quality Number of Optimum layout f

sampling point (mm?)
1.00 101 (13, 66) 0.08767
0.50 51 (13,67) 0.08760
0.25 21 (13,65) 0.08725
0.20 16 (11, 66) 0.08731
0.10 11 (11,71) 0.08582
0.05 6 (1,81) 0.07739

THRLDEDORERIZITWIERE LR TNWAZ ERHE. £, U7V I RE
DL Th, BFLbEY RVENRBELND IRV EBHL. Z0h
DOFRERNG, BEORBERMTICY T VT ERFETHIZENPVETHL VL
L. LinLRdb, BEOVATY MNEREBEEIEKRTHIRNCEOREREZHERT S
ZEITHERZWE D, R EORWITE ATV, HERESOELEE DO E
WAWCH ESED RO BRBRVEE D EERS.

EEHIREEE OIRVIE LT, HAREME TEX D LA T U b 2EL -0, TR
BEIER DTS 7Y v 7 HE GRS T O UERDH S, Figd8 IEDOLAT U
FNREBREOSEBRX THS. Figds b, LAT U MNREMANKEXLSELT
Wb EZAIE, Figdl (R LEFHEECE LT, Figd9 IRt k) REEELC
EEINDRFTEERDPRE LSBT OMMEZRATLHBBELRL TS, KT
BRABEICB VT, BATEBERNKE S B(LT BEMNLTIE, A O EHERE
MRESEMTDHZ LD, ZOXSRHBREENENERLEEBZLND. 2O
Zrdb, Fig4.10 (TR T DR, ARV 7Y U TOBED—FSICET L
LRV T TIERL, EEMICH L THARE—RICom LYY
VIOREFRTHIEPMELRDLEEXD. Figdl0 R LEY TV T HER
WTHERR L= LA 7 o M EE O thm % Fig.4.11 IOR”9. Zih g Figdd &
LHET D L, WEBEMENZ CIZHLHTHS.
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Fig.4.8 Top view of f-map for sampling quality same as finite element division

Fig.4.9 Local coordinate system on the main structure
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Sampling point

7027 7

&

(a) Not uniformity sampling _(b) Sampling on partial structure

Fig.4.10 Partial sampling on structure

IOEIREBRBICESE VAT U MEEMEOREEIT X, ORI
ZITESLU T CEL, BOMICEELZR ESED O RERE2ITo-ELTH, K
4.D)TREBAEND LD RFE X MNIKBIZHIHTE 5.
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Fig.4.11 fmap for the partial sampling
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4.2.2 SEEOTOVVIERUVSERE7 TO—FICLbMehEREBILDOTEL
T HOMEEEEBL LT S u—FL LT, EE T oy 2T LR
EZzohb. Zhit, MAEEREESF CL<MLNEoEMIEE, o83
%@%iﬁkﬁgﬁ_ﬂbfﬁé.wi Fig.4.12(@)IZ "3 L O i2, TOMES X

’Tégﬁxpn,;x%%zé ZOEAEOHMAEYRIEEE X -GS, T
f\%,ﬂ/\’é I Fig4.120)D X 2 12ET 5. Figd.120)i3fE0FZETHH. XIZBET
ﬁéﬁﬁ%%m<ﬁbbp,ﬁymmw_ﬁéﬂthwﬂé;%?éWf%ﬁi
i, BRELTEEROMES XICETEEEB-Z L1725 [4.4].

(a) Division with sub-solution group (b)Enumeration of solution

Fig.4.12 Division with sub-solution group and enumeration of solution

*®$%@v47ﬁhﬁﬁﬂ®ﬁﬁ7 MRETO DL, KFFRIZBITHLAT
U NREOBEMAEELER TS, Figd 12 ICBITAEEST, LA T U RRHICBWT
ILAR IR ERFA DI A DR HA %ﬁ&#ﬁAT&D VAT o REREHE, 1 ADEA
MBI 2 SERESOFNLRBIRT AR THD. Lad-> T, BEA XiTXA4.2)
T THOBES X IIHBITED. kY, KEBEICBITHEOFIZER, e
EDEExe XIZBETAH5ZEDORDVIZ, Figd 120\ R EESDOFIZHRIZ LY

RETED.

=U»X,., X cX
. .« (4.9
x,.mx:{“’(’”) (4.2)
’ Xi(i:j)

HEEHEL L TLAT Y MR ZEER D5 k,_®i9&m®ﬂé 2z
EORBEIIRDEHICE L DEND. £, VIR EMEEATS., = T
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B EB L CWRWEDMMESICE L TL, FOXOBREEITORVWI LITT
5. ZHICEY, FHBiTREEARES OB S EHMSHIRTTAEL 2 Y, BEREHE
2 L OBIEAHETE S, I, —REES T EECRIEICH T S SIERE T
Tu—F[A5EREHICRALTHY, AFERICEVWTOENTHDEEXSD. Z0
X RGRET 7 —F oA OBRICIIBES OB FIEL, DKEREEITY -
DORFTEEREE L R 5[4.6]. AFECIT- oEER, SERET 70 —F0
BB RFIEEKICTRT.

(1) BEEEDOLRIHESES L LIRS, S%

s=USs, -+ -@4.3)

ERDEIREOER S WIHETSH. LS, SIFESELTRAETH
BT 5. S OREIFECOVWTIE, Figdd TRLE, RFTEEROELEN
RELS RO THEES 0L, BHIEELS, LT 2.

(2) BBMFRAARKE 1 LIREL, VAT U MNREHEEERT D.

(3) 5D S, xS, NCKRIUTK L CRIEICEFIF 5.

f;j z%zqdkorg _dkreinforced) e e e (4.4)

ij k

7ok, R@YT, MELA TV RGHICL Y FEEBOEMBOEILES
KRLTWD., Zhix, REEOICEVRINIFBINRELITERY, THEED
BN 5 BRI NS 72 0 OBBESVWER LTS, Lo T,
ZOEBPNEINVEEFEEOEMBICH L TEEEZRIESRNV VAT Y R TH
HZEERLTNAD.

A7 o7 (2) BEO (3) I2&V, BIEREDT OO RETEREZ M
%. FEM7e A RIS R L THW S SR E LT, KEMICKERBEES
BLRETHHN, RFEROATER TS 5 KIRMWEEI—RITITIAREW
WCHEELARWMATIZ LS, REDD XS RRFEED - D O MBEE A 2 %
25Tk T B, R, WHEMNEBERLY, ERICES LRV EMILHENRED
BNWEEZXD7D, DIERECTOORBFEEL LTIOL ) RFFHmIERY T
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(4) EHEES, xS, LT, RAZFHETS.

f(”)(l m) = max{fy ; zeS,,jeSm} « ¢+ +(4.5)

K@B) LV, O0m) T IIBEESEIRS, & S, &S ER RO K
KE%=52%.

(5) KM@AB)TRIND fOV,m) 2 BRILT DMBEEHM OME, VAT Y FRED
L35, 2B, FEOLEIWEZREL TEHIESS, Z & ORRMHHEZ
BAIML, BREESROEOME L2 EEE SR T 5.

(6) EEOn I LT, MEMBCEENDILTOULm)ICETIHROMRES
(,7)e(S,8 22T, [ OFHICESEY — hEhk IS BEH E
TOEZZ(S,S, )DNREEZNLTHELS, L LT, BOMRES

s'=US,' -+ (48

Z1ED.  SUTERREESTHD.
(7) FERFRES S L TRREZITY, EREICHEZRD 5.

UELDOFIBIZLY, MEMEEORELIT O ROV IHENEES2EKOBRELIT
5:&@%%@5.g@ioﬁ,%m®7m/7muié%®%%@$m$%®ﬁ
AL LT, Figdl13@IZRdT 2 BEOMEEELY EHE L LEFMERHEER 5.
FRETMOMEERIZ I EZN5mmOIEFETHS. Figd 130T L o e
BEMICH L, 2ROMFEBEMOBAETEZS.

Wik, Fig4.13()0#351%, Fig4.14 O L5 I 6 ADOEBRHMIcHEITXx 5. L
TemoT, ZOLHIR6 2070y 7ilmnElL, FNOLEBESSIIHTHEHAE
ExS LT5.
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Fig.4.13 Two-storied structure
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Fig.4.14 Divided sub-group and numbering of nodal point on the structure
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3. Fig4.15 £V, BWEEXHTIHSEEGOM(S,S,)#RY, FOHTX(4.3)H
EREE 225 (i, ) 2 KR H@e”?%}: LCERMEAASE 2 &L LB ADBOBRBEEITH .
Fig.4.15 273 X910, BlziE fY0m o LEx\\WMEZ0. 15& LEEE, BOR
7my7abf%méﬂé%%%%é@ﬁﬁm

Cm)={012)23).24) @6} - - - @D

DAKEERD. TNODOMORZER L, HMEAZ 2AKL LEGAEOMOBERE %
1TH. 728, MNEESOEROEKL LT, n,=10025x7%. n =1L LVE
HIL, —AROEHMEAC LY, BEAFEAODRELZELIIEI TR TE VD, X(4.5)
DFHBIZKT L CETOREZE-EETR, LVBEORBWERNMTZADEEZ L
DTHDH.
OBRBOERBON-EE Figd.16()IIrd. £, 7oy 7{b2TbTIfE
ARE LR % Fig.4.16(b)IZRT .
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Fig.4.15 Maximum f"(/,m) value for each pair of sub group (S,,S,)
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BEEE
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(a) Normal search (b) Block search

Fig.4.16 Solution for layout of reinforcement obtained by

proposed method and normal search(unit: mm)

Fig.4.16 2B T 2BITIFFEFELL, BELRFEICL > THRERBRIBGLNALL
E25. £, HEaX MNMIOWTE, BOSBEREZITIBEOHE LREFIELC
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BRERFET, £7 0y 70/ LT1 00, 8547 uy 2 2E252 00,
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EOFESH D .

AIEICRB LY 7Y U7 SEBOBIIC L 5HE = X FOEIEIE, RNE.1)iZR
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TR LT, AT Y XA, FEEMEARE O 23HE X b
HIZ b EHE TS, LER- T, BIfiROEARHONELHAT L I Licky, K@)
WEWVRAINDIFE X N2 RBICHIBFARETH S & E X, BREFENERLIZ
B THDHEBZD.

4. 3 BEEEICEAT AHBVEFLEOEA

4.3.1 BRETRE DO HE :
AR CTHRE T HRED, TOFRET 2 EBEICKT 2 EHM OBALEE
LTWAZEND, MEHM B EFEEOHRELERDRNI ENERIND Z LR
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X, 2 OBEBENTICER R EOMENRADL ZLEBELTEY, HBENEE~
HBHMBALTRE LRV, £, fII3HEE LI LMEDH LANETT O HBEITE,
EEHOMROGHIRSIND. T LD 2HIKIE, VAT Y MREHIRT DEREEEO
fRE LTERTOLENDLDLERD.

4.3.2 BARE
— T, B AERICI VN TERE ARSI D L FERHEM D 2 E X T-BE, BAL
MR EDHHEEXIZELT,

DNnX=¢ -+ + - (4.8)

EMRBIERERD. INEAMBIIBITDH LA T U MREOHIE LTEZNIT,
Fig.4.17 \ZRT X 912, HEOIERFERICKT LT, MEREMH s LIxEo—
HREELARANEEZEZZNIT L. ZOREOBRFH VAT LA~OEEIZEL, ##
ERRATICBRRERIC L AERERELZHN TS Z 1D, —RORBREET S
FEREHEE D b, WMo EBICEERL L, SMoEBICEIT 5 BEENE Y EHRE
EIRARICBVBELERATLIHFERER LA THD LEZD. FREFIERLER
LA IcBEA LT, TOLA 70 FOFHE, JT72bb BB f 2EEST
WMEIEICELEL L, B LTEHMELR VWD & & L.

¥, FEREFHEBOMASEEKIC T 2 HEREM OEFEHEIILLTOX S RFIET

-

179.

[ not selectable layout

Fig.4.17 Constraint condition for design region

- 111 -



(1) Fig.4.18@iZR$ & 5 723EsREH KA, Figd 180Nz rnd & 5 REBEBEON
HEAEOESEBRO ICHET S, Zhic kv, FERFHERDIT

ol

zUQ, -+ - (4.9)

i

LLTHEECE b0 LT 5.

(2) HBHLBERQIC2VWT, Figd 18D & SICHEHICHML, THLEAIHLT
THEOFBREVL TS, ThbEENENp(x)~p(x) T3, 22 Txid
By, THRAF02), (34), GCOXENTNHEERLAMINEIEERT.

(3) FATDHBEAICEL, MHBOEBE,, x,bEROFRREITS.

(4) WMAFHQ PELOEELEIL, LAT7 Y FERTERLELERHED
EDBRBIT A x, ZEHT 5.

(5) x,, x,, x,IZ2°VT, KADPLERA x, OBIBEZRETD.
X, (0<t<1)
x, =4x, (<¢) -+ -(4.10)
xr2 (tSO)

R Lt (x, -x,)=tx, ~x, )EWRETHTA—F T 5.

(6) ZOZRAEx I3 L, REAIADEHER TIUIMBREM DB oEKQ EEEL
TWD EHErd 5.

p3(xr)x p4(xr)s 0

pl(xr)x pZ(xr)SO
e @11)
ps(x, )x pe(x,)<0

(7) D EOFHBEEZMRLA T U MERMROESHERQ 0TI L TEAL,
REFHE BRI O A7 U MEREZEES D SR 5.
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(a) Curved box structure (b)Discretized non-design region  (c)Unit element

Fig.4.18 Discretization of non-design région

4.3.3 HEFEH v

AR ZRITMML A 70 FREHHI & LT, Figd.19@)IZRd & 5 72,
133100 0mmDYNFREEE S OMMEERHETo. NERENEZEEL

T, WEFMHIE Figd 190N TEBRKELZE 2 5. FEEEMOBEBIRIZ S m

m@ﬁ@Eﬁﬁkbt.it,E%m W5 0mmEHR T Y VT EERT
. BEAT~ODEOFARVEE LHE»somEo LANEZRE L, @%%
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O mmMU G DIEFFEOIEREFER LR IT . Fig.d.19(c)! i#axﬁﬁiﬁ@%%%iﬁ“.

P=100N design region
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(a) Boundary condition (b) Deformation (c) Design region

Fig.4.19 Box-like structure.
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Tole. ZOfREE, REEROFHOFTEICL LT, BE LEICEMBPEA SN,
Fig4.20 B oML A TV &7 d. Figd.20 W biEE LEERT.
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| Non-design region ‘ . — . Reinforcement

(a) With region constraint (b) Without region constraint

Fig.4.20 Obtained result by layout design with or without region constraint.
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BAOREEADENERA LN E R o T,

4. 4 HWHREHMOERICEATIHNVELHEOEA
4.4.1 THSHTRH DR
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BERBRSEBECRTWEMTH D, —RIZ, E—AFMOBERMIIAMEB &F DM
LB L TIDIT/NENGEENREL, REOBICIIEBENMELZ ZE T 5 LENR
HDH. ZIT, E—LrEHMiEAI ;éﬁﬁ%%ztﬁu,zﬁiﬂﬁkﬁﬁﬁﬁw
JERIZOWTHREATAVENRD S, FHEEEM OB % 2 558100

(1) BREFEED RE LIZ K2 EHE O IE A RE OB,
(H)ﬁ%%ﬁﬁkuﬁofﬁkwf T— FOBFHHE.

-114 -



BEBTIVNERDD.

(1) ELTIE, AEOBNPAMELERZBME LEBEEMBRRF THD
ENnD, ZIZTHEERYEDRWY. £, (0) IZBEL T, BEFEICB O THARE
MEANC LD FBEOEMGOEEZFTHMT DI b, VAT U MREHRRIZEEM
B3 IR LT T c e AT X v, Zhics U CRSREH B & O E
EEZDEAITIE, BMEBENRHERLELTLA T Y NERUKWERREZSE LT
HTEMNDL, REBEBIZBWTINLOWMEBFBIZOWTEETAINERDD. LN
S TAREITIE, BEAREHICEL T, HMAMBRTMBESFORELZR TS5 FIED
RETZE1T .

4.4.2 BAFE

%Aféﬁﬁ%ﬁ@f BRI AHIKNOBEAFTEL LT, LA T v MNREEE
BiF3#I8E, MABRKRHFORNO 2@ ZEZXH. ZHHEIWTR LT

E%%%Hé@@—ﬁ@@@%ﬁﬁ%mmfﬂ%@%ﬁkﬁé.

AW T, HEAMOED, BELEEZE 7 —AVBEE LTBRYIED. T4
DHEMIITE A OL R LTHITE—A L NOEL D, AT —BEREOH#S
DOHDEIEFMINTIER L, #H—HTEBEOFMRNEHAVLILERHY, 22T
IZTAISCE¥EL LTED LN TWAUTOFMAEHWS Z Li23 5[4.8].
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I, Ja fa
(I_Feu)xﬂ’* (l"ﬁ;;]%

ZIT, xyREEORE, BHEETRYRAE, FIIEMALZIBIERLEES

HREMST, FIZHmFEINERLBE0FARITISA, [ I3EHICERTS
JEMEIGTT,  f AR T 28I, C, 3BT 25— X0 M RELEE
BT 2588, F'IZEFEER LA T —EEBEZRT. F, X
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Jop G Gy 419

El
sl?

F )= - (4.13)

Thd. FELERY 7R, TEWE2RE—AV N, 1EBHES, siIZEeX
ThHod. CIZELTL, ELMFEHAINTHARAEAWS[4.9].
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EELklX, WHMESE—AL FEENRENM,, M, (-1<x<1) & Lz & X OFRET
bhn., 2T, BABMICK L TEBEOEFRIRENDS, HHICAE U S8 5 mEN
AROCEEEN S ZHET 5. BHEHRALLGAIE, ZOEMBEIVNESRD
DB, BEMOFMTHD ZEROEMEHALELGEOEMBEZE—FHETLZ L
ODERYZELT, 20X BREHEAVE. LVBEORWIEL2ERT 54
WX, WRREM A EBRICEA LB A OEMNB LY HEAET 52, BEMSET 21TV
BRI EThIE RV, BALA KRS % Fig.4.20(@)l =7

ZIT, BEMICACIEEMGS, MITFE—AV Mo, MEL, #IFIZEL
T Fig.4.200)2RT & D ICHRICEET— 2 v hMER Lz LAE TS, B
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Fig.4.20 Scheme of displacement A and & on local coordinates

a=%i‘o-w4w)

gn*(fszEy
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T T, ARFGE CIIAEMEEAM AR, EAMOREE T FmAy —BIETH
LT EMD, R@IDOD f,, i XFEL D, £, F 3447 EEREZH, F b

Hi2BEE A IRNET A &b, ERROFA T —BEREZELRICHND
ZEET5[4.10]. LEEB-T, R@IDEEFL, BEAHREEZEZE LXK
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71w I-IxA)xhxz 71
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4.4.3 FUEFEH
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BEDMMEREHEE LD, R LA OREH L FgEE L, AHICEELEH
BRERA ORI BT A RIKRMEE MM LB EOREFEITO. Figd.21 ([ZEJEH
MEMHEEZR LI HEOMOBFBRICEIT 2 LA TV MEHOELZ R
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ZEB LR WESIIIEMRR OB % 5% ) A HRMM BN EEM L L TERBELTWY
=Xt L, BEGRNGEEZBE LGS, EAMKREZRY, 5IRVAIOE %%
JAREREM B MERE LTEHEN TS, 202 E kY, BOBRIZB W TH
KRR ZYITHEEL T Z e, £, MOBRFRBRIZBITHLAT UL,
W IR & OV B BB O E D Z{ % Table 4.2 12579, Table 4.2 kv, F3ETHE
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L1 Reinforcement-1

7.
(a) Layout candidate 1

L 700

35.0

Vi Z A
(c) Layout candidate 3 (d) Layout candidate 4

Fig.4.21 Alternation of layout with buckling constraint (unit: mm)

Table4.2 Alternation of optimum cross-sectional size on each design step

Step | Assumed Size Layout f Optimized size
(mm) | Candidate (mm’®) (mm)
1 (5.00,5.00) 1 0.01385 (0.55,0.55)
2 (3.37,3.37) 2 0.02371 (0.42,0.42)
3 (2.51,2.51) 2 0.02608 (0.42,0.42)
4 (1.47,1.47) 3 0.14358 (0.39,0.39)
5 (0.93,0.93) 3 0.32048 (0.39,0.39)
6 (0.39,0.39) 4 0.99162 (0.37,0.37)
7 (0.37,0.37) 4 1.03812 (0.37,0.37)
4. 5 F&OH

ARETIL, B#WETOMERFBREICHTIREFHEOEMBICEL, ZET
REFEX DHEBIZOW TR EZ{To 7.
9, ERMICBWTEECHIHE X FOHIBICEL, EbEWVWHE= X |
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FRF /G CTlE, HEBETBERIIRETIE, BREBHFOBEFREREELY HHMEL L
_Té;&f,udiﬁwﬁ%k#xné T bbb, HEICR L CII#EE 2 K
ELTEVFXDDT, RIEEETORFEELNRNA[5.1]. BEHEIESEOMBE
DWW Th, BEEOEHEICH U CHEZMEEITY, BEREECoMiER E21T
H5Z LT, ERMICRHEMELHETHIZLENAEERD L EZS. EAEMEIC
B4 2 JEaRFHI OV TIL, EETHIKE DI L 5 BERREEHIH O 7= DAL AR
B FIEB.21RE B I & 5 EEREL][5.3], BT L DIREMRITHIRS.4DHE
ERbH5. EEMEMEIZBITS VA 7y MGEHOEREREHIBW T, BEE—F
REOANEDLY PHEZEXILT2LENTEY, ZhEaZEL—&(LE
HEEBEICLD v AR e U —KELFERELBAICLVRESNA TS, LL,
FERECRBITD P-4 T Y b, BRERHEHE L-EAEREICST
LERPNTEEHD I NES XS,

ZOXORERYES, BREFEOBEAM L LT, HEHEEOMIER™EEEH %
175, BEOBEFEEKL, —MIZE—FAIEKEE—NEEM ORIV RES
néwm_&h%,ﬁ%ﬁ%:ﬁ?é%ﬁé%@mﬁmhﬁgéw%E%%&kf
HIERFHEOBEAFE L THYEYTHD EEZT.

5. 2 KEHNHBORIRMHERERE

5.2.1 Fisssi&i

FFAMERICIB TRV DD L EMRR AR, MBS AR EE L RE
*##6,%Lé¢f@@ﬁ%%ﬁﬁﬁﬁkﬁéi ANbD. %L,Wﬁ@ﬁﬁ@
BHHK3O0Hz U EOBEIZIE, BERBEEZAIELE L TRV FEZEEZFHIZ
BREESCHIME DI, EEREEOHN L DRIV BEL RS,
ZZCHIEEOBBAO LR ERBEBOKRE SCHBEFNRENORESND &
AL, FEAUCNCEIDIEBEL L TTFOEXONEREBRICHT L, RABEAR
BHAMET AL ICHIMEOm L2 R AR EZITHI Z LN TE S,
BETLHEBOET VRO OSTES Figh 1 1R T. 22 TiE, fFEA VA
ELTCHEMABEEZE X, ThaEHEs L. THEI6EHRE 2HAERE —
LBERIZLVET M ZEATo 2. RERKTI288, MERAEIX236THD. Z
IR B2 ONAERENEITHS. 2k, EREMHL LT, BETH
HEEEE S L. RETENIE, ZoFEEOKR/NEFREEN BRIEL LIZR 5
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z&T5. F, MHEOLOBATMEEZ 4K L, MMBHEE-TERIESTEZ
FETDH. Lo T, REFFMBEIFLUTOL ISR TE 5.

Find x = {{ayout, size}
To minimize W = Wx) Zp, g « « < (5.1

Subject to  minimum ezgenﬁequency > 30Hz

LW ISEEsoBEREEEL, p, [, AXTRETNEMIiOBE, BEX, WE
BERT.

<
- 600
N
o
o
(]
“ o
800 §
%)3 V3
T - ?
i’ """" > y; 4’}’2 L '~~>y1
yl
o
h =6
’ unit: mm

50

Fig.5.1 Dimension of the main structure

5.2.2 BEFERDBEBEOCEERE~DEZRZ

9, ETAMHREBOBREEETGERIVEONE1IKRNPLAKRETOE—F
M% Fig.5.2 \oRT. £k, &F— FCB T 2EARSHE S Table 5.1 1289, BEAE
EERATICITERERER OV T A_—2EZ W, OMEE I B ESH, M
& BICERIADOE LY vz,
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(a) 1st mode
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(b) 2nd mode
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(d) 4th mode

Fig.5.2 The eigenmode of main structure

Table 5.1 Eigenfrequency

Eigenmode | Eigenfrequency (Hz)
1 16. 9
2 17. 3
3 19. 3
4 96. 6
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ZDRERDD, 3WUTOEFRBESHMZmEL THRNIERHDL. L
BoT3RUTOEEE— FICHIST 2ERREZHIH T 5@ eTo 28T, B
FREBE LASEDLIEEERD.

— R REBED r ROBEEARDR 0, 1%, rROBEFEXZ "AERTEMT ML
u RORAIME~ N v 7 XK, HE M v 7 AMEVHEINSE— FRIEK X
WE— FEEM ZHWT

®, == (5.2

LEEIND. L

K =u'Ku -+ - +(5.3)

M =u'Mu - - +(5.4)

Thd. ZZTHBICE VB MV, HitE~ ) v 7 X, BE~Y M v 7 AR
ThFhu', K', MIZERLTZETSD. ZhbxEnEh

u'=u +Au,
K'=K+AK « - (5.5)
M=M+AM

EETIX, Mmoot — FAMEAOE— FMEEIX

K'=u'"Ku'=(u+Au) (K+AKYu, +Au,) . (56)
M'=u"Mu'=(u +Au) (M+AM)u, +Au,) .

A6, BE—RFREMBIZEAEEL LW, Thbb,
u~u+Au - *(5.7)

EIRETE D20, MBEOr ROBEFAREK 0,13
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EETD. DILEMRELZEFE— FLTBEOEFREEL LA S ¥ 51T,
AL~ BT DRIV & E R Ot
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DREWVIEEFE LN EICRS. DB, ZohoZ %k mibEFERTDH. Z
DZ L&Y, BFREBLAZBHL TR LT, EEHEMIE L THRD
FVWERMHERE 2 BN E TO2RBFENEHAFREL RDLEXD.
REFEOHEAIZEL, EOERBRELEAET— N ToEEICHL, #HR
EMERNEEZXDZLICLY, FROEBREZERTLZLE2ERD. 205
BICEZDREEME R ST VX, BEMEL, BEXI M xEUCEE~Y MY
JAMZRWT, UTOXIIIRKRETED.

WE, EEOEMAZ b u b BEORIE~ N v 7 2K, HEXTZ ML ITD
WC, BEMEBERN TR T v 7 ORIl

Ku=f - - -(5.10)
WAV SLo. —J, ERERMER
Kx = AMx (5. 11)
EETFHDT, X(5.10), RG.IDNOLEEIZL D, BALNIC
f=iMx - - - (5.12)
PRV LD, BENT M x DRRZIEHEMETH 2720, EEOERK c ZEFHEA D
ROVICHND Z & T, BERFMEHSNIANT PV ER/FLIZLENTED.

ZOESIZLTROLBMEA R~ P2 RNTEEITERZ Fig.5.3 [IR7.
Fig52 DE— FRIZHELT, WIFADE-RFLE—HLTWD I ¥ 5.
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Fig.5.3 Deformation with equivalent nodal force obtained by eq.(5.12)

LIeR-T, ZoFEZAWT, BRFEMECRT 2EHFT— Fef#fEICR
TOLERREBICE L, FEAET— NG 2 BHEmHERRET &
wiZ, BAEEZEELEZLVAT YL
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BEHESHEABREND Z LR D. 20X ) RFICOW T TICRT.
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2nd mode 2nd mode
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(a)Before reinforce (b)After reinforce

Fig.5.4 Counterchange of eigenmode by insertion of reinforcements

EETDZEND, HDHE— IR AEFRSKE HFREMOM(A,,F), (d.F)
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Fig.5.5 Result of layout design for 3rd eigenmode

N

Fig.5.6 3rd eigenmode after insertion of reinforcement
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ThiuXrnwZ Liz7ed. =720, HITEMOES, miIHMORERE, EIXHMO
YU URERT., LI, HERREZESFFLIRELEZSRAE, MAEOEIOE X

hIZBELC,
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ERDB. L plIEMOBESRT. ZO&BEREEIIMHNT S Z LT, HE
EIRICHTHHEEEDOk MBI/ NEL RDHZEEBSIENTE S, RV R
TANDEEFELE LTUL, VA7 U MREFRICIIFEER R OEE-TEZEE L,
BIEHERFRICIILA 7Y b 2EE, ThAbBIZEEL TS ZE2FHTS. T
BPHUAT U FPREEECIERK (5.15) 2WMELARVWEMRIIZHFETHLAT U R
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Fig.5.7 Modeling of beam-like reinforcement

to 2-nodes concentrated mass system

ZOEIRFEKEEAL, VAT U RRHEIToEERSE Figb8 177, Boh
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Fig.5.8 Result of layout design for 3rd eigenmode
with eigenfrequency constraint

F, EBERERBROFNEMMUEGES EMAMLARPBGEOLVAT U MRF
IZDWT, BoN-fEE % Table5.2 (2779, Tableb.2 OfE%E AV, F((5.149)%F HW
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Fig.5.9 3rd eigenmode after insertion of reinforcement

Table5.2 Response before and after insertion of reinforcement

Mazx. Disp Estimated Analyzed
with FEM | eigenfrequency eigenfrequency
(mm) (Hz) (Hz)
before reinforce 0.9986 16.9
after reinforce without
constraint 0.2386 39.5 13.9
after reinforce with
constraint 0.6037 24.8 24.2

e, UEORREZSER, fHREE LTEZEREIEEZHVS O TR,
K(5.14) TR LR E AV BERRSROHIELZ, REFTHRATLIZ EICT
5. Lo T, ORFMERG.DICH LT, ERICBHEZUTICERLE
ER

Find x = {layout, size}
To minimize W =W(x)= Z o, x4 %1,

Subject o d,, (x)<d, < (B5.17)

ForE
Such that dp = dorgmax X
F

P
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Problem P1)
Find i,7,-i,,j, (,j)eSt + - «(5.18)
(n)

To maximize f;

Problem P2)

Find x = {s} = {cs, f5(cs)}
To minimize W =W(x)

Subject to d._(x)<d »

. (5.19)
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BEfIbElo7-. Table 5.3 £V, —EHNEZHET 2 FAICRFTE2ITonk, BE
LZATOMOBBERIRINTEY, RYRERM T EEXD. F57%F
ATy T THONIMBLAT U N EEMBTETEOME/EE L, 1 RKEFEE—FR
(Xt SRS & L.

Ko

-132 -



400

9.0

|
v e

%/3 V3 l "*L

|

) , |

S ) | '
\ ¥~)y 2 T —)y 1

Vi unit: mm

4*_4*_,:;

Fig.5.10 Candidate of optimum layout and cross-sectional size at 1st design step
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Fig.5.11 Candidate of optimum layout and cross-sectional size at 2nd design step
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Fig.5.12 Candidate of optimum layout and cross-sectional size at 3rd design step
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Fig.5.13 Candidate of optimum layout and cross-sectional size at 4th design step

-134 -



VY

Vs

TR
' ®
V6

Y |
~. 2 Y L%yl

Vi unit; mm

Fig.5.14 Candidate of optimum layout and cross-sectional size at 5th design step

Table 5.3 Alternation of response at each design step

Calculational | Max. disp. | Volume f Estimated | Analyzed
Step (mm) (mm®) (mm™?) Eigenvalue | Eigenvalue

(Hz) (Hz)

O (initial) 1.0000 16.9
1 0.4072 305024 | 1.9435%10° 26.5 25.2

2 0.3191 842117 0.8086x10° 29.9 27.3

3 0.2163 585027 | 1.3396x10° 36.3 34.1

4 0.2952 355179 | 1.9844x10° 31.1 29.9

5 0.2910 258676 | 2.7409%x10° 31.3 30.2
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XV, 1RE—FOFE LA, —EFNEHRETOIHAMIRHEZIToL%, &
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Fig.5.15 Candidate of optimum layout and cross-sectional size at 1st design step
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Fig.5.16 Candidate of optimum layout and cross-sectional size at 2nd design step

P

T 3 , %,3
|
[/\,/fy p) !L
' R4
Vi

unit: mm

Fig.5.17 Candidate of optimum layout and cross-sectional size at 3rd design step

-137 -



<,>y2

Yi

400

e

600

—_—— '\<

W

unit:

mm

Fig.5.18 Candidate of optimum layout and cross-sectional size at 4th design step

Table 5.4 Alternation of response at each design step

Calculational | Max. disp. | Volume f Estimated Analyzed
Step (mm) (mm?) (mm?) Eigenvalue | Eigenvalue

(Hz) Hz)

0 (initial) 0.9777 — — 17.3
1 0.4327 270000 | 1.9435x10° 26.2 24.9

2 0.3385 777965 | 0.8086x10° 29.7 26.8

3 0.2404 452071 | 1.3396x10* 35.2 31.9

4 0.3087 259222 | 1.9844 %10 31.1 28.9
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Fig.5.19 Candidate of optimum layout and cross-sectional size at 1st design step
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Fig.5.20 Candidate of optimum layout and cross-sectional size at 2nd design step
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Fig.5.21 Candidate of optimum layout and cross-sectional size at 3rd design step
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Fig.5.22 Candidate of optimum layout and cross-sectional size at 4th design step
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Fig.5.23 Candidate of optimum layout and cross-sectional size at 5th design step
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Table 5.5 Alternation of response at each design step

Step Max. disp. Volume f Estimated Analyzed
(mm) (mm?) (mm?) Eigenvalue | Eigenvalue

(Hz) (Hz)

0 (initial) 0.9986 — 19.3

1 0.5486 270000 | 1.6667X10° 26.0 25.0

2 0.4472 777965 0.7088 X 10 28.8 27.1

3 0.2304 583710 1.3185X10° 40.2 42.4

4 0.3305 452071 1.4810X10° 33.3 33.6

5 0.4123 259222 2.2672X%10° 30.0 29.6

(d) E¥KBER

FEEDO 1 RN SROBEFET— NERETLHBEELIRETS. 1R, 2K,

SKOBEEFET— RIZXT MR EIT o B E O EFIREEDOE/LIL Table 5.6 O &
22725, £z, £— FR% Fig.5.24 [T,

Table 5.6 Eigenfrequency with insertion of reinforcement

for each eigenmode (unit: Hz)

1st 2nd 3rd

eigenfrequency | eigenfrequency | eigenfrequency
Original 16.9 17.3 19.3
Reinforcement for 1st mode 17.1 25.7 30.2
Reinforcement for 2nd mode 16.7 28.9 29.6
Reinforcement for 3rd mode 16.7 28.9 29.6
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Fig.5.24 Counterchange of eigenmode by insertion of reinforcement

Table 5.6 X * Fig.5.24 £V, FHFBEICHIT D 1 ROBEFE— Nizxtd 2 ME%
TolfR, 1ROBEFE— PR 3ROEFRIESE 30.2Hz 122 o722 L3 5. £
Tz, TOMBBPYIEEEICRIT S 2KE— FIZx L CIFRMIREEZFLRWI &»
5, 2RT— R ITORITNVERLRVZ 845, —J, 2KRE—
FE3RE—FIZHTHMMEBHERIFALCTCHY, ZORBICEY 2R3 K
DEF— Rzt LCEGRHEEIELZETHZ L0, PIHEEICK L CEAREHK
% 30Hz LA EE 725 X5 efimesT ) BRIz L TIE, 1 ROMIEREGERE 2R
DOFMBRIFEREMEEBELREEREITT L WEE XS, Figh25 ITRE
FELIVELN - EEMEBREL T
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Fig. 5.25 Final solution
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Fig.5.26 |27 3 EAE— KR Table 5.7 IZ-9 & 5 REFRBHSE L.
Table5.7 25, HEALREREOZFROBEFRGEIIEEM[ LV EFENLOD,
SHEEFFZTHEL TS, Z0OLIREENMMUZERELTRD 2 ANEZ DR
5.

(1) BEEHHEOBMEEPEZROBFRBEEIIERIVETHROOFME 2D
7o, REFHOHEMICE L TEFOBREEZEALRI o T,

(1) FBREAM I EBE IR L CTHEERDRNZ L &, FMBEDO Kk /mibd/ha
WZEERBEL TS ZEND, EROREFICIIFRETHMEAICTTIEE
HIZER L. Zo/RE, a0 EEMT CIifaiHmAR OER
ZINEDICREL 5720, BESEOHIMZBDICEET 5 Z LIz 5.

L LARLBOBEEITIBEETHY, EFRNICETOBRETXIbDOLERD
B, BRETEXARAVESICIIEORELETH L RET LR EOMEBTETH 5.
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Fig.5.26 Eigenmode for the structure after insertion of reinforcement

as final solution

Table 5.7 Eigenfrequency after insertion of reinforcement as final solution

Mode Eifgenfrequency (Hz)
1 28. 9
2 29. 1
3 32. 8

- 145 -



5. 3 F¢&oH
AETH, BEFEZEFRDECEZE L MEREHMECER T 2D, BF
T—FOEFR LEFEEZZR L. ZOFEORHRE LT, UTOREIETLND.

(1) BEE—FRIZEORBRELITHIZD, BEE—FOANEDLYIZXHL T
BEE A FIRE L T2 B .

(I) EAEET— FOWEIZKT L THBRICLI2EERNE2ZET S0, BEEIES
BT D BAEIED 72 0 OMIRE L 3T L 72REHERP B OND.

AECRERLAEKHFARAT v T ICB T BOUBRBOFEELY, BREFEIEY
RBEREBITOTOHBILENRENT. ERHERRLD, BEFIEICL VA E
BELN TS ZHREE.

AFIRETIE, BEE—FITLOMMREERPARICK S TE, SMBRPEZET
LF—FZHALNCHETE L, REMRMmEL LT, FFEROER
BOEEERBEEL L. ZhICH LT, SHICERERERDE— FE2RHNT 5
BITiE, ZEHBFRAREOMELZAY, T FOEAMFEXEREDLER LI
DAIGFRECH D L EZD.

T, ERCIEAEMELZ ZKRETETIC, BREESHKEERE L LERE %
T25HFHELELE, ZRICLVHEaX FORBAYIZCTE, MBS LA 7o b
FEMETERIR AR E T DO CTEANRREIFREEZD.

B35 E
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BOEALFEORZE”, B AR T2 U4E CiR, 61, 587,(1995), pp.33-40.
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F) 7, B A SR SUE CHR, 61, 583, (1995), pp.194-201.

[6.41EMBBH, “t— NENTIC X D RERH S IEBHEIE”, 1 EHEEL LRI T A,
No.940-25, (1994), pp.145-154.
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£ C##, 59, 562, (1993), pp.128-134.

[6.6]85RIET fRE, A4 v FEFSEEHITE, L, (1995) .
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