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Extevig NepiAnyn

1. Eloaywyn

H BeAtiwon tng amobotikdtnNTag TwV KATAOKEUWV 000V adopd tnv aodpaAela, TNV
olkovopia Kal TN BuwolndtnTd Toug, amoteAel avtikeipevo Slapkolg €peuvag TwV
TIOALTIKWV UNXAVLIKWV. H TipO060¢ 0TOV KOTOOKEUAOTIKO KAASO EMITUYXAVETAL UECW TNG
Slapdpdpwong véwv dladikaolwyv oxedlaopol Kat afloAdynong os ox£on UE TIG SOULKEC,
EVEPYELAKEC Kol TIEPLPAANOVTIKEG ETILOOOELC TWV KATOOKEUWY, TTIOU oUVABWG amaltouv
auvénuévn umoloyloTikr oxy. H avamtuén tng avaluong Kol Tou OXeSLOoHoU TwV
KOTOOKEUWV £XEL CUOYETLOTEL ApeTABANTA He TN Slatumwon damavnpwy UTTOAOYLOTIKWVY
TPOPBANUATWY, KABWG OL LNXAVIKOL UTTOpoUV TAVTA VA SLATUTIWOOoUV £va TIPOBANUA TTOU
Ba mapéxel pla KaAUtepn AUON, OUWCG TOUTOXPOVA OTALTEL MEPLOCOTEPN OMO TN
Sla0goun vmoloylotikn Loxy. H aflomoinon tng cuveXwE auvEavoUEVNG UTIOAOYLOTLKAC
LoxUG amaltel TNV avamtuén aplOpnTIKwY TEXVIKWY Kol EPyOAElwV, Ta omola TEAKA
ETUTPENMOUV TNV Tipocopoiwon oUVOETWY GUOKWY GOLVOUEVWY, XPNOLUOTIOLWVTOG
Tipooeyyioelg tou Sev NTav duvatov va epapuooTouV HEXPL ONEPQ.

H BeAtlotomoinon tomoloyiag (Topology Optimization - TO) sivat plo padnpatikn
pHEB0SOC elpeong HopdnG, TTOU WPLMOOE Ta TEAEUTAla XPOVLO, OO €va aKodNUAiKO
OVTLKE(PEVO OE £va TIPAKTIKO EPYOAELO OXESLAOUOU TWV KATOOKEVWV. MEXPL OTLYUNAC, TO
TO éxel epapUOOTEL O€ MPAYUATIKEG EDAPUOYEC OTOV KAGSO TN autoKlvntoBLounyaviag,
NG AEPOSLOOTNULKAG Kot AAAWV UnXovoAoyLkwv Blopnxaviwv. AvtiBeta, n epapuoyr Tou
OE KOTOLOKEUEG TIOALTIKOU HnXovikoU, TeplopilleTal oTo apxko oTtadlo ToU EVVOLOAOYLKOU
oxedlaopou (conceptual design) pLag kataokeunc. To Bactkd avilkelpevo Tng mapoloag
S16aktopikng StatpPng, eivat n eykabidpuon oploPEVWV HABNUATIKWY SLOTUTIWOEWY
Tou mpoPAnpartog tou TO yla TNV UTIOOTAPLEN TOU OoXeSLAOUOU SOULKWY CUOTNUATWY
vPnAwv ktplwv alAd Kal KeEAUGWTWV KATOOKEUWV, amo Tnv apxlkn ¢acn tou
EVVOLOAOYLKOU OXeSLAOUOU £WC TNV TEAIKI KATAOKEUOOTIKA ¢aon. H avanapaotaon Kot

N KATOOKEVOOLLOTNTA TNG TEAKN G LopdNG N omola mpokUTTeEL amo Tt Stadikacia tou TO,
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elvat dvo kplowa Intipata mou AapBavovtat umoPv oe 6An t dtatppn. H Snuoupyia
SOULKWYV CUOTNUATWY TIoU amoteAouvtal and Slokpltd UEAN, €ival emiong Baotkdg
oTOY0C¢ TNG mapouoag Slatplpnc.

MNa tnv emitevén twv otoxwv, Ba emPAnBoUV KATACKEUAOTIKOL TEPLOPLOUOL OTN
cupBatikn Slatumwon TG YeVIKEUUEVNG BeATioTonoinong oxnuatog (Generalized Shape
Optimization - GSO), mpokelUEVOU va mapaxBouv KATAOKEUEG TUTIOU SIKTUWMOTOC. Oa
ocuvbuaotolv  SladopeTikol TUMOL TIEMEPOCUEVWY OTOLXElWY, TIPOKELUEVOU va
npoobloploTel n enidpaor) Toug otnv yéveon tng BEAtiotng popdng. Oa SiepsuvnBouv
TeEXVIKEC emefepyaciag €lKOVOC YO TNV QUTOUATOMOLNUEVR OVOTTAPACTACH TWV
BeAtioTOMONUEVWY SOULKWY OCUCTNHATWVY. ETUTAEOV, TPOKOTOUOKEUAOHEVA SOULKA
otolxela Ba ypnowgomolnBolv ylo TNV QVIIKATACTACN TWV TUTILKWV 0pBOoyWVLKWY
TIEMEPACUEVWV OTOLXELWV Kol B LEAETNOOUV TEXVIKEC TTAPOUETPLKOU OXESLOCHOU YLOL TNV
TeEAIK evowpdTwon Twv PeAtiotonolnuévwy Katackeuwv oe CAD (Computer-Aided
Design) meplBaliov. EMUMPooBETWG, TUMOMOLNUEVEG SLATOUEG SopkoU yaAuBoa Ba
edappootouv oto mpoPAnua tng BeAtiotonoinong tomoAoyiog dokwv (Frame Structural
Topology Optimization - FSTO) evw Ba ermpAnBoUv meploplopol EAEyXou Twv SLATOUWY
ocUpdpwvVaA PE TOUC KAvVOVIoUoUC tou Eupwkwdika. MNa tn Stadkooia avaAuong Kot
oXeOLOOUOU TWV KATAOKEU WV, Ba XpnoLponolnBoUv eUMopLKA TAKETA AOYLOULKOU TUTIOU
CAE (Computer-Aided Engineering). Téhog, Ba pehetnBeil n enidpaocn tng Bswpnong
SuvauKwVY ouvBnkwv otn dadikacia Tou FSTO Katd Tn YEVESH SOUKWY CUOTNUATWV.

H mapouoa SiatplBry amoteleital and 9 kepalala, cupmeplAapfavopévou Kol Tou
eloaywykol kepohaiou. Ito Oeltepo Kedpdlalo Tapouctaletal N UAONUOTIKN
Slatumwon tou MPoPARUATOC TNG BEATIOTOMOINONG KOTOLOKEUWY, EVW YIVETAL EKTEVAG
avadopa yla T dStadopeg pebodoloyieg mou edpapuolovral oto TO. Zto kedpdalalo 3,
ELOAYETOL O OPLOMOG TOU SOULKOU CUOTHHATOG Kal mapoucialovtal Stadopa SopKA
CUOCTAMOTA YLO TNV UTIOOTAPLEN LPNAWY KTIPLWY KoL KEAUPWTWV KATOLOKEU WY, OTA oTmoia
epapuolovral OAeg oL mpotewvopeveg pebBodoloyiec tng mapouvcag Siatplpng. 2to
Tétapto kedpdhalo n mpoogyylon tng GSO vlomoleitol oe ePaPUOYEC TIOALTIKOU

HNXQVIKOU, OTO OpXWKO OTAdlo Tou &evvoloAoylkol oxedlaopou. EmiBaliovral
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TIEPLOPLOUOL KOTOOKEUAOIUOTNTAG TIPOKELUEVOU Vo TopaxBolv Soulkd cuothpata
vPnAwv KTplwv mou amoteAolvtal and Slaywvia oTolyeia, evw TapouctalsTal pa
ouTtopatomnolnuévn HEBodocg yla TNV AESh avamapaotacn T BEATLOTNC KATOOKEUNG O
CAD meptBaAlov. Xto kedpdlalo 5, mapouotaletal pa Kawvotopa pebBodoloyia yio ™
Snuoupyia Soulkwv cuotnudtwy Baoel TO, cUudwva Pe TNV omoia dnpoupyoulvtal
opBoywvika umepotolyela Poaolopéva oce  TpokaBoplopéva  SOMLKA  oTolxela.
XpNOLUOTIOWWVTOG TNV TPOTEWVOUEVN HeBoboloyia, emiBaAlovral awoBntikol Kot
KOTOOKEUAOTIKOL TEPLOPLOOL oTn pabnuatik Slatunwon Ttou TPOPRANUATOC Kol
ovVamTUoooVTaL KALWoTOMa SOUKA cuoThipata mou Sgv Yrmopouv va emnitevxBolv péow
OUMBOTIKWY Tipooeyyioewv. XTo €KTOo KedAAALO, TOPOUCLALETAL N HABNUATIKN
Slatumwon tou FSTO mpoBARUATOC Kol TEPLYPAPETAL AVOAUTIKA N UAOTOLNGT TOU OTO
EUMOPLKO TPOYpappa SAP2000. 3to kedpaAalo 7, TPOTEIVETAL HlO TIPWTOTUTIN
pebBoboloyia Paclopévn otn Slatunwon kat dtadoxikn emihvon Vo SladopeTikwy
TpoPANUATWYV BeAtioTomolnong kataokeuwy, Tou TO Kkat tn¢ BeAtiotomnoinong peyeboug
(Structural Sizing Optimization - SSO). MNa tnv epappoyn tng uebddou Aappdvovrtal
UTIOP LV PEAALOTLKEG OUVONKEG OXESLACOU KOl TUTTOTIOLNUEVEG LETAAAIKECG SLOTOUEC, EVW
edapuolovtal TEPLOPLOUOL TIOU TIPOKUTITOUV OO TOUG Kovoveg oxedlaopol Tou
Eupwkwdika. 2to 6ydoo keddaAalo, e€etalovral TPELG OUVONKEG SUVALKIG OMOKPLONG
Katd tnv edappoyn tng FSTO otn Stadikaocio yéveonc SOUIKWY cuoTnUATWY UPNAWY
ktiplwv. Ta Soutkd cuotnpata e€etalovtal o ouvOnkeg eAeUBepPNG KAl EEAVAYKACUEVNG
Taldavtwong, evw ywa tnv emilvuon twv Suvaplkwv ¢dopticewv xpnolomnolovvtol
peBodoloyieg apeong Kot EUUEONC OAOKANPWONG TOU XpOVOU. XTo TeAeUTalo KeddaAalo,
oculnTolvTal TO CUUTIEPACHOTA TNG mapovoag SlatplPrg Kal mpoteivovtal L&€eg yla

TIEPALTEPW EPELVAL.

2. BeAtiotonoinon Kataokevwv

H BeAtiotomoinon Kataokeuwy ivat n dladikaoio mopaywyng KLoG KOTAOKEUNG N onola

ovTéXEL Ta emiBaAAopeva doptia pe Tov KaAutepo Suvato tpodmo. Kpiowo onpeio sivatl
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TO WG opileTaL 0 OPOG «KAAUTEPO». A MOPASELY A £V OTOXOC TWV UNXAVIKWY €lval n
pelwon g moodtNTAg TOU UALKOU TNG KATAOKEUAC 000 To Suvatdv TePLooOTEPO.
Tautoxpova OuwG, N evioyuon ULOG KOTOOKEUNG EVOVTL aoTABELlaG KAl GALVOUEVWY
Auylopou eival emiong moAL onpavtiki. QoTtO00, EAAXLOTOTIOLNOELG KOL LEYLOTOTIOLAOELG
TETolwV peyeBwv Sev pmopouv va mpaypatononBolv xwplic tnv eniBoAn oplopEVWY
TIEPLOPLOMWY. TUTUKEGC TOCOTNTEGC TIOU  XPNOLUOTIOLOUVTOL TOOO WG oTo)ol
BeAtlotomnoinong 600 Kal wg MEPLOPLOKOL, Elval OL TAOELG, LETATOTIOELS, YEWUETPLA KTA.
e omoladnmote dlatunwon &vog TPoPARUaTo¢ PeATioTOnoiNoNG KATACKEUWY Ol
0KOAOUBEC TTOOOTNTEG ElVOL TIPOATOLTOU UEVEG:

e Avukewuevikr ouvaptnon (f): Npdkettal yia g padnuatikr eéiowon, n onoia
emotpédel pio pdvo T, n omoio aviupoowneVEL TO OGO KA ival Lo
KQTaL.oKEUH 000V adopd €va CUYKEKPLUEVO XOPAKTNPLOTIKO. ZuvABwg, n f eivatl
pHlo ouvdptnon Tou Béloupe va eloylotomnolnBei, oAAd, O OPLOUEVEC
TLEPUTTWOELG, QTIOLTELTOL N LEYLOTOMOLNON HLOG OVTIKELUEVIKIG CUVAPTNONC.

o MetaBAnty oxsbiaouov (x): Eivar éva Sldvuopa aplOpnTKWV TLWV, TOU
oANGToUV eVTOG EVOC TIPOKABOPLOUEVOU EUPOUG KOTA TN SLapKeLa TN Stadikaoiag
BeAtiotomnoinong, mpokelpévou va koBoplotel o oxedlacpog TNG KATAOKEUNC.
MetaBAntég oxeSlacpol TOU XpnolpomolouvIal cuxva elval, to gpPfadov
Slatopng pLlag 6okoU, To TAXOC MLAG TAGKOG N O TUMOC TOU UALKOU TNG
KOTAOKEUNG.

e MetaBAntij kataotaong (y): To y ival pa cuvaptnon f éva SLavuopa mou LeTpa
TNV AMOKPLoN TNG KATAOKEUAG, yia pia Sedopévn petaBAntr oxedlaopou, n onoia
propel va oploTel e OPOUG LETATOMICEWY, TACEWV 1] SUVALEWY TNG KATAOKEUNAG.

Emopévwg, pla yevikn dlatumwon evog mpoPARMOTo¢ BEATIOTONMOINCNG KATAOKEUWVY

(Structural Optimization - SO) ekdpaletal wg €NG:

elayiotomonon f(x,y) Bacet twv x katy
TEPLOPLTUOL TUUTTEPLPOPAS TTO Y

omov { mepLoplapol o YESIATUOV TTO X
eélowan ooppomiag

(50) (1)



YroB£tovtag ott, u(x) ivat To SL1AvVUoua LETATOMIOEWVY LA KATOOKEUNG KAl OTL OAOL OL

TiEpLOpLOpOL prtopouv va ekdpaoTtolV o€ pia cuvaptnon, N padnuatikn dtatdnwon evog

npoBAnuartog SO sivat:

(50) mxin f(x,u(x)) 2)
s.t. glxu®))<0

omou To s.t. umodnAwvel tnv ékdppaon “subject to”.

Eivat kowvwg amodekto otL to SO xwpiletal o€ TPELC KUPLEG EUPELEG KOTNYOPILEG:

BeAtiotomnoinon pey€bouc (sizing optimization): Autocg eivat o To cuvnBLoPEVOG
TUmo¢ PBeAtiotomoinong oe OAOUC TOUG TOMEIG TNG HUNXAVIKAG, KoBwg To
pHoOnuatiko mpoPAnua opiletal eUKoAa Kol n tpotelvopevn AUon dev xpeldletal
WOlaitepn enetepyaoia ya tnv epapuoyn tne.

BeAtlotonoinon oxnuatog (shape optimization): e oautov Ttov TUTMO
BeAtiotomnoinong, ta opla tn¢ Kataokeung aAAalouv Sivoviag véa popdn otn
BeAtiotomolnuévn Avon.

BeAtiotonoinon tomoAoyiag (Topology Optimization - TO): Autog sival o Lo
oALloTikog TUmog BeAtiotonoinong, kabwg 6ev aAAalouv HOVo oL SLACTACELS TNG

KOTAOKEUNG, AAAAQ EMiONC AQvOMTUOOETOL Hia VEQ Lopdr) Kal TomoAoyia.

Ytn mopovcoa Slatplpn xpnowomnotouvtol Kupiwg texvikeg TO. To TO Siakpivetal os Svo

katnyopieg: (i) BeAtiotomnoinon Stataéng (Layout Optimization - LO) ka (ii) yevikeupévn

BeAtlotonoinon oxnuartoc (Generalized Shape Optimization - GSO). H LO edapuoletal

t000 o0t povodidotateg (One Dimensional - 1D) 6co kat oe 6Siobidotateg (Two

Dimensional - 2D) kataokeueg. H apxlkn Kotaokeur amoteAeital cuvnbwg amd To

cuvluaopo OAwv Twv MBavwy pedwy, Stapopdwvovtag to Aeydouevo Ground Structure

(GS). H GSO edapuodletal os 2D kat tplodiactata (Three Dimensional - 3D) mpoBAiuata

pe ™ Bswpnon tou cuvexoUC UECOU. ZE AUTOV Tov TUTO TO, N OapPXLK KOTOOKEUN

SLOKPLTOTIOLE(TOL LE TIETIEPOCHEVA OTOLXELOL EVW TO TIAXOG N N TTUKVOTNTA EVOG OTOLYELOU

armotehoUv tn petaPAnty oxedlacpoV, n omoia Aappdvel TpéEG amd 1 €wg O

untodnAwvovtag TV UTapén n KUn evog otolxeiouv.
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3. Aouka cucTtipaTo

Jtov KAASO TNC SOUOOTATIKAG LNXAVLKAG, 0 0p0oG SOULKO aUoTnHO avadEPETAL ouVHBWC
0 €va UTIOCUOTNUO MLOG KATOOKEUNG. O oKomog evog SoplkoU OUCTAMATOC £ival n
OUVAPUOAOYNON TWV SOULKWY OTOLXEIWV HE TETOLO TPOTMO, £T0L WOTE Ta dopTiat Tou
epapuolovral otnv Kataokeur], va petadidovral pe aohAAsla oMo TN KOTOUOKEUN OTO
£6adog, xwpic Ta LEAN TOU vo UTIEPPAIVOUV OUYKEKPLUEVEG UNXOVIKEG amaltioelg. H
OUVTPUITIK TAEOVOTNTA TwV Tapadelyudtwy ota omoia  edapudlovral ot
TPOTELWVOUEVEG HeBodoAoyle¢ TNG Tpéxouoag OSlatplBng, oavadépetal oe SOUIKA
cuotApata PnAwv KTplwv r KEAUGWTWY KATOUOKEUWV.
H emdoyn tou dopkol cuoTHHATOog eVOC uPnAoU KTipiou, e€aptdtal KUplwe amo Toug
OKOTIOUC  AELTOUPYLKOTNTAG, TIC OPXITEKTOVIKEG OQTAITACEL KOL TO YEWUETPLKA
XOPAKTNPLOTIKA TOU KTIplou. 2Tn Blopnxovia Twv KATAOKEUWY, UTtApXouV TtoAlol TuToL
CUOTNUATWY TIAEUPIKNG OVTIOTAONG, TWV OMOLWV O OKOMOC £ival n avtoxn vavtl
TIAEUPWKWY PopTiwv OnMwC T.X. OEOULKEG doptioelg, doptiat avépou KTA. Ta Sopkd
cuotipata VPNAWV KTiplwv Urmopolv va XwpLoToUV o€ TECOEPLS KATNYOPLEC:

e Alatuntika toia (Shear walls)

e Kauntopeva mAaiola (Moment Resisting Frames - MRFs)

e Juotruoata pe luyootateg (Outrigger systems)

e Evioxupéva mhaiola (Braced Frames - BFs)
Yta Soukd cuotrpata BFs, xpnowponololvtal Stoywvia LETOAALKA LEAN TIPOKELUEVOU Val
auénBel n okaupia tou ktiplou. Ta cuotApaTa outd, £€xouv Tn Suvatotnta va
peTadEPOUV 0EOVIKEG SUVAELC KAl VO LELWVOUV TLG ATIALTACELS TWV SOKAPLWVY KAl TWV
UTIOOTUAWMATWY EVavTL KAUYPNG. Ta Staywvia HEAN pmopolv va TonoBetnBouv eite oTLg
oyeLc A eite otov MUpAVA TNE KATAOKEUNC. 2€ cUYKpLon e to MRF, To clotnua othpeng
BF elval mMOAU TLO OLKOVOMIKO, €L0LKA OTav MPOKeLTal ylo PnAd ktipla. Ymapyxouv
Sladopeg Slatdfelc Twv Slaywviwv HEAWV TIOU MmopolV va £ApUOOTOUV  Kal

KaTnyoplomolouvtal o U0 KUpLa SOULKA CUOTHLATO, TO OLLOKEVTPO EVIOXU LEVO TTAALOLO
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(Concentric Braced Frame - CBF) kol To €KKeVTpO evioxUpévo mAaiolo (Eccentric Braced
Frame - EBF).

Ot keAUDWTEG KOTAOKEUEG elval amo ta mio SUokoAa kol evdladépovta Sopkd
ouOTAMOTA OTOV KAASO TNG OPXLTEKTOVIKAG KOL TOU TIOALTIKOU pnxavikou. To Bactko
XOPAKTNPLOTIKO AUTWV TWV KATAOKEUWY, €lval n oxedlaotikn eAeubepla mou mapéxouv
OTOV OPXLTEKTOVO VA TIAPAYEL EVIUTIWOLOKEG HOPGDEG MEYAAWV QAVOLYUATWY Kol
TOUTOXPOVA VO OVTLOTEKOVTOL LOLOUTEPWE OMOTEAECHATIKA OTIG £EWTEPLKESG dopTioelg. H
popdn toug dnuloupyeital ameubeiag amd tn pon twv Suvauewv kal kabopilel ™
ouUTEPLPOPA TNG KOTOOKEUNG £Vavil TwV POPTICEWV. JUYKEKPLUEVOD, Ol KEAUPWTEG
KOTOOKEUEG opilovtal and 3D KaUMUAWTECG eMLPAVELEC, OTLG OTIOLEG N KABETN MpOC TNV
erudavela Stdotoon, eival oAU UIKpOTEPN o cUYKPLoN UE TI¢ AAAeg SUo. Ooov adopd
TO OXNUA TOUG, Ta KEAUDN Umopouv va gival SUTANC 1 HOVAG KAUTUAOTNTAC. € [
«avikn» KEAUPWTN KATAOKEUN, Ta efwTePLKA doptia peTadEpovial ota otnpiypota
OVATTTUOOOVTAC LOVO aEOVIKEC SUVAUELS. Eva KEAUGDOC UMOPEL VAL KATAOKEUAOTEL, £lTE WG
MOVOALOIK KATOOKEUN, OUVEXNG emibpAveld, &ite w¢ ouvapuoAdynon Slakpltwv

otolxelwv, To Aeyouevo mAéypua (gridshell).

4 Napaywyn SopLKWV cuoTtnpAtwV BAcel tng GSO

Tnv teAevtaia dekaetia, n pEBodog TO dpxloe va epapuoleTal o€ ePAPLOYES TIOALTIKOU
HNXOVIKOU, Kuplwg og epeuvnTIKO emimedo. 2tn BBAoypadia, ol HEAETEC TOU UAOTIOLOUV
v TO AapPavovtag umoPlv Kpltripla Tou eMIPAAAOVIAL OO OPXITEKTOVEG Kal
TIOALTIKOUC UNXAVLKOUC, €lval MEPLOPLOUEVEG. XTO TAPOV KeddAalo, mapouolaletal n
Bepellwdng Bewpla tou GSO mpoPAnpatoc, xpnowlomowwvtag t HEBodo Simplified
Isotropic Material with Penalization (SIMP). EmutAéov, emiBaAlovial TPELG
KOTOOKEUAOTIKOL Teploplopol yla tn Onuioupyia Soplkwv ocuotnuatwv BF, svw
ovamtloosTal plo autopotn Stadlkacio, n omolo HETATPEMEL TO QAMOTEAECUA TWV

€lKOVWV Tou TipoBAnuatoc TO o apyeia CAD.
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O otoxo¢ oe éva mpoPAnua GSO, eival n elpeon ¢ BEATIOTNG TomoAoyiag Ttwv
E0WTEPLKWY OPLWV KOl TOU OXAHOTOG, TOCO TWV ECWTEPLKWYV OGO KOL TWV EEWTEPLKWV
opilwv evoc Slatpntou 1 cUVOETOU cuVEXOUG CWHATOG. JUYKEKPLUEVQ, OL TIPoUTIOBEDELG
yla t Statunwon tou mpoBAnupatoc GSO elvol o KaBoplopog Tou apxlkoU Xwpiou
oxedlaouou Q, omou Ba dnuioupynBel n BeATLoTOMOLNUEVN KATAGKEUN, TO KAACULOL OYKOU
NG BEATIOTOMOLNUEVNG KATOLOKEUTG, OL CUVOPLOKEG CUVONKEG Kol oL oUVORKESG PpoOpTLONG.
H uébodog SIMP, eival pia péBodoc katavoprng UALKOU yla TNV evpean tg BEATLIOTNG
Slatagng evog SoULKOU CUOTHOTOC, TTOU amoTeAE(TAL Ao YPAUUIKA EAACTIKO LOOTPOTIO
UALKO. EMOPEVWC, TO EPWTNUA TTIOU TPETEL va amavtnOeil, eival mwe va kotavepnbel o
OYKOG TOU UALKOU OTOV TOHEQ (), TIPOKELWEVOU va gAayloTomolnBel éva CUYKEKPLUEVO
kpttnplo. H tumikn padnuatiky Statunmwon tou mpoPAnpatog TO HE QVIIKELUEVIKN

ouVAPTNON TNV EVOOTIKOTNTA TN KATAOKEUNG ekdppaletal we €ENG:

mxin C(x) = FTu(x) (3a)
s.t.
KxX)u(x) =F (3B)
V
I(/:) = fvoiFrac (3v)
0<xpin<x.<1, e=12..,Nge (38)

ornou C(x) elval n evéotkdTNTA TNG KATAOKEUNG YL OUYKEKPLUEVEG TIUKVOTNTEG, TO F
urtodnAwvel to Stavuopa poptong, u(x) eival oL HETATOTIOELS TTOU TIPOKUTITOUV atd TV
eniluon twv eflowoswv wopportiac, To V(x) avtupoowneUel Tov OYKO TOU TPEXOVTOG
oxedlaopou, to V, avadépetal oTov apxlkod YKo, 10 fyoirrac ELVALTO KAAOHA TOU TEALKOU
oykou mou emBdaAAetal oto mpdPAnua, to K (x) givat to kaBoAkd pntpwo akauiag, To
X QVTUTPOOWTEVEL TO Stdvuoua TNG LETAPANTAG oxedlaopol, To x, €lval n mUKvVOTNTA
KABe menepaopEVOU oTOLXELOU KL TO N,y ELVOL O CUVOALKOG OPLOLOG TWV TIETIEPACLEVWV

oTolxelwyv TTou xpnotlpomnolouvtal yia T SlakpLtonoinon tou xwplov.
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MNa tnv emiluon oautol tou mpoPAnuatog PeAtiotonmoinong, He T HEB0dO Twv
TIEMEPOAOUEVWY OTOLXEIWY, N TIOPAUETPOC TIOU ELOAYETOL €lval n mukvotnta KABe
nenepacuévou otolxeiou. H petapAntr oxedlaopou x,, Kupaivetal oto eUpog [Xmin, 11,
OTOU TO X, ELVAL ML ULIKPN TLUA KOVIA OTO UNOEV, TPOKELWEVOU va amodeuxBouv
apOUNTIKEG 00TABELEG. Tl OTOLXELD TTOU €XOUV TTUKVOTNTEG KOVTA OTA Xpppiy, TIPETIEL VO
adalpebolv anod to xwplo oxedlaopoU Kal Ta oTolyela e muKvoTnTEG Kovta oto 1 Ba
aroTeAOUV PEPOC TNG TEALKN G KATAOKEUNG. Ooov adopd TIG EVOLAMETES TUUEG UETOED Xpin
Kat 1, epapuolovial CUYKEKPLUEVEG TEXVIKEG WOTE TETOLEG TIUEG VO artodeUyovVTaL.

JUudwva pe tTn HEB0do SIMP, OL TTUKVOTNTEG TWV MIETEPACUEVWY OTOLXELWV cUCXETI{OVTOL

LLE TO HETPO EAAOTLKOTNTAC, WG EENG:
Eo(xo) = x(EQ & ke(xe) = x0k§ (4)

OTIOU N TMAPAKETPOG P eival évag oTabepog akEPALOG aplOUOG, 0 OTIOL0G TLG TEPLOOOTEPES
dopéc AauBavel tnv T 3. Aaupdvovtag umoywv Tnv mapomdvw eflowon n
€vOOTIKOTNTA TN KATAOKEUNC Taipvel Tnv €€AG popdn:

Nele

€O = ) ()P ulklu, (5)

e=1
To mpoBAnua tng pabnuatikng BeAtiotonoinong mou StatunwOnke, pnopel va emAuBetl
xpnotponowwvtag Stadopoug pabnuatikol g alyopLlOouC TToU amaLtoUV ToV UTIOAOYLOUO
TN¢ mapaywyou, onwg o Optimality Criteria (OC), n Method of Moving Asymptotes (MMA)
kal o Sequential Linear Programming (SLP). EmutAéov, AOyw tou TpOoBARUATOC TNG
okaklEpag (checkerboard problem), pa kowvr) mpaktiky eivat n edpappoyn GiAtpwy Kata
™ Sladikaoia PeAtiotonoinong, onwg ta ¢GIATpa TUKVOTNTAG Kal sualcbnoiag. Xtn
napovoa StotpPr edpapudletat o adyoplOpog OC, evw N MAPAYWYOC TNG EVOOTLKOTNTOG
umoloyiletol w¢ e€NG:

dC(x) B 0k.(x)
ox, ~ue ()" ox,

ue (%) (6)
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Y10 IxNua 1 BAEnoupe tnv 6Yin evog uPnAou Ktipiou KaBwg Kal Tn dlakpltonoinor Tng
LLE TIETEPOOUEVO OTOLXELD, TIOU XPNOLUOTIOLEITAL YLIa TNV EPOPUOYH TWV TTPOTEWVOUEVWY

KOTOOKEUAOTIKWY TIEPLOPLOUWY. H Slakpltomoinon Tou mAgypoatog anoteAeitat anod 80

(o) (B)

Jxnuo 1 Zyebiaouog BF ouotiuatog uynlou ktipiou: (o) oapykd ywpio kat (B)
Slakpitomoinon tou MAEYLUATOC.

otolxela otnv optlovtia katevBuvon katl 480 otolxeia otnv Katakopudn katevBuvon,
KataAnyovtog o cuvoAlkd 38.400 opBOoywVvikd Ttemepaopéva otolxeia eminedng évtaong
(bilinear quadrilateral elements — Q4). Xto KATW GKPO TNG KOTOOKEUNG Bewpeltal
naktwon evw efetalovral TPELG SLATUMWOEL Tou TpoPAuaTtog: (o) Teploplopdg
ouppetploag, (B) meplntwon pn BeATIOTOMOLOLUWY TEPLOXWV KoL (y) cuvduaouoc twv Q4
otolxelwv pe Temepaocuéva otolxeia Sokol. Ye kaBe mepimtwon efetalovral Svo
Sladpopetikol TUTOL PpopTicewv (KatavepnUéves GopTIoELG Kot KOUBLKEG SUVAELC).

MNa tnv edpappoyn TG cUppeTplag Sev xpeldlovtol LOLALTEPEG TPOTIOMOLAOEL OTNV
Slapopdpwon tou mpoBAnuatog TO. Mo cuykeKpLUéva, epopUOlOVTOC AVTLOUUETPLKEG

dopTioelg, N TEAIKN KOTOOKEUH KOTOANYEL O EVOV CUULETPLKO GOPEQ. TN CUVEXELQ, Yla
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™V KOAUTEPN SLOUOPPWON TWV UTTIOOTUAWUATWY KAl TwV SLoywVLWVY TOU SOULKOU UG
CUOTAUATOC, EPAPUOTETAL N TEXVLKA TWV N BEATIOTOMOLCLUWY TIEPLOXWV. XE€ QUTAV TNV
TIPOOEYYLON, ETUAEYOVTAL OL TIEPLOXEG TIOU ETLOULIOUE VoL £XOUV TIAVTO UALKO 1] val pnv
£€xouv Kal erBAAlovTal n HEYLOTN KAl N EAGXLOTN, avtioTowa, TLUn tne ukvotntag. Etot,
Ol TIUKVOTNTEG QUTEG Oev elval TTAEOV AyvwWOoTeG METABANTEG Kal yla To AOyo autd ol
TIEPLOXEG AUTEC amokaAouvtal Un BeAtioTonol oG (non-optimizable).

AkoAoUBwg, pa kawvotopo péBodocg uAomoleital, OTNV Omola TO UTIAPXOV TIAEYHO TIOU
amnoteAeital and Q4 otowela, EVIOXUETOL OTLG KATAKOPUGDEC TIAEUPEG LLE TIEMEPACHEVA
otolxeia dokol. O aplBudc Twv otolxeiwv Sokol Tou mpoaotiBevtal e€apTtdtol amo Tig
ouvOnKkeg GoOpTLONG TTou eTIBAAAOVTOL. ITNV TTEPLTTWON TWV KATAVEUNUEVWVY OpPTIWY, OF
KaBe mAeupd tpocBEtou e 480 oTOLKELQ, EVW OTN MEPLMTTWON TWV CNUELOKWY GOPTIoEWV
6 otolyeila dokou mpootiBevtal os kKaBe MAsupd. Ta otolyeia Sokou amoteAouvTal Amo
600 BaBuolg eheuBepiag petatomiong kot Evav otpodikd evw ta Q4 otolxeia amo Suo
petoadoplkoug Babuoug eAeubepiag. Emopévwg katd tnv cuppodn tTwv SladopeTikwv
TUTIOU TEMEPOOUEVWY OTOLXElwyY, Yivetal umépBeon Ttwv petadoplkwy PBabpwv
eAeuBepliag evw o oTpodLkog Babuog eAeuBeplag mpooTiBeTal, EMEKTEIVOVTAG TO LNTPWO
okappiag. to IxAua 2, mapoucotdlovtal Swadopa BF Soplkd ocuotripoto Tmou
nipokuntouv edpapuolovrag toug SLadopouc TEPLOPLOUOUG TTOU EPLYPAPNKAV.

Onwc BAémoupe oto IXAUO 2, oTnV TEPLTTWON TOU £€XoUpe £PapUOTEL ONMAQ TOV
CUMUETPLKO TIEPLOPLOUO, TO MEPLOCOTEPO UALKO CUYKEVIPWVETOL OTNV BAcn Tou doukoU
CUOTAMOTOC UNV adrAvovtag apKETO UAKO yla TNV avamtuén Sloywviwv HEAWV Kol
UTIOOTUAWMATWY OTO TIAVW MEPOC TNG KATAOKEUNG. Epapudlovtag tnv TEXVLKN TwV [N
BeATLOTOMOLAGLUWY TIEPLOXWYV, TOL UTIOCTUAWOTA EKTEIVOVTAL HEXPL TNV Kopudn Twv BF,
OUwG otn Baon toug elval peyalutepa evw Kal MAAL Ta Staywvia pEAN Sev €xouv
oxnuatiotel oAokAnpwpéva. Me tnv pEBodo tnG cuppadng Twv EMUMALOV OTOLXELWV
SokoU, To HEYEDOC TWV UMOOTUAWUATWY Ttapapével otabepd kad’ 6Ao to UYPog Tou
SOUIKOU OUOTHHATOG, €VW Kol ot dU0 ouvlnkeg ¢optiong oxnuotilovtol TANen
Slaywvia pEAN. Emopévwe, autr n uebodoloyia pmopei va edpappootet otn Stadikacia

VEVEDONC TwV SOULKWY CUCTNHATWV BF katd t oxediaon evog uPniou ktiplou.
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To amnotéAeopa tng peBodoloyiag GSO, Onwe paivetal KoL 0To IXNUA 2, €lval pLo ELKOVA
£VOC OUVEXOUC UECOU, TO OTIOLO TIPETIEL UE KATIOLO TPOTIO VOL LETATPOTEL OE €va GUVOAO

SoULKWV oToLKElWY TTIOU XPNOLOTOLOUVTAL OTLG EHAPUOYEC TOU TIOALTLKOU LNXOVLIKOU.

(N (1

non-optimizable areas

(o) (B) (v) (6) (€) (@
Zxnua 2 BF ovotnua evog ugnAou ktipiou: BeAtiotomownuévn kataokeuh (fyoirrac =
50%): I Zuykevtpwuéva onuelaka @optia: (o) Baowkn nepimtwon, (8) un
BeAtioTomolnolUEC TIEPLOXEG (LE KOKKLVO xpwla) Kat (y) ototxeia Sokou. Il. Kataveunuévn
@option otig duo mAeupeg: (8) Baowkn mepintwon (€) pn BeATIOTOMOLNOIUEG TTIEPLOXES
(ortwc¢ oto B) kat (7) otoiyeia Sokov.

JTOo TMapPov KePpAAAlo, TAPOUCLAZETOL MO TIANPWE QUTOMATOTOLNUEVN Sladkaoia
HETATPOTING TOU amoteAéopatog tng GSO oe apyeio CAD. To mpwto Prua eivatl n
LETOTPOTN TOU TEAIKOU AMOTEAECUATOC OF [la aoTpopaupn (bitmap) elkdova kabwg Kat
0 POoaSLOPLOUOC TWV Opilwv TNC. To eMOpevVo Bripa elval o SLaXWPLOUOG TWV CNUELWY TWV
OXNHUATWYV TIOU CUVOEOVTAL HUE «POVIAOTIKEG» YPOUMMEG O EEXWPLOTA HUNTPWO Kal
nipaypotonoleital pe tn Stadikacio «connected-component labelling». MéxptL otyunc,
TQ ONUEla KOTA PAKOC TwV oplwv TaflvoHoUvVTalL 08 OUAOEG aVAAOYA LIE TO ECWTEPLKO
OXNUO TIOU OVAKOUV, woTtoco 8ev eival TomoBetnuéva otn owotrh OElpd WOoTE va

oxnuoatifouv pa eviaia ypapun. Ma to okomd autd, edapuoletal plo Sladikaoia
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tafvounong (sorting) yla vo oXnUOTLOTOUV OL OCWOTEC YPOLMEG KOl OCUYKEKPLUEVA N
HEB0S0C Tou MAaVOSIoU MWANTH. 2T CUVEXELR, avartuoosTal pio Stadikaoia, e otoxo
ToV SLaXWPLOUO TWV onuelwv TIou evwvovtal oxnuoatilovtag eubeieg YpoUUES KAl AUTWY
Tou oxnuatilouv KapmUAEg YypopES (splines). 2TIG ypaUEG oL omoieg Ba amoteAécouy
T¢ splines, edpapuoletal pla dadikacio Aeilavong (smoothing) kal otn ouveéxela
edapuoletal to pabnuatikd povtédo Non-Uniform Rational B-Splines (NURBS). TéAog,
OAec oL mpoavadepBeioeg Aettoupyleg, ypadovrtal autopata os éva apyeio tumou IGES,
1o omolo ivatl ouppato pe MARBoG epmopikwy mMpoypapudtwy tunou CAD. Ito IxAua 3,
napouvolalovtal tTpia BF  Soulkd ouothpata  Tou  avamopnxbnoav  pe  tnv
oautopatorolnuévn Stadikacia. Mapatnpeital, OTL N TEAKA KATAOKEUN ElvOL QPKETA
oKpBAG Kol amotelel éva oxnuo to omoio Ba pmopouce va eixe mMpokUPEeL amo

XElpokivnto oxedlaopo.

K

N/

(2

(T
SOOCK

A1

A\

(o) (B) (v)
Zxnua 3 Autopatonotnuevn avanapaotaon BeATIOTOMOINUEVWY KATAOTKEVWV (fyoiprac =
40%) yto onuetakec poptioelc: (a) Baoikn mepintwon, () un BeATioTomoOLOUUEG TTEPLOXEC
kat (y) ototyeia Sokou.

P
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5 EVVOLOAOYLKOG OXESLAGHOG SOUKWV cuoTtnuatwy Baoetl TO ko
TIPOKOTOLOKEVALOHEVWV SOLKWV OTOLXELWV

Y& oUTO TO KEdAAALO, ELOAYETAL LA Kalvotopa pebBodoloyia pe Baon to TO n omola
Bplokel edapupoyny otn Snuoupylo TPWTOTUNWY OOULKWY CUCTNUATWY  TIOU
arotehovvtal and mpokaboplopeva Soukd otowxeior (Shaped Units based Topology
Optimization - SUTO). H mpotetvopevn néBodog, eKUETAAAEUOUEVN TEXVIKEG KOl EpYOAELQ
TMaPaeTPKOU oxedlaouou, amoteAel €va loxupo epyaleio ywa tn Sladikooia tou
gvvolohoykol oxeSitaopol, oOtav Tt SopKA oTtolxelor  emiAéyovtol  amo  pua
npokaBoplopévn opada mOavwv otolxelwv. H Kawotopla TnNg TPOTEWVOUEVNG
peboboloyiag,  EMIKEVTPWVETOL  OTN  KOTOVOMN  €vOC  Olokpltol  cuvoAou
TipokaBoplopévwy Sopkwy oTolyelwy Ta omola elval gyyeypappéva o 0pBoywvika
Tienepaopéva otolyeia. To KopUATL tng nebBodou mou avadépetal otn PeAtiotonoinon
KOl TNV OVAAUGH TEMEPOAOUEVWY OTOLXELWV AVATTTUXONKE O TPOCWTILKO UTIOAOYLOTIKO
Kwdika MATLAB evw TO TUAUO TNG QVOMAPACTAONC TNG TEALKAC KATOOKEUNC OTO
TIAPAUETPKO TepBAMov Tou Grasshopper. H olUvdeon twv SU0 MPOYyPAUUATWY
TIPAYLLOTOTIOLE(TAL LECW EVOC TIPOCWIILKOU UTIOAOYLOTIKOU KWAOLKA TTou avamntuxdnke os
vAwooa CH.

H Baowkn Siadopomoinon tng mpotewvopevng pebBodoloyiag os oxéon pe tnv SIMP
HEBOSO, elval OTL avtl va KOTAVEUETOL TO UAIKO avaAoya HE TNV TUKVOTNTA Tou KABe
TIEMEPAOUEVOU OTOLXE(OU, KATAVEUETAL Evag aplBpog amno npokaboplopéva oxnuoato. To
OXNUO TWV TIBAVWY TIPOKATOOKEUOOUEVWV OTOLXELWV ETUAEYETAL TTO TOV APXLTEKTOVA I
TOV TIOMTIKO pnxavikd, Sivovtag €tol tn duvatdtnta mapaywyng Siadopwv ot
TipoKaBopLOPEVWY  OTolXElwv. Me Tov TPOMO QUTO, MMopoUV va TPoKUYouv
evOLAPEPOUOEC QPXITEKTOVIKEG HOpdEG, Tou Oev pmopolv va emteuxbolv péow
cupBatikwyv peBddwv oxedloopol. Ta KpLTApLa ylot TV €AoY TwV mBavwy SoULKWY
otolyelwv unopel va sival eite aloBnTIKA €(Te MPAKTIKA, OTIWG YLa TTAPASELYA N ETILPPON)
TOUG OTNV oKiaon Katd tn Snuioupyia EvOC OTEYACTPOU N €VOG TOLXIOU. 2TN CUVEXEL
napouotalovtal ol Bspedlwdelg Tpomomnolnoelg otn dtapdpdwon tou TO mpoPAnparog,

n omoia Baciletal oTo yeyovog OTL TO apXLKO OXESLOOTIKO Xwpio Slakpltomoleital pe Q4
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1l 3D MeMEePACUEVA OTOLXELQ KOIL OTN GUVEXELA OL TIPOKABOPLOUEVEG SOUEC avVTIKABLOTOUY

TO TIEMEPACHUEVA OTOLXELQ. AVAAUTIKA N paBnuoatikn Statimwon tou poBAnpatog sival

n akdAoubn:
mhin C(sh,) = FTu(sh,) = u(sh,)TK(sh,)u(sh,) (7a)
She
s. t.

K(she)u(she) = F (7B)

V(sh,)
% <= fVolFrac (7v)

0

Nele
z a, <V, (76)

e=1
She € ASH = {SHl,l = 1,2, ,m} (78)

Omnou C(sh,) gival n evéotikdTNTA TNG KATAOKEUNG EVW oL e€lowaelg (7B) kat (7y) eival
avaloyec pe tg e€lowoelc (3B),(3y). H Baowkn Sadopomoinon TG HABNUOTLIKAC
Slatunwong otnv eflowon 7 £ykewrat otn petaBAnty oxedlacpou, Omou oTnv
TIPOTELWVOUEVN SlaTUMWon Ovti yla TNV MuKkvotnta Kabe memepacuévou otolxelou, n
petoPAnT oxedlaopol sival To epfadov Twv Sladopwv oxNUATWY oo ta omoia Ba
QTOTEAE(TAL N TEALKH KATAOKEUN. ZUYKEKPLUEVQ, ETUAEYETAL ATO €va SLAKPLTO OET Agy
TIOU QTOTEAELTAL ATIO M MPOKATOOKEUACHEVA SOULKA oTolxela SH;, TToU avtlotolyolv o€
Stadopetika epPfada a;.

To MpwTo OTASL0 TNG TPOTEVOUEVNC LeBodoloyiag sival n Snuoupyia Tou SlakpLtou
oxebl00TIKoU O€ET. TNV epappoyn Tng ueBOSoU oto mapov kepAAalo, xpnoLponolouvtat
TIPOKOTOOKEUOOEVO SOLKA OTOLK el Ta oTolaL Elval eyyeypaUéEVa OE TTPOoKaBoPLOUEVA
opBoywvia tou €xouv eTtthexBel atnv apxn tng Stadikaciog. Autd odeiletal oto yeyovog
OTLTO aPXLKO XWplio SdlaywplleTal Le Eva SOUNUEVO TTIAEY LA TIEMEPACUEVWY OTOLXELWV TTOU
Baoiletal oe opBoywVLIKA TIEMEPACUEVA OTOLXELOL CUYKEKPLUEVOU ULEYEDOUG avaAoya Le

NV mukvoTnTa Tou TAEypatog. Emopévwe, ta mibava oxnuota odeilouv va éxouv 4
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KOUBOUC OTLC AKPEG TOUG TIOU VOl CUMTIIMTOUV UE aUTECG Twv Q4 otolyeiwy. Xtn napovoa
HeAETN, To Slakpltd oet oxedlacpou anoteAsitat ano m = 10 dtadopeTikd oxrpoTa ITou
MPoEKUPAV MO TOPAMETPIKA HEAETN MELWVOVTAC oTadlakd to eUBadov Toug, Omwg
datlvetal oto IxNua 4. H petaBAntr oxedlaopoU TalpVeL TETOLEG TIMEC WOTE N UKPOTEPN
NG TN va unv odnyel oe Kevd oXNUQ, EVW N UEYAAUTEPN va PNV €ival TETpAywVO.
JUYKEKPLUEVQ, TO ELBASOV TOU TTANPOUG TETPAYWVOU EIVOL Qe = 1, EVW OL OPLOKEG TLLEG

glval i, = Area(SH,—10) = 0.1 kot a,,q, = Area(SH;) = 0.9.

OO
YOO X

Jxnuo 4 Mopauetpikn LEAETN yla SEka MPOKABOPLOUEVD OXNUATA.

Exovtac Onuwoupynoel to OLakpltd oUVOAO oOXeSlaopoU, TO €MOUEVO PAUA NG
peBoboloyiag eivat n dnuoupyla tou kaBe umepotolxeiou. H edappoyrn NG
npotewvopevng pebBodoloyiog Baoiletal os wooduvapa Q4 otolxeia, Twv omolwv To

puntpwo akappiog eivat évag mivakog peyéboug 8x8:

Q4 Q4

4 kiy o k18
K& =|: -~ (8)

Q4 Q4

kgr v kg

Mo tn dlakplronoinon Twv MPokaOopLoHEVWY CXNUATWY, XPNOLOTIOLRONKAV TPLYWVLKA
TIEMEPOAOUEVA OTOXElD TPplwV KOPPwv. O aplBuog twv Pabuwv eleuBepiag kabe
oXNUotog €optTdTal amd TNV MOLOTNTO TOU MAEYHATOC. Ta pnTpwo akapiag twv
UTLEPOTOLXELWYV TIPOKUTTOUV artd T HEB0SO TNG OTATLKAC CUMMUKVWONG. YoBEToupE OTL
ol BaBuoli eAeuBeplag mou nmpokettal va e€aheldpBouv emonuaivoval we e Kal autol mou
TIPEMEL VO CUMMUKVWOOUV w¢ ¢. 0pudwva pPE aUuTOV TO CUUBOALOUO, oL £ELOWOELG

Loopportiag yla kaBe mpokaboplopévo oxnua ypddovial wg ENG:
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Ea _ Kee Kec Ue
{Fc} - [Kce ch] {uC} (9)
MeTA and OpPLOUEVEG AVIIKATAOTACELG TO CUMTMTUKVWHUEVO UNTPWO YPADETAL WG EENC:
K =K. — KeeKi Koo (10)

‘Etol ot kOpPol twv 1oodUuvauwy 0pBoywVIKWY OTolElwv cuumintouv pe Toug 4

CUUTTUKVWUEVOUG KOUBOUC TWV TPOKABOPLOUEVWY OXNUATWV.

. kh kin _ l_‘h Eis
Sl:h. = E .'. E - KSI:h = _: .'- _E
ni o Kan kgr - kg (11)
n = depending on mesh quality, i=12,...,m

H etlowon 11, beixvel tn Oladikacia peTOoXNUATIONOU TOU KABOAWKOU HNTPWOU
okappiag Ksih TOU TpoKaBoPLoUEVOU OXNUATOC TIou €Xel N BaBuolg eAeuBepiag oto
L008UVOHO UNTPWO HEYEDOUC 8x8, yla KAOE £va armo to m oxfuata.

Mo tnv eniAuon tou TO MpoBARUATOC amaLTE(TAL O UTTOAOYLOUOC TOU KOBOALKOU UNTPWOU
okappiog mou TPOKUMTEL Ao To apXLkO oXeSLAOTIKO Xwpio, PAocel TG HeTABANTAC
oxedloopol og KABe sowteplkn emavaiAnyn tou oAyoplBuou. Emopévwe, oto onueio
OlUTO TIPETIEL VAL CUCYETLOTEL N TN TNG HETABANTNC OXESLACHOU TTOU TIPOKUTITEL ATt TOV
ekaotote oAyoplBpo (OC i MMA) pe ta mpokaBoplopeva oxnpata. ApxKd
TipaypoTomoLeital pa avaluon maAlvépounong Kat To akoAouBo MOAUWVULO TETAPTOU

BaBuou edpapuoletal:

fiﬁ(ae) = aijag + bl-]-af; + Cijag + dl-jae + eij (12)

Eiej = fi?(ae) (13)

omou a;j, bj, ¢;j, dij, €;j €lvat oL cUVTEAEOTEG TNG TOAUWVULLKAG KAUTTUANG Ka a, ivat

h oroweiov. H avdAuon moAvEpOUNoNC TPAYHATOMOLETAL YL TNV

10 eppaddv tou et
gUpeon Tou KABe avefapTnTou oTolXelou Tou untpwou akaupiag, eKLeTaAAeUOUEVOL TNV
CUMMETPLO. ITO IXAHA 5, MOPOUCLALETAL N TIPOOEYYLOTIKA KOUTTUAN YLO TOV UTTOAOYLOUO

tou k$; otoixeiou Tou pntpwou akappiog. Stnv eficwon 14 PAEMOUME OTL ylo TOV
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UTTOAOYLOUO TOU UNTPWOU akapiag evog otolyeiou Tou apxlkol oxedlaoTtikol xwpiou,

amattovvtat 8 avaAloelc makvdpounong.

X
fi(ae) x

ae

Sxnua 5 AvaAvon nadivépéunonc yia to k¢,

EmutAéov otnv €fiowon 15 MopouclaeTal Kol 0 UTIOAOYLOUOG TNG TOPOYWYoU Ttou

QtaLTElTOL YA TOV HaBnpatikd alyoptbpuo.

_ Ell(ae) ElS(ae)
kgi(ae) - kgglae)
[ iél (ae)
kz(ae) ks(a.) SYM
E4(ae) ks(ae) El (ae) (14)
_Es(ae) E6(ae) _]22 (ae) E3(ae)

_El (ar)/2 _IEZ (ae) E7(ae) Es(ae) Izl (ac)
_Ez(ae) _E3(ae)/2 _];5 (ae) EB(ae) IEZ (ae) E3 (ae)
E7(ae) _Es(ae) _El (ac)/2 EZ (ae) E4(a9) ];S(ae) ]El (ae)
- Es(ae) ks(ae) ];2 (ae) _];3 (ae)/z _Es(ae) Eﬁ(ae) _EZ (ae) EB (ae)—

ae € 4, A= [amin' amax]
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dké  dfi;(a,)
da: B ;aee = 4a;;ai + 3b;jag + 2ci;a. + dj; (15)

MNa tnv edappoyn NG mpotelvopevng pebodoloyiag, avamtuxbnke TPOOWTIKOG
UTIOAOYLOTIKOC kKwdikag otn MATLAB. Mo ocuykekpluéva, OAeg ol mpoavadepbeioeg
Slabikaoieg ouykevtpwOnkav oe pwa ouvaptnon [K,,dK,] = Fshapes(a,), n onoia
OUCLOOTLKA avTlkaBLotd tnv cuvdptnon tng SIMP, n omola dnuoupysil ta pntpwa
okappiag. Metd tn cUykAlon tou poBARUATOG, ol LETABANTEG oxedlacpol AapBdavouv
OUVEXEIC TIUEG, EMOUEVWC TIPETEL va iPooTtelel o Stadikacia yla TNV HETATPOTN] TWV
TWWV  OUTWVY, O TWEC TIOU QVILOTOLXOUV OTo TPAYUOTIKA oxnuata. Auto

Tipaypotomnoleital cUpdwva Pe TNV akoAoudn ékdpaon:
sh, = SH;:dist; = min(dist = |a, — a;|), i=12,..m (16)

Y70 IXNUa 6 MoPoUCLAlETaL N AvOmapAoTach TG TEAKN G KATAOKEUNAG LEow TG MATLAB,
Omou kaBe MpokaBoplopEVO SOUIKO OTOLXELO aVTLOTOLXEL 0 SLOPOPETIKO XPWHA. XTO
IxAua 7, mapouolaletol To Slaypoppa porg tne neBodoAoylog Kol cuyKPILVETAL UE QUTO

t™¢ SIMP.

Zxnua 6 Ameikovion otn MATLAB. Me KiTpivo xpwia TO UIKPOTEPO CXNUA KO UE UTTAE TO
UeyaAutepo
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Topology Optimization (

-
Regression analysis and creation Define topology optimization \ | SIMP +
of FShapes I design domain [

7'y ~__ T _—

| Static condensation |

f Y

| Sensitivity analysis |

¥

|
|
|
|
|
|
I Check < | Update scheme of OC |
|
|
|
|
|
|
|

| Design of predefined shaped |
units

Zxnuo 7 Awaypouuo ponc the SIMP kat tng SUTO

H avamopdotaon Tng TEAKNG KATOOKEUNG O €va poypappa tumtou CAD, sival Baoiko
avtikeipevo ka®’ OAn tn moapouoa SlatpPr). Ito moapov kepdhalo, avarntuxdnke évag
kwdikag oe yAwooa C# oe cuvbuaoUO HE TO MPOYPAUUA TIOPOUETPLKOU OXESLOGHOU
Grasshopper, TpoKeléVOU TO TEAIKO amotéAeoua va avamopoxbel oto oxedLAOTIKO
npdypappa Rhino3D. 2to IxAua 8, mopouoLAleToL TO BEATLOTOMOLNEVO ATTOTEAEG A TOU
npoPAnuatog “BBeam test example”, mou amnoteAeital ano 150 otolxeia otn X StevBuvon
kat 50 otn Y. H aplotepr) mAeupd Bewpeital MakTwHEVN evw eMBAMNETOL EVO ONUELOKO

doptio katw Se€1a.
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(B)
Zxnuo 8 BBeam nmapadeiyua: (a) avanapdaotacn oto Rhino3D, () ueysduugvn riepioxn

Ytn ouvexela n pebodoloyia SUTO edapuoletal o pa eninedn mAdka n omola pUe tv
KaTAAANAn enefepyacia pmopei va tpomomowinBel oe kapmuAo kEAUDOC WOVAG
KaprmuAotntoc. To TAEYHO TNG OPXLIKAG KATAOKEUAC amoteAsital amnod 200 otolkeia ot
kaBe SlevBuvon, oTig 4 AKPeG TNV TTAAKAG TOMOOETOUVTAL TTOAKTWOELG EVW 5 GNUELOKA
doptia epapudlovral. ZTo IXNUa 9 MapoucLATETAL LA TTPWTOTUTIN KEAUPWTI KATAOKEUN

miou Ba pmopoloe va elval £va ekBeolako TepinmTepo A £va oTEYOOTPO.

(@)

(6)
Zxnuo 9 Steyaotpo: (a) oyn, () katoyn, (v) mAayia oYn kot (8) mpoorttikn oyn.
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6 YAonoinon tng FSTO pueBodou oto SAP2000

MéxpL OTLYUNG, OL TPOTELWVOUEVEG HeBodoAoyieg yéveong SOUIKWY CUOTNUATWY ylo
edappoyEg moALtikoU pnxavikou, Bacilovtal otn GSO mpoogyylon. Xto kepdalalo autd
eloayetal n Slatunwon tou FSTO mpoPAnuatog To omoio avrKkel otnv Katnyopla
npoBAnuatwy LO. It 6ebvy PBBAloypadia, oL TEPLOCOTEPEG EPYAOCIEC TOU
npaypotevovtal pe ta LO mpoBAnuata xpnolponowolv tnv Truss Structural Topology
Optimization (TSTO) SiatUnwon, otnv omolo HETEXOUV UEAN TIOU avarmtloooUV UOVO
0EOVIKEG TAOELG. QOTO0O0, N CUUMETOXA HEAWV TIou AapPdavouv 1000 afovIKEG 0G0 Kal
KOUTTTLIKEG TAOELC £ival pla evlladépouoa Kal Kavotopa mtuxn tou nediou tou TO. to
napov Kedpalalo, mapouocialetal n oupPatiky Statumwon tou FSTO mpofARuOTOg
£€XOVTOC OQV OVTLKELEVIK) OUuVAPTNON TNV €Aaylotomoinon tng &vdoTKoTNTOC.
Mapouoialovtal emiong dU0 TEXVIKEG Snuloupyilag tou apxltkol GS, pa HECw TOU
TIPOYPAUMOTOG TTOPAETPLKOU OXESLACUOU Grasshopper Kot Lo LE avamtuén KwoLka otn
MATLAB. H avaAucon TEMEPACUEVWY OTOLXELWV TOU TIPOPBANLATOC TTPAYLOTOMOLEITAL OTO
EUMOPLKO Ttpoypappa SAP2000, evw 0An n dtadikacoia tng BeAtiotonoinong uAomoleital
HEOW TPOOWTTILKOU UTIOAOYLOTLKOU KWwdka otn CH.

H dnuovupyla Tou apxikol oxedLaoTikol xwpilou gival armo Ta Lo ONUOVTIKA OTOLXELD TNG
Slapopdpwong evog LO mpoPAnuatog adol kabopilel 1o MO000TO OXESLAOTIKAG
eAeuBepiag mou OSivetat otov oAyoplBuo. Xtn Siebvry BiBAoypadia, OAeg ol
TIPOTELWVOLEVEG TEXVIKEG dnuloupyiag tou GS, Baoilovtal og avamtuén uUMoAoyLloTKOU
KWALKa, TIEPLOPIL{OVTAG LE OLUTO TOV TPOTO TN oXeSLACTIKA EAeLBEpia TOU pUNXavLKoU. ITa
mAaiola tng moapovoag SiatplBrc, oavamtuxOnke uploe péBodog oto TPOYypAUUA
Grasshopper yta t dnuoupyia tou GS, n omola Sivel Tn SuvatoTnTa TG EPapOYNG TOU
FSTO mpoBAnRpatog o 1o moAUTTAOKEG KATAOKEVUEC, OMwE dpaivetal Kol oto mopadelypa
tou gridshell oto téAog Tou Kedalaiou. AvadAoya HE TIG ATOLTOEL TOU TIPORANUOTOG
propouVv va SnuioupynBouv dtadopa otadia cuvdeoipotntag. Otav n apxLkn YEWHETpla
TOU TPOPANUATOC Elval OXETIKA OTAN, OTNV MEPLMTWON TIOU TIPEMEL va €PAPLOOTOUV
OPLOMEVOL KOTAOKEUAOTIKOL TEpLOpLopol | meploootepa otddla cuvdeoLuoTnTAC, N

Snuovpyia tou GS elval amAovotepn HECW UTOAOYLOTIKOU Kwdlka. to IxAua 10

XXViil



napouolalovtal tpio otadla cuvdeowotntog pag omAng 2D KATAOKEUNG, Tou

SnutoupynOnkav pécw tou MATLAB KwdKa.

L

(@) (B) (v) (8)

2xnuoe 10 (o) Kataokeun povo ue koAwvec kat dokapta L = 3m, H = 6m kat Stapopetika
GSywax (B)r = 1.41m, (y)r = 3.0m kot (6) r = 6.71m

H pabnuatikn Statunmwon tou FSTO mMpoPARUOTOC PE OQVTIKELWMEVIK) OUVAPTNON TNV

g\aylotomnoinon tng evéotikotntag neplypddetal wg e€NC:

main C(a) = FTd(a) (17a)
s.t.
K(a)d(a) =F (17B)
al L < Vi, (17y)
Amine < Qe < Amaxes, €= 1,2,...,Ngp (176)

omou C eival n evdotkoTNTA TNC KATAOKEUNG, F Kat d eival ta Staviopota ¢popticswv
Kal PeTatonicewyv avtiotowa, To K elval To kaBoAwko puntpwo akappiag, to L gival to
SLAVUOUA PE TA UAKN TWV TTEMEPACUEVWY OTOLXELWV KaL TO Vj;,;, €lval 0 Oykog TG TEAKNAG
KataokeunG. OL petaBAntég oxedlaopol tou TpoPAnuatog eival to eufadov twv
SloTopwv TwV otolXeiwv SokoU Tou XpnoLlomolouvtol kot cupBoAllovtal HE To a. 3TN
padnpoatikr SLlatimwaon, T0 Ayyin UTIOSNAWVEL évav TTOAU HLKPO aplBuo yla tnv anoduyn

MOBNUOTIKAG AOTAOELAG EVW TO gy EVAL N HEYLOTN TLUN EUPadOU TIOU UIOPEL VO TTAPEL
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€va otolyeio. e avtiBeon pe tnv GSO péBodo, N petaBAntr oxedlaopuou dev pmopei va
Byel kowO¢ mapdyovtog amd To pNTPwo akopdiag £€Tol WOTE va UTOAOYLOTEL N
mapaywyog. Mpokeweévou to UnTpwo akapiag va yivel dtadopiolo, MPEMEL N pomn)
adpavelag va ekdpaotel cuvaptnosl Tou guPadou. MNa SLATOUEG HE arAn YEWUETPLQ,

elvat StaBgoun n avaAutikn ékdpoon Tng oxEong LETALY (ae — Iy), TLX. YLOL TETPAYWVLKNA
. 1 2 . T 2 . .
Satoun (Iy =5 ae) KOLL YLOL KUKALKN (Iy =7 ae). H mapdywyog Tng evOoTIKOTNTAG

umoAoyiletal and tn oxeon:

oc __ oK, a8
da,  °0da, ©

MNa tnv enilvon tou FSTO mpoPAnuatog avamntuxbnke kwdwkog otn C#, o omoiog
evowpatwoOnke otnv untoAoylotikn mAatdopua High-Performance Topology Optimization
Computing Platform (HP-TOCP). H cuykekpuévn Stadikacio xwpiletal og Vo pépn, tnv
npo-enefepyacia kal tnv emavaAnmruikn Stadikacia. Kat ota dvo pépn umapyouv duo
oavefdptnteg Sladlkaole¢ TOU TPAYHATOMOOUVTAL APXIKA, OVAKTWVTOL OAEC ol
anapaitnteg mAnpodopieg amo to otatiko mpoypoppo SAP2000. AuTO EMITUYXAVETAL UE
™ dnuwoupyia KAt@AANAwv cuvoptioewv Péow tou APl tou SAP2000, pe TIC OMOLEG
Aappdvovrtal povo oL amapaitnTeg, yia T miAucon Tou ipoBARaAToC, TTANPodOopIeC. TN
OUVEXELQ, O UTIOAOYLOTIKOG Ttuprvag tou HP-TOCP ektelel 6Aoug Toug amapaitnToug
umtoAoyLopoUG. TNV emavaAnmrikn Stadkaaoia SnpovpynBnke pia cuvaptnon wrapper,
n omoia kalAel tn ouvdptnon fmincon, tng couitag PeAtiotomoinong tng MATLAB,
vAorowwvtag th Stadikacio xwpic va xpelaletal va avolel Kav TO TIPOYPOUMO TNG
MATLAB. Koatda tn O&udpkela tng emavaAnmruikng Owadikaoiag umdpxel mavia
oAANAemidpaon HETALY TOU OTATIKOU TPOYPAUUATOC KOL TOU UTTOAOYLOTIKOU TTUPHVA. TOU
HP-TOCP, eneldn amattouVvTal To ANMOTEAECHATA LETA OO KABE OoTATIKN avaAuaon.

Y10 otadlo TN mpo-snefepyaoiag, HETA TNV Eloaywyr Tou GS oto SAP2000, mpémel va
KaBopLoToUV EVTOC TOU MPOYPAUUATOC OL CUVOPLAKEG CUVONKeG KaBwg Kot ol GpopTIoELC.
3TN OUVEXELO ETUAEYETAL TO €160€ TIG SLOTOUNG TWV OTOoLXEIWV §oKoU Tou TIPOPANUATOGC.
Onwc avadépOBnKe Kal MPONYOUHUEVWS, TO EUPadOV Twy dlaTopwy gival n petaBAnti

oxedloopol tou FSTO mpoPAnpotog. Opwe MPOKELEVOU va 0ploToUV oL SLATOUEG OTO

XXX



EUMOPIKO  TPOYPAUUO  amottoUvial oL okKplBng OlOOTACELC TwV  OSLOTOUWV.
XPNOLLOTIOLWVTOC TLG KUKALKEC 1 TETPAYWVIKEG SLTOUES, N CUYKEKPLUEVN TtAnpodopia
TIPOKUTITEL QUTOMATA EEPOVTAG HOVO To €uPfadov tng Statopnc. To mMpwto PrApa TG
mAatdoppoac HP-TOCP, eival n avaktnon oAwv tTwv MAnpodoplwV TNG YEWHUETPLOC TNG
KOTAOKEUNG. ANULOUPYOUVTOL OPLOUEVEG BLBALOBNKEG LIE TOL OVOLLOTA TWV TTEMEPOOUEVWV
otolelwy, T OVOUOTO KOL TIC OUVIETOYHUEVEC TWV KOUBWV KOL TA OVOUATA TWV
cuvbuvaopwyv ¢optong. To emopevo PrApa eival n ouox€tion Twv HeTOPANTWV
oXeOLOOUOU HE TNV KATOOKEU. ot TO OKOTIO auTo, Snloupyouvtol TO0EG SLOTOUEG Ooa
elval kal to otolyeia SokoU, emopévwe KaBe PENOC EXELG EexwploTh Statopn.

3TO EMAVAANTITIKO 0TASL0, TO TPWTO Bripa tng kabe emavaAndng eival n evnuépwon tou
HOVTEAOU TOU OTATIKOU TIPOYPAKUOTOG HE TG KALVOUPYLEC SLOOTACELG TIOU TIPOTEIVEL O
HOONUATIKOG OAYOPLOUOC. ITN OUVEXELD TIPOYHOTOTOLE(TOL N OTATIKA avaAucn Kal
ovVaKTWwvToL oL SUVAUELG Kal Ol PeTOTOMioELS KOs KOUPBou. Me tnv mAnpodopia autn
uTtoAoyiletal n evOTIKOTNTO KOL O GUVOALKOG OYKOC TNG KATOLOKEUNG. XPNOLLOTIOLWVTAC
TNV ouvaptnon nou epappolel tov ahyoplBuo tng MATLAB, avavewvovtal oL LETABANTEC
oxedloopol. Metd tnv oUYKALON Tou aAyopiBuou, ol petaBAntég oxedlacpou Aappavouv
TIEG OO Ay EWG Ay OUWG, OTIWG avadEPONKE TPONYOUUEVWG, TO Apin EVOL pLA
TIOAU ULKPI) TLUN Yo TNV amoduyr Tou Gpalvopévou TNG Lovadikotntac. Emouévwg, mpénetl
VOl OpLOTEL €va emumAéov Oplo, To omoio Ba umodnAwvel OTL omoladnmote SlaTtoun
AQUBAvVEL TLUN UKPOTEPN aTtd AUTO TO MEAOG, OTNV MPOYUATIKOTNTA SEV UTTAPXEL. ITO
IxAua 11 mopouotdletal to Staypappa pong tg npoavadepbeiocag Stadkaaoiag.

Jto Xxnua 12 mapoucidlovial dUo GS, TMPOKELUEVOU va TOVIOTEL n onuacio TG
ocuvdeolpotntag oto FSTO mpofAnpa, yo T mpooopoiwon pa yépupog pikoug 24m
KalL uPpoug H = 6m. Z1o aplotepo kot el akpo €xouv eHAPUOOTEL TAKTWOELG EVW OTNV
Katw TAeupd edapudlovtal onuelaka ¢optia oe kabs koépuBo P = 100KN.
XpNGLUOTOLOUVTAL KUKAKEG SLOTOUES HE gy = 4+ 1072mM2, apmip = 2 - 107*m? evw

tiBetat 0 meploplopds Vi, = 1.2m3.

XXX1



Zxnua 11 Awaypauua pong tne FSTO ue v uAomoinon tn¢ mAateopuag HP-TOCP

Jto Ixnua 13 mapouoialovial oL TPOTEWOUEVEG AUCELS. TN TMEPIMTwOn ToU
Xpnolpomnoleital to amAo GS n evSotkotnta tng BEATIOTNG KATAOKEUNAG elvat ion pe C =
1.31 - 103Nm, evw otnv nepintwon mou xpnotpomnoteitatl to mAfpeg GS eival € = 1.06 -

103Nm. Napotnpeitat SnAadA Helwon TG AVTIKELUEVIKAC cuvdaptnong 19.1%.

100
100
100
100
100
100
100
£100
100
100,
100

(B)
Jxnua 12 Apxiko oxedlaotiko xwpio yépupacg yla GS (a) amAng kat (6) mAnpoug
ouvbEaIUOTHTAC.
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(a)

(B)
Sxnua 13 Mé@upa: BeAtiotormoinuévn kataokeun yia Vi, = 1.2m3 yia GS (a) anArc kot
(8) mAnpoug ouvdeoiuotntag.

Jta Ixnuata 14 kot 15 napouvoialovtal SUo MPOTACELC yLo T dnuloupyla evog gridshell
To omoio Oa prnopovioe va eival otéyaotpo f ekBeclakd nepintepo (pavilion). Kat otig dvo
TIEPUTTWOELC Ttapatnpeital otL to FSTO eival £éva duvatd UToAoYLOTIKO gpyalsio, yla tn
Snuloupyia KOWVOTOHWY KAl TPWTOTUNWY SOULKWY CUCTNUATWY Tou &gV Umopouv va

niapaxBouv pe cupPatikeg pebodouc.

(a) (B) (v)

Zxnua 14 GS1: (o) Apxikn kataokeun yla amAng ocuvdeoiuotntag GS, (8) katoyn kot (y)
npoonTikn 6Yn BEATioTiTOmOINUEVNG KATAOKEUNC Yot Vi, = 60m3
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i
q
O

g

(a) (B) (v)

Zxnuo 15 GS2: (a) Apxikn kataokeun yia arAng cuvdeoiuotntag GS, (6) katoyn kot (y)
npoonTikn 6Yn BéATioTiTomoinuévng Kataokeunc yia Vi, = 80m3

7 Zuvbuaopog SSO kat FSTO mpoPARpatog yia To oXedlacpo
SOMLKWV CUCTNHATWV

2TIG cUMPATIKEG Slatunwoelg Twv STO MPoPANUATWY, N AVIIKELLEVIKI] OUVAPTNON Elval
ocuvnbwg n evéoolotnta evw PaolKOC TEPLOPLOMOC €lval 0 TEAKOG OYKOG TNG
KOTOOKEUNG. QOTO00, OTA £PY0. TOU TIOALTIKOU HNXAVIKOU, Pl HoOnpatikn Slatunwon n
omola LELWVEL TO KOOTOC UALKOU TNG KOTALOKEUNG elval oadwg mio evliladépovaa. Qotdoo
otn 8iebvn BiBAloypadia, ol peléteg ol omoieg edpapuodlouv pla tEtola SlaTtUMwWaon o€
FSTO eilval OlOITEPWG TIEPLOPLOUEVEG. 2TO KeddAalo outod ouvdudalovtal &vo
Sladopetikd €ibn BeAtiotonoinong KOTAOKEUWY, Yyl TV UuTtootnpn Ttwv £pywv
TIOALTIKOU HNXQVIKOU TOOO OTO OPXLKO 0TASL0 000 KOl 0TO TEAKO otddlo oxedlacpou.
Eldikotepa, Slatunwvovtal mpoBAnuata BeAtiotonoinon tomoAoylog Kal pey£boug kal
ermtlAbovtal  Swadoyikd. AapBavovtar umoPplv  peaAloTIKEG ouvOnkeg ¢opTiong,
edapuolovtal TUTIOTOLNMEVEG UETAAAIKEC OLATOMEG VW WG Teploplopol TiBevtal
Kavoviopol tou EupwkwiKka.

JTIC TIPOYMOTIKEG KATAOKEUEG, TO oTolxela SdokoU amotelouvral and Siadopa €ldn

Ill”

Slatopwv, OMwE 1.X. Slatopeg “H” yia tig KOAWVEC, “I” yia tor SokapLa Kot KOIAeS (KUKALKEG
1 0pBOYWVIKEC) yLa Ta Slaywvia PEAN. ZTO TAPOV KEPAAALO, XPNOLUOTIOLOUVTOL TUTIKEG
Slatopég Baoel tou Eupwkwdika 3 kal cuykekpuéva dtatopég HEA, IPE kat CHS. tn
OUVEXELQ, TO TIPOPBANUA BeATIOTOMOINONG SLOTUTIWVETAL E(TE WG Vol CUVEXEC TIPOBANUA

eite wg Slakprd. MNa v mepimtwon mou 1o MPOBAnpa €xel ouveyxn HeTaBAnti
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oXeSL00UOU, TIPOKELEVOU VO UTIOAOYLOTEL KaL N TIPAYWYOC TOU UNTPWOoU akaupiag twv
otolxeiwv Sokov, Ba mpénel to epPadovV TNG SLATOUNC VO CUCKETLOTEL UE AAAEC LOLOTNTEC
Twv Slatopwyv. Méow peBoOdwv avaiuong maAwwdpounong, n HetapAntr oxedloopol
CUOXETI(ETAL HE TIC UTTOAOLTEG LOLOTNTEC OL OMOLEC aattolvTaL yla TV availuon tTwv
TIEMEPAOUEVWY OTOLXElWY OAAA Kal Tn SlaoTAolOAOYNOoN Twv HeAwv. Itnv mapouoa

SlatpiPn, xpnoltomoleital n akdAoubn oxéon n omola yupilel mavra OeTikd aplOuo:
fesp(a) = (b1a® + bya® + bza)? (19)

Omnou fesp(a) eival n cuvdptnon yla ouykekplévn SLdTNTa yla KABe tumonotnuévn
Slatoun kat b; elval oL cuvieAeoteg tng e§lowong. 2to Ixnuo 16 mapouolaletal n
TIPOOEYYLOTIKA KAaUmUAN mou Sivel tn oxéon gufadol SLATOUAG Kol porr¢ adpAvelag.
Mapatnpeltal OTL EMITUYXAVETOL TTOAU aKPLBRG TTPOCEYYLON KAl YL Ta TPl €8N SLaTopwV.

-5

—HEA approximation
* HEA typical section
IPE approximation
IPE typical section
—CHS approximation
* CHS typical section

-15 ‘
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

2

a(m%)
Zxnuo 16 lMpooeyylotikny KoumuAn UeTa amd avaAuvon maAwdpounonc yio tm pornn
adpaveiag (ly) yia tic dtatouég HEA, IPE kot CHS

Me tnv mopaywylon tng eflowong 19, umoloyiletal kol n MAPAYWYOG TOU TOTILKOU

puntpwo akappiog kaOe menepacUévou GToLXELOUL:
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dK.(a,) E

0
-1

0

0 0 -1
dfi(a.) dfi(@e)
12 da, 6 da,
L: L,
6 4f1(ae)
dae 4 dfl (ae) 0
L, da,
0 0 1
dfi(ae) dfi(a.)
~ 12 da, ~ 6 da, .
L L,
6 de (ae)
dae 2 dfl (ae) 0
L, da,

0 0 1
dfi(ar) . dfi@.)
_ 12 da, 6 da,
L? L,
WIACH)
_ dae 2 dfl (ae)
L, da,
0 0 (20)
dfi(a.) dfi(a.)
12 daee _ 6 daee
L2 L,
WIACH)
B da, 4 dfi(a.)
L, da,

JUudwva He tov EupwkwSIKO, N HEYLOTN OPL{OVTLO ETUTPETTN METATOMION yla Eva

e omou H elvat to UPog Tou KTipiou evw Sev UTIAPYEL

pHovwpodo KTipLo elval dgpow =
KATtola GUYKEKPLUEVN odnyla yia moAuwpoda. Itn Sebvn BBAloypadia, mapatnpeital
OTL OTNV MEPUTTWON TWV PNAWV KTLpiwv ouvnBwg £xouv oxedlaoTel pe eUpoc amo 2%0 £WC

H , , , , , H . .
oy Ew n mAeloPndia Toug €XEL UEYLOTN METATOTILON 700" Ito mapov Kedpahalo

H

v ErutA£ov, ylo Tov EAAOTLKO 1) TTAQLOTLKO

. , . . H
XPNOLOTIOLOUVTAL KUPIWG THEG A0 ——— EWG

€Aeyxo po SLATOMAG, XPNOLWIOTIOLELTOL 1 CUVINPENTLKA TPOCEYYLON TNG YPOLMLKAC
oAnAemtidpaong nmou ekdpaletal we eENG:

N M M
DC, = —Z& 4 _»Ed 4 “2Ed g (21)
Nrg Mypq M;ypq
Af, XAS, W,
Nrai = =2, Npae = =2, Mpg = —= (22)
MO M1 Ymo

Omnou DC. eival o éAeyxog oxedlaopol, Ng4, Mg, €lval oL eowteptkeg SuVAPELS Kot Ny,
Mp, €lval oL TYHEG oxeSLAOUOU TNG AVTOXNSG.

MpoKeLEVOU va LKAVOTIOLNBOUV OL OPLAKEG KOTOOTAOELS AELTOUPYLKOTNTAC, TIPETEL VA
epapUooTEL €Eva Avw OpLo PEYLOTNG PeTATOTONG. EMeldr) Opwe v umapXeL avVOAUTIKN
€kppaon TNG TMAPAYWYOU TNC HETATOTIONG, XPNOLUOMOLE(TAL N €vOOoTIKOTNTA TNG

KaTaokeung. EmumAéov, adol Sev umdpxel avaAutikn ékbpacn tng mapaywyou tou DC,
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urmoloyiletal e oplBuntikéc pebBodoug. H Slatimwon tou TPOPANUOTOC OPXLKA

SlatumwOnke wg €NG:

main V(a) =a’L (23a)
s.t.
K(a)d(a) =F (23B)
C(a) < FTd(a) (23v)
DC.(a) < 1 (236)
Amine < Ao < Amaxer € = 1,2,...,Ngpe (23¢)

Ma tv enihuon tou npoavagpepBEVTog MpoBARUATOC, Xpnolponol|Bnke o aAyoplOuog
interior point, evw yla TV opPXLKA TR TwV PeTaPAnTwv oxedlacpol edapuooTnKe
opolopopdn Katavoun UALKOU o€ KABE TeEMePAGUEVO oTOLXElD. 2€ aUTO TO onueio, pEnel
VO TOVIOTOUV U0 ONUOVTIKA XOPOKTNPLOTIKA TNG OCUMUTEPLPOPAC TNG TOPATIAVW
SlatUMWoNG Tou MPOPANUATOC. ITIG MEPLUTTWOELG TTOU N BEATIOTOMOLNUEVN KOTOOKEUN)
LKAVOTIOLOUOE TOV TIEPLOPLOMO yia To DC¢, N Katavoun Tou UALKoU kaBodnyouvtav amno
TOV TEPLOPLOMO TNG EVOOTIKOTNTAG, KATAANRYOVTAC OTO (610 oxfua He Tn Stapdpdwon Tou
nipoBARUaTog mou edappoloTay Povo N aviootnta (23y). Ztnv avtibetn nepintwon, 6mou
o meploplopog DC: bev ikavomolouvtay, n didtaén tou apxikou GS dev dAate kabdAou,
KataAnyovtag oe éva SSO mpoPAnua. Emopévweg cupdwva He TV mpwtn dlepevvnon,
puropel va efaxBel to oupmépacpa OTL oL meploplopol (23y) kot (2368) elval
oAANAOGUYKPOUOHEVOL KaL i CUYKALON o€ pLa BeAtiotomotnpévn Auon eival avédiktn. MNa
1o AOYO aUTO OTn CUVEXELX e€eTAoTNKE pa Slatunwon poBAnudtwy BeAtiotonoinong
Kotookeuwv oe &Uo otadlo. Ito mpwrto otadlo emlUetal éva FSTO mpoBAnua
el\ayLotomnoinong Tou oUVOALKOU OYKOU TNG KOTAOKEUNG LLE TIEPLOPLOMOUC Toug (23B),
(23y), (23€) kat oto Sevtepo otAdlo €va SSO MPOBANUA EAXXLOTOTIONCNG TOU GUVOALKOU
OYKOU TNC KATAOKEUNG HE TEPLOPLOopoUC Toug (23B), (236), (23€). Zto FSTO otddio n

TIOPAUETPOG Aypiyy AOUPBAVEL ULOL UIKPR TR yla TNV amoduyn Tou TPoBARHATOG TNG
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povadikotnTag evw oto SSO otddlo n TIUR QUTH AVTLOTOLKEL OTO UIKPOTEPO eUPadov
S TOUNC TTOU TTPOKUTITEL OTTO TNV AloTa TwV TUTOMOLNUEVWY Statopwyv. Ocov adopd tnv
eMAoyn Tou aAyopiBuou, Stamotwlnke OTL 0 interior point ATAV AMOTEAECUATIKOC OTO
FSTO otddio, opwg oto SSO otadlo emhéxBnke o Sequential Quadratic Programming
(SQP). ErmutAéov, 6oov adopd TNV €mAoyr Tou apxlkou oxedlaopol, oto SSO otadlo
SlarotwBnke OtL emnpedlel apkeTd tnv BEATIOTN AUon ou Ba cuykAlvel o aAyoplBuog
oe avtiBeon pe to FSTO otadLo oto omoio o aAyoplBuog cuvékAve tavta oty (Sta Avon.
MNa to Adyo auto, oto SSO otadlo xpnowwomowBnke n efiowon Global Search tng
MATLAB.

3Tn ouvéxela, mopouactalovtal oplopeva apadeiypata yio Sopkd cuotiuoata Moment
Resisting Braced Frame (MRBF) unAwv ktiplwv. 1o IxNua 17, mapoucidletotl to MRBF1
epapuolovrag tpia Stadopetikd GS. To pnkog tou eivat L = 9m, 1o uPoc H = 18m svw
1o doprtio eival ico pe P = 4MN. 310 GUYKEKPLUEVO TTOPASELY O XPNOLUOTIOLOUVTAL LOVO
HEA Swotopég, pe peyaAltepn tnv HEA1000 (@pqy = 347cm?) evd n kpiown TwuA
euBadol opiotnke n aqer = 10cm?. NMa k&Be Swadopetikd GS, SiepeuviBnkav Svo

H
Kot dgpow2 = 200" Itov

SlapopeTikd emuTpENOUEVA Opla PETATOTUONG, dgyiow,1 = 2%0
Mivaka 1 napouaoialovral ta anoteAéopato tou FSTO otadiou, otov omolo mapatnpeitatl
OTLTO OPAAUA KATA TNV LETATPOTIN TWV GUVEXWV METABANTWY OXESLOOUOU OTLG TPOTUTIEG
SLATOUEG €lval apKETA PIKPO, YLa TNV evEoTIKOTNTA KUpalveTal amnod 0.20% €wg 2.78% evw
ylo TOV OYKO TNG Kataokeung amo 0.04% £wg 2.36%. Emiong, SLamIOTWVETAL OTL € OAEG
TIC KOTAOKEVEC TIOU Eekivnoav amod mukvotepa GS, n TEAIKN KATAOKEUTN ATOV TIAVTA TILO

eAadpld o€ oxEon UE AUTEG ToU Eekivnoay amod mio apaldtepa GS. Ita Ixnuata 18 kot 19

. . . . . H
napoucidfovtal oL BEATIOTEG KATAOKEVEG TIOU Tiposkuav amo 10 dgyow1 = 00 Kot

H . , . .
datiow,2 = 700 QvtloToa. Ztov Mivaka 2 mapouctdfovial Ta anoteAéopata tou SSO

otadiou, 6mou Slamiotwvovtal e§loou KaAd amoteAéopata 00ov apopa TNV MPOCEYYLON
TWV TPOTUNIWV Slatopwyv. QoTd00, TO KPIOWO CUUMEPOCHA TIOU OTOPPEEL ATO TOV
Mivaka 2 eival otL, ave€dptnta amo to GS, n T TG eVvOOTIKOTNTOC EITE HELWVETAL ElTE
ouv&avetal petd to FSTO otadlo, MPOKELPEVOU va glaylotomolnbel o Oykog Kol va

wkavorolnBel to DC.. AmodelkvUeTaL He QUTO TOV TPOMO OTL OL TEPLOPLOMOL TNG
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€vOOTIKOTNTAC KAl Tou eAEyxou oxedlaopou elval aAAnAoouykpouopevol. Mo To oUVoAo

Twv Sladopetikwv GS, CUUTEPALVETAL OTL N EVOOTIKOTNTA TWV BEATIOTWY KATAOKEUWY

Kupaivetal and 0.268MNm £wg 0.294MNmM 1} 0€ OPOUG PETATOTILONG OO 2% EWG 2’:—6.

*(x 10°)
Continuous Staerardlzed crqss— Number of
sectional properties Error
Test case approach frames
(HEA)

C*(Nm) | V(m3) | C*(Nm) | V(m3) | C(%) | V(%) N,
MRBF1Sd1 1.0944 3.6656 1.1006 1.82 0.57 18
MRBF1Md1 3.6 0.9924 3.7000 0.9920 2.78 0.04 22
MRBF1Fd1 0.9869 | 3.6879 0.9636 2.44 2.36 20
MRBF1Sd2 2.3508 | 1.7964 2.3600 0.20 0.39 39
MRBF1Md2 1.8 1.9830 | 1.8208 1.9660 1.15 0.86 25
MRBF1Fd2 1.9670 1.8259 1.9415 1.44 1.30 20

Mivakac 1 MRBF1#d#-FSTO otadlo: Zuykplton UETaéU ouveyYouc UVewpnong Kol
TUTTOTTOLNUEVWV SLATOUWY

*(x 10%)
Continuous Standardized cross-sectional Error
Test case approach properties (HEA)
C*(Nm) | V(m3) | C*(Nm) | V(m3) DC C (%) V (%)

MRBF1Sd1 2.9439 | 1.5635 2.9344 1.5682 1.003 0.32 0.30
MRBF1Md1 | 2.6896 | 1.5202 2.6597 1.5382 1.033 1.11 1.17
MRBF1Fd1 | 2.8634 | 1.4120 | 2.8723 1.4093 1.025 0.31 0.19
MRBF1Sd2 2.7992 | 1.6203 2.8254 1.6076 1.056 0.94 0.79
MRBF1Md2 | 2.7310 | 1,5007 2.7353 1.5037 1.021 0.16 0.20
MRBF1Fd2 | 2.8877 | 1,3970 | 2.8692 1.4060 1.029 0.64 0.64
Mivakac 2 MRBF1#d#-SSO otaéblo: Zuykplon METaEU ouvexoUs¢ UVewpnonc Kol
TUTTOTTOLNUEVWV SLATOUWY
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(a) (B) (v)
Jxnua 17 MRBF1: Apxiko ywpio oxebiaouov yia (a) anAng (MRBF1Sd#), (8) usoaiag
(MRBF1Md#) kait (y) mAnpnc¢ (MRBF1Fd#) ouvdeowuotntoc GS.

OLAL YAl LASAA, P LI L L 7 VAL LT LT LALLLAA L L ELALALLAF g T Y T A — va

(o) (B) (v)
Jxnuo 18 MRBF1#d1: BeAtiotonmoinueva Souika ovotiuata (o) MRBF1Sd1, (8)
MRBF1Md1 kat (y) MRBF1Fd1.

x1



(o) (B) (v)
Jxnuo 19 MRBF1#d2: BeAtiotomownueva Souika ovotiuata (o) MRBF1Sd2, (8)

MRBF1Md?2 kat (y) MRBF1Fd2

3tn ouvéxela to SSO otadlo tng mpotewvopevng pebodoloyiag, epapudletal os Eva
EUMOPLKO TIPOYPOLUO. TIPOKELUEVOU N TEAIKN KATAOKEUN vo €lval TLO KOVIA OE pLa
PEOALOTIKA KOTOOKEUN oTnv omoia spopudlovial OAOL Ol KOVOVIOUOL. JUYKEKPLUEVA
xpnowwonownke n mAatdpopua HP-OCP oe ouvbuaouo pe to ETABS v18.1.1. O
KOQTAOKEVEG IOV Ttpogkuav amod to SSO atddlo otnv mponyoupevn Slepelvnon LE Tov
TIPOOWTIIKO UTIOAOYLOTIKO KwOLKA OV IKAvomolouoav OAOUG TOUG €EAEYXOUC TOU
EUMOPLKOU TPOYPAUMOTOG. Opwe to HP-OCP, yia kaAUtepn amoSoTikOTNTa amaltel n
npwtn AVon va eivot edpikth. Ma tov Adyo auto epappdletal pa Stadkooia Stopbwaong
oTnV omoia eMAEyovTaL OPLOUEVECG LEYAAUTEPEG SLATOUEG amd Tt Alota. Mo tnv KaAUTEPN
KaTtavonon Twv SuvatoTATWY TG MPOTEWVOUEVNG LeBodoloyiag cuykpivovtal TECOEPLS
KOTOOKEUEG. JUYKEKPLUEVA, €va SOULKO GUOTNHA TIOU OMOTEAELTAL amod xlooti og 6Aoug

TOUG 0POPOUG Kait TA SOHLKA CUCTAUATA TTOU TIPOEKU AV ATt TOV EPLOPLOUO dgyjow 2 =

41%0. Onwc napatnpeitat otov Mivaka 4, to HP-OCP peiwoe og OAEC TIG MEPUTTWOELG TNV

TPOTIOTOLNEV KATAOKEUH TIoU TIPoEKL e amod tn dladikaoia dtopbwong. Zto Zxnua 20
TapaTnPEEitoL OTL oplopéva HEAN dTAvouv MOAU KOvTA otnv TANPN eKUETAAAELGON TNG

Sl0TOUNG TOUC. INUAVIIKO CUUTEPACUO Elval n Helwon TOU EMITUYXAVETOL KABWg
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TIUKVWVOU LLE TO apXLko GS. Apxka mapatnpeital 6ti to MRBF1Sd2 £xet 13.54% UAIKO o€
oxéon He to MRBF1X. Autod pmopel va tekpunplwOsl amd to yeyovog ot n MRBF1X
KOTAOKeUH Slatnpel apkeTd mepLttd HéAN. Zuykpivovtag to MRBF1Sd2 pe to MRBF1Md2
napatnpeitat emmAéov 10.32% peiwon. Ailvovtag dnAadr) meplocotepn OXESLAOTLIKN
eleuBepla emtuyyavetal afloonpeiwtn pelwon uAikol. Zuykpivovtag to MRBFIMd2 ue
o MRBF1Fd2 napatnpeital emutAéov 1.98% peiwon. Napatnpeital SnAadn, otL mapott
oxebov Suthaoldotnke n oxedlaotikr eheuBepla, 1 pelwon tou UAkoU &ev elval
avtiotolyn. Autd elval kpilowo ouunépacpa otnv Tmeplmtwon edappoyng Ing
TIPOTEWVOUEVNG UEOOSOU ot peyaAltepa SOUIKA CUOTHAMOTA, OTMOU TO UTIOAOYLOTLKO
KOOTOG £lval oAU peyaAutepo.

Note: IMRBF1Sd2 vs MRBF1X, MRBF1Md2 vs MRBF15d2, 3MRBF1Fd2 vs MRBF1Md2.

Reference (Modified) Optimized Design Volume

Design Reduction (%)
Test case by HP by test
3 3 -
V (m?) DC V (m?) DC oCP case
MRBF1X 2.3057 0.978 2.2587 0.982 2.04 -

MRBF1Sd2 | 2.0015(1.6076) 0.967 1.9528 0.974 2.43 13.541
MRBF1Md2 | 1.7721(1.5037) 0.972 1.7512 0.984 1.18 10.32?
MRBF1Fd2 | 1.7314(1.4060) 0.977 1.7165 0.987 0.86 1.983
Mivakoc 4 HP-OCP spapuoyn kot ouykplon Stapopetikwv GS yio MRBF1

g He5,
S0p, % 004

HE280A
HE300A

HE280A
%
HE300A

HE280A
S
e
o°
HE300A
X

§
<
&

A 0,

HE280A

HE1000A
HE300A
7,
%
%
HE1000A

HE260A HEZH0A HE260A
=4

HE650A

R

G,

2
HE1000A
HE650A

Q
HE1000A

11;5004

§
<
T

IS

“V
& K

HE650A
HE1000A
HEG50A

Q
HE1000A

(a) (B) (v) (6)
Zxnuo 20 EAeyyoc oxebdiaouov yia (o) X-braced, (8) MRBF1Sd2, (vy) MRBFIMd2 kat (6)
MRBF1Fd2
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8 FSTO BaosL Suvapikng avaluong

MéExpLg OTLYHAG, OAeC ol peBobdoloyisg mou mapouactdlovtal otnv mapovca datplpn
Baoilovtal otn Bewpnon otatikwy Popticewv. Emiong, otnv cuvtputtikn mAsloPndio tng
BBAloypadliac mou eotialouv os STO mpofAnpata, ol cuvOnkeg dpoptiong Bewpolvtal
OTATIKEG KOl VTETEPULVLOTIKEG. QOTO0O0, N CUVEKTIUNON TNG SUVAULKAG amOKPLoONG TNG
KQTAOKEUNG, elval ocadwg mo amaltntikg Kot evdladEépouoa Kal, OF OPKETEC
TIEPUTTWOELG, TILO KOVIA OTNV TIPAYHOTIKOTNTA. XTI UEAETEG SUVAUIKWY TIPOBANUATWY
STO, oL mpooeyyioelg mou uloBetolvtal adopolv to TPOPRANUA tng eAelBepng N
e€avaykaopévng ToAdviwaong, ebpoapuolovtac Aapecn oAOKANPWGN TOU XPOVOU, TEXVLKEG
Wlopopodkng umépBeong (modal superposition) kat tn péEBodo tng TG avaiuong
daopatog amokplong (Response Spectrum Modal Analysis - RSMA). Qotoco, ol
TEPLOOOTEPEC epyaocieg otn Olebvy BpAoypadia mou aoyoAolvial HE TIG
npoavadepbeioeg SuvapLKEG ouvOnKeg, edpapudlouy Ti¢ SlaTunwoelg Bewpwvtag tn GSO
TIPOCEYYLON.

KUplog otdxoc autol tou kedalaiou eival n yéveon SOUKWY CUCTNMATWY MAEUPLKAG
oTAPLENG ya PnAd ktipla, Aappdavovtag urtoP v tn SUVALKE ATOKPLON TWV KATOOKEUWV.
Apxika Aappavovtol umoPv ouvBnkeg eAeUBepNC TAAGVTWONG KOl WG OVTLKELUEVIKN
ouvaptnon tou FSTO mpoPAnuotog opilletal n UEYLOTOMOLNGN GCUYKEKPLUEVWV
LOLOCUXVOTATWY TWV SOUKWY CUCTNUATWY. TN CUVEXELD, OVTLUETWTI{ETAL TO IPOBANUA
Suvaukng doptiong, Bewpwvtag eite appovikn ¢option eite dedopéva MPAyHATIKOU
OElOMOU, evw eTAUETOL HE avaAuon xpovoiotopiag. QG OVTLKELMEVLK) ouvAPTNoN
opiletal elte n Suvapkn evdooluotnta eite n pilo tou aBpoiopaTog TwV TETPAYWVWY TWV
petatonioewv (Square Root of the Sum of the Squares - SRSS). Téhog, ebapuoletal n
RSMA mtpokelpévou va PeLwBEL To UTTOAOYLOTLKO KOOTOG, TO OELOWULKO popTio uTtoAoyileTat
oo Tov EUupwKWSEIKA EVW OVTLIKELEVIK) CUVAPTNON ETAEYETAL TO ABpolopa TWV
popdkwv evdoopotntwy (modal compliances).

OL €flowoelg Kivnong €vOC OUCTHUOTOC TIOU UTIOKEWVTOL Ot OSUVAULK ¢$OpTIoNn

ekdpalovral we e€ne:
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M(a)iiy + C(a)u; + K(a)uy = R, (24)

omou M(a), C(a) kot K (a) sivat ta untpwa paloc, andoBeong kat akapiag avriotowya,
ouvaptnoel TG LetaPAntrg oxedlaopou a. To R, gival to didvuopa $optiong, Ta u, U
Kol i elvol to SlavuopaTa LETATOMICE WY, TAXUTATWY KoL ETIITAXUVOEWV. 2TO GNUELO QUTO
TPEMEL va ylVEL N El0aywyr TOU opLopoU Tou pntpwou palag. Ito mapov kepdahalo
e€etalovtal Sladopol oxnuatiopol yioo MRBF Soutkd cuotiuata vPnAwv Ktipiwy,
EMOUEVWCE TO KABOAIKO pntpwo palag amaptiletal and tn pala Twv SOULKWY KAl pn
SouLkwv otolxeiwv Tou dopkol cuotpatog. H pala twv Sopkwy oTtolyeiwy anoteAeitol

ano ™ pala tou GS, EVW TO TOTLKO PNTPWO UALAC EVOG TIEMEPACUEVO OTOLXELO SoKoU

opiletal we g€Ng:
20010 0 0 0 0 0 0 0
0000 0 0 0 156 22L, 0 54 —13L,
MgzpaeLe 000 00O +paeLe 0 22L, 412 0 13L, -3I2 (25)
6 [1 00 2 0 0ol 4200 0 0 0 0 0
000 00O 0 54 13L, 0 156 —22L,
000 0O0O 0 —13L, —312 0 —-22L, 4I2

OTou p elval n TUKVOTNTA TOU UALKOU, a, €lval to epPadov tng dtatopng kat L, glvat to
MNKOG TOU TIEMEPACEVOU oTolxelou. MNa TNV meplmtwon Twv pn SoUKWY oTolelwY TNG
KOTAOKEUNG BewprBnKe ULl GUYKEVTPWHEVN HAla OTO KEVTPO TOU KABe opddou:

my ves 0

ML =1|: : (26)

0 ees me

omou m; eivat n pdda tou kaBe opoddou Kat Ny 0 cuvoAikog aplBuog Twv opodwv. Mapd
TO YeYoVOG OTL N palo Twv SOUIKWY OTOLKEIWY EVOL CUYKPLTIKA UIKPOTEPN Ao TN pala
TWV Un doptkwv otolxeiwy, Ba ATav avoakplBEg va tnv mapadeiPpoupe. EmumAéov eneldn n
pala twv pn Soplkwv otolxelwv elval ave€aptntn tng petapAntng oxediaouol,
(V,M! = 0), n mapdAndn ™ palac Twv SOUIKWY oToLXElwV 08nyel Tov alyoplduo ot

oplOuNTIKA aotdBbela. Emopévwg oto KaBoAKo cuotnua LoXUEL:

M(a) = M + M (a) (27)
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Ma tnv nepimtwon tou FSTO mpoBAnuatog omou Bewpeital eAelBepn TaAAvVTWON Kol
OVTLKELMEVLK ouvaptnon eival n peylotomoinon pag WotpAg, n dlatumwon Tou

npoBAnuatog eivat n €€ng:

main[—/lk(a)] (28a)
S.t.
(K@ — 0(@M(@)di(@) =0, k=1,..., Npor (288)
T (@M(@Q)bi(@) = 8s Jok = 1,.., Npor (28v)
a” L < Vi (285)
Amine < Qe < Amaxes €= 1,2,...,Nge (28¢)

ornou Ai(a) kot wy(a) eivat n ot kot n Woouxvotnta evw to ¢k (a) elval o
avtiotolyo Wlodlavuopa. Mo tnv eniluon tou MPoPANUATOC OMALTEITAL O UTTOAOYLOUOC
TNC MOPAYWYOU TNG LOLOTIUNG KAl Tipaypatomnoleitol pe xprion tou adjoint povtéAou.
MNapaywyilovtag tnv eficwon (28B) Bacel Tou a,, Aappavoviag umoPv TG E§LOWOCELS
(28B), (28y) koL T cuppeTpia Twy pnTtpwwv K kot M, n mapdywyog umoloyiletal:

oAk T(@K a aM) (29)
da, i da, k da, P

. . K , . . .M ,
OTIOL N MAPAYWYOG —— EXEL avaAuBei oe mponyoL peva kedAAala EVw TO . uTtoAoyiletal
e e

pe euBela mapaywylon Tng e€lowaoncg 25.
TNV nepimtwon g e€avaykaopevng Taddviwong, séstalovtal SUo ouvBnkeg dpoptionc.

o TNV APROVLKN TAAAVTWON LoYUEL:
F, = Psin(wt) (30)
EVW OTNV MEPIMTWON TOU MPAYUATIKOU CELOUOU:

F, = —Mriiy(t) (31)
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omou 7 eivat to didvuopa emppong kat iiy(t) eivaw n emtdyuvon edadoug. Zto onpeio

OUTO ELOAYETOL KOL TO UNTPWO OMOCBECNC TO OTolo UTIOAOYILETE:
C=aM+BK (32)

OTIOU OL CUVTEAEOTEG amooBeong a,, B €§apTWVTAL Ao TO TOCOOTO AMOCBEoNG KaL TNV
dloouxvotnta. Itnv mapouoa gpyacio 1o Mooootd anocBeong AaupBavel tnv Tl { =
0.05. Ta tnv emnihuon tou mpoPAnuatog tng eflowong kivnong xpnollomoleital n
oplOuntikiy péBodo¢ Newmark Beta. Mo tnv mepimiwon tNg apuovikng ¢optiong,
OVTLKELMEVLKN ouvdptnon tou FSTO mpoPARpotog emAéyetal n SuVApLKn evoouotnta

evw emBarietol ¢option HiooU KUKAou. Avalutikd n Statumwaon tou mpoBARuUaATog

givat:

ty Ndof
min f = Z z u F;At (33a)

j=t; i=1

s.t.

M(a)ﬁt + C(a)ilt + K(a)ut = Ft (336)
a’ - L < Vlim (33V)
Amine < Qe < Amaxer € = 1,2,..., Neje (335)

omou t; = 0 kot At lval €va UKPO XPOVIKO Brio §QPTWHEVO ATIO TN CUXVOTNTA TNG
e€wTtepKNG ¢optionG. Mo TNV MEPIMTWON TOU TPAYUATIKOU OELOUOU OVTIKELUEVIKN
ouvaptnon emAéyetal To SRSS Twv PeETATOTIOEWY TNG KOPUDNC TNC KOTAOKEUNG, EMELON

n Suvaplkn evoooluotnTa AauBAaveL apvnNTLKN TR KOTA TN SLAPKELA TNG TAAAVTWONG:

f= ||lTut||2 = (34)
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Mo tnv emiAucon Tou MPOPARMOTOG ATMALTETAL O UTIOAOYLOMOG TWV MOPAYWYWV TOCO TWV
HETATOTIOEWY 000 KOL TNG OVTLKELUEVLKAG oCUVAPTNONG. Xpnaotpomowwvtag tnv nébodo

Apeong oAokAnpwong n e€lowaon Kivnong LETATPENETAL OF:

d2 /du d /du du OF, oM _ aC oK
M—( ) C—( ) K = - i — u— u (35)
dt\da,

dt2 \da, da, da, da, da, da,

H e€lowon 35 AUvetal pe tn pEBodo Newmark Beta, evw 6cov adopd TV MApAywyo Twv

OVTLKELUEVLKWVY CUVOPTHOEWY, yla T SuVa LK evEooIuoTnTa LoYUEL:

oul oul ou?
TE) = —=Mii, + —Cu,, + —K 36
aae (un Tl) 6ae uTl aae un aae un ( )

EVW yLa To SRSS TwV YETOTOMICEWV:

of ul il 9
_ E Tu,)? E Ty, 2n 37
da 0.5 (ITuy) 21T u, 30, (37)
t=0 t=0

H pébodog RSMA sival pio armAomoinon tne¢ mpoogyylong tne unépBeong twv Wlopopdpwv
£T0L WOoTe va amogeuxBel n UMOAOYLOTIKA KOOTORBOPOG avaAuaon tng xpovolotoplag tng
Suvapkng eflowong. JUYKEKPLUEVA Ol HETATOTOEL TOU &OMKoU OUCTAKUOTOC

umoloyifovtal pe Tov €A TPOTO:

ue = ) TdSD; (38)

j=1
Omou 1 elval 0 pHEYLOTOG apLBOG Twv cupBailopevwy Wolopopdwy, ¢; eivarn tolopopdn
SD; eivat n daopatik uetakivion kat [; €ival 0 OUVTEAEOTHG CUMMETOXAG TNG
Slopopdrig j, 6mou unoloyiletal wg §NG:

r d)JT-Mr
T diMY;

(39)

TNV MePIMTWOoN Tou CELOHOU, oL EEWTEPIKEG HOPTIOELG TIPOKUTITOUV OO OOPOVELOKEG
Suvapelg kat e€aptwvtal anod tn petaBAntr oxediaopo. Mpokelpévou va umapEet pia

XOAGpwon Tou pabnuatikol TPoBARUATOG, HOVO YLA TOV UTTOAOYLOUO TWV CELCHULIKWY
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doptiwv xpnollomnoleital to untpwo palog Mé. Me Tov TpOTMO AUTO, TO SLAVUCUA TWV

MEYLOTWV petatomiogwyv U; umohoyiletal:

Uy =K 'F (40)

= [M,5A(T) (41)

orouv F; eivar 1o dldvuopa Twv OCELOUIKWY PopTiwv Kat SA(TJ-) elvat n ehaotikn
daopatikn entayuvorn. Na tnv emthoyr Tou aplBuol n, edappooTNKE N amaitnon tou
Evupwkwdika OtL to GBpolopa Twv evepywv LSLopopPKwY palwv TPEMEL va sival
TouAdylotov (6o pe to 90% TNG OUVOAIKAG UAlAG TTOU aVTIOTOWKEL otnv und e€étaon

6levBuvon:

_(9Tmr)’

eni — (42)
et = g Mg

H pabnuatiky Swotunmwon tou mpoBAnpatoc FSTO, Bewpwviog WC QAVILKELLEVLIKN

ouvaptnon to abpolopa Twv LoLopopdLIKwY EVEOCIUOTATWY elval:

min f = i Fl' (@) U;(a) (43a)
=1
s.t.
(K(@) - w?M(a)) b; =0 (43B)
a’ - L < Vim (43y)
Amine < Qe < Amaxes €= 1,2,...,Ngpe (4306)

H mopdywyog tn¢ aVIKELUEVIKNG ouvVAPTNONG, UTTOAOYIIETAL E TIOAPOHOLO TPOTIO HE TV
MePIMTWON NG OTATIKAG €VOOOLUOTNTAG, YO KOTAOKEUN TIOU UTIOKELTAL O€ TIOAAQTTAEG

doptioelg e€aptwpeveg amd tn petofAnTr oxedlacpou:
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n

df oK

1= 2. "V 52 (44)
e j=1 e

21tn ouvéxela Stapopa MRBF xpnotuomnolifnkav ylo Tnv UAomoinon Twy MPOTELVOUEVWV
pebBodoloylwy. 2to IxNua 21, mapouctdletal To apxko GS evog MRBF dmou ¢aivetal n
kotovopn Twv palwv. Ocov adopd 1tng Olatopéc tTwv  otolxeiwv  dokou,
xpnotponowBnkav HEA yla tic koAwveg, IPE yia ta dokdpla kot CHS yla Tig SlaywvLEg,

Baowlopevol oto Kedpahato 7.

* 0 ® ~ » @® = my floor

! " ® ! I ® == M. frames
@ B e ° °

° ® @ . ®

. ® @] L] e

° . O ° °

e [ © ® °

° ° © [ ®

2xnuo 21 Katavoun ualoc oto apyiko Soulko cUOTHUQ, UE UTAE xpwuo n ualo tou
0pOPOU Kol UE KOKKLVO N pala TwV SOULKWVY OTOLYEIWV

Ma tnv nepintwon tng eAevBepng TaAdvtwong, n pebodoloyia edapuoletal o éva
MRBF evoc ktipiou cuvoAikoU Uouc 64m evw xpnaotpomnololvtal SUo €idn GS, amAng Kot
pecatag ouvdeowotntag (HRBS kat HRBM avtiototya). H FSTO uAomolnBnke yla Tig
TPWTeG Tévte &lopopdEg, atov Mivaka 5 moapouactalovtal To aplOUNTIKA amoteAéouota
EVW OTO ZxNpata 22 Kot 23 mapouaotdlovtol oL TPOTEWVOUEVEC KATAOKEVEC. Ooov adopd
TNV TOMOAOYLO TWV KATAOKEUWY, N TIPWTN Tapatnpnon elval OtL n Heylotomnoinon tg
PWTING WOLopopdrg, odnyel o mapopola OXAUATA UE OUTA TIOU TIPOKUTITOUV amod To
OTATLKO MPOPANHA. AUTO elvat AoyLko, 0idpoU oL SLATUTIWOELS TwV SUO TIPOPANUATWY £XOUV

TIAPOUOLO OTOXO TIOU €ival n peylotomnoinon tng akaupiag. Mwa deltepn mapatipnon
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elval OTL og KABE MPOTEWVOUEVN KATAOKEUI UTIAPXOUV TEPLOXEC Tou SnuLoupyolvTal
Alyotepeg Slaywviol oL omoieg Bplokovtal oTa AKPO TOU OXIHOTOG TWV WOLopopdwV.

*(rad/s)

Eigenfreq. wy* wy* wy* w,* wsg*

Test Case | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM
Opt. w, 0.99 1.09 2.86 2.71 4.93 4.27 6.56 4.87 7.77 5.71
Opt. w, 0.59 0.54 3.71 | 4.10 4.53 4.10 7.77 5.99 8.68 6.43
Opt. w3 0.54 0.55 2.44 2.26 7.41 7.47 7.41 7.47 8.59 7.81
Opt. w, 0.54 0.54 2.66 2.00 4.98 4.71 | 10.60 | 10.82 | 10.60 | 10.82
Opt. wg 0.47 0.54 1.56 2.07 4.51 4.73 6.51 6.42 | 13.48 | 12.86

Mivakoc 5 HRBS kat HRBM — ueyiotomnoinon twv 5 mpwtwv 16100UxVoTATWY

K

CRSERS

ZN
RN

b

(a) (B) (v) (6) (€)
Zxnuo 22 HRBS (64m Uoc), BeAtiotomoinuéva Souilka CUCTHATA YLa LEYLOTOTTOIN T TWV
5 npwrtwyv tbroouyvotitwv (a)-(g)

VAN =] (PS

KR A

ZalEas

21 Z T

(a) (B) (v) (6) (¢)

2xnuo 23 HRBM, BeAtiotomotnueva SouLkd cuoTHUATA VIO UEYLOTOTTOINON TWV 5 MpwTwv
tétoouyvotntwy (a)-(€)



Eniong otnv nmepimtwon mou mopéxetal PeyaAltepn oxedlaoTikr eAeuBepia emumAéov
eMewpoeldn oxnuata oxnuatifovral, HEWVOVTAG £T0L TNV Tapoudia Twv xaotl. Oocov
adopd Ta aplOUnTKA amoteAéopata otnv mepinmtwon tou HRBM, n OVTLKELUEVLKN
ocuvaptnon eivat peyoAltepn oe oxéon He to HRBS Opwg ol Stadopég peTall twv
Olopopdwv TOU i6loU oxedlaouol elval MIKPOTEPEC &vw Tapouctalovial Kot
EMAVOAAUPBAVOUEVEG LELOCUXVOTNTEC. EMMOUEVWCE EVW N QVTIKELUEVIKN cuvaptnon elvatl
KAAUTEPN N YEVLKOTEPN SUVALLKN CUUTIEPLPOPA TNC KATACKEUNG dev elval amapaitnta
KaAUTEPN, TOVi{oVTOG HE QUTO TOV TPOTO TLG SUOKOALEG QAAQ KoL TNV TPOKANGCN TNG
avarmntuén pebodoloylwy BeAtiotonoinong moAAATAWY LELOGUXVOTHTWV.

3TN OUVEXELD, LA NULTOVOELONG OPTLON MooV KUKAOU edapuoleTal oTnV Kopudr evog
SouLkol cuoTANATOoC KTipiou UPoug 32m evw xpnotpomnolouvtal dUo €idn GS, amAng Kal
peoaiag ocuvdeowotntac (MRBS kat MRBM avrtiotowa). Mo tnv katavonon Tng
ocupmneplpopdc tou FSTO mpoPAnpoatog, emhéyovtal Tpelg GopTioels Ue SLOPOPETIKEG
OUXVOTNTEG, Wq = 1%, Wy =4— Ka w3 = 8%, EVWw Tapouctdlovial  To
QIMOTEAECMATA KOL TNG OTATIKAG $oOpTIonG. Ita Ixnuata 24 kot 25, mapouaotdalovral ot

BeAtloTOMOLNUEVEC KATAOKEVEC TWV MRBS kat MRBM mpoBAnpatwy.

LT /\

(a) (B) (v) (6)

Jxnuo 24 MRBS (32m vyog) Aouiké cuotnua yio (o) otatikn @option kat (6)-(6)
a)l, wz, CU3.
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(a) (B) (v) (6)
Zxnua 25 MRBM Aoutiko cuotnua yia () otatikn eoption kat (8)-(6) w4, w,, w;.

Ocov adopd TNV nepimTtwaon TS XOUNANG CUXVOTNTOC, TtapaTnPEitaL OTL N TEAWKN Stataén
TOU SOULKOU CUOTHMOTOG £lval MOpOUOLa UE QUTH TIOU TIPOKUTITEL A TNV MEPLMTWON
OTATIKAG PpOpTLIONG. AUTO eival Aoyko debopgvou OTLN ouxvotnTa SLEyeponc ival apKeTd
HKpOTEPN TNG BepeAiwdoug dloouxvotntag. Ma tnv mepimtwon tng ouxvotntag W,
TAPATNPELTOL OTL TTEPLOCOTEPA XLAOTL KAl SLAywWVLEC TPOOTIBevTalL OTOV TUPNVO TOU
S0oULKOU CUCTAUATOC EVW TEPLOCOTEPO UAIKO TpooTIOeTOl OTO Gvw TUAMA TNG
KATAOKEUNG. AUTO €ival Aoylkd Sebouévou OTL N ouxvotnta tng Sléyepong Bploketatl
METAEL TNG S£UTEPNG KOl TNE TPLTNC LBLOOLXVOTNTAC, EMOUEVWE AVUUEVETAL SLAPOPETLKA
KOTOVOUN TNG TAONC ot SOUIKA OTOLXeld TOU OUCTHUATOC. ITNV TEPLTTWON TOU I
ouxvotnta eival akopa peyalutepn (ws), n TomoAoyia Tou SouLkol CUOTHMATOG Elval
evteAwg Slodopetikr, adol TO UAIKO OCUYKEVIPWVETAL UOVO OTO TAVW TUAMO TNG

KOTAOKEUNG.

9 Jupnepaopata kat Zuveltcdpopa

H mapovoa &Siatpifry cupBariel otig GSO kat FSTO mpooeyyloslg, otoxevoviag tnv
avamntuén uebodwv yla TN yéveon OGOULKWV CUOTNUATWY TOALTIKOU pnxavikol. Ocov
adopa tnv GSO, n mpwtn ouvelodpopd evtormiletal otnv enMBOA KOTOOKEUOOTIKWY Kol
0LoONTIKWY TEPLOPLOUWY paBnuatiky Statimwon tou mpoBARUOTOS, 0dnywvtag atnv
OQVATTUEN KALVOTOUWY SOULKWY CUCTNUATWY TIou 8eV UmopolV va eMIteuxBouv péow

cupBatikwy Tpooeyyicewy. EmumAéov, eonxOn plo véa pebodoloyia, pe okomo TN
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BonBela TOU HNYOVIKOU OTOV €VVOLOAOYIKO OXESLOOUO SOUIKWY CUCTNUATWY
HEYOAUTEPNG KALHOKOCG, XPNOLUOTIOLWVTOG TIPOKOTOOKEUOOUEVO SOMKA  OTOoLKEla.
ZNUAVTLIKN cuvelodopd Tou oxetiletal pe tn GSO MpocEyyLon, elval N AUTOUATOTOLNUEVN
HETATPOTIA TWV BEATIOTOMOLNUEVWY KOTAOKEUWY OE apXeia TUmou CAD.

H mpwtn cupPoAn otnv FSTO Sdlatunwon tou TPoPARMOTOG, €lval n avamtuén HLog
Sladikaciog yia tnv edappoyn tNg CUUPATIKAG MOONUATIKNAG SLOTUTIWGONG OE EUMOPLKA
Aoyloptkd CAD kot CAE. H &eltepn ocupPBoAry oto FSTO, Atav n avamtuén pog
ouvbuaotikig uebodou BeAtiotonoinong TomoAoyiag Kot peyEBoug, yla TNV UTooTNPLEN
Twv Sdladpopwv dacewv oxedlaocpuol Twv SOUKWY ocuoTnUATwY, amo tn ¢daon Tou
EVVOLOAOYLKOU oXeSLAOHOU £WG TNV TEALKN KATAOKEUOOTIKA $pdaon. H tpltn ocuvelodopd
oto FSTO, nepthappavel tnv évtaén tng SUVAULKAC AmOKpLong TWV SOUKWY CUCTNUATWY

otn dladikaaoia tng BeAtiotomnoinong tomoloylac.
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Abstract

The scope of this research is to establish a holistic framework for the conceptual design
phase of civil engineering structures in terms of Structural Topology Optimization (STO).
In the literature, the application of STO in the field of Civil Engineering, is quite limited.
Basic limitations existing works, are the difficulties on the representation of the optimized
layouts and the fact that in most cases idealized structural conditions are considered. The
confrontation of these two issues is the overarching aim of this PhD research.
Manufacturing constraints are applied in continuum-based Topology Optimization (TO) in
order to provide solutions for Civil Engineering applications. The proposed
methodologies, guided the algorithm to create discrete structures, that consist of truss-
like or predefined structural components. Highlight of these procedures is the automation
of the optimized structures’ integration in a Computer-Aided Design (CAD) environment.
For this purpose, image processing approaches and parametric design techniques are
applied. Innovative structural systems for tall buildings and shell structures, that cannot
be produced by conventional design techniques, are presented.

Additionally, Frame Structural Topology Optimization (FSTO) is addressed and the
performance of the structural systems is examined under static and dynamic loadings.
The conventional formulation of the compliance’s minimization is applied in the
commercial software SAP2000. The dual problem of the volume minimization is
performed in an in-house software, developed within the remits of this research and
standardized steel members are implemented through regression analysis. Constraints
imposed by design code regulations are applied, resulting to optimized layouts that are
very close to real-world structures. Some of the proposed structural systems are designed
also by commercial software, pointing out the importance of FSTO in the construction
industry. Furthermore, an extended survey of topology optimized structures under
dynamic excitations and real-world earthquake conditions is conducted. The crucial
procedure of the sensitivity analysis evaluation is described thoroughly and innovative

structural systems for tall buildings are presented.
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Chapter 1

Introduction

1.1 Motivation

Over the years, engineers continuously strive to improve the efficiency of constructions
concerning safety, economy and recently sustainability during service life. Among others,
the progress in building engineering is achieved through formulation of new design and
assessment procedures with respect to structural, energy and environmental
performance that usually require increased computing power. Development in analysis
and design of structures has been invariantly associated with the formulation of more
computationally expensive problems, since engineers can always formulate a problem
that will provide a better solution but requires more than the available computing power.
Computational mechanics has played a key role in this process. Exploitation of the ever-
increasing computing power requires the development of numerical techniques and
tools, which has eventually allowed the simulation of complex multi-physics phenomena
using in-depth approaches that have not been possible to be applied until today.
Advanced computational methods for designing safe and economic structures have
benefited from multidisciplinary approaches between computational mechanics and
other fields.

The Architectural, Engineering and Construction (AEC) industry has a major impact on the
environment that people spend most of their life. Therefore, it is important that the
outcome of architectural intuition performs well and complies with the design demands.
Aesthetic and conceptual design are highly complex processes, that intend to satisfy
design goals comprising of strict, engineering constraints, together with less strict,
cognitive and perceptual ones. Due to the complexity of the architectural design process,
the architect’s intuition alone is often insufficient to ensure proper outcomes.

Computational design optimization methods can assist in confidently achieving at highly
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performing architectural design solutions, as well as provide valuable inspiration during
the design task. STO is a characterization of design optimization formulations that allow
for predicting the layout of a structural system. In this manner, the material demands are
decreased but at the same time, the material available is distributed among the structural
elements of the structural system in the best possible way. As a result, the

implementation of STO leads to safer and more environmentally sustainable structures.

1.2 Aim and objectives

STO is a mathematical form finding problem formulation, that the last years matured,
from an academic subject to an applied sciences’ practical design tool. So far, STO is
implemented in real-world applications of the automotive, aerospace and other fields of
the mechanical engineering industry. Its contribution to the AEC industry is limited to
applications that rely only on the conceptual design process. The main scope of this
research is to establish some mathematical STO formulations for supporting the design
phases of large-scale civil engineering structural systems from the conceptual design
phase to the final one. The interpretation and constructability of the final layout of the
STO procedure, is a specific issue that is considered throughout this research. The
generation of structural systems composed of discrete members is also an aim of the
presented study.

Initially, manufacturing constraint are imposed in the conventional Generalized Shape
Optimization (GSO) formulation in order to produce truss-like structures. Different types
of Finite Elements (FEs) will be combined, to determine their impact in the layout
generation. Image processing techniques will be investigated for the automatic
interpretation of the optimized structural systems. Additionally, prefabricated structural
components will replace the typical rectangle FEs and parametric design techniques will
be studied for the final integration of the optimized structures in CAD environment.
Furthermore, standardized steel profiles will be implemented in the FSTO and design code
check constraints will be imposed. Commercial Computer-Aided Engineering (CAE)

software that are used from civil engineers will be employed for the analysis and design
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phase of the structures. Finally, the effect of the consideration of dynamic conditions in

the FSTO procedure, when generating structural systems, will be studied.

1.3 Outline of the dissertation

The current thesis consists of 9 chapters. In the second Chapter of the dissertation, the
fundamental theory of Structural Optimization (SO) is presented. The mathematical
formulation of the generic SO problem is introduced and basic terms are defined.
Consequently, the three main categories of SO problems are presented, namely sizing,
shape and topology optimization. Finally, more details on STO methodologies, which are
used in the largest part of the dissertation, are discussed. In Chapter 3, the term structural
system is introduced and a categorization, depending on the type of the main stresses
that are developed, is presented. During the current dissertation, all the civil engineering
structures, that the proposed methodologies are applied, refer to structural systems of
tall buildings and shell structures. Thus, a variety of structural systems for the above
structures is presented.

In Chapter 4, the GSO is integrated in the conceptual design of civil engineering structures.
Particularly, a variety of layouts for Braced Frames (BFs) that are applied in high-rise
buildings are proposed. Manufacturability constraints, such as symmetry and non-
optimizable areas, are imposed and a hybrid mesh that consists of plane stress FE and
Two-Dimensional (2D) frame elements is proposed. Furthermore, an automatic process
for CAD interpretation of the optimized structural systems is discussed. Image processing
techniques and the Non-Uniform Rational B-Splines (NURBS) are applied to extract the
final geometry, while the Initial Graphics Exchange Specification (IGES) translator is used
for transferring the geometry to a CAD file. In Chapter 5, a novel methodology that relies
on TO and aims to support the civil engineers in the conceptual design phase of a
structural system, is presented. According to the proposed methodology, equivalent
rectangular FEs are generated based on multiple specifically shaped prefabricated units,
which are treated by TO as periodic unit cells. Using this methodology, aesthetic and

manufacturing concerns are imposed into the mathematical formulation of the problem
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and innovative structural systems are developed, that cannot be achieved through
conventional approaches. The applicability of the proposed methodology is tested in 2D
plane stress analysis problems and results for TO problems are shown. Three-Dimensional
(3D) test cases are also examined where hangar and high-rise building type of structures
are considered, simulated with 8-node hexahedron FEs. Finally, the developed
methodology is integrated with the Grasshopper parametric design application, in order
to interpret the optimized structures into the Rhino3D CAD software.

In Chapter 6 the FSTO is introduced. Some basic issues on the generation of the initial
design domain, i.e. Ground Structure (GS) generation, are discussed and two applications
are presented. The mathematical formulation of the compliance-based FSTO problem is
presented and its implementation in the SAP2000 is discussed thoroughly. Numerical
results in basic cantilever structures are presented, while real-world test cases of a bridge
and a gridshell are examined too. In Chapter 7, two different SO problems are combined
in order to support engineers not only in the conceptual design phase but also in the final
design one; in particular STO and Structural Sizing Optimization (SSO) problems are
formulated and solved into a sequential manner. For implementation purposes of the two
problems’ solution process, regression analysis techniques are applied and the two
problems are formulated as minimum material volume problems subjected to design
code restrictions. Additionally, real-world design characteristics (loading conditions,
material properties etc.) and standardized cross-sectional properties are considered,
while in the second stage of the methodology, the Eurocode design regulations are
applied, thus, resulting into more realistic structures. The proposed methodology is
applied in a wide variety of Moment Resisting Braced Frames (MRBFs) for mid- and high-
rise buildings.

In Chapter 8, three cases of the dynamic performance of MRBFs are studied, aiming to
derive their structural system. According to the first case, the structural system of MRBFs
is derived by maximizing specific eigenfrequencies when MRBFs is subjected to free
vibration conditions. In the second one, the structural system is obtained when its

dynamic performance is evaluated considering linear time history analyses. Two loading
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conditions are examined, harmonic load and earthquake ground motion records. The
third case, refers to the use of Response Spectrum Modal Analysis (RSMA), that is used in
order to reduce the computational effort. According to the latter case, the seismic loading
is implemented according to Eurocode 8 (EC8). For each dynamic STO problem
formulation described in this work, the corresponding features of the numerical
implementation are discussed along with the sensitivity analysis procedures required.
Several test cases are examined, where MRBFs are derived through the above-mentioned
formulations aiming to generate optimized lateral bracing structural systems, the results
obtained demonstrate the importance of considering the dynamic response of the
structural systems. In Chapter 9, the concluding remarks of the current dissertation are

discussed and ideas for future research are proposed.

1.4 Scientific outputs

During my PhD course, | have contributed in the completion of 7 publications

[54,69,101,105,106,108,109] in scientific refereed journals and 4 presentations

[102,103,104,107] in international conferences.
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CHAPTER 2

Structural optimization

2.1 Introduction

The definition of a structure in mechanics can be given as, “any assemblage of materials
which is intended to sustain loads” [27]. The term optimization refers to the selection of
the best decision, considering some specific criteria, from a set of available options.
Combining the two terms, it can be stated that SO, is the procedure of producing an
assemblage of materials that sustain loads in the best manner. The most essential
attribute that must be defined now, is the term best. A common engineering objective is
to reduce the amount of the structure’s material as much as possible. On the other hand,
the strengthening of the structure’s performance against specific instabilities or buckling
phenomena, is also very important. However, minimizations and maximizations of these
kind of objectives, cannot be performed without restrictions. Typical attributes that are
used as constraints in SO problems are stresses, displacements, geometry etc. At this
point, it is important to highlight, that most of these quantities can be used both as the
objective to optimize, but also as the restrictions that the final structure must satisfy.

To understand better the concept of SO in relation with the attributes that are referred
above, the main steps of the structural design process are introduced as follows [56]:

1. Functional requirements: This is the first step of the design process. It is very
common for these requirements to be defined even before the engineer starts
with the design procedure, e.g., the required number of driving lanes on a bridge
or the required area of a building.

2. Conceptual design: In this phase, the wit and the experience of the engineer is
critical, since the general planning of the structure must be performed in such

way, so to satisfy the functional requirements. For example, in the procedure of
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designing a bridge, the choice of whether it will be a truss or an arch bridge, is
made in this stage.

3. Optimization: During this procedure, the best design, between many possible
solutions, that satisfy the above requirements, is selected. In the past, trial and
error techniques were applied, but over the last years, due to the tremendous
technological development in the computer engineering field, automated
procedures are implemented. An example of this phase is the selection of the
cross-sectional area of a truss when designing a truss bridge.

4. Details: In the last stage, the final structure is checked, considering market, social
or aesthetic factors. Again, the experience and the judgement of the engineer are
critical, e.g., when the color of a building’s facet must be decided.

The field of study of the current dissertation, is the formulation of automatic procedures,
using mathematical design optimization. So, the first issue is to transpose the factors that
are studied to mathematical terms. For some factors, e.g., mechanical, this
transformation is straightforward while for some others, e.g., aesthetic, it is quite difficult.
One of the scopes of this thesis, is to encapsulate different types of factors in the

optimization procedure.

2.2 Mathematical formulation of a generic structural optimization
problem

In any SO formulation, the following function and variables are prerequisites:

e Objective function (f): This is a mathematical equation, that returns a single value,
which represents the goodness of the structure’s design. Commonly, f is a value
that it is desired to be minimized but, in some cases, the maximization of an
objective function is also demanded. Typical quantities for f, are the weight,
displacement, stresses and construction cost of a structure.

e Design variable (x): This is a vector of numerical values, that are changing within

a predefined range during the optimization procedure, in order to define the
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design of the structure. Frequently used design variables are, the cross-sectional
area of a frame, the thickness of a plate or the type of the structure’s material.

e State variable (y): For a given design variable, y is a function or a vector that
measures the structure’s response, which can be defined in terms of
displacements, stresses or forces of the structure.

Consequently, a general formulation of an SO problem is expressed as follows:

minimize f(x,y) with respect to x and y
behavioral constraints ony
subject to box constraints on x
equilibrium constraint

(50) (2.1)

Regarding the above formulation, it is possible for a problem to have more than one
objective functions, i.e. the so-called multi-objective optimization. In this case, the first

line of the formulation, for n objective functions, is changing to:

minimize (f1(x'}’):f2(x'J’)r---»fn(x'}’)) (22)

However, this type of optimization is beyond the scope of this research, so more details
can be found in the literature [19].

Considering the constraints, three types are indicated in the above formulation. At first,
the behavioral constraints are referred on the state variable. They can be written in the
form of g(y) <0, where g is a function that represents a specific response of the
structure. Secondly, the box constraints are the possible values that the design variable
can take. Finally, the equilibrium constraint depends on the physical phenomena that is
studied. In most of the cases, this is a partial differential equation e.g. for a static problem
it is the simple linear elasticity equilibrium while for a dynamic study, the dynamic
equilibrium must be applied. Supposing that, u(x) is the displacement vector of a
structure and all the constraints can be expressed in one function, the mathematical

formulation of an SO problem is:
(50)4 ~* (2.3)
where s.t. denotes “subject to”.
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2.3 Types of structural optimization problems

It is widely accepted that SO is divided in three main broad categories:

Sizing Optimization: This is the most common type of optimization in all of the
engineering fields, since the mathematical problem is easily defined and the
proposed solution needs relatively small effort in the post-process stage. The
design variable can be a geometrical feature, e.g. the cross-section’s dimensions
of a frame profile or a material feature, e.g. different steel grades. In Figures
2.1(b1) and 2.1(b2), two examples of sizing optimization problems, for discrete
and continuum structures, are illustrated.

Shape Optimization: In this case, a part of the structure’s boundary is changing
and new form of the structure is produced. For example, considering a truss
structure, the location of the nodes are the design variables. Important to notice
at this point, that the topology of the structure remains the same. In Figures
2.1(c1) and 2.1(c2), two examples of shape optimization problems, for discrete
and continuum structures, are illustrated.

Topology Optimization (TO): This is the most holistic type of optimization, because
not only the dimensions of the structure are changing, but also a new form and
topology are developed. For the purposes of the current dissertation, STO
methods are mainly implemented, so a more detail description is provided in the
next section. In Figures 2.1(d1) and 2.1(d2), two optimized layouts of Topology
Optimization Problems (TOPs), for discrete and continuum structures, are

illustrated.
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Figure 2.1 Types of SO for discrete and continuum structures

2.4 Structural topology optimization

STO is separated into two main broad classes of approaches; the Layout Optimization (LO)
and the Generalized Shape Optimization (GSO) [93]. LO is implemented in One-
Dimensional (1D) and 2D structures. The main geometric characteristic of 1D structures

is that the cross-section’s dimensions are relatively smaller compared to its length.
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Assuming that in the deformed condition the cross-sections remain plane, all the internal
forces and the points of the 1D structures are specified by the deformed shape of the
centroidal axis. The union of the intersection of 1D structures is defined as grid, the point
of the intersection is called joint, while the segment between two joints is determined as
member. Some examples of 1D grids are the trusses, grillages, gridshells and cable-nets.
In the Finite Element Method (FEM) [9,136], such structures are simulated with truss
(bar), frame (beam) and cable FE. Regarding the application of LO in 2D structures that
have similar geometrical properties, considering the dimensions’ analogies, with the 1D
structures, the FE that are used are the plate or shell elements. These elements can be
unified in such way and create a structure, that is called honeycomb. Important
characteristic of LO, is its holistic approach, since most of the times, the topology
(members’ connectivity), the shape (nodes’ location) and the size (cross-section’s
dimensions) of the structure, are optimized simultaneously. Usually in LO, the initial
design domain of the structure consists of all the possible members of the final structure,
forming in this way the GS [30]. In some of the most well-known works [55,122,84], the
redundant members of a highly connected GS are removed and the joints location are
fixed.

GSO is applied in 2D and 3D structures, considering the continua approach. In the most
popular form of this type of STO, the structures consist of isotropic solid or empty
elements [92]. In this approach, the initial design domain is discretized with FEs and the
thickness or density of each element is the design variable, that can take values 1 or 0
denoting the existence or not of an element, respectively. A common generalization of
GSO is the multi-material optimization, in which the algorithm chooses a specific material,
from a given set of different materials, for each element or no material at all. Bendsoe
and Kikuchi [13], introduced a framework for dealing with GSO by applying a
homogenization method. Particularly, composite microstructures are introduced to the
design domain, homogenized equivalent materials take place of the composite ones and

the optimization problem is becoming continuous and more relaxed. Extended work and
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different approaches on homogenization methods can be found in the literature
[115,44,45,34].

Right after the introduction of the homogenization methods, the material interpolation
schemes are proposed to deal with TOP. By applying these methods, the density of each
FE can take any values between 0 and 1. In order to reduce the complexity of the
homogenization methods, Bendsoe [12] introduced the power-law approach, namely the
Simplified Isotropic Material with Penalization (SIMP) method. In the SIMP process, the
density of the FE is related with the Young Modulus using a penalty factor. In this way,
the intermediate densities are penalized and the final structure tends to converge in clean
0-1 solutions. Later works [134,71] contribute to the development of SIMP, while Bendsoe
and Sigmund [14] established the optimum number for penalty factor (equal to 3). Similar
to the SIMP method, Stolpe and Svanberg [112] proposed another interpolation scheme
called Rational Approximation of Material Properties (RAMP). Comparative studies for
different material interpolation schemes can be found in literature [14,98].

As it is stated before, in the first approaches of GSO problems, the design variables can
take only the values 0 or 1. Consequently, some discrete optimization approaches were

developed, based on evolutionary methods [66,125]. Initially, the Evolutionary Structural

Optimization (ESO) techniques, followed hard-kill approaches, where the redundant
material is eliminated from the design domain in each iteration loop. In this way, during
the optimization procedure the material cannot be added again in the structure. To deal
with this issue, bi-directional schemes are implemented [129], where elements can
reappear during the iterative process, introducing the Bi-directional Evolutionary
Structural Optimization (BESO) methods. However, the most recent developments in ESO
and BESO approaches, have lots of common concepts with the density method. For this
reason, in literature [98] it is debatable if the above techniques should be considered as
different methods or just as a subfield of the SIMP approach. Additionally, these methods
sustained some criticism regarding the intuitive nature of their process and their limited

applicability [94,135].
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A common handicap of the above methods, is the difficulty to represent the geometry of
the optimized structure with smooth curves and surfaces. To overcome this obstacle, in
more recent developments of TOP, the level set approach for GSO is introduced [4,5,123].
In this method, the boundaries are defined from the contour of the level set function.
Particularly, in the areas that the function is lower than a specific constant value, it is
considered that there is no material, while the solid regions are defined from the areas,
in which the function is bigger than this constant number. The most popular manner to
update the level set function, is by solving the Hamilton-Jacobi equation. In order to gain
more control in the shape of the level set function and generate new holes in the
structure, the original form of the Hamilton-Jacobi equation is expanded with reactive

and diffusive terms [98].
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CHAPTER 3

Structural systems

3.1 Introduction

In the structural engineering field, the term structural system is referring to a load bearing

subsystem of buildings or nonbuilding structures. The scope of a structural system is to

assemble structural elements in such way, so that the applied loads are transmitted safely

from the structure to the ground, without exceeding specific mechanical requirements in

its members. Depending on the type of the main stresses that appear in the structural

members, the structural systems are classified in five basic categories. Nevertheless, two

or more of the following fundamental structural types can be combined and produce a

unified structure e.g. a building, a bridge or a shell roof.

Tensile structures: The structural members of these structures are carrying only
tension. Considering that the tensile stresses are uniformly distributed over the
cross-section of each member, the material of these structures is used in the most
efficient way.

Compressive structures: In this type of structures, compressive stresses are mainly
developed. Compressive structures are sensitive to buckling or instability,
therefore sometimes, additional bracing must be provided in order to avoid such
failures.

Trusses: These structures consist of straight elements, that are connected to each
other with hinge connections and produce a rigid structure. Due to their low self-
weight and their high strength, truss structures are between the most widely
applied type of structures.

Shear structures: Shear structures are referred mostly to reinforced concrete or

wooden shear walls and are used mainly to tall buildings as a lateral resisting
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system. These structures develop mostly in-plane shear stresses and relatively
small bending stresses.

e Bending structures: In this type of structures, bending stresses are mostly
developed, while sometimes the shear stresses that are produced from the
changes in bending moments are significant too.

The vast majority of the case studies of the current dissertation are referring to structural
systems of tall buildings or shell structures. Therefore, more details considering this type

of structural systems, are discussed in the following.

3.2 Tall buildings

The choice of a high-rise building’s structural system depends mainly on the functionality
purposes, architectural requirements and the geometrical characteristics of the building.
In the building construction industry, there are many types of lateral resisting systems,
whose purpose is to sustain lateral loads e.g. earthquake excitations, wind loads etc.
Nevertheless, these systems can be categorized into three main groups: shear wall
systems, frame systems and dual systems (a combination of the other two) [120]. To
understand the importance of the lateral resisting system for a tall building, it is stated
that for a building that consists of approximately more than 50 floors, the cost of the
material for the lateral resisting system becomes bigger comparing to the vertical load
resisting system [117]. In the following, four basic structural systems for high-rise

buildings are discussed.

3.2.1 Shear walls

Tall buildings with shear walls are usually stiffer than buildings with frame lateral system.
This type of structural system has high in-plane resistance, thus it can sustain shear and
overturning moments, that are developed from wind or seismic loads. These structural
elements can be applied in several manners. Taking under consideration that a simple
system which consists of columns and slabs can support 10 stories, if this system is

strengthened with shear walls, the effective height can be extended up to more or less
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20 stories [43]. A simple shear walls system is illustrated in Figure 3.1(a), while in Figure
3.1(b) a coupled shear walls system, that is produced by connecting single shear walls, is

presented.
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Figure 3.1 lllustration of (a) shear walls and (b) coupled shear walls system [117]

3.2.2 Moment resisting frames

This type consists of an assemblage of beams and columns, rigidly connected with each
other. This configuration allows the building to resist against lateral forces, due to the
bending rigidity and shear strength of the frame members and joints. For utilizing a
Moment Resisting Frame (MRF), both steel and concrete can be used. A reasonable height
for a steel MRF is approximately 30 stories, while for a concrete one, about 20 stories.

When it comes to buildings with more than 30 stories, the connections between the
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beams and the columns become too expensive and inefficient [43]. In Figure 3.2 a typical

NN A /¢

MRF system is shown.

Figure 3.2 lllustration of an MRF system [49]

3.2.3 Outrigger systems

Outrigger systems are dual systems that combine braced frame and shear walls systems
and are utilized in steel and composite structures. The concept of this system is to join
the perimeter with the internal structure, as a unified system, to resist the lateral loads.
This is succeeded by constructing a central core, which can consist of BFs or shear walls,
and connecting it to the external columns with horizontal trusses or girders [47]. Usually,
exterior belt girders are used too, in order to interconnect the external columns, as it

shown in Figure 3.3.

3.2.4 Braced frames

In this structural system, diagonal steel frames are used, in order to strengthen the
stiffness of a building. The BFs have the ability to carry the axial forces and reduce the
bending demands of the beams and the columns. The diagonals members can be applied
to the facets or to the core of the structure. Comparing with the MRF, the braced system

is considerable more economical, especially when it comes to tall buildings. However,
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some disadvantages are the decreased flexibility in floor plan layout, space planning and

electrical installations [117]. There is a wide variety of different brace configurations that

Outrigger
Trusses

Belt

Outrigger
Trusses

Belt

Figure 3.3 lllustration of an outrigger system [43]

can be applied and they are categorized in two main structural systems, the Concentric
Braced Frames (CBFs) and the Eccentric Braced Frames (EBFs). The main geometrical
characteristic of the CBFs is the fact that lots of their members are intersecting in specific
nodes, oppose to the EBFs. CBF's major mechanical characteristic, is that it is very strong
and stiff, making it an inappropriate solution when it comes to buildings that are
constructed in high seismic zones. In these locations, EBF systems are preferred, since
they combine the stiffness and the strength of a CBF, with the ability to absorb the energy
dissipation of an MRF [89]. The most common configurations of CBF systems are the
diagonal bracing, X-bracing, split X-bracing, chevron bracing, V-bracing and K-bracing, as
it is shown in Figure 3.4. Depending on the location of the link that is produced from the
braces members connection, a variety of different EBFs can be developed, as it is

presented in Figure 3.5.
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(a) (b) (c) (d) (e) (f)
Figure 3.4 CBF configurations, (a) diagonal, (b) X, (c) split X, (d) chevron, (e) V and (f) K
bracing.

(a) (b) (c) (d)
Figure 3.5 EBF configurations (a)-(d), depending on the location of link beam

3.3 Shell structures

Shell structures are one of the most challenging and interesting structural systems in the
architectural and civil engineering field. The basic characteristic of these structures, is the
freedom that they provide to the designer to produce eye-catching forms and at the same
time to sustain loads efficiently. Their form is generated directly from the flow of the
forces and determines their load bearing behavior. Particularly, shell structures are
defined by 3D curved surfaces, in which the perpendicular to the surface dimension, is
remarkably smaller, in comparison to the other two. Regarding their shape, shells can be
curved in two dimensions or even only in one dimension. In an “ideal” shell structure, the
external loads are transferred in the supports only by developing membrane forces, i.e.
axial compression and tension. A shell can be constructed, either as a monolithic
structure, i.e. a continuous surface, or as an assembly of discrete elements, the so-called

gridshell.
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Continuous shell structures can be produced from concrete, steel or masonry. The most
common material that is used is the concrete and it is considered that the first concrete
shell, constructed in the 2" century [118]. In the modern era, the engineers started to
construct again concrete shells in the 1920s, using mostly steel reinforced concrete
without extra reinforcement [22]. Usually, these structural systems don’t have interior
columns or exterior buttresses and their shape can be a simple dome, ellipsoid, cylinder
or even a more experimental combination of these configurations. Their main advantages
are that they are robust structures, which are providing clear and big spans, resulting to
open and unhindered interior. Through the ‘60s, this kind of structures became a trend,
however the interest for concrete shells declined progressively, due to the high cost of
labor and complexity of the projects formwork [118]. In Figures 3.6 and 3.7, two examples
of concrete shell structures are illustrated.

The last decades, gridshells have become popular, gaining ground from traditional
concrete shell structures. Gridshells, also known as lattice shells, can be classified
depending on the material that they are made of, e.g., steel, aluminum, timber, and by
the geometrical pattern of their grid, e.g., quadrilateral, triangle [3]. These structural
systems have the shape and the strength of a double curvature shell but instead of a
monolithic structure, they consist of discrete structural members [31]. The main purpose
of the gridshells is to cover big spans. Particularly, they can be used to cover existing or
new spaces, but also as stand-alone structures [64]. The advantages of these structural
systems against the conventional ones (e.g. slabs, frame systems, continuous shells), are
both aesthetical and structural. Due to the discretize topology of the gridshells, more air
and light is penetrating to the structures, making them to look bigger and taller.
Additionally, these structures have been proved more sustainably efficient than the
conventional structural systems, due to their ability to decrease the embodied and
operating energy. In Figure 3.8 an example of a steel gridshell is shown and in Figure 3.9

a timber gridshell is presented.
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Figure 3.6 Palazzetto dello Sport by Pier Luigi Nervi and Annibale Vitellozi, Rome, 1958

Figure 3.7 El Oceanogrdfico (Valencia — Spain) by Félix Candela, Alberto Domingo and
Carlos Ldzaro, 2003
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Figure 3.8 Steel gridshéll over the courtyard of the National Maritime Museum,

Amsterdam, 2011
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CHAPTER 4

Topology optimization aided structural design

4.1 Introduction

In the last decade, STO techniques emerged in the AEC industry. In the literature, few
studies exist, where criteria, imposed by architects and engineers, are integrated into TO.
Dombernowsky and Sondergaard [29] proposed some methods of using CAE software in
order to explore new ways in architectural design process, aiming to take into account

aesthetic criteria and engineering constraints. Stromberg et al. [113], presented a pattern

gradation technique in order to achieve layouts with repetition. A new projection scheme
was presented and some applications in the conceptual design of high-rise buildings are
visualized. Stromberg et al. [114] introduced a new technique where beam elements and
4-node bilinear Quadrilateral (Q4) elements are combined in order to gain structures with
uniform columns. Analytical study of BFs was performed and compared with the results
of the TOP on high-rise buildings. Amir and Bogomonly [6] developed a computational
procedure of finding the optimal material distribution of reinforced concrete structures,
taking into the nonlinear behavior of the material. Besserud et al. [16] described the
collaboration between architects and structural engineers in the conceptual design,
leading to new architectural engineering projects. Beghini et al. [10], highlight the value
of combining TO and personal aesthetics of architects. Aage et al. [1] presented a series
of new TO methods that were developed specifically for conceptual architectural design
of structures. Dapogny et al. [28] proposed a shape and TO framework oriented towards
conceptual architectural design, where an emphasis was put on the possibility for the user
to interfere on the optimization process by supplying information about his personal
taste.

In this chapter, the fundamental theory of the compliance-based GSO problem

formulation, using the SIMP method, is introduced. Consequently, three approaches of
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imposing manufacturability constraints in the generation of BF systems are discussed.
Additionally, an automatic procedure is developed, that translates the outcome of TO
images into CAD files. Finally, some numerical examples are presented and the benefits

of the proposed methodologies are highlighted.

4.2 GSO problem formulation with the SIMP method

The goal in a GSO problem, is to find the optimum topology of the internal boundaries
and the shape of both internal and external boundaries of a perforated or composite
continuum body. Particularly, the prerequisites for the formulation of the GSO problem
are the initial design domain {2, where the optimized layout will be produced, the required

volume fraction of the optimized structure, the boundary and loading conditions.

Figure 4.1 Initial design domain, boundary and loading conditions for the GSO.

As shown in Figure 4.1, the boundary I" consist of I, I}, I} and I, parts where I’ = [, U
I, UI; UI;. The loads are applied at region I}, the area that doesn’t participate in the
optimization procedure is denoted as [, the support conditions are defined in I}, and [},

represents the geometric boundaries of (). As it is discussed in Section 2.4, several
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approaches for dealing with GSO problems have been established. In the current
dissertation, the SIMP method is applied.

The SIMP approach, is a material distribution method [111] for finding the optimum
layout of a structural system, composed by linearly elastic isotropic material. Therefore,
the question under investigation is how to distribute material volume into domain (2, in
order to minimize a specific criterion. The typical mathematical formulation of the

compliance-based TOP can be expressed as follows:

min C(x) = Fru(x) (4.1a)
s.t.
Kx)u(x) =F (4.1b)
V(x)
v, = fvoiFrac (4.1c)
0<xmin<x.<1, e=12,.. Ny (4.1d)

where C(x) represents the compliance of the structure for the specific loading conditions,
F denotes the load vector, u(x) are the displacements resulting from the solution of the
equilibrium equations, V (x) represents the volume of the current design, V, refers to the
initial volume, fo1rrac is the volume fraction imposed by the problem, K (x) is the global
stiffness matrix, x represents the design vector to be optimized, x, is the density of each
FE and N, is the total number of the FEs that are used for the domain’s discretization.

Without limiting the applicability of the proposed methodology, in the above formulation
the objective function is the minimization of the compliance under a number of
constraints. The main constraint imposed, in the typical TOP formulation, concerns the
limit in the area (2D) or volume (3D), with respect to the design domain. In order to solve
this optimization problem by means of the FEM, the parameter that is introduced is the
density of each FE. Parameter (x,) ranges in [X,in, 1], Where x,,,;,, denotes a small value
close to zero, in order to avoid numerical singularities. The elements having densities

close to x,,;, are to be removed from the design domain and elements with densities
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close to 1 will comprise part of the final form of the design domain. Regarding
intermediate values between x,,;, and 1, specific technics are implemented and such
values should be avoided.

According to the SIMP method, the FE density values are correlated to the corresponding

Young modulus value E, through the following expression:
E.(x.) = xPE? & k.(x,) = xPk? (4.2)

where the parameter p is a constant integer. This power law correlation is implemented
in SIMP in order to achieve density values closer to the lower and upper bounds of the
design variables. The value of the penalization parameter p varies depending on the
problem. Common practice is that p is modified during the optimization loops or that the
optimization problem is solved multiple times using different values of p [57]. However,
as it is stated in Section 2.4, a common value for parameter p is equal to 3. The calculation

formula of compliance can be written as follows:
C(x) = FTu(x) = u(x)TK(x)u(x) (4.3)

By combining Eq. (4.2) and Eq. (4.3), the compliance is expressed as:

Neie

C(x) = z (x)? ulklu, (4.4)
e=1

where u, and k2 are the displacement vector and stiffness matrix respectively, for unit
Young’s modulus, in the elements’ local coordinate system. The mathematical
optimization problem that is formulated, can be solved using a variety of gradient-based
algorithms such as Optimality Criteria (OC) [27], Method of Moving Asymptotes (MMA)
[116] or Sequential Linear Programming (SLP) [74]. In addition, due to checkerboard
problems and instabilities, a common practice is the application of filters into the
optimization procedure. The most popular ones, are the density and sensitivity filters

described in [18,21].
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4.3 Sensitivity analysis

As it is stated in the literature [97], non-gradient algorithms are not efficient when it
comes to TOP, that have huge number of design variables. Thus, the definition of the
objective function’s derivative, is one of the most important parts of the TOP formulation.
Herein, the derivative of the compliance is evaluated. Particularly, in order to avoid the
displacement’s derivative calculation with respect to the design variable, a zero part is

subtracted from C(x):
C(x) = FTu(x) — AT(K(x)u(x) — F) (4.5)

Subsequently, the partial derivatives become:

aC(x) A (%) Ok, (x) ou, (x) B
a—xe = FT axe -1 axe ue(x) - Ake(X) a—xe =
(4.6)
6ke (X) aue(x)

=2 u, (%) + (F — Ak, (x))

dx, dx,

Since vector A used in the above equations is an arbitrary number, the value A = u,(x) is

used. Finally, the derivatives of the compliance can be expressed as follows:

dC(x) B

Oke(x)
axe = "U (x)T

dx,

U, (x) (4.7)

4.4 Optimality criteria

In the current thesis, the OC algorithm is implemented in order to solve the TOP. OC s an
iterative search algorithm where the solution vector is updated in every iteration until
convergence. First a linear approximation of C(x) is defined close to the design variable

vector x¥, as follows:
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where y, = x;% and the derivative of C(x) with respect to y, is calculated as follows:

ac _9Cox, 9C(x) 1  x;**9C(x)
dy, 0x,9y, 0dx, 0x;*  a Ox,
dx,

Then, C(x) is expressed as:

Nele Nele

1+a
C(x)—C(xk)+z ( xe) agg)) Zb" ~a

where b¥ is given as:

(x5)**aC(x)
a 0x,

bk = —

x=xk

since the derivative of the compliance can take only negative values:

Ne Nele

(™ ac(x)
Z%( a axe> <0 and Zbk

e=1

(4.9)

(4.10)

(4.11)

(4.12)

Therefore, in order to maximize the subtracting part from the objective function C(x),

only the positive part needs to be minimized. Thus, the following subproblem is now

formulated as follows:

Nele

min C(x,) = z bkx;®
Xe

s.t.

x.a=V
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0<x,<1 (4.13¢)

In order to solve this problem, the Lagrangian Duality method is applied where the

corresponding Lagrangian function is expressed as follows:

Nele
L(x,,A) = z bEx;% + A(x,a — V) (4.14)

e=1
The minimum value of x, resulted from the solution of the subproblem of Eq. (4.13) is
obtained minimizing L(x,, A) with respect to x, and maximizing L(x,, A) with respect to
A. The derivatives of L(x,, 1) with respect to x, are:

oL

ox. = —abkx;% 1 + Aa (4.15)

and therefore, the values of x, are obtained as follows:

1

;bg )““ (4.16)
Qe

oL
0x,

=0<:>xe=<

Since x, takes values in the range [0,1] and large changes should be avoided, x, is updated

according to the following rules as expressed in the following equation:

1
( abj\TFa
max(0,x, —m), if <Aa > < max(0,x, —m)
e
_ ) [abk\1ta abk\1+a
xg® =1 (Aai) if max(0,x, —m) < (Aai) <min(1,x, +m) (417)
1
abk\1+a
min(1, x, + m), if ( ) > min(1,x, + m)
\ Aae

m is the maximum alteration allowed for x,. Similar to x,, in order to calculate A the

derivatives of L(x,, 1) in respect to A are defined:

oL Neie
== aex,—V (4.18)
e=1
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The calculation of 1 is achieved by iteratively choosing A for each x, until satisfying the

following:
aL Nele
=0 Z agx, =V (4.19)
e=

A more detailed description can be found in the book by Christensen and Klarbring [27].

4.5 Imposing manufacturing constraints

In this section, TOPs are specially handled, aiming to implement TO for the conceptual
design of civil engineering structural systems. In order to present the integration of TO
formulations in the conceptual design of civil structures, the facet of a high-rise building,
shown in Figure 4.2, is employed, where the domain and the FE mesh discretization are
also depicted. In particular, problems are formulated for designing manufacturable
acceptable layouts of BFs used in the design of high-rise buildings, thus TO is used as a
tool for deriving multiple design alternatives. The discretization used is composed by 80
elements (in the horizontal direction) times 480 elements (in the vertical direction),
resulting into 38,400 Q4 elements. The bottom edge of the domain is fixed. Three cases
are examined: (a) constraint of symmetry case, (b) case of non-optimizable areas and (c)
combination of continuum with beam elements case. In each case two different types of
loads are considered (distribute load and nodal forces). It is important to note, that the
MATLAB code written by Andreassen et al. [7] is used as a starting point, for the personal
programming developments that are needed to implement the proposed manufacturing

constraints.

4.5.1 Constraint of symmetry case

According to the first case, no significant modifications are implemented in the
formulation of the TOP, when integrated into a conceptual design process. For this case,
a lateral distributed load is applied at the left vertical edge of the domain (see Figure

4.3(a)). A typical optimized layout obtained when solving this problem is shown in Figure
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(a) (b)
Figure 4.2 BF design of a high-rise building: (a) domain and (b) mesh discretization.

4.3(b), due to the specific loading and boundary conditions the resulted layout is not
symmetric. In the problem of Figure 4.3(a), the lateral distributed load is applied at the
left vertical edge only; thus, the domain demands lower density values for the elements
of the right edge.

So far, no manufacturing and conceptual constraints have been taken into consideration.
One basic practical and conceptual design constraint is that the final domain needs to be
symmetric with respect to the vertical middle axis of the domain of Figure 4.2(a). Several
formulations have been presented in the literature for dealing with these types of
constraints (geometrical patterns, etc.). A rather simple approach is to make use of

additional different load case, i.e. to apply two distributed loads on both vertical edges of
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(a) (b) (c) (d) (e) (f)
Figure 4.3 BF design of a high-rise building: I. One side distributed load-Asymmetric
structure: (a) initial and (b) optimized layout. Il. Both sides distributed load-Symmetric
structure: (c) initial and (d) optimized layout. Ill. Concentrated nodal forces-Symmetric
structure: (e) initial and (f) optimized layout.

the domain, facing towards the same direction (see Figure 4.3(c)). The optimized layout
obtained implementing two edges distributed loads is shown in Figure 4.3(d). As it can be
observed, although the layout is symmetrical with respect to the vertical middle axis, the
top diagonals of the optimized design are rather incomplete. Furthermore, small truss-
type forms composed by elements with low density values (grey elements) are
encountered in this area. This is due to the fact that the distributed loads will not allow
the formation of the diagonals and thus the optimized layout of Figure 4.3(d) remains not
acceptable in terms of manufacturability constraints. Aiming to deal with this issue too, a
third simple approach is implemented, by applying concentrated nodal forces. Since the
height to width ratio of the domain of Figure 4.2(a) is equal to 6 by 1, it is considered that
the domain is structured by 6 square blocks. The simple approach that is implemented, is
to apply concentrated nodal forces at the top of each square block as shown in Figure

4.3(e) and the corresponding optimized layout is shown in Figure 4.3(f).
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4.5.2 Case of non-optimizable areas

In the previous sub-section, it was observed that the optimized layouts depict increased
material concentration at the edges. The reason is that near the bottom edge, increased
stress concentrations are encountered, leading to increased material demands in this
area. For specific volume fraction values, the approaches described in the previous
section lead to designs with large material demands for the upper part of the vertical
structural members, therefore, relatively low percentages of material are available for
the formation of the diagonals. Aiming to deal with such issues, Bendsge and Sigmund
[15] used a specific technique, imposing geometries where void or full areas are required.
In particular, the desired areas are recognized and elements composing the void or full
ones are assigned to the minimum or maximum density values, respectively. These areas
are also called as non-optimizable ones, since the density of their elements is not an
unknown variable.

In the BF design problem, aiming to form vertical structural members next to the two
vertical edges (columns) of the domain of Figure 4.2(a), the technique of Bendsge and
Sigmund [15] is used. Initially, the non-optimizable areas are chosen, i.e. number and
width-height of the vertical structural members (see domains of Figure 4.4). The resulted
optimized layouts are shown in Figures 4.4(b) and 4.4(e), where two non-optimizable
areas are selected. It can be noticed though, that the diagonals on the top of the domain
are still incomplete. This is due to the fact that the vertical structural members are
enforced to have a specific width along their height, thus there is no need to develop
diagonal structural members in this area. Another interesting observation obtained from
Figures 4.4(b) and 4.4(e), is that the cross-section of vertical structural members varies
along their height, a feature that might not be acceptable in certain cases. Varying the
width of the non-optimizable areas, vertical structural members with different varying
cross-sectional areas can be derived. Therefore, this approach can be used in cases where

controlled varying cross-sectional areas in the vertical structural members, is preferable.
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(1) (1

non-optimizable areas

(a) (b) (c) (d) (e) (f)
Figure 4.4 BF design of a high-rise building: Optimized layouts (fyoirrac = 50%): I.
Concentrated nodal forces: (a) basic case, (b) non-optimizable areas (shown in red) and
(c) beam elements. Il. Both sides distributed load: (d) basic case (e) non-optimizable areas
(as shown in b) and (f) beam elements.

4.5.3 Combination of continuum with beam elements case

So far, the optimized layouts that were derived using the above-mentioned formulations,
resulted into vertical structural members with varying cross-sectional areas. The goal of
the current case is to derive domains composed by distinctive structural members both
vertical (with constant cross-sectional area along their height) and truss-like diagonal
members. The idea, proposed by Stromberg et al. [114], rely on the introduction of hybrid
mesh derived as a combination of continuum with beam elements. According to their
idea, in the case of 2D domains (as the one of Figure 4.2(a)), where the mesh consists of
Q4 elements (see Figure 4.2(b)), the vertical structural members are modelled with beam
elements. Conventional two-node 2D beam elements are modelled with six degrees of
freedom (DOFs), three per node (two translation ones horizontal-vertical and one

rotational). The Q4 elements are modelled with eight DOFs (two per node, two translation
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ones horizontal-vertical). Several methodologies that join discrete and continuum
elements are explored in [114]. The implementation adopted in this thesis, varies with
respect to the loading conditions. In the case of distributed loads, the number of beam
elements used, is equal to two times the number of Q4 elements along the height of the
domain (i.e. 2x480), as shown in Figure 4.5(a). In the case of concentrated nodal forces,
the number of beams elements used is equal to two times the number of square blocks
(i.e. 2x6), as shown in Figure 4.5(c).

As it was mentioned previously, 2D beam elements have two translational and one
rotational DOFs per node and Q4 ones have only two translational DOFs per node.
Therefore, combining the two types of elements is achieved by superimposing the
corresponding translational DOFs and adding the rotational DOF at specific nodes of the
mesh. The stiffness coefficients of the combined stiffness matrix for the DOFs of the

vertical edges of the domain of Figure 4.2(b) are modified as follows:
kij = k& + kbeem (4.20)

where i and j are the domain’s external DOFs of the vertical structural members. Figure
4.6 depicts the combination of beams with Q4 elements, where the 4x3 mesh of Q4
elements is combined with 6 beam elements. More specifically, for the case of the upper
left beam element that is connected with the neighboring Q4 one, translational DOFs of
Q4 (i.e. global DOFs 1, 2, 3 and 4) are combined with the corresponding translational DOFs
of beam (i.e. local DOFs 1, 2, 4 and 5) by means of the proper transformation operation.
The rotational DOFs of beam (i.e. local DOF 3 and 6), are transformed into the global
system (now denoted as DOF 41 and 42, respectively). Comparing the size of the stiffness
matrix composed only by Q4 elements with that of the combined Q4-beam mesh, it could
be observed that the size is not altered significantly. If the size of the initial mesh is
composed by nel, X nel,, (number of elements in the X and Y direction respectively) Q4
elements and 1y .4 is the number of the beam elements integrated into the initial mesh,

the number of DOFs of the initial stiffness matrix is equal to 2(nel, + 1)(nely + 1), while

those of the combined one is equal to 2(nel, + 1)(nely +1) + 2(Mpeams + 1)
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(a) (b) (c) (d)
Figure 4.5 BF test example-Beam elements case: I. Both sides distributed loading: (a) initial
and (b) optimized layout. Il Concentrated nodal forces: (c) initial and (d) optimized layout.

Furthermore, it should be noted that the contribution of the beam elements to the
volume fraction of the domain in total needs to be considered. The improvements of the
optimized layouts obtained with the implementation of the continuum-beam elements
case are presented in Figure 4.5, resulting into fixed width vertical structural members
and development of distinct diagonal members (see for example Figures 4.5(b) and
4.5(d)). Comparing the concentrated nodal forces case (Figures 4.5(c) to 4.5(d)) with that
of the distributed loads (Figures 4.5(a) to 4.5(b)), it can be observed that due to the
distributed loads, multiple rather small truss-like members are developed, that connect
the vertical members with the diagonal ones. On the other hand, for concentrated nodal
forces the domains are much clearer (e.g. Figure 4.5(d)), fixed width vertical structural
members and six distinct pairs of diagonals are generated. By decreasing the volume

fraction, thinner diagonal members will be generated.
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Figure 4.6 Combination of beam and continuum finite elements.

4.6 Automatic CAD interpretation of optimized designs

The results of GSO consist of massive continuous media and need to be interpreted into
classical structural members used in civil engineering, such as 1D (longitudinal beams) or
2D (shells) elements. Thus, a CAD design needs to be provided to the structural engineer.
In the past, Lin and Chao [60] used image-processing techniques to extract the external
boundaries of the binary image and predefined shapes to design the interior holes. Tang
and Chang [119] presented an integrated approach of TO for the design of structural
components. The geometry of the optimized structure is translated into smoothed and
parametric B-spline curves and surfaces. While, Chacon et al. [23] managed to link the
topology optimized designs with CAD software using an IGES translator. One of the major
difficulties in TOP is the interpretation and translation of the optimized layouts into CAD
models, as shown in Figure 4.7. According to the SIMP method, density values of the FE
represent the unknown parameters to be defined; thus, optimized layouts correspond to
greyscale images, corresponding to the various values of the density in the range of [0,1].
However, when trying to interpret the optimized domains there are two options: either
no material is allocated to a specific FE (density value equal to 0) or material is assigned

to the element (density value equal to 1). In order to generate a CAD model, the first step
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(a) (b) (c) (d)
Figure 4.7 BF test example: Automatic interpretation of the optimized layout: (a) bitmap
image, (b) boundary image, (c) connecting component labelling and (d) final CAD NURBS
interpolated domain.

is to convert the density matrix into a bitmap image. This is performed with the use of a
density threshold value, i.e. density value equal to 1 is assigned to the elements that in
the optimized layout converged to density values above this threshold and density value
equal to 0 is assigned to the rest ones.

In the following part of the study, a fully automated design methodology based on TOP is
described, integrating also the interpretation step. Image processing methods are used in
order to derive automatically the shape of the optimized layout, NURBS are used to
interpolate the points (nodes of the mesh) extracted and an IGES translator is applied in
order to produce a file compatible with many CAD software. The first step that needs to
be taken into account, in such a fully automated design methodology, is to identify the
boundaries of the bitmap image [40]. In this step, a boundary detection algorithm that

identifies the coordinates of the nodes lying on the boundaries between black and white
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elements is applied. The boundary of a set A, denoted by S(A4), can be obtained by
eroding first A by B and then calculating the difference between A and its erosion, as

expressed:
B(A) = A— (AOB) (4.21)

where B is a proper structuring element (see Figure 4.8).

The next step is to separate the points of the shapes connected to imaginary lines into
distinct matrices, this is performed by the so called “connected-component labelling” [40]
procedure. Extracting connected-components out of a binary image is a task of major
importance in many automated image analysis applications. Let A be a set containing one
or more connected-components and the array X, (of the same size with array A),
composed by 0s and 1s, is created according to the following rule: all its elements are set

equal to zero (background values) except those that the corresponding elements in A

belong to a connected-component, which are set equal to one (foreground values). This

(b) B

(a) 4
(©) AOB (d) P(A)

Figure 4.8 Boundary extraction: (a) Set A, (b) structuring element B, (c) A eroded by B and
(d) boundary calculation as subtraction between set A and its erosion.

can be seen in see Figure 4.9, where the objective is to map the connected-components
of A into the values of the elements of X,. The following iterations describe this

procedure:

Xk = [Xk—l @B]nA, k=1,2,3, (422)
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where B is a suitable structuring element. In this phase, the pixel elements of the
boundary image are classified into different categories according to the region they

belong to and the coordinates for the centroid of each pixel element are defined.

Y: connected-component in set 4,
p:aknown pointin ¥

Xy=p

X, =(X,, ®B)n 4

if X, =X,
then Y=X,

(d) (e)

Figure 4.9 Connected-component labelling: (a) Sets A, X, composed by initial point p
(denoted with the single shaded pixel, all grey pixels but not shades denote the elements
of A that are equal to 1, but not yet labelled as connected-components), (b) basic
structuring element, (c) result of first iterative step, (d) result of second step and (e) final
result (all connected-components have been labelled).

So far, the points along the boundaries are classified in groups according to the
connected-component they belong to, however, they are not positioned in the correct
order. For this purpose, a sorting procedure is applied aiming to capture the proper design
with the interpolation scheme. This problem is formulated as a travelling salesman
problem. Yet, specific limitations exist for the points of the bitmap image, since they
correspond to nodes of the FE mesh. More specifically, as shown in Figure 4.9(b), initiating
from an arbitrarily selected centroid point p, the identification process for the next point
is limited to the eight neighboring elements’ centroids (i.e. the adjacent elements

denoted as W, S, N, E, NE, NW, SE, and SW, in Figure 4.9(b)). Then a procedure is
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developed, aiming to separate between points that are interpolated using lines and those
that splines are used. The first step of this procedure is to calculate the gradients of the
lines that connect two adjacent nodes. Then, a limit number of repeated similar gradients
is set that defines which boundaries should be modelled with lines (horizontal or vertical)
and the rest boundaries are interpolated with splines. Before applying the interpolation
scheme, for the centroids of the second category (i.e. splines) a smoothening phase needs
to be implemented in order to avoid sharp edges. This is achieved using weight
coefficients (w;) for modifying the coordinates of the centroids used for deriving the

interpolation curves by means of a simple expression:

m
~ 1 .
Pj=2m+1z wiPi_y, j=3in-2 (4.23)

i=—m

where 2m is the number of adjacent centroids (in the current study m = 4 and w; = 0.2)
whose contribution is considered in Eq. (4.23), 13] denotes the modified coordinates of j*
centroid and n + 1 the total number of the curve’s points. In order to attain a smooth
and precise boundary of the geometry, the mathematical model of NURBS is used. NURBS
offer great flexibility in 3D-modeling along with the advantages that bring the design
through control points, enabling to achieve complex shapes.

A NURBS curve is defined by its order, the set of weighted control points and a knot
vector. NURBS curves represent generalizations of both B-splines and Bézier curves and
surfaces. The primary difference is the use of weighted control points, which makes
NURBS curves more rational (non-rational B-splines are a special case of rational B-
splines) [17,85]. NURBS basis function is defined as follows:

Nip(©w; _ N;ip (&) w;
W) =1 N p () w;

Rip(§) = (4.24)

where N;,(§) denotes the it" e-spline basis function of order p and w;, (i = 1,2,+-,1)
is the set of n positive weight coefficients. Given a knot vector & = [El,fz, ---,En+p+1],
the B-spline basis functions are defined recursively starting with the zero-order basis

function (p = 0) given by the Cox-de Boor formula, as expressed in the following:
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N;p(§) = Kinkil Nipo1(E) + (’zi“"—l_f

Einp — &; Ni+1,p—1(f) (4.25)
i+p i

€i+p+1 - €i+1
The multiplicity of the first and last knots of = is of the p + 1 order. A NURBS curve is

given by the following expression:

€ =) Rip(©P, (4.26)
I=1

where n denotes the number of basic functions and P; € R are the control points (where
d is the number of spatial directions).

Once the interpolation scheme of the optimized layout is applied, then it is necessary to
be translated into a file format able to be imported into a CAD/CAE software. For this
purpose, an automatic procedure is developed able to translate the geometry
information (coordinates, control points, etc.) into an IGES file format. The IGES file is a
vendor-neutral file format that allows the digital exchange of mechanical engineering
model data [17] among CAD systems. An IGES file is composed by 80-character American
Standard Code for Information Interchange (ASCII) records, divided into 3 columns. The
Hollerith format is used to represent text strings and the file is divided into five sections:
(i) Start, (ii) Global, (iii) Directory Entry, (iv) Parameter Data, and (v) Terminate, indicated
by the characters S, G, DE, PD, and T respectively. The characteristics and geometric
information for an entity is split between two sections; one in a two record, fixed-length
format (i.e. the directory entry section), the other in a multiple record, comma delimited
format (i.e. the parameter data section), as can be seen in a more human-readable

representation of the file.

4.7 Numerical examples

Herein, two groups of BF systems are examined and manufacturing constraints are
imposed as discussed in section 4.5. The following parameters required to formulate the
TOP are used in all cases examined: nel, = 80, nely = 480, as suggested the value of p

used in Eq. (4.2) is set equal to 3 and density filtering is applied with filter size 1;,,;,, = 3.
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Figures 4.10 and 4.11 show the optimized layouts achieved for the case of the BF design
when using different volume fraction values. The volume fraction used to obtain the
domains of Figure 4.10 is set equal to 20%, while for the domains of Figure 4.11 is set
equal to 40%. It can be noticed, from these figures that low volume fraction (i.e. 20%)
results into truss-like optimized layouts having larger amount of material volume
allocated to the bottom half domain. Comparing, the optimized layouts (for example,
comparing Figures 4.10(a) and 4.11(a)) it can be observed that although the volume
fraction is significantly different, the upper half of the resulted designs is almost the same
while the bottom half is totally different, due to high stress concentration at the bottom
half.

An observation that worth mentioning also is that the width of the non-optimizable areas
(width,,) has a significant impact on the final design. In the current study, the width,,
is increased proportionally to the increase of the volume fraction. For the domains of
Figures 4.10(b), 4.10(e), 4.11(b) and 4.11(e) the following parameters are considered: (a)
fvotrrac = 20%, widthy,, = 4 and (b) fyoirrac = 40%, width,, = 8. For the second

case, it can be seen that despite the fact that the width of the non-optimizable areas is

() (n

(a) (b) () (d) (e) (f)

Figure 4.10 BF test example: Optimized layouts (fyoirrac = 20%): I. Concentrated nodal
forces: (a) basic case, (b) non-optimizable areas and (c) beam elements. Il. Both sides
distributed loading: (d) basic case (e) non-optimizable areas and (f) beam elements.

/X
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Figure 4.11 BF test example: Optimized layouts (fyo1rrac = 40%): I. Concentrated nodal
forces: (a) basic case, (b) non-optimizable areas and (c) beam elements. Il. Both sides
distributed loading: (d) basic case (e) non-optimizable areas and (f) beam elements.

set equal to 8, the width of the vertical structural members of the optimized layout close
to the fixed edge, is even larger. In addition, despite the different values of parameter
width,, that was used for the two fi,rrqc Values, varying cross-sectional areas are
developed in the vertical structural members for both values. In all cases the height of the
non-optimizable areas is equal to 480. Worth mentioning that in the above described
numerical examples, the elements’ properties and the loads’ magnitude are taken equal
to one, similar to every typical TOP [96].

One issue of major importance for the implementation of the combination of continuum
with beam elements case, is that the contribution of the beam elements volume needs
to be taken also into account when compared for a specific volume fraction used in the
other two cases where Q4 elements are used only. Furthermore, instead of using the
parameter that designates the width of the non-optimizable areas (width,,)
corresponding to the Q4 elements, a new one is introduced denoting the width of the
non-optimizable beams (Bwidth,,,). In this case, the material properties and the loads

have taken real world values (not the imaginary value one mentioned previously), since
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the contribution of every FE type is required on the mechanical behaviour of the
structural system. Specifically, the Young’s modulus of both 4Q elements and beam

elements is equal to E = 200GPa (steel ASTM-A36), while the magnitude of the
distributed loadisP =5 %N In addition, the moment of inertia for the beam elements is

equal I = 7.8 - 10~>m* and the values of the cross-sectional area depend on the final
volume fraction of the desired design and are defined by the designer. In Figures 4.10,
4.11 (c) and (f) the following parameters are considered: (3) fyoirrac = 20%,
Bwidth,, = 4, area = 0.021m? and (b) fyoirrqac = 40%, Bwidth,, =8, area =
0.05m?2.

Following the computational investigation and automatic interpretation into a CAD
model, which represent major importance tasks for the TO aided conceptual design
framework of civil structures presented herein, the IGES files are created. Particularly, in
Figure 4.12 the proposed BF systems for fo1rrac = 40% are illustrated, by importing the
IGES files into the commercial software AutoCAD [8]. It is observed that the final layout is

very accurate and close to a shape that could have been designed manually.
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(a) (b) (c)
Figure 4.12 Automatic interpretation of the optimized layout (fyoirrac = 40%) for
concentrated nodal forces: (a) basic case, (b) non-optimizable areas and (c) beam
elements
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CHAPTER 5

Conceptual design of structural systems based on topology
optimization and prefabricated components

5.1 Introduction

As it is stated in the previous, STO techniques are more difficult to be implemented in the
AEC industry as opposed to other industrial applications. This can be justified by the
complexity of the architectural conceptual design process and the engineering intuition
required to support the outcome of the conceptual process part as well as the design
code regulations. The design process for the case of structures (buildings, bridges,
hangars, etc.), ranging from the stage of conception of the form to the selection of the
structural system and subsequently the design steps, represent a multi-disciplinary
process where many disciplines are involved, such as structural engineering,
ecological/bioclimatic design, acoustic performance, etc. Parametric design represents an
algorithmic thinking-based procedure, where geometry is generated through the
expression of parameters and the relations between each other; it allows to discover a
range of possible solutions through the variability of the parameters. Well-known
architects and engineers have adopted such techniques, e.g. Antonio Gaudi, Frei Otto,
Heinz Isler, Pier Luigi Nervi and Heinz Isler [79,2,50] Adriaenssens et al. [3] investigated
extensively the history of form finding techniques and optimization from the analogue
models in the early 20th century until recently through the wide spread of CAD,
Computer-Aided Manufacturing (CAM) and visual programming applications like
Grasshopper [41].

In this chapter, aiming to take advantage of the key feature of STO in order to develop
structural systems composed by prefabricated units, a novel STO based conceptual design
approach is introduced, taking advantage also of the parametric design techniques and
tools. The proposed methodology is an alternative, especially in cases where the

structural system is composed by multiple components selected out of a discrete set.
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Additionally, the structural elements of larger scale structural systems can be fabricated
using adaptive mechanisms or especially manufactured formworks. Such a procedure
ensures that a discrete set of prefabricated specifically shaped units will be generated.
The novelty of the proposed methodology focuses on the distribution of a discrete set of
specifically shaped units that are inscribed in rectangular FEs. These units are treated as
periodic shaped units distributed over the design domain, with reference to the area
(2D)/volume (3D) of the predefined shapes. In the sense that a limited size group of units
are repeated in the design domain. One part of the proposed methodology, that is
referred to the optimization procedure and the Finite Element Analysis (FEA), is
developed in MATLAB code, while the parametric design module is developed in
Grasshopper environment. Additionally, a 3D hangar structure and a braced tube
structural system are produced within the proposed procedure and their fully automated

CAD interpretation is highlighted.

5.2 Periodic Shaped Units based Topology Optimization (SUTO)

One of the most significant stages of the TOP formulation is the definition of the
manufacturability constraints especially in the framework of architectural conceptual
design. In smaller scale type of structures, TO can be integrated well with Additive
Manufacturing (AM), making possible the development of complex structural system as
a whole, e.g. the frame of a motorbike was 3D printed using aluminum alloy [20]. The
application of TO in AEC industry is significantly more complex due to the various
limitations imposed in the design process but also due to the larger scale of the
corresponding structural systems that cannot be fabricated as a whole by means of AM.
In such cases, TO was mainly used as a design tool and the manufacturing process was
not included in an explicit manner, e.g. the Akutagawa River Side project where the walls
were made of Reinforced Concrete (RC) using custom made formworks [52]. In case that
parametric design was combined with density-based TO for designing structural systems,
where the result of the conventional TOP formulation of Eq. (4.1) was translated into

structures composed by shaped units, there is a major disadvantage; the translation part
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requires engineering intervention and personal interpretation. In the current chapter a
novel methodology is presented that is based on the idea of replacing the FE of the
discretized design domain with periodic shaped units. These units correspond to discrete
specifically shaped units manufactured either by means of AM or as prefabricated

components using especially manufactured formworks.

5.2.1 The problem formulation

In this chapter, the main objective is to develop structural systems composed of
prefabricated structural element using a TOP formulation as the means to optimally
distribute material over the design space; with no modification on the proposed
methodology 3D printed structural elements can be used as well. More specifically the
scope of the study is to optimally distribute specifically shaped structural elements
selected from a predefined discrete design set. Thus, instead of distributing material using
density values and decide whether a FE exists or not, in the proposed methodology a
number of predefined shaped units, representing the components of the discrete design
set, are distributed. The shape of the predefined structural components defining the
discrete design set is decided first by the designer; a variety of different shaped units can
be selected and consequently several candidate designs can be delivered on the basis of
the generative design concept. In this manner, interesting architectural forms can be
derived that cannot be achieved through conventional methods. Thus, the proposed
methodology can be a powerful tool for the architect/engineer in the phase of conceptual
design; e.g. when designing a structural system for supporting specific functionalities (like
shading). Aesthetic is the criterion adopted in this study for choosing the prefabricated
units; if another criterion is used instead, the proposed methodology can also be used for
deriving optimal distribution of the selected (by means of any criterion) predefined
shaped units. More specifically, modifications on the formulation that is adopted in the
current study can be used, for example in order to influence the shading that a shelter or

a wall will provide. Additionally, manufacturability preferences can also be implemented
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by means of the shaped units selected by the user and possibly other needs that the
architect/engineer might desire.

In this part of the study, the fundamental modification on the TOP formulation for the
needs of the proposed methodology is presented that originates from its basic concept
that is to use the Q4-based (for 2D structural systems) or hexahedral-based (for 3D
structural systems) FE mesh discretization and then to assign predefined structural
elements to the components of the FE discretization. The mathematical formulation of

the periodic shaped unit-based TOP is presented below:

min C(she) = FTu(she) = u(she) K (she)u(sh,) (5.1a)
She
s.t.

K(sh,)u(sh,) =F (5.1b)

V(sh,)
% == fVolFrac (5.1¢)

0

Nele
> e <V, (5.1d)

e=1
she € Agy = {SH;,i =1,2,...,m} (5.1e)

Without limiting the applicability of the proposed methodology, the compliance of the
system C(sh,) is the objective function of the problem, similar to the SIMP problem
formulation, (see Eq. (4.1)). The equality constraint refers to the equilibrium equations
and V, is the volume of the initial domain. The basic variation of the problem formulation
of Eq. (5.1) stems from the design variables. In particular, the design variables refer to the
shaped unit sh, assigned to each element e. They are chosen out of a discrete design set
Agy that is composed by m prefabricated shaped units SH; that correspond to different
areas a;. The design set composed by the predefined shaped units represents the
aesthetic intervention of the architect/engineer in the problem formulation of Eq. (5.1).

Although single loading cases are presented in the numerical tests section, worth
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mentioning also that multiple loading case can easily be treated by the proposed SUTO

methodology.

5.2.2 The methodology

The basic algorithmic parts of the proposed methodology are described in detail in this

section.

Definition of the discrete design set

The first part of the proposed methodology is the development of the discrete design set.
In the current implementation of the methodology specific shaped units are used, without
loss of generality, they need to be inscribed into a predefined rectangular of specific size
that is selected at the beginning of the implementation; since it is rather straightforward
how it can be extended. This is due to the fact that the design domain is discretized with
a structured FE mesh, based on a rectangular (or solid) FE of specific size, this size depends
on how fine or not the mesh discretization needs to be. The TO procedure will be based
on the guiding grid selected initially. The size of the grid is pre-requisite parameter
information, since it is defined based on the dimensions of the prefabricated structural
elements of the design set Agy. Thus, the units composing the design set need to have 4
nodes at their edges coinciding with the 4-node of the Q4 element for the case of the 2D
test examples, as it can be seen in Figure 5.1. For the case of the 3D test examples,
hexahedral elements are used, having the same layout with that of the Q4 element. In
order to allow using various shaped units, they should be able to be transformed into 4-
node equivalent Q4 elements or 8-node solid ones (for the 3D case). In this manner a
variety of different structural elements can be derived and satisfy the requirements of the
conceptual design. For reasons of manufacturability, the proposed methodology is
implemented based on structured FE guiding mesh discretization of the design domain
(i.e. rectangular or triangular mesh type).

In the current study the discrete design set is composed by m = 10 different star shaped

units that will be used in the implementation presented below. A parametric study is
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performed in order to derive gradually decreasing areas for the m components of the
design set as it is shown in Figure 5.2. More specifically a line is drawn from the middle of
each side to the centroid of the rectangle, the midpoint is set as the parameter and it is
divided in ten equal segments. The parameter takes such values so that a shaped unit

with the minimum area is not an empty shape and the shape with the maximum area will

N
w

Static condensation

a) 1 b) 2
Predefined structures’ mesh Super-element

Figure 5.1 Definition of the design set: (a) Predefined FE mesh of a specific predefined
periodic shaped units, (b) equivalent quadrilateral FE

OO
YOO X

Figure 5.2 Parametric study for ten predefined periodic shaped units.

not be arectangle. The area of the full rectangle is a,... = 1, while the limits of the shaped
units’ areas are api, = Area(SHy-19) = 0.1 and apq, = Area(SHy) = 0.9. By
definition, the implementation of the proposed methodology described in this study,
does not allow regions without any material to be developed. For the specific
implementation, generating regions without material would not be either functional or

manufacturable. This is without loss of the generality of the proposed methodology, since
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the methodology can lead to solutions having regions without material if the

problem/formulation requires.

Generation of the equivalent Q4 FEs

Given that the discrete design set was developed, the next part of the methodology is to
derive equivalent FE for each component of the design set. The description will be limited,
without loss of generality, to 2D structural elements. The implementation of the proposed
methodology relies on equivalent rectangular Q4 elements. The stiffness matrix of a Q4
plane stress FE corresponds to a matrix with size 8x8:
ki kil
P (5.2)

kgt o keg

Thus, the predefined specifically shaped units (those shown in Figure 5.2) need to be
transformed into equivalent rectangular Q4 elements. The procedure for generating
equivalent rectangular Q4 elements initiates with the discretization of each shaped unit
of the design set (Agy) using an unstructured mesh generator. For this purpose, three
node plane stress triangular elements are used and the global stiffness matrix of each
shaped unit, of the design set, is assembled. The number of the DOFs in each predefined
specifically shaped unit might be different depending on the quality of the FE mesh
discretization. Subsequently, the 8x8 stiffness matrices of the equivalent rectangular Q4
elements are derived by means of the static condensation method. In various studies,
reduced model technics were implemented that rely on static condensation [88,81].
Assume that the DOFs that are to be eliminated are denoted as e and the remaining ones
denoted as c are those to be condensed. According to this notation the equilibrium
equations for each predefined specifically shaped unit, can be written using partitioned

matrices as follows:
Fe _ Kee Kec] Ue
{Fc} B Kce KCC {uc} (5'3)

Multiplying the system in Eq. (5.3) yields the following equations:
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Keette + Kecuc = F, (5.4)
and
Keeue + Kecue = F, (5.5)
Solving Eq. (5.4) for the vector u, and substituting it in Eq. (5.5) leads to the following:
Ue = Koo' (Fo — Kectie) (5.6)
and
(Fe = KeeKee' Fe) = (Koo — KeeKee' Kec)ue (5.7)
Eqg. (5.7) can be re-written in compact form as:
F. = Ku, (5.8)
where
K = Kec — KeeKee' Kec (5.9)
The condensed stiffness matrix K of Eq. (5.9) corresponds to the stiffness matrix of an
equivalent rectangular Q4 element. The nodes of the resulting equivalent rectangular Q4
elements, coincide with the condensed 4 nodes of the discretized predefined specifically
shaped units.

: . —)Kslhz : .
Lo ki, ki, - kig (5.10)

i i i i
k11 kln k11 k18

i
sh —

n = depending on mesh quality, i=12,...m

Eg. (5.10) shows the procedure of transforming the global stiffness matrix Ksih of the
discretized shaped unit having n DOFs in total, to that of its equivalent rectangular Q4
element K., for each one of the m components of the discrete design set. Thus, the
proposed TO procedure can rely on the equivalent rectangular Q4 elements derived

based on the structured FE mesh discretization of the design domain initially generated.
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Solution of the TOP based on regression analysis

The solution of the TOP requires assembling the global stiffness matrix that corresponds
to the form of the design domain resulted, with respect to the values of the design
variables for each step of the SIMP approach. Thus, the area values are generated during
the steps of the SIMP approach of the equivalent Q4 elements of the FE mesh
discretization adopted for the design domain need to be associated to the predefined
specifically shaped units out of the discrete design set. Therefore, the area values (in the
range apin to amay) generated by the mathematical algorithm (i.e. OC or MMA) need to
be translated into discrete prefabricated shapes out of the design set. The first part of this
process is to perform regression analysis. For this purpose, a polynomial curve is fitted
and in particular a 4-degree polynomial is implemented, as it shown in the following

equation:

fi5(ae) = aijag + bjad + c;jaé + dija, + ej; (5.11)

ki = f5(ae) (5.12)
where a;;, b;j, c;j, d;j, e;j are the coefficients of the polynomial curve, representing the
unknown variables, and a, is the area of the e" element. More specifically, regression
analysis is performed for every independent coefficient of the stiffness matrix taking
advantage of its symmetry. As it is indicatively shown in Figure 5.3 for the case of the k¢,
stiffness coefficient, the abscissa (X-axis) of the diagram corresponds to the area and the
ordinate (Y-axis) denotes the value of Efi stiffness coefficient. As it is shown in Figure 5.3,
through regression analysis a 4-degree polynomial was fitted to the values of the Efl
stiffness coefficients corresponding to the equivalent rectangular Q4 elements of them =
10 prefabricated shapes out of the design set. Without loss of generality for the examples
presented herein, rectangular Q4 elements were chosen, thus the size of the stiffness

matrices is 8x8 and the procedure is repeated for every independent coefficient of the
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fi(ae) x
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Figure 5.3 Regression analysis for the stiffness index Efl and schematic representation of
the stiffness coefficient assignment.

stiffness matrix, taking advantage of the symmetry of the stiffness matrix and the identical
components of the stiffness matrix. Thus, all the coefficients of the equivalent element’s

stiffness matrix can be calculated, for every element of the design domain’s mesh.

_ kir(ae) - kig(ae)
kgi(ae) - kgg(ae)
[ El(ae)
k(a.) ks (ae) SYM
ki(ae) ks(ae) ki (a.) (5.13)
_Es(ae) EG(ae) _Ez (ae) E3(ae)

—ki(a)/2  —ky(a,) ks (ae) ks(ae) ki(ae)
_EZ (ae) _E3(ae)/2 _ks(ae) EB(ae) ]Ez (ae) iés (ae)
];7((15) _Es(ae) _];1 (a0)/2 ]EZ (ae) iézl—(ae) Es(ae) ]El (ae)
- Es(ae) Es(ae) lzz(ae) _ié3 (ae)/z _ES (ae) Es(ae) _EZ (ae) E3 (ae)—

a. € 4, A = [Amin, Amax]

where Eﬁ = Eij(ae) denote the stiffness coefficients, derived through the regression

curve of Eq. (5.11), while 8 are the independent terms of the stiffness matrix shown in Eq.
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(5.13). Furthermore, the derivative of the equivalent element’s stiffness matrix, which is

required for the sensitivity analysis, is evaluated through the following equation:

diéle] dfij(ae)
dae = dae = 4aija2 + 3buag + Zcijae + dU (514)

3D type of structures - solid FEs

The Q4-based FE mesh discretization of the design domain and its equivalent Q4
elements, are used in order to present the proposed methodology described previously.
Deriving interesting and innovating hangar-type structural systems such as plates, roofs
and domes was the main motivation to develop the proposed methodology. For this
reason, the methodology is also enriched with structural elements to be used in hangar-
type of structures. For this purpose, similar to the 2D case, the design domain is
discretized with a structured FE mesh based on cubic FE of specific dimensions, that
depend on how fine or not the mesh discretization needs to be. In particular 3D solid FE
having three translational DOFs in each node are used. One layer of elements is generated
along the Z-axis (perpendicular to the plan view) for discretizing the design domain for
the hangar-type of structures; depending on the use of the structure the width of this
direction is relatively small or very-small comparing with the other two dimensions. The
plan views of the predefined shaped units are those shown in Figure 5.2, having a small
thickness equal to 0.01m? and the dimensions of the inscribed hexahedron’s plan view is
1x1 dimensionless unit length.

For reasons of manufacturability, the initial guiding mesh discretization of the case of the
3D problems is also structured and an 8-node hexahedron FE is used as the reference
element. The procedure is similar to that described for the 2D case. Each shaped unit is
discretized using 6-node pentahedron FEs generated using an unstructured mesh
generator and the global stiffness matrix for every shaped unit is assembled.
Subsequently the stiffness matrix is condensed and 8 nodes are derived through static
condensation, corresponding to the nodes of the solid element chosen. Thus, the size of

the stiffness matrix for the equivalent hexahedron elements is equal to 24x24. Although
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the ultimate goal was to develop by means of the proposed methodology dome structure,
its applicability is tested first into 3D plates. If single curvature shallow hangars are
examined, they can be simulated using flat FEs as well. Without loss of generality this is

the case that is examined in the current study.

5.2.3 Implementation of the methodology in MATLAB

The proposed methodology was developed based on a home-made MATLAB source code.
In particular, all aforementioned procedures are included in the function [K,,dK,] =
Fshapes(a,), that was written in order to be integrated with the SIMP method as the
material interpolation scheme in the classical TOP formulation. The input argument of the
function is the area parameter (a,) for the e element and the output argument is the
local stiffness matrix (K,) of each equivalent Q4 or hexahedron FE along with its
derivative (dK,). The global stiffness matrix of the design domain is assembled in the
same way as that it is performed in the case of the typical rectangle mesh. Subsequently,
the procedure is implemented in the same fashion that is used for the case of the
conventional TOP. More specifically, the elasticity problem is solved, the objective
function is evaluated, the sensitivity analysis is performed and finally the OC method (or
the MMA one) defines new values for the design variables of the problem towards the
optimum area of the elements of the FE discretization. In order to allow the algorithm
(OC or MMA) to develop its exploration capabilities, K5 is used during the steps of the
algorithm instead one of the K.;,,i = 1,2, ..., m. Therefore, after the convergence of the
problem, the values of design variables corresponding to the optimized design will not
match to any of the m predefined star shaped units of design set (Asy). However, the
optimized structural system needs to be composed as a combination of the predefined
shaped units. This is performed after convergence; according to the following expression

it is chosen which shaped unit out of the design set (Agy) will be assigned to element e:

she = SH;: dist; = min(dist = |la, —a;]), i=12,..m (5.15)
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Thus, the FEs are assigned to the closest defined predefined star shaped unit; i.e. it is
imposed that the design variable instead of being continuous, to take discrete values as

it is shown:
a. € A, A= Acont = [aminr amax] = A = Agise = {al» az, ..., am} (5.16)

where A.yn: and Ay denote the continuous and discrete variant of the design set for
the area A. In the representation of the structure in MATLAB, different colors for each
star shaped unit are used, as it is shown in Figure 5.4. The smallest shape corresponds to
yellow color, while the largest on to blue. Furthermore, in Figure 5.5 the flowchart of the
proposed methodology along with the conventional one is represented. The red color
indicates the procedures that were added in the case of SUTO and the green, the
procedures that remain the same. Three new functions are developed that are used
before entering the main loop. First, a function in which the design set of the predefined
shaped units is defined and the mesh discretization of the units is generated. Second, a
function in which static condensation is performed and the third refers to Fshapes
function that associates the values of the areas (a,) with the corresponding stiffness
matrix by means of regression analysis. The main loop remains the same as a typical TOP,
the crucial difference stems from the part where the elements’ stiffness matrix is derived

that in the proposed methodology by means of the Fshapes function.

b
i

Figure 5.4 Interpretation in MATLAB. Yellow is the smallest shape and blue the biggest.
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5.3 CAD interpretation of optimized structural systems

The interpretation phase applied to the design resulted through the optimization
procedure, represents a major issue in TO. CAE software solutions that can be used in the
interpretation phase are rather few. Furthermore, their capabilities to interact with the
TOP formulation or add new constraints are very limited. For this reason, all the new
procedures and ideas developed in the framework of the proposed methodology, are
integrated using C# programming code with Grasshopper. More specifically, in order to
establish the proposed methodology, parametric design technics are combined with TO
procedure, relying on the well-known parametric design tool Grasshopper. Tedeschi [121]
used Grasshopper in order to present several parametric strategies in the conceptual

design stage.

5.3.1 Grasshopper

Grasshopper [41] algorithmic modelling, among others, represents a graphical
programming language and provides an environment that is integrated with Rhino3D
software [90]. Procedures can be developed by dragging components to the program’s

canvas. The output of these components is then connected to the inputs of the
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subsequent components. Grasshopper was initially used for setting up generative
algorithms, such as for generative art. However, due to its capabilities, it is widely applied
in parametric modelling for structural engineering, architecture and fabrication problems.
The last years an increased number of practitioners (engineers and architects) that are
involved in the field of computational mechanics and geometry, not only use the
Grasshopper but also develop new plug-ins leading to a huge number of tools that can be
applied great variety of problems. For example, Millipede [67] focuses on structural
analysis and optimization and performs TO using the SIMP approach in order to solve
density-based TOP; however, Millipede cannot support the needs of the proposed
methodology. In this chapter, Grasshopper was used only for defining geometry and
generating mesh discretization required along with the interpretation of the optimized
structural system. All computations were performed by means of the MATLAB code
described before, while the interaction with Grasshopper was implemented with a C#

code.

5.3.2 Details on the integration with Grasshopper

The integration of the proposed methodology with Grasshopper is described in this

section below, the components of this interaction are shown in Figure 5.6.

|:|Grasshopper 3D |: _| Matlab

|____I

Generate FE mesh (Weaverbird): | Display of the optimized design:
| SUTO - Go through all Shaped Units

- Design Domain (structured) ' |—>
- Shaped Units (unstructured) | methodology (BatchRun)
- Mapping (MapSrf)

o |
Figure 5.6 Interaction of SUTO methodology with Grasshopper.

The components that need to be combined in order to generate the predefined shaped
units, are shown in Figure 5.7(a). In particular a rectangle is created by using the Point and
Line components and the middle points of the edges are set as parameters with the aid
of Series component. Afterwards the shaped units are created with the Join component

and the pool composed of the prefabricated units is defined. In this stage, the designer

127



can change the form of the shaped units and choose the desired ones. Afterwards an
unstructured mesh discretization is generated by means of the Weaverbird [124] plug-in
of Grasshopper, that is used in order to generate triangular elements only, using its
wbTriangles component. The Custom Mesh Settings and DeMesh components are also
used in order to achieve acceptable mesh quality and decompose it so as to retrieve the
node and connectivity information. As it can be seen in Figure 5.7(b) a component is also
used to save the coordinates of the nodes and their connectivity into a txt file.
Subsequently, these data are used to compute the local stiffness matrices and then to
assemble the global one of the shaped units of the design set. The specific file format was
chosen because it facilitates neutral file exchange and easy to import to MATLAB.

The next step refers to generate the mesh discretization of the design domain. In Figure
5.7(c) it can be seen how a mesh discretization is created for the case of a single curvature
shell. More specifically the Loft command is used and the surface is generated among the
curves we have selected. The mesh generation procedure is similar with the
aforementioned one. All above mentioned information concerning the geometry is
generated and saved in txt files, then it is imported in MATLAB to be used by the source
code implementing the proposed methodology. The output of the proposed methodology
is also saved into a txt file composed of the indexes denoting the optimized distribution
of the shaped units into the grid of the design domain.

The next step is also performed using Grasshopper by means of a C# source code and
refers to the discretization of the design domain into rectangles as it shown in Figure
5.8(a). In this way, every index of the mesh is identified so every rectangle can be
substituted with the optimally selected predefined shaped units. The optimized results
that are retrieved from MATLAB, are imported by using the Read File component and the
Subset and Branch components are used in order to handle the list of the predefined
units. Figure 5.8(b) shows the two basic loops of the program. BatchRun component is
applied to run through all the predefined shapes and the guiding mesh. When the
algorithm identifies the index that must perform the replacement, the MapSrf

component is mapping the optimized surface in the equivalent rectangle.
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Figure 5.7 (a) Draw the predefined shaped units, (b) generation of unstructured mesh
discretization of the shaped units and (c) generation of structured mesh discretization of
the design domain.

129



|
°
a
|
V)
o
o
~
S
a
"
S
o
=
-
E
°
a
®
o
o
N
°
o
|
o
o
=

(b)
Figure 5.8 (a) Mapping surfaces and (b) substitution loop (batch run).

5.4 Numerical examples

In this section several 2D and 3D test examples are presented, aiming to show the

advantages of the proposed methodology.
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2D test examples

In this section two typical TO test examples are considered. The first one refers to the
cantilever beam problem shown in Figure 5.9 and is labelled as “BBeam test example”.
The guiding mesh discretization used along the X axis is equal to 150 elements times 50
elements along the Y axis. The loading conditions refer to a single concentrated unit load
along the Y axis at the right bottom corner of the design domain and the boundary
conditions refer to fixed support along the Y axis at the left edge of the design domain
(see Figure 5.9(a)). The second test example shown in Figure 5.10 is labelled as “Simple
beam test example”. The guiding mesh discretization along the X axis is equal to 200
elements times 50 elements along the Y axis. The loading conditions refer to a single
concentrated unit load along the Y axis at the middle of the top edge of the design domain
and the boundary conditions refer to pin supports at the left and right bottom corners of
the design domain (see Figure 5.10(a)). The volume fraction selected for both test
examples is equal to 50% of the initial domain (fyoirrac = 50%) and no filters were used
for the implementation.

In order to assess the results of the proposed methodology, they are compared with those
of the conventional GSO procedure. The results obtained by the conventional procedure
can be seen in Figures 5.9(b) and 5.10(b), where a penalty parameter equal to 3.0 was
used, where the results after applying the proposed SUTO methodology can be seen in
Figures 5.9(c) and 5.10(c) for the two test examples, respectively. As it was stated
previously, the implementation of the proposed SUTO methodology does not allow
regions without material to be developed, thus the optimized domains obtained by the
conventional procedure (Figure 5.9(b)) and that of SUTO (Figure 5.9(c)) are totally
different. It is important to note that no filtering techniques were implemented so far and
that is why the checker boarder problem is observed. Similar to the result of the
conventional procedure, in Figure 5.9(c) two horizontal members in the design domain
are observed (up and down) and a diagonal in the right part of the design domain.
However, in the rest part of the design domain instead of creating diagonals, SUTO

methodology distributed a variety of different shaped units. Therefore, the corresponding
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check boarder problem is not an issue for the SUTO methodology since all elements of
the guiding mesh discretization of the design domain correspond to predefined shaped
units out of the design set. In the case of the “Simple beam test example” the optimized
domains of the two procedures (i.e. Figure 5.10(b) and Figure 5.10(c)) look more alike. As
it is observed in Figure 5.10(c), the optimized domain of the proposed methodology

generates the same number of main members and along the same direction.

€N

1
aas

(c)
Figure 5.9 BBeam test example: (a) initial design domain, (b) optimized domain by means
of SIMP, (c) optimized domain by means of SUTO methodology.
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Figure 5.10 Simple beam test example: (a) initial design domain, (b) optimized domain by
means of SIMP, (c) optimized domain by means of SUTO methodology.

3D plate test examples

In this section two 3D plate test cases are presented, the first one is labelled as “Plate test
example 1”, while the guiding mesh discretization along the X and Y axis is equal to 200
elements respectively. The loading conditions refer to a single concentrated unit load
along the Z axis in the middle of the plate (see Figure 5.11(a)) and the boundary conditions
refer to fixed support in the all four edges of the design domain. The second one is

labelled as “Plate test example 2”; the mesh discretization as well as the boundary
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conditions are the same with those of the first test case. The loading conditions refer to
five concentrated unit loads, close the middle of the X and Y axis (see Figure 5.12(a)). The
volume fraction is equal to 50% of the initial domain (fyoirrac = 50%) for both test cases.
Comparing the results shown in Figures 5.11(b) and 5.12(b) it can be observed that the
form of the loading conditions has large effect on the form of the optimized domain. In
Figure 5.11(b) it can be seen that the pattern of the optimized domain is composed mainly
by four members, two diagonals, one horizontal and one vertical brace. On the other
hand, the pattern of the optimized domain of Figure 5.12(b) looks more attractive from
architectural design point of view. It can be stated that the pattern of the optimized
domain for the “Plate test example 2”, reminds us forms that can be found in nature, as
its shape resembles a butterfly. This test case is more inspiring for creating an innovating

shell structure as it is shown in the next section.

(a) (b)
Figure 5.11 Plate test example 1: (a) initial design domain and (b) optimized domain by
means of SUTO methodology.
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Figure 5.12 Plate test example 2: (a) initial design domain and (b) optimized domain by
means of SUTO methodology.
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Hangar test example and Grasshopper based interpretation

In this part of the numerical tests, two examples were chosen out of those presented
previously in order to be interpreted via Rhino3D, through the C# source code developed
for Grasshopper. The first one refers to the “BBeam test example”, Figure 5.13(a) depicts
the optimized structural system, as it is interpreted in Rhino3D while a more detailed view
of a specific part of the optimized structural system is shown in Figure 5.13(b). The second
test example is similar to “Plate test example 2” in terms of loading and boundary
conditions with the difference that instead of a plate, a single curvature shell is dealt with
the SUTO methodology. It is known that the mesh discretization of the shells that are
curved with respect to one of the axes and have small curvature, can be simulated with
plane elements. Thus, the proposed SUTO methodology is applied in such a shell structure
and the example is labelled as “Hangar test example”. The results of the SUTO
methodology can be seen in Figure 5.14. Top, front and side views of the hangar test
example can be seen in Figure 5.14 along with a perspective view. The optimized result is
quite interesting corresponding to an innovating shell structure that is inspiring for

developing a pavilion or similar type of structural systems.
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Figure 5.13 BBeam test example: (a) interpretation in Rhino3D, (b) zoomed area.
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(a) W )

(d)
Figure 5.14 Hangar test example: (a) front, (b) top, (c) side and (d) perspective views.
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3D “Braced Tube” RC building - Grasshopper based interpretation

In this section a more realistic test case is presented that is labelled as “Braced Tube RC
building test example”; in particular an RC building is studied belonging to the class of
“Braced Tube” structural system. The specific structural system is used not only in steel
but also in RC buildings structures. In the case of RC buildings instead of using mega
diagonal steel braces, shear walls are arranged between the columns in the perimeter of
the building, in this study the prefabricated shaped units are arranged in the perimeter of
the building. They are located into a diagonal pattern and they transfer the gravity loads,
operating as inclined columns. Except for carrying vertical loads, these elements
participate in the lateral load resistance, taking advantage of their increased stiffness.
Their location in both directions of building’s perimeter, contributes the building against
lateral loading.

For the braced tube RC building test example considered the following geometry
characteristics are adopted: 225m? floor plan, 60m height and 20 stories, plan and side
views are shown in Figure 5.15. A quadrangular plan view was considered for the floor
plan of the building, while the configuration of floor plan view’s shape was considered as
symmetrical in both directions. Given that the prefabricate shaped units selected are
inscribed into squares of size 1.5x1.5m?, the guiding mesh discretization used along the X
axis is equal to 10 elements times 40 elements along the Y axis. The loading conditions
refer to a single load vector along the Y axis concentrated at the middle of the upper side
of the domain (see Figure 5.15(a)). The two bottom edge corners are pinned and the
volume fraction selected is equal to 40% of the initial domain (fyoirrac = 40%). The
results obtained by the SUTO methodology are shown in Figure 5.16(a), interpreted in
MATLAB. In Figure 5.16(b), the interpretation of this layout in Rhino3D is depicted. The
exoskeleton (braced tube) of the RC building developed, is shown in Figure 5.17 and the
optimized structure is automatically interpreted in Rhino3D, through the C# code that

was developed for Grasshopper.
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Figure 5.15 Braced tube RC building test example: (a) side and (b) plan views.
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Figure 5.16 Braced tube RC building test example by means of SUTO methodology: (a)

optimized domain in MATLAB representation and (b) interpretation in Rhino3D.



Figure 5.17 Braced tube RC building test example: perspective view.
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CHAPTER 6

Compliance-based frame structural topology optimization

integrated in SAP2000

6.1 Introduction

So far, the proposed methodologies for the generation of structural systems in civil
engineering applications, are implemented based on the GSO approach. In this chapter,
the FSTO problem, which is a subfield of LO, is introduced. In the literature, most of the
papers that deal with LO problems use Truss Structural Topology Optimization (TSTO)
formulations, considering members that develop only axial stresses. However, the
consideration of members with both flexural and axial stiffness is an intriguing aspect in
the field of STO. The articles in the literature that deal with FSTO problems are quite few
and their applications are mainly theoretical, without practical implementation in the
field of civil engineering. Fredicson et al. [38] presented a method for TO of framed
structures with flexible joints that is applied in both 2D and 3D problems. Richardson et
al. [91] demonstrated a novel two-stage method, applicable to the preliminary design
phase of gridshell structures; the objective was to minimize material cost and improve
structural performance. Changizi and Jalalpour [25] presented a compliance and stress-
based TO approach for framed structures that can handle global and individual member
instabilities. Changizi et al. [26], examined the interesting topic of the uncertainties
encountered in real-world conditions, and proposed an algorithm for solving the
probabilistic TO problem of framed structures.

In this chapter, the conventional compliance-based FSTO formulation is presented and GS
generation techniques are discussed. Particularly, two applications for the generation of
the GS are presented; the first is developed in the Grasshopper [41] environment while

the second is applied via MATLAB code. For the implementation of the optimization

142



procedure, an in-house software tool, that works as an extension of the High-
Performance Topology Optimization Computing Platform (HP-TOCP) [105], is developed
in CH# programming language. In this work, the capability of HP-TOCP to integrate with
commercial CAE software is used. Particularly, the implementation of the FSTO in
SAP2000 [95] is discussed thoroughly and a wide range of numerical test cases are

presented.

6.2 Ground structure generation

The generation of the initial design domain represents one of the most important
components of the solution process in LO problems. As it can be noticed from the
literature survey that follows, the GS approach appears to be the most often used method
for generating the initial design domain in the case of LO problems. The GS method was
initially introduced for the Michell structure by Dorn et al. [30], who applied a linear
programming method to optimize truss structures. In their approach, the optimized
structure is a subset of the set of bars defined before solving the problem. Sokol [100]
presented a code written in Mathematica that implemented TO of truss structures
consisting of fixed GS. Zegard and Paulino [131,132] presented MATLAB codes for
generating GS of arbitrary non-orthogonal domains for 2D and 3D spaces. However, the
common characteristic of the aforementioned works, is that the initial structures are
created in programming code, leaving the structural designer without too much freedom.
In the following subsections, a proposed methodology for generating a GS in CAD
environment is presented and some constructability aspects are discussed in a typical

MATLAB programming code.

6.2.1 Grasshopper application

In this subsection, the GS generation with the aid of the Grasshopper is presented. As it
is stated before, Grasshopper is a parametric design plugin that integrates with the CAD
program Rhino3D and is widely used by many architects as a free form design tool. In this

way, more complex initial geometries can be applied and more freedom for intervention
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is provided to the architect or the engineer. In Figure 6.1 a simple example of the GS
generation is shown. At first, the desired initial domain is created inside the Grasshopper
environment by developing the proper visual script, Figure 6.1(a), and then the result is
illustrated in the Rhino3D program, Figure 6.1(b). Particularly, in the specific example, the
Cross Reference component is used in order to create a full-level connectivity GS. The
advantage of this implementation, is that the initial design domain can be a simple 2D
and 3D geometry but also a more complex double curvature gridshell, as it is shown in
the following test cases. Regarding the complexity of the initial connectivity of the
elements, it can vary from a simple-level connectivity where members are generated
between all neighbouring nodes, to a full-level connectivity where each node is connected
to all other nodes. Depending on the complexity of the initial geometry and also the
designer’s demands, any intermediate level of connectivity can be generated using
additional Grasshopper’s tools. After creating the GS, the geometry must be transferred
to the software where the FSTO will be implemented. In this dissertation, two frameworks
are used for FSTO. In the first, the problem is implemented in HP-TOCP, using SAP2000
for the structure’s analysis while in the second the entire procedure of frame STO is
performed using an in-house MATLAB code. For both options, an additional program
written in C# was developed, to transfer the initial geometry in the equivalent analysis

software and formulate the optimization problem.

C:\Usersstefanos| Desktop)finalc
ases\1DTOP|compliance\testcase
: g
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Figure 6.1 Full-level connectivity GS generation of cantilever beam in (a) Grasshopper’s
environment and (b) visualization in Rhino3D

6.2.2 MATLAB application

As it is stated above, the main benefit of the GS generation in Grasshopper is that more
complex initial geometries can be designed with convenience and then the FSTO
procedure can be performed. However, when it comes to simple 2D domains, if some
extra manufacturing constraints must be applied, generating the GS through
programming code is a simpler choice. Thus, for the support of the proposed
methodologies in the current thesis, a personal MATLAB code is developed and specific
functionalities are discussed.

The level of connectivity between nodes of the initial design domain represents an
important parameter of the procedure that is to be decided. The denser the connectivity
for the design domain is chosen, more DOFs are provided to the optimization procedure,

possibly leading to lighter optimized designs with better structural performance. Herein,
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a projection scheme is applied where the designers defines their preferences with respect
to the maximum length of the structural elements (designated through the radius r) and
the GS is generated based on this radius. Figure 6.2 illustrates three different GSs
depending on the freedom that the designer prefers, designated by the radius, the larger

T is, more DOFs are provided in the optimization procedure.

L
(a) (b) (c) (d)

Figure 6.2 (a) Column-beam structure for L = 3m, H = 6m and different GS for (b) r =
1.41m, (c)r = 3.0mand (d) r = 6.71m

Based on the frame structure of Figure 6.2(a) with dimensions L = 3m and H = 6m,
three GSs are generated for three different values of the radius . More specifically, r =
1.41m (simple-level connectivity, see Figure 6.2(b)), r = 3m (mid-level connectivity, see
Figure 6.2(c)) and r = 6.71m (full-level connectivity, see Figure 6.2(d)), representing the
initial design domains for the FSTO problem. Worth noticing some issues that need to be
taken into consideration when generating the initial design domain, e.g. in case of real-
world tall building structures, if a full-level connectivity GS is chosen the number of the
brace elements will be extremely large, increasing the computational demands for the
FEA and the optimization procedure (more iterations to convergence). For the needs of
the current thesis, two additional functionalities are used, the first one is related to the
symmetry that is imposed, the second one refers to cases that nodes are linked with a
single FE that is not acceptable. Both functionalities are implemented at the optimized

design obtained by the solution of the FSTO. Another issue that needs attention is when
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collinear frame elements are generated; for this reason, an additional component is

developed that recognizes these elements and replaces them with a single frame FE.

6.3 Mathematical formulation

The general formulation of the performance-based FSTO problem, that deals with the
problem of distributing specific material volume in the design domain discretized with
frame FE, while optimizing (minimizing or maximizing) a performance-based objective, is

defined as follows:

main C(a) = F'd(a) (6.1a)
s.t.
K(a)d(a) =F (6.1b)
a’ - L < Vym (6.1c)
mine < Qe < Amaxer € = 1,2,...,Nge (6.1d)

The term performance-based stands for the criterion (objective function) adopted to be
optimized that is related to the structural performance; in particular, C denotes the
compliance that is to be minimized in the formulation presented above (see Eq. (6.1a)).
F and d refer to the load and displacement vectors, respectively; K is the global stiffness
matrix of the structural system, L is the vector of the frame FEs’ length and V;,,, denotes
the material volume of the optimized structure.

The cross-sectional area of the profiles assigned to the frame FE used to discretize the
design domain represents the design variables of the problem, denoted with the vector
a. In the mathematical formulation, (see Eq. (6.1d)) @i, represents a rather small cross-
sectional area value denoting the lower allowable value, adopted in order to avoid
singularity of the stiffness matrix and a,,,, is the maximum allowable cross-sectional

area. Contrary to the GSO, the design variable cannot always get out of the stiffness
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matrix as a common factor and perform the sensitivity analysis. The local matrix of the

linear 2D frame element is:

[ a,L? 0 0 —a,l? 0 0
o 121, 6LL 0  —12I, 6L,
E 0 6l,L 41,12 0 —61,L 21,12
Ko =— , yle yle , yle yle (6.2)
L |—a.Ls 0 0 a.Ls 0 0
0o -12I, —6LL, 0 121, —6l,L,
0  6LL, 2L3 0 —6LL, A4II2 |

where [, is the moment of inertia. In order to differentiate the above matrix with respect
to the design variable, the moment of inertia must be expressed in terms of the cross-
sectional area. For cross-sections with simple geometry, the analytical expression of the
. . . . 1 .
relationship between (ae — Iy) is available, e.g. square (Iy =5 aﬁ) and circular

s . .
(Iy =3 aﬁ). However, when it comes to real world structures, more complicated shape

sections are required. For those section such expressions don’t exist and regression

analysis methods must be implemented, as it is shown in the next chapter.

6.4 Sensitivity analysis

Similar with the GSO approach, the sensitivity of the objective function can be evaluated

as follows:

oC _9(F'd) 9(F'd—d"(Kd—F))

(6.3a)
da, da, da,
od adT 0K ad
=FT_— _ —F)—dT=—q—dT = 6.3b
da, aae(Kd F)—d 6aed dKaae ( )
0K
= —d" (6.3c)
da,

Considering the FEA, the derivative of the global stiffness matrix with respect to the

design variable can be expressed as follows:

148



Nele

0K 0
= 6.4
da, 0da, Z Ke (6.4)

e=1

Substituting Eq. (6.4) in Eq. (6.3), yields to:

ac _ T 0K, p (6.5)
da,  ¢0a, © '

where d, are the displacement of each element in the local system.

6.5 Implementation of the methodology in HP-TOCP & SAP2000

In this subsection, the implementation of the aforementioned formulation in HP-TOCP
and SAP2000 is described. HP-TOCP is the TO module of High-Performance Optimization
Computing Platform (HP-OCP) [104] which focuses on civil engineering problems. HP-OCP
is a software developed by the ISAAR-NTUA, that provides a holistic optimization
approach for civil engineering structures and has the ability to be integrated with any CAE
software that provides Open Application Programming Interface (OAPI), Extensible
Markup Language (XML) or any other type of data exchange format. Considering the GS
generation, the Grasshopper solution described above is selected, SAP2000 is used for
the static analysis of the structures and MATLAB code for performing the sensitivity
analysis and applying the optimization algorithm.

To integrate the above independent procedures into a unified process that is executed in
the framework of HP-TOCP, an additional module written in C# is developed. The
implementation in HP-TOCP is divided in two basic stages. The first is the preprocessing
and the second is the iterative procedure. In both parts there are two independent
procedures that are performed. Firstly, all the necessary information from the FEA
program, herein the SAP2000, must be retrieved. This is achieved by creating some proper
delegate functions. In this way, only the useful information from the static program are
retrieved. These functions remain the same no matter what the program is, so any other
CAE program similar with SAP2000 can be used. In the second part, the computational

core of HP-TOCP performs all the necessary computations.
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Regarding the structural system that is under examination, after importing the GS in
SAP2000, the desired boundary and load conditions must be defined. A critical point in
the next step of the implementation, is the selection of the proper frames’ cross-sectional
shape. As it stated previously, the design variable of the optimization problem is the area
of the cross-section. However, when a section property is defined in SAP2000, (and in any
commercial software) the exact dimensions of the section must be provided. In this
application, simple cross-sectional geometries (circular and rectangular) can be used, in
which the dimensions can be evaluated directly by just knowing the areas of the
members. Moving forward, the first step of the developed module is to retrieve all the
geometrical information from the static analysis software. Some dictionaries are created
that collect all the names of the FE, the name and coordinates of the nodes and the name
of the load combinations. The next step, is the integration of the design variable vector
with the SAP2000 model. For this purpose, as many section properties as the number of
the frames are created. In this way each member is independent and can take values all
over the range of the design variables bounds.

In the iterative part, the first thing that must be done is to update the structural model
with the new dimensions that the mathematical algorithm provides. This is succeeded
with the update function that assigns the new dimensions from the optimized cross-
sectional area. Afterwards, the structural analysis is performed by the static program.
Considering that the objective function of the optimization problem is the structure’s
compliance, the forces and the displacements of each node of the elements are retrieved
using the delegates functions. After collecting these information, the compliance and the
volume of the structure can be evaluated. Regarding the optimization algorithm, the
fmincon function of MATLAB’s Optimization Toolbox is used and the interior point
method is applied. For the evaluation of the sensitivity analysis, the stiffness matrix of the

frame element is needed, as it is shown in Eq. 6.3. Considering that typical 2D frame

3K,
dae

elements are used, the term is evaluated directly from the derivation of Eq. 6.2. As it

already stated, in this implementation simple cross-sectional geometries, i.e. circular and

rectangular, are used, so the analytical expression of the relationship between a, — I, is
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available. For the part of the procedure that is developed in MATLAB, a wrapper is created
in order to call all the appropriate functions, so the optimization is performed without
even opening MATLAB. After algorithm convergence, the design variable will have values
from a,,i, t0 a4, However, as it stated before, it is considered that a,,;, is a very small
number just to avoid numerical instabilities. Thus, an extra threshold for the minimum
allowable area must be defined to consider that any frame with cross-sectional area
below this limit, actually doesn’t exist. A final function recognizes and deletes all the
elements below that threshold and finally the optimized structure is displayed. In the

flowchart of Figure 6.3, the aforementioned procedure is illustrated in detail.

Figure 6.3 Flowchart of FSTO integrated with HP-TOCP

6.6 Numerical examples

In the following, a wide range of applications are conducted in order to determine the
applicability of the proposed framework in FSTO. At first, two cantilever structures are
examined considering two types of initial connectivity, the simple-level connectivity and
the full-level connectivity GS. Additionally, two cross-sectional types, (square and circular)
are applied and two different volume limits are studied in each case. Afterwards, a bridge
structure for a specific volume limit is studied, using only circular cross-sections and two
possible layouts are proposed considering the same types of GSs as before. Finally, a
double curvature gridshell under two different loading conditions, considering a simple-

level connectivity GS, is examined. In this example, the advantages of the proposed
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framework’s integration with Grasshopper are highlighted. The modulus of elasticity is
considered in all cases equal to E = 200GPa. Regarding the bounds of the design
variable, the upper and lower limits are considered as: a4, = 4 - 1072m? and a,n;;, =

2-10"*m?.

Cantilever structure 1

In the first example, the cantilever structure under a point load applied at the top left
corner and the bottom side restrained is presented and subsequently is denoted as CS1.
The frame width and height are L = 3m and H = 6m respectively and the value of the
force is chosen as P = 4MN. Herein, simple-level and full-level connectivity GSs are
implemented, considering square and circular cross-sections. In the following, the simple-
level connectivity GS is labeled as CS1S#, where # denotes the cross-sectional type (S
(square), C (circle)). Similarly, the full-level connectivity GS is labeled as CS1F#. In Figure
6.4 the two GSs that are used for the CS1 test case are illustrated. These four test cases
are examined under two different volume constraints, Vj;,,, = 0.4m3 and V};;,, = 0.8m3.
In Figure 6.5 the optimized layouts of CS1SS and CS1FS test cases considering Vi, =
0.4m?3 are illustrated. In Figure 6.6 the optimized structures of CS1SC and CS1FC test cases
for the same V};,,, are depicted. Comparing CS1SS with CS1SC and CS1FS with CS1FC, it is
observed that the major frames of the optimized structures are the same but in the case
of CS1#C structures, layouts with some extra frames, with low cross-sectional areas, are
produced. As shown in the numerical results in Table 6.1, these additional frames reduce
slightly the value of the objective function, a bit less than 1%, in both CS1S# and CS1F#
test cases. Comparing CS1SS with CS1FS and CS1SC with CS1FC, it is clear that the
reduction of the objective function, when using the full-level connectivity GS, is
remarkable. Particularly, in CS14#S test cases the compliance is reduced by 10.10% while
in CS1#C test cases the objective function is decreased by 9.74%.

In Figures 6.7 and 6.8, the CS1#S and CS1#C test cases for Vj;,, = 0.8m3 are presented,
respectively. Comparing CS1SS with CS1SC, it is observed that the number of the frames
in the final structures is the same, but their topologies differ a little. However, this small

difference in the frames’ distribution, leads to 4.3% objective function’s reduction for the
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case of CS1SC structure in comparison with the CS1SS test case. As it is shown in Table
6.1, in the CS1FC test case, two more frames are developed in comparison with the CS1FS
test case but the value of the objective function is very close with each other. Regarding
the optimized structures for same cross-sectional type but different GS, the effectiveness
of the initial structure’s freedom is even bigger than in the previous volume constraint.
More specifically, in the CS1#S test cases the compliance’s reduction is 17.47% while in

the CS1#C test cases the objective function’s decrease is 14.44%.

*(x 10%)
Cs1 Simple-level Full-level
connectivity GS connectivity GS

Viim = 0.4m3 | C*(Nm) N, C*(Nm) N, Reduction of C (%)
Square Section 10.961 18 9.854 21 10.10
Circular Section 10.876 26 9.817 33 9.74

Viim = 0.8m3

Square Section 5.311 42 4,383 39 17.47
Circular Section 5.083 42 4.349 41 14.44

Table 6.1 CS1: Numerical results of the compliance and the number of frames (N,) in the
optimized structure considering simple-level and full-level connectivity GS
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Figure 6.4 CS1: Initial design domain for (a) simple-level (CS1S#) and (b) full-level (CS1F#)

connectivity GS
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(a) (b)
Figure 6.5 CS1: Optimized results for V;,, = 0.4m?3 considering square cross-section for
(a) simple-level (CS1SS) and (b) full-level (CS1FS) connectivity GS

(a) (b)
Figure 6.6 CS1: Optimized results for V,;,,, = 0.4m3 considering circular cross-section for
(a) simple-level (CS1SC) and (b) full-level (CS1FC) connectivity GS
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(a) (b)
Figure 6.7 CS1: Optimized results for V;,, = 0.8m3 considering square cross-section for
(a) simple-level (CS1SS) and (b) full-level (CS1FS) connectivity GS

(a) (b)
Figure 6.8 CS1: Optimized results for Vy;,,, = 0.8m?3 considering circular cross-section for
(a) simple-level (CS1SC) and (b) full-level (CS1FC) connectivity GS
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Cantilever structure 2

In the next example, the cantilever structure under a central load in the top edge and
supported in the bottom side is examined and subsequently is denoted as CS2. The frame
width and height are L = 4m and H = 6m respectively and the force is selected as P =
4MN. In the following, the simple-level connectivity GS is labeled as CS2S#, where #
denotes the cross-sectional type (# stand for S (square), C (circle)). Similarly, the full-level
connectivity GS is labeled as CS2F#. In Figure 6.9 the two GSs that are used for the CS2
test case are illustrated. These four test cases are examined under two different volume
constraints, V};,,, = 0.4m3 and V};;,, = 0.8m3. In Figure 6.10 the optimized structures of
CS2SS and CS2FS test cases, considering Vj;,, = 0.4m3, are illustrated. In Figure 6.11 the
optimized layouts of CS2SC and CS2FC test cases for the same V;,,, are presented. In the
CS2S# test cases, it is observed that the optimized structure of the CS2SC test case
contains some additional frames, with small cross-sectional areas, in comparison with the
CS2SS test case. In the case that the optimization procedure starts from the full-level
connectivity GS, the optimized layout is exactly the same in both section type cases. In
the numerical results in Table 6.2, it is shown that, for the same GS, in CS2#C test cases
the value of the compliance is slightly lower than in CS2#S test cases. Furthermore,
comparing CS2SS with CS2FS and CS2SC with CS2FC, it is observed that for both cross-
sectional types, the decrease of the compliance when the full GS is considered, is notable.
More precisely, in the CS2#S test cases, the reduction of the objective function is 13.48%
while in the CS2#C test cases the decrease is 13.20%.

In Figures 6.12 and 6.13, the optimized results of the CS2#S and CS2#C test cases for
constraint equal to Vj;,,, = 0.8m3 are presented, respectively. Comparing CS2#S with
CS2#C test cases, it is observed that, for both GS, the final layouts of the CS2#C test cases
have additional frames comparing with the structures of the CS2#S test cases. Similar with
the previous examples, for the same GS, the compliance of the CS2#C test cases is
approximately 1% lower than the compliance of the CS2#S test cases. Finally, as it is
shown in Table 6.2, the initial bigger freedom of the design domain led to structures with

13.28% less compliance in the CS2#S test cases, and 12.58% in the CS2#C test cases.

156



Observing the results of the CS1 and CS2 test cases, it can be stated that the FSTO problem
for structures that consist of circular cross-sections, have better convergence than
structures that have square cross-sections. Thus, in the next applications circular cross-

sections are selected to continue the survey.

*(x 10%)
CS2 Simple-level Full-level
connectivity GS connectivity GS
Viim = 0.4m3 | C*(Nm) N, C*(Nm) N, Reduction of C (%)
Square Section 7.614 20 6.588 8 13.48
Circular Section 7.571 28 6.572 8 13.20
Viim = 0.8m3
Square Section 3.804 24 3.299 34 13.28
Circular Section 3.761 30 3.288 38 12.58

Table 6.2 CS2: Numerical results of the compliance and the number of frames (N,) in the
optimized structure considering simple-level and full-level connectivity GS

4000

(a) (b)
Figure 6.9 CS2: Initial design domain for (a) simple-level (CS1S#) and (b) full-level (CS1F#)
connectivity GS
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(b)
Figure 6.10 CS2: Optimized results for V,;,, = 0.4m3 considering square cross-section for
(a) simple-level (CS2SS) and (b) full-level (CS2FS) connectivity GS

(b)
Figure 6.11 CS1: Optimized results for V;;,,, = 0.4m3 considering circular cross-section for
(a) simple-level (CS2SC) and (b) full-level (CS2FC) connectivity GS
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(a) (b)

Figure 6.12 CS1: Optimized results for V,;,, = 0.8m3 considering square cross-section for
(a) simple-level (CS2SS) and (b) full-level (CS2FS) connectivity GS

(a) (b)

Figure 6.13 CS1: Optimized results for Vy;,,, = 0.8m?3 considering circular cross-section for
(a) simple-level (CS2SC) and (b) full-level (CS2FC) connectivity GS
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Bridge structure

Herein, a test case that is closer to a real civil engineering application is conducted.
Particularly, a bridge structure under distributed loads in the bottom edge and supports
at the left and right bottom edges is presented. The length of the bridge is equal to L =
24m and the height is H = 6m, while in each node at the bottom edge, point loads equal
to P = 100KN are assigned. As it is stated before, the circle cross-section is selected for
the frames’ profiles and two GSs are studied (see Figure 6.14), similar with the previous
examples. In this test case the constraint of the volume is set as V};,,, = 1.2m3. In Figure
6.15, the optimized results for the simple-level and the full-level connectivity GS are
illustrated. It is observed that in the case that full-level connectivity GS is applied, the final
layout is very close to a real bridge structure. Furthermore, in the structure that started
from a simple-level connectivity GS, the optimized compliance is equal to € = 1.31 -
103Nm and the number of the frame elements N, = 78, while the same results for the
full-level connectivity GSare C = 1.06 - 103Nm and N, = 63. These results, highlight the
importance of the freedom of the initial design domain, as far as in the second case the

reduction of the objective function is 19.1%, despite fewer frame elements are used.
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(b)
Figure 6.14 Initial design domain for bridge structure with (a) simple-level and (b) full-level
connectivity GS
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(a)

(b)
Figure 6.15 Bridge: Optimized results for V;;,,, = 1.2m3 considering circular cross-section
for (a) simple-level and (b) full-level connectivity GS

Gridshell structures

In the following examples, a gridshell structure is examined and the importance of
implementing the GS generation in Grasshopper is highlighted. In Figure 4.16(a), a double
curvature gridshell is shown that is supported in the four corners of its edges. The
projection of the structure is a square with length equal to L, = L, = 20m and the
maximum height is equal to H = 10m. Due to the complexity of the initial geometry, only
simple-level connectivity GS is considered here and 3D frame elements are used for the
simulation of the structure. Additionally, two different load cases are studied. In the first
case study, one point-load equal to P = 4MN in the center of the structure is applied,
subsequently is denoted as GS1, and in the second case study, four additional loads, are
assigned in the middle of the diagonals that connect the node in the center of the shell
with the four supports, in the following denoted as GS2. In GS2 the magnitude of all the
loads are equal to P = 0.8MN. In Figure 4.16, the iso and the top view of the optimized
results for the GS1 case for Vj;,,, = 60m?3 is illustrated. The compliance of the final
structure is equal to C = 4.08 - 10°Nm and the number of the frame elements is N, =

634. In Figure 4.17, the iso and the top view of the optimized layouts for the GS2 case for
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Viim = 80m3 is presented. The compliance of the optimized structure is equal to C =
1.38 - 10*Nm and the number of the frame elements is N, = 534. In both gridshell
structures, it is observed that FSTO can be used as a powerful tool for the conceptual
design procedure as far as innovative structure can be produced. In Figures 4.16 and 4.17,
the proposed layouts can be used in the conceptual design phase of producing a shell

structure e.g. a shelter or a pavilion.
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Figure 6.16 GS1: (a) Initial design domain for simple-level connectivity GS, (b) top view and
(c) iso view of the optimized structure for V;;,,, = 60m3
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Figure 6.17 GS2: (a) Initial design domain for simple-level connectivity GS, (b) top view and
(c) iso view of the optimized structure for V;;,,, = 80m3

163



CHAPTER 7

A two stages structural optimization-based design procedure of
structural systems

7.1 Introduction

In the conventional formulations of the STO problems, the objective function is usually a
performance-based criterion, that is related to the structural performance, and one of
the constraints is the final volume of the structure. However, in the civil engineering
industry, an optimization formulation that is reducing the material cost subjected to
specific quantities, related to the structural analysis, is a far more interesting topic. A
limited number of studies can be found in the literature dealing with TSTO or FSTO
problems, where the material volume is the objective function to be minimized. Ohsaki
and Swan [77] presented a branch and bound approach for solving the minimum material
volume problem subjected to member stresses constraints, however, limited to small
scale benchmark tests. Yamada and Kanno [126], proposed an algorithm that solves a
sequence of relaxation problems to obtain a local optimal solution, where the TOP is
formulated as a minimum material volume problem subjected to frequency constraints.
In the work by Changizi and Jalalpour [24], among others, a minimum volume test case
was examined subjected to compliance and stresses constraint functions; where limit
bound values for the constraints were obtained from the solution of the dual problem.

In this chapter, two different SO problems are combined in order to support engineers
not only in the conceptual design phase but also in the final design one; in particular
topology and sizing SO problems are formulated and solved into a sequential manner. For
implementation purposes of the two problems’ solution process, regression analysis
techniques are applied and the two problems are formulated as minimum material
volume problems subjected to design code restrictions. Additionally, real-world design
characteristics (loading conditions, material properties etc.) and standardized cross-

sectional properties are considered, while in the second stage of the methodology the
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Eurocode design regulations are applied, thus, resulting into more realistic structures.
More specifically, the way that serviceability and ultimate limit states of the Eurocode are
applied in the proposed methodology is discussed and the mathematical formulation of
the problem is presented. Finally, two groups of numerical test cases are examined in
order to present the capabilities of the methodology, not only in the preliminary but also

in the final design phase.

7.2 Implementation of standardized cross-sectional profiles

The structural elements of real-world framed structures consist of more than one section
profile types. More specifically, in case of steel building structures an often-used
allocation of section profile types is: “H” steel section profiles are used for the columns,
“1” steel section profiles are adopted for the horizontal beams while hollow steel section
profiles, rectangular or circle ones, are implemented for the braces. In this chapter, FSTO
problems are formulated for conceptual design purposes of structural systems in case of
real-world tall building structures, followed by the final design phase implemented by
means of a sizing structural design optimization approach. For the test examples
considered, Eurocode 3 (EC3) [87] design code is used for the design requirements;
therefore, the European HEA, IPE and CHS section profiles are assigned to the
corresponding structural elements. The relationships of the cross-sectional area vector
(a) with other cross-sectional properties, required during the FEA and design phases for
assessing candidate optimal designs, are derived by means of regression analysis in order
to be integrated in the solution process of the optimization problems formulated herein.
This is due to the fact that for some cases, FSTO and SSO problems are formulated as a
continuous optimization problem (subsequently labelled as continuous approach), while
for the cases that the SSO problem is dealt with the HP-OCP [104] the corresponding
problems are formulated as discrete ones (labelled as discrete approach).

Selecting the regression relationships that will be used to approximate the required cross-
sectional properties with respect to the cross-sectional area (a,) (see Eqg. (6.1d)) is one

of the most critical components of the solution process for the FSTO problems. The

approximation of the cross-sectional properties is needed during the assessment of the
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designs derived by the optimization procedure i.e. performing FEA and design evaluation
together with the gradient calculations also required by the derivative-based optimization
procedures. Upon convergence of the solution processes for both FSTO and SSO
problems, the section properties of the optimized designs achieved are transformed into
standardized steel profiles. In the last part of this investigation, where a commercial
software is used for the analysis and design, SSO problem is dealt with as a discrete
problem, therefore only standardized steel profiles are used. In addition to the
differentiability of the regression relationship, the minimum requirement for the
expression adopted, is that a positive value should be approximated for every cross-
sectional property, e.g. the moment of inertia. Although, a simple polynomial expression
can be used for obtaining good approximations of the cross-sectional properties, for
certain values of the cross-sectional area (a,) (much smaller than the minimum of the
corresponding list of standardized sections), the cross-sectional property approximated
has negative value that is not acceptable. Perhaps, the absolute value of the
approximated cross-sectional property can be used because the specific value of the
cross-sectional area (a,) is very small and such section property actually doesn’t exist.
The result of this approximation was found to be very good, the difference between the
solution with the continuous variable and the solution with the discrete value was
relatively small; however, the approach was not stable.

Therefore, the following expression that always returns positive value is applied:
fesp(@) = (bya® + ba® + bza)? (7.1)

where fesp(a) is the regression function for a specific cross-sectional property (CSP) of
the specific profile and b; are the coefficients of the expression. Figure 7.1 illustrates the
approximation capabilities of Eq. (7.1) for the moment of inertia (1), for HEA, IPE and CHS
section profiles. It can be observed that a very good approximation of the proposed

expression is achieved for all sections of the Eurocode tables.
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Figure 7.1 Curve fitting after regression analysis for moment of the inertia (1,) for HEA, IPE
and CHS standardized sections

A continuous and differentiable function over the design space [@min, AGmax] (se€ Eq.
(6.1d)), are the basic requirements of the expression used to derive the regression
functions. Thus, the derivatives of the local stiffness matrices of the frame FE that are

necessary for evaluating the derivative of the compliance can be defined as follows:

1 0 0 -1 0 0
dfi(a.) dfi(a.) dfi(ar) . dfi@.)
12 d aee 6 daee 12 daee 6 daee
0 5 0 - 5
L; L, LS L,
6 41(ae) ¢ 4f1(ae)
. da,  ,dfi@) | °Tda, dfi(a)
dK,(ae) _ E L, da, L, da, | (1,
da, L,|—1 0 0 1 0 0 ’
12 dfl (ae) 6 dfl (ae) 12 df] (ae) 6 df] (ae)
da, da, da, da,
0 - > - 0 5 -
L: L, L: L,
WIACH WTHCH
. da,  ,dfi@) | _°Tda, ,dfi(a)
| L, da, L, da,

where the derivative of f;(a,) is analytically defined based on its expression (see Eq.

(7.1)). Through a parametric investigation it was observed that for very small values of a,,

(smaller than the minimum of the corresponding list of standardized sections) the
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approximated values of I, are rather overestimated. As a result, for cases of structural
elements assigned to cross-sectional area values lower than the minimum of the
corresponding list of standardized sections, quite small errors are introduced with respect
to the stiffness coefficients and structure’s compliance value when section properties are
translated to the standardized ones. Furthermore, it is worth noticing that an additional
threshold value a.,;; for the minimum allowable area needs to be defined, so to consider
that any frame element with section area below this limit must be eliminated. In this
work, the European HEA steel profile list is composed by 24 profiles (i.e. HE 100 A to HE
1000 A) in accordance with Euronorm 53-62 [36]. So, for the list of HEA section profiles,
Amin = 0.0021 m? and a4 = 0.001 m? while the a,,,4, is the maximum cross-sectional

area of the HEA section list.

7.3 Design phase

According to Eurocode, the maximum horizontal deflection allowed for the case of one-
story buildings is dgjow = 121—0, where H is the height of the building structure, while

multi-story buildings are not covered by the Eurocode, therefore, there is no any specific
limitation for the horizontal deflection. Smith [99] presented an extended survey on
serviceability criteria for the case of tall buildings, pointing out that there is very limited

guidance on deflection limits by the international design codes, leading to arbitrary

. g . H H . .
values. The deflection of most buildings varies from 700 © 200 while the majority of them
was set equal to %. In the current study in most of the test cases the range of this limit

. H H . L . .
is selected betweenﬁ and o0’ while aiming to examine the behavior of the

methodology when a low limit is used, for one test case the deflection limit was set equal

to 1%0. Furthermore, without loss of the generality, for the elastic or plastic design check

of the steel structures the conservative approach of the linear interaction is considered
according to the EN 1993-1-1:2005 [87], more specifically the conservative approach of

the design check (DC¢) is expressed as follows:
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Ngg Mypa Mygq

DC. = + + <1 (7.3)
© Npg Mypqg Mypa
Af, XAf, W,
Nga = —, Npg,c = = Mgy = —= (7.4)
Ymo Ym1 Ymo

where Ng;, Mg, are the internal element forces, Ny, is the design plastic resistance of
the cross-section in axial force (Ngq4 ¢, Ngq o for tension and compression respectively),
Mp, is the design bending moment resistance, depending on the class of the cross-section
(plastic for classes 1 and 2 while elastic for class 3) and DC. the sum of the linear
interaction. In members that are under compression, the reduction factor for buckling y

is evaluated according to the following expressions:

1
X = —_— ,X S 1 75
D+ P2+ 22 73

® = 0.5[1 4 ajmp(1—0.2) + 27 (7.6)

where 1 is the non-dimensional slenderness and Aimp the imperfection coefficient. In
order to evaluate the above expressions some additional values need to be approximated
through regression. More specifically the elastic and plastic section modulus (We;, Wy,;)
are calculated using the corresponding regression function derived through expression of
Eg. (7.1). Additionally, the radius of gyration i needs to be approximated, which is

necessary for the factor A, the simple polynomial of Eq. (7.7) is used:
i = b1a2 + bza (77)

while for the imperfection factor the critical value of the section’s area is found in order
to decide which value will be chosen, according to the corresponding table of the
Eurocode. In the following test cases, the aforementioned design code checks are
performed in order to reach solutions close to the optimum. In the final step, some
designs were analyzed and checked by means of the ETABS analysis and design software

[35], where all the design regulations of the EC3 are applied.
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7.4 Mathematical formulation

In order to satisfy the serviceability criteria, a maximum lateral deflection constraint
needs to be applied. However, there is no analytical expression of deflection’s derivative
required by the search algorithm chosen to solve the optimization problems. For this
reason, the compliance of the structure constraint is used instead, for which the analytical
expression of the derivative is available, as shown in the Eqg. (6.5). Furthermore, since no
analytical expression for the DC. is available, the calculation of its derivative is not
straightforward, so it is calculated numerically. Initially the problem formulation

restricted both compliance and DC. constraints to be satisfied concurrently:

main V(a) =a’L (7.8a)
s.t.
K(a)d(a) = F (7.8b)
C(a) < FTd(a) (7.8¢)
DC.(a) < 1 (7.8d)
Amine < Qe < Amaxes €= 1,2,...,Nge (7.8¢e)

For solving the problem described above, the interior point algorithm was used and the
search procedure was initiated using uniform material distribution as an initial guess, i.e.
same cross-sectional area (a,) for all frame structural elements. With respect to the
performance of the interior point algorithm, two issues need to be underlined. When the
optimized design satisfied the DC. constraints, the reduction of the material was guided
by the compliance constraint. More specifically, the same design was obtained for the
formulation where both constrains of Egs. (7.8c) and (7.8d) were imposed in comparison
to the one where only the compliance constraint of Eq. (7.8c) was used. Otherwise, as it
was noticed, when the optimized design achieved was violating the DC, the layout of the
initial GS never changed, resulting to an SSO problem rather than a combined FSTO and

SSO stages one. Through the first parametric investigation it can be concluded that the
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constraints of Eqgs. (7.8c) and (7.8d) are conflicting and the convergence to an optimized
solution is not possible. Thus, a two-stages SO problem formulation is examined. In the
first stage, an FSTO minimum material volume problem is solved, subjected to the
constraints of Egs. (7.8b), (7.8c), (7.8e) and in the second one, an SSO minimum material
volume problem is solved, subjected to the constraints of Egs. (7.8b), (7.8d) and (7.8e).
The value of a,,;, adopted for the FSTO stage corresponds to a relatively small quantity
just in order to avoid the singularity problem, while in the SSO stage this value
corresponds to the minimum cross-sectional areas taken from the lists of standardized
sections. In both stages, a4, is the maximum cross-sectional area taken from previously
mentioned lists. The interior point was found not to be the proper algorithm for both
stages because it didn’t give stable solutions. For this reason, the above algorithm is used
only for the FSTO stage, that it is proved very consistent, and for the SSO stage the
Sequential Quadratic Programming (SQP) method is applied. Regarding the SSO process,
it was found that the optimized design was depending on the initial guess of the possible
solution, contrary to the FSTO stage where it always converged to the same design,
irrespectively to the initial one. For this reason, the Global Search function of MATLAB

optimization toolbox is implemented in SSO stage.

7.5 Implementation of the methodology

The mathematical formulation of the FSTO stage, is the dual problem of the formulation
that is presented in section 6.3. Due to the high nonlinearity of the constraints in the
above formulation, the computational cost of the optimization procedure is much larger
comparing with the problem of chapter 6. Thus, this procedure cannot be implemented
in a commercial software, since the analysis in this kind of software takes much more
time, comparing to an inhouse programming code. Consequently, the FSTO stage in the
current chapter is performed in a personal MATLAB code. The procedure of the proposed
two-stages SO approach is described below. In the current study two variants of the
proposed methodology were tested. According to the first one both, FSTO and SSO

solution processes where continuous and standardized sections were assigned to the two
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optimized designs achieved, afterward the resulted design will be labelled as modified
design. According to the second one, FSTO solution process was also continuous, the SSO

however was performed by HP-OCP and it was discrete:

Initialization:
1. Define the initial design domain (i.e. the GS), the boundary and load conditions,
material properties and maximum deflection allowed.
2. Select the section types per group of structural elements and perform regression
analysis for defining the relation between cross-sectional area vector a with [,
Weiy, Wpiy and i. The grouping of the structural elements and the section profiles
assigned to each group, depends on member’s type (column, beam or brace).

Stage 1: FSTO

3. The FSTO parameters are defined, an initial guess of the material distribution
(projected to initial guess of the cross-sectional areas a’T”Oifgial) is selected and the
optimization process is performed by means of the interior point algorithm, the
convergence tolerance is set equal to 102,

4. In every iteration, the system of the FE equilibrium equations is solved, and
compliance and volume are computed together with their derivatives.

5. Update the design variable vector a and the corresponding cross-sectional
properties and check if convergence was achieved. If not, go back to step 4,
otherwise proceed to step 6.

6. Identify which structural elements of the initial design domain are to be removed,
i.e. those having cross-sectional area less than the critical limit a.,.;;. Note: nodes
not connected with any frame element should also be removed, accordingly loads
and boundary conditions needs to be automatically updated. The optimized
design achieved (@concepruar) refers to the outcome of the conceptual design
phase.

Stage 2: SSO
7. The optimization parameters of the SSO are defined. As it was noted earlier SQP

algorithm in combination with the MATLAB’s Global Search solver are
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implemented; therefore, the search process will not significantly be affected by
the initial design vector (i.e. the initial guess of the cross-sectional areas a/ /it
8. Similar to stage 1, in every iteration, the system of the FE equilibrium equations is
solved, followed by the computation of compliance and volume and then the
design checks are performed.
9. The design variable vector a is updated together with the values of the cross-
sectional properties (i.e. I, We, 5, Wy, and i) check if convergence was achieved.
If not, go back to step 8, otherwise stop.
Subsequently the following terminology is used: optimized design stands for the best
design achieved through the FSTO and SSO continuous optimization problems, modified
design stands for one resulted when assigning the closest standardized section profiles to

the cross-sectional properties of the optimized one, and reference design stands for initial

one of the SSO procedure.

7.6 Numerical examples

In this section, in order to assess the performance of the proposed methodology together
with the associated formulations, several test cases are examined. The test cases are
classified into two groups, the first one is denoted as preliminary design phase group and
the second as final design one. In the first group, the design checks performed during the
implementation of SSO stage (denoted as stage 2), are limited to those described in the
previous section (i.e. deformation and axial and shear forces with bending moments
interaction design checks). In the second group of test cases the HP-OCP with its
integration with ETABS v18 is used for implementing the sizing structural design
optimization stage where all the design checks imposed by the provisions of the design
code selected are implemented in detail, relying on a commercial structural analysis and
design software, specifically ETABS v18.1.1 is used.

All test cases refer to MRBFs of mid- and high-rise building structures. MRBFs represent
assemblages of beams, columns and in case of steel structures is composed by braces as

well, while the beams are rigidly connected to the columns. Resistance to lateral loads is
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provided primarily by rigid frame action, i.e. by the development of shear forces and
bending moments in the frame members and joints together with axial forces at the
braces. By virtue of the rigid beam-column connections, a moment frame cannot deform
laterally without bending beams or columns depending on the connection’s geometry.
The bending rigidity and strength of the structural system of the MRBF is therefore the
primary source of lateral stiffness and strength for the entire building structure. The 1994
Northridge earthquake revealed a common flaw in the construction and building design
codes were revised to strengthen them. In this context, among others, the proposed two
stages methodology was developed for deriving alternatives of the typical MRBFs that are
composed by beam-column-brace layout. In this direction, the FSTO stage is used as a
tool to design increased resistance layouts of MRBFs for specific allowable deflection
limits, while the SSO stage is implemented for the final design part of the methodology.
The resulted optimized designs are intended to be integrated in the design process of
mid- and high-rise buildings. In order to present the integration of FSTO formulations in
the conceptual design of civil structures, typical MRBFs of varying dimensions are
employed. Particularly, in the first group of tests, labeled as preliminary design phase test
cases, two MRBFs for mid-rise buildings are examined, where the same list of cross-
sectional profiles is used to be assigned to the groupings of the structural elements.
Subsequently, an MRBF of a high-rise building is studied and different lists of cross-
sectional profiles are used depending on the structural element type. In the second group
of test cases, labeled as final design phase test cases, the MRBFs of the mid-rise buildings
are studied and the optimized designs achieved for specific deflection limit and different
GSs are compared. Finally, a real-world high-rise building modeled using ETABS v18.1.1 is
examined, where the methodology aims to enhance the building’s lateral strength.
Structural steel of class with nominal yield stress of f, = 235 MPa and modulus of

elasticity equal to E = 200 GPa is selected in all of the following test cases.
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7.6.1 Preliminary design phase test cases

MRBF1: lateral point load on left corner

In the first group of tests, a mid-rise building with 3 bays and 6 stories is considered. The
length of each bay is equal to 3m and the height of each story is equal to 3m; therefore,
the total width of the building’s MRBF is L = 9m and the total height is H = 18m. In
Figure 7.2, the MRBF is shown, that is subjected to a point load, with magnitude equal to
P = 4MN, applied at the top left corner and the bottom side restrained, subsequently
denoted as MRBF1. In these test cases, to all groupings of the frame structural elements
are assigned cross-sectional properties from the same section type list; in particular, HEA
section type list is used herein. Thus, the upper value of the designs variables is set equal
to Amgx = 347cm?, that corresponds to the cross-sectional area of HEA1000 section
profile and the critical cross-sectional area is equal to a,.; = 10cm?. As it was noted
earlier, the minimum bound for the designs variables was set equal to a smaller value
than minimum cross-sectional area of the corresponding HEA section type list in order to
identify the elements of the GS to be eliminated during the implementation of the FSTO
stage. Through the parametric investigation, for some cases it was observed that upon
convergence of the FSTO stage, some elements of the optimized design resulted to cross-
sectional area value less than HEA100 (@, = 21cm?, the minimum cross-sectional area
of the corresponding HEA section type list) but very close to this value. When these
members were eliminated and standardized section profiles were assigned to the
remaining ones, the corresponding compliance and volume values varied significantly
compared to those of the optimized design achieved by the continuous approach. For
investigation purposes, three different GSs are generated, i.e. those generated using

simple-level (S), mid-level (M) or full-level (F) connectivity for the initial design domain,

H

. : T H
combined with two allowable deflection limits, i.e. dgy o1 = 700 and dgjjow2 = 200"

Table 7.1 presents the results obtained for stage 1 (i.e. FSTO stage), for the three
aforementioned GSs, where the initial design domains are composed by 78, 135 and 251

FEs, respectively. Two problem formulations are examined in each GS, varying on the
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allowable deflection limit considered (i.e. dgy;0w,1 OF dguow,2). Therefore, the test cases
examined for the corresponding formulations are labeled as MRBF1#d#, where MRBF1#
denotes the connectivity level of the GS (# stands for S, M or F) and d# denotes the
allowable deflection limit considered in the formulation (# stands for 1 or 2). In each
formulation, the compliance and the volume of the MRBF1 are evaluated, firstly by using
the regression function for the cross-sectional properties and then by implementing the
discrete cross-sectional properties of the HEA section type list that is applied after the
convergence of the algorithm. The results collected and are presented to Table 1 refer to
the values of compliance (C), material volume (V), number of the remaining frame FEs
(N,) in the optimized design and the error between the continuous and the discrete
approach. The optimization results of the continuous approach are presented in the
columns of Table 7.1, labeled as continuous approach, since they refer to the case where
the cross-sectional properties of the MRBF1 structural system are calculated through
approximation functions of Eq. (7.1) derived through regression analyses. The
corresponding results of the discrete approach, i.e. for the equivalent standard sections,
are presented in the columns of Table 7.1, labeled as standardized cross-sectional
properties (HEA). The results of this table, confirmed that accurate approximations of the
cross-sectional properties to the real ones are obtained through the approximation
functions, since the variation on the compliance values varies from 0.20% to 2.78% and
that for the material volume of the optimized designs from 0.04% to 2.36%. Additionally,
comparing the results for the same allowable deflection limit, the optimized structural
systems that derived from denser GSs, always had less volume than the optimized layouts

that were produced from GSs with smaller connectivity level. Figure 7.3 shows the

optimized designs for MRBF1 for the three different GSs and d g1, 1 = 2% and in Figure

- . H .
7.4 the optimized designs for dgyop,2 = 200 2re illustrated.

Table 7.2 presents the results obtained for MRBF1 in the SSO stage; among others the
level of feasibility as denoted by the DC for the optimized design is also presented. It
should be noticed that feasibility is presented only for the design where the standardized

HEA section properties were assigned, since for the optimization runs performed based
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on the regression function estimations, the procedure always converged to a feasible
design with respect to the design code checks. Significant observations can be derived
from Table 7.2 on the performance of the optimized design with reference to the
compliance, material volume and DC. More specifically, in MRBF1Sd1 test case, SSO
procedure required reducing compliance from 0.360MNm to 0.294MNm in order to
achieve a feasible solution. On the other hand, in MRBF1Sd2 test case, compliance of SSO-
based optimized design was increased from 0.180MNm to 0.279MNm. Accordingly, in
MRBF1Md1 test case, SSO procedure required reducing compliance from 0.360MNm to
0.268MNm in order to achieve a feasible solution, while in the MRBF1Md2, the
compliance is increased from 0.180MNm to 0.273MNm. Finally, for the MRBF1Fd1 test
case, SSO procedure demanded decreasing compliance from 0.360MNm to 0.286MNm,
while inthe MRBF1Fd2, the compliance is increased from 0.180MNm to 0.288MNm. From
the above, it is observed that, independently of the GS, the compliance needs to be
changed after the FSTO stage of the optimization, in order to minimize the volume and
satisfy the DC. Thus, it can be stated that minimizing the volume of a structure by
satisfying both, deflections limits and DC is a contradictory procedure. In the MRBF1 test

case, it can be noticed that an optimized design is located between 0.268MNm to

0.294MNm or in terms of deflection in the range of % to %. From Table 4.2, it is

observed that the structural system with the minimum volume is developed in the case
of MRBF1Fd2, proving in this way the importance of providing the initial design domain
with more freedom. Details for the standardized cross-sections for the MRBF1#d2 test

cases can be found in Table 7.3.
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*(x 10%)

. Standardized cross-
Continuous . . Number of
sectional properties Error
Test case approach frames
(HEA)
C*(Nm) | V(m3) | C*(Nm) | V(m3) | C(%) | V(%) N,
MRBF1Sd1 1.0944 | 3.6656 1.1006 1.82 0.57 18
MRBF1Md1 3.6 0.9924 | 3.7000 0.9920 2.78 0.04 22
MRBF1Fd1 0.9869 | 3.6879 0.9636 2.44 2.36 20
MRBF1Sd2 2.3508 | 1.7964 2.3600 0.20 0.39 39
MRBF1Md2 1.8 1.9830 | 1.8208 1.9660 1.15 0.86 25
MRBF1Fd2 1.9670 | 1.8259 1.9415 1.44 1.30 20

Table 7.1 MRBF1#d# test cases-FSTO stage: Comparison between continuous approach

and standardized section properties.

*(x 10°)
Continuous Standardized cross-sectional Error
Test case approach properties (HEA)

C*(Nm) | V(m3) | C*(Nm) | V(m?) DC C(%) | V(%)
MRBF1Sd1 | 2.9439 | 1.5635 | 2.9344 1.5682 1.003 0.32 0.30
MRBF1IMd1 | 2.6896 | 1.5202 2.6597 1.5382 1.033 1.11 1.17
MRBF1Fd1 | 2.8634 | 1.4120 | 2.8723 1.4093 1.025 0.31 0.19
MRBF1Sd2 2.7992 | 1.6203 2.8254 1.6076 1.056 0.94 0.79
MRBF1Md2 | 2.7310 | 1,5007 | 2.7353 1.5037 1.021 0.16 0.20
MRBF1Fd2 | 2.8877 | 1,3970 | 2.8692 1.4060 1.029 0.64 0.64

Table 7.2 MRBF1#d# test cases-SSO stage: Comparison between continuous approach and
standardized section properties.

(b)

()

Figure 7.2 MRBF1: Initial design domain for (a) simple-level (MRBF1Sd#), (b) mid-level
(MRBF1Md#) and (c) full-level (MRBF1Fd#) connectivity GS.
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Figure 7.3 MRBF1#d1: FSTO-based optimized layouts for test cases (a) MRBF1Sd1, (b)
MRBF1Md1 and (c) MRBF1Fd]1.
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(a) (b) (c)
Figure 7.4 MRBF1#d2: FSTO-based optimized layouts and frames enumeration for test
cases (a) MRBF1Sd2, (b) MRBF1Md2 and (c) MRBF1Fd2.
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Note: After FSTO stage, *After SO stage

MRBF1Sd2 MRBF1Md2 MRBF1Fd2
Frame HEA HEA Frame HEA HEA Frame HEA HEA

num  section! section? num section! section? num  section! section?
1 HE 650 A HE 260 A 1 HE 360 A HE 260 A 1 HE 360 A HE 260 A
2 HE 1000 A HE 450 A 2 HE 360 A HE 260 A 2 HE 360 A HE 260 A
3 HE 1000 A HE 550 A 3 HE 360 A HE 260 A 3 HE 360 A HE 260 A
4 HE 1000 A HE 550 A 4 HE 360 A HE 260 A 4 HE 360 A HE 280 A
5 HE 1000 A HE 450 A 5 HE1000A  HES500A 5 HE 900 A HE 500 A
6 HE 1000 A HE 650 A 6 HE1000A  HES500A 6 HE1000A  HES50A
7 HE 200 A HE 180 A 7 HE1000A  HE 900 A 7 HE 800 A HE 800 A
8 HE 140 A HE 100 A 8 HE1000A  HE900A 8 HE 800 A HE 800 A
9 HE 300 A HE 700 A 9 HE1000A  HE 800 A 9 HE 800 A HE 800 A
10 HE 1000 A HE 700 A 10 HE 280 A HE 200 A 10 HE 260 A HE 220 A
11 HE 1000 A HE 800 A 11 HE 120 A HE 160 A 11 HE 360 A HE 300 A
12 HE 1000 A HE 900 A 12 HE 900 A HE 650 A 12 HE 900 A HE 550 A
13 HE 300 A HE 320 A 13 HE 600 A HE 360 A 13 HE 550 A HE 360 A
14 HE 100 A HE 220 A 14 HE 650 A HE 400 A 14 HE 700 A HE 450 A
15 HE 140 A HE 120 A 15 HE 120 A HE 160 A 15 HE 500 A HE 340 A
16 HE 300 A HE 240 A 16 HE 550 A HE 340 A 16 HE 240 A HE 180 A
17 HE 140 A HE 140 A 17 HE 220 A HE 180 A 17 HE 450 A HE 320 A
18 HE 1000 A HE 340 A 18 HE 100 A HE 140 A 18 HE 400 A HE 320 A
19 HE 240 A HE 240 A 19 HE 500 A HE 340 A 19 HE 900 A HE 600 A
20 HE 240 A HE 260 A 20 HE 400 A HE 300 A 20 HE 450 A HE 340 A
21 HE 100 A HE 100 A 21 HE 120 A HE 340 A

22 HE 180 A HE 100 A 22 HE 900 A HE 650 A

23 HE 100 A HE 100 A 23 HE 220 A HE 280 A

24 HE 220 A HE 240 A 24 HE 140 A HE 180 A

25 HE 1000 A HE 600 A 25 HE 550 A HE 340 A

26 HE 240 A HE 240 A

27 HE 1000 A HE 360 A

28 HE 240 A HE 260 A

29 HE 100 A HE 100 A

30 HE 280 A HE 260 A

31 HE 240 A HE 200 A

32 HE 1000 A HE 360 A

33 HE 240 A HE 240 A

34 HE 1000 A HE 400 A

35 HE 240 A HE 240 A

36 HE 280 A HE 320 A

37 HE 650 A HE 280 A

38 HE 200 A HE 160 A

39 HE 340 A HE 260 A

Table 7.3 Standardized cross-sections of MRBF1#d2 test cases
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MRBF2: lateral point load on tip

The second group of tests performed, corresponds to an MRBF of a mid-rise building
(denoted as MRBF2) that is subjected to a point load applied at the tip and the bottom
side restrained (see Figure 7.5). The length of each bay is equal to 4m and the height of
each story is equal to 3m; therefore, the total width of MRBF2 is L = 16m and the total
height is H = 24m, while the value of the point load is equal to P =4.5MN. All
parameters corresponding to the cross-sectional properties are the same with those of
MRBF1 (i.e. HEA section type was chosen and the corresponding bounds a4, and a i)
For investigation purposes, similar to MRBF1, three initial design domains based on

different GSs are generated, combined with two allowable deflection limits, dg;;o1 =

H

H
—and dallow,z = 600"

200

Table 7.4 presents the results obtained for the FSTO stage, for the three aforementioned
GSs, where the initial design domains are composed by 140, 292 and 632 FEs, respectively.
Table 7.5 presents the results obtained for MRBF2 in the SSO stage. Observing the results
of both tables, it is noticed that the prediction of the standardized cross-sectional
properties is very close to the real values, since the error projected to compliance varies
from 0.02% to 3.52% and that to the material volume from 0.14% to 3.34%. Similar to the
MRBF1 test case, in the FSTO stage, the more design freedom is provided to the initial
structural system, the less volume it has. However, in the SSO stage, for d 0y, » the mid-
level connectivity GS converged to a structural system with less volume than the full-level
connectivity GS. This means, that providing the structural system with too much freedom
not always lead to better results, cause more complicated layouts are produced, making
it more difficult to satisfy the DC. Regarding the results of dg;,,, 1, it is observed that
MRBF2Fd1 has 0.6% more volume than MRBF2Md1 but it has 3.99% less compliance. So,
with almost the same material volume, better structural performance is succeeded, in

terms of compliance. Figure 7.6 shows the optimized designs for MRBF2 for the three

H

different GSs and d ;10,1 = ZHE and in Figure 7.7 the optimized designs for dgjjo 1 = =00

are illustrated. Finally, it is observed that in order to obtain feasible solutions the
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compliance of the optimized designs should vary from 0.27MNm to 0.40MNm or in terms

of deflection from 2 i.
400 270
*(x 10°)
Continuous Staerardlzed crotc,s- Number of
sectional properties Error
Test case approach frames
(HEA)
C*(Nm) | V(m3) | C*(Nm) | V(m3) | C(%) | V(%) N,
MRBF2Sd1 1.4639 4.8610 1.4693 0.02 0.37 36
MRBF2Md1 4.86 1.1160 5.0313 1.0787 3.52 3.34 24
MRBF2Fd1 1.0718 | 4.7814 1.0986 1.62 2.50 16
MRBF2Sd?2 4.6258 1.6242 4,5923 0.26 0.72 54
MRBF2Md2 1.62 3.3465 1.6245 3.3417 0.28 0.14 42
MRBF2Fd2 3.2239 | 1.6592 3.2150 2.42 0.28 42

Table 7.4 MRBF2#d# test cases-FSTO stage: Comparison between continuous approach
and standardized section properties.

*(x 10%)
Continuous Standardized cross-sectional Error
Test case approach properties (HEA)
C*(Nm) | V(m3) | C*(Nm) | V(m3) DC C(%) | V(%)

MRBF2Sd1 | 4.0209 | 1.7795 | 4.0093 1.7870 | 1.0609 0.29 0.42

MRBF2Md1 | 3.3866 | 1.6163 | 3.4081 1.6126 1.0189 0.63 0.23

MRBF2Fd1 | 3.2879 | 1.6113 | 3.2721 1.6225 1.0217 0.48 0.69

MRBF2Sd2 | 3.2240 | 2.3436 | 3.2139 2.3487 1.0488 0.31 0.22

MRBF2Md2 | 3.2217 | 1.7646 | 3.2729 1.7452 1.0420 1.59 1.09

MRBF2Fd2 | 2.6933 | 2.1861 | 2.7038 2.1790 | 1.0984 0.39 0.32
Table 7.5 MRBF2#d# test cases-SSO stage: Comparison between continuous approach and
standardized section properties.
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Figure 7.5 MRBF2: Initial design domain for (a) simple-level (MRBF2Sd#), (b) mid-level
(MRBF2Md#) and (c) full-level (MRBF2Fd#) connectivity GS.
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(a) (b) (c)
Figure 7.6 MRBF2#d1: FSTO-based optimized layouts for test cases (a) MRBF25d1, (b)
MRBF2Md1 and (c) MRBF2Fd1.
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77T

o) . ————— ,(C,) > ,
Figure 7.7 MRBF2#d2: FSTO-based optimized layouts for test cases (a) MRBF25d2, (b)
MRBF2Md2 and (c) MRBF2Fd2.

MRBF3: high-rise building

In the following example, the structural system of a high-rise building with 4 bay and 12
stories is considered. The length of each bay is equal to 4m and the height of each story
is equal to 3m; therefore, the total width is L = 16m and the total height is H = 36m,
whereas the value of the point load is equal to P = 5 MN. For the test cases examined
for this example, different cross-sectional profile lists are used for the groupings of the
frame elements according to the frame type. More specifically, the HEA section profile
list is used for the column groupings, the IPE one for the beam groupings and the CHS one
for the brace groupings. Additionally, it is considered that frame elements of column and
beam type will not be removed during the FSTO stage of the optimization methodology,
thus they will remain in the optimized designs of both stages. In order to satisfy this
requirement during the minimum volume FSTO stage, the lower bound for the column
and beam groupings was set equal to the minimum cross-sectional area of the
corresponding section profile lists (i.e. HEA and IPE lists). More specifically, the bounds
for the design variables are: aco;max = 347cM?, Qpeammax = 156cM?, Apracemax =

100cm?, acoperic = 21em?, Apeamerie = 10cm?, aprace,cric = 7cm?. Similar to MRBF1
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and MRBF2, three initial design domains based on different GSs are generated, combined

: L H H H
with three allowable deflection limits: dgj001 = 700’ Aatiow2 = 700 and dgjjow3 = 300"

Figure 7.8 depicts the initial design domains generated for the three different GSs, while
in Figures 7.9-7.11 the optimized structural systems for the three allowable deflection
limits are presented, respectively. Table 7.6 shows the results of the FSTO stage, where
the initial design domains are composed by 204, 296 and 1052 FEs, respectively and in
Table 7.7 the results of the SSO stage are presented. From both Tables it is observed that
the predictions obtained through regression analyses performed well, since the range of
the error in terms of both compliance and volume varies from 0.01% to 5.87%. Similar to
MRBF1 and MRBF2 examples, for all tests performed for MRBF3, SSO stage of the
methodology converged to feasible designs as indicated by the DC index, however slightly
infeasible modified designs resulted after assigning standardized cross-sectional
properties. In MRBF3Sd# test case, the SSO stage failed to converge for the dgjow 1
allowable deflection limit, as it can be seen from Table 7.7 the violation with reference to
the DC index is equal to 44%, much larger to the violation achieved in the previous
examples. Thus, the design achieved is not acceptable, for the other two cases the
solution process converged normally. Similarly, In MRBF3Md# test case, the SSO stage
failed to converge for the d ;1 allowable deflection limit, as it can be seen from Table
7.7 the violation with reference to the DC index is equal to 30%. However, in MRBF3Fd1
test case, contrary to the previous levels of connectivity, the optimized layout derived for
danow 1 resulted to a feasible solution. The above observations highlight the importance
of the designing freedom, as far as a denser GS is able to reach to feasible solutions even
for cases that large deflections are allowed. In MRBF3 test case, it is observed that in order

to obtain feasible solutions, the compliance of the optimized designs should vary from
H

240). Regarding all the MRBF

0.55MNm to 0.75MNm (or in terms of deflection from ;;—7 —

test cases, it is noticed that the maximum deflection of the feasible solutions should vary
H H

200~ 220’ which is an observation similar with Smith’s [99] survey that is presented in the

previous section.
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*(x 106)

. Standardized cross-
Continuous . . Number of
sectional properties Error
Test case approach frames
(HEA)
C* (Nm) | V(m3) | C* (Nm) V (m3) C(%) | V(%) N,
MRBF3Sd1 1.8552 | 1.8678 1.9285 3.63 3.80 150
MRBF3Md1 1.80 1.6028 | 1.8979 1.6497 5.16 2.84 150
MRBF3Fd1 1.5404 | 2.1554 1.5638 2.99 1.49 152
MRBF3Sd2 3.4703 | 0.9221 3.5079 2.40 1.07 154
MRBF3Md2 0.90 2.9640 | 0.9561 2.9951 5.87 1.04 164
MRBF3Fd2 2.8008 | 0.9319 2.8750 3.42 2.58 166
MRBF3Sd3 5.9033 | 0.5978 6.0204 0.37 1.95 198
MRBF3Md3 0.60 44444 | 0.6077 4.5218 1.26 1.71 170
MRBF3Fd3 4,0810 | 0.6313 4.0571 4,95 0.59 166

Table 7.6 MRBF3#d# test cases-FSTO stage: Comparison between continuous approach
and standardized section properties.

*(x 10°)
Continuous Standardized cross-sectional Error
Test case approach properties (HEA)
C*(Nm) | V(m3) | C*(Nm) | V(m3) DC C(%) | V(%)

MRBF3Sd1 | 0.9218 | 6.3012 | 0.9209 6.3004 | 1.4415 0.09 0.01
MRBF3Md1 | 0.7533 | 7.1541 | 0.7521 7.1650 | 1.2967 0.16 0.15
MRBF3Fd1 0.5558 | 7.6082 | 0.5522 7.6465 1.0107 0.65 0.50
MRBF3Sd2 | 0.7228 | 7.8933 | 0.7178 7.9147 | 1.0413 0.69 0.17
MRBF3Md2 | 0.7071 | 5.0001 | 0.7058 5.0084 1.0473 0.18 0.17
MRBF3Fd2 0.6521 | 4.2166 | 0.6507 4.2357 1.0248 0.21 0.45
MRBF3Sd3 | 0.6814 | 7.3877 | 0.6828 7.3879 | 1.0384 0.20 0.00
MRBF3Md3 | 0.7550 | 4.4098 | 0.7568 4.3931 1.0413 0.23 0.38
MRBF3Fd3 0.6635 | 4.0981 | 0.6612 4.1177 1.0519 0.35 0.48
Table 7.7 MRBF3#d# test cases-SSO stage: Comparison between continuous approach and
standardized section properties.
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Figure 7.8 MRBF3: Initial design domain for (a) simple-level (MRBF3Sd#), (b) mid-level
(MRBF3Md#) and (c) full-level (MRBF3Fd#) connectivity GS.
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Figure 7.9 MRBF3#d1: FSTO-based optimized layouts for test cases (a) MRBF3Sd1, (b)
MRBF3Md1 and (c) MRBF3Fd1.
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(b) (c)
Figure 7.10 MRBF3#d2: FSTO-based optimized layouts for test cases (a) MRBF35d2, (b)
MRBF3Md2 and (c) MRBF3Fd2.

Figure 7.11 MRBF3#d3: FSTO-based optimized layouts for test cases (a) MRBF35d3, (b)
MRBF3Md3 and (c) MRBF3Fd3.
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7.6.2 Final design phase test cases by means of HP-OCP

In the case of the preliminary design phase tests, all FEA and design checks computations
along with the optimization algorithms used, are performed using inhouse developed
MATLAB codes. The ultimate scope of the proposed work is to integrate the applicability
of the proposed methodology to the final design phase as well, integrating the SSO stage
into a commercial analysis and design software, providing the opportunity to be
implemented in real-world structures. Therefore, in this part of the study the HP-OCP
platform is used for performing the SSO stage of the methodology. As it is stated in
previous chapter, HP-OCP gives the possibility to be integrated with any commercial
analysis and design software. In this study, ETABS v18 of CSl is used.

The solution of the SSO stage for the case of the final design phase is performed by means
of the HP-OCP, which is a specially tailored design tool developed to provide optimized
design solutions of structural systems. There are some requirements for better
performance of HP-OCP, e.g. it is suggested that a feasible reference design is used or
slight violating the design check. In the case of the variant of HP-OCP used in the current
study, detailed design checks according to EC3 (among others lateral-torsional buckling,
effective length method etc.) are performed by ETABS v18.1.1, therefore in all cases the
reference design imported in HP-OCP was not feasible. For this reason, a correction
process is applied first, more specifically the reference design implemented to HP-OCP
relies on the modified design of the previous stage increasing the cross-sectional
properties of the latter one, this is done by selecting the first, the second or the third next

larger section from the corresponding list of the standardized sections.

Final design phase for MRBF1 and MRBF2

In the following tests the optimization results obtained for the final design phase of
MRBF1 and MRBF2 are presented. Boundary and loading conditions together with the
cross-sectional properties are the same with those presented in previous section. In order
to highlight the importance of integrating the STO problem solving in the design

procedure, four structures are compared. A structural system composed of X-braces
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allocated in all bays and storeys (simple-level connectivity GS, the corresponding cases
are labeled as MRBF1X and MRBF2X), and the structural systems derived for the three

GSs described previously (i.e. simple-, mid- and full-level connectivity) while dgjou 2 =

—— and dgyow1 = 50- Were used (MRBF15d2, MRBF1Md2, MRBF1Fd2 cases together

with MRBF2Sd1, MRBF2Md1, MRBF2Fd1 ones). As it can be seen from Table 7.8, HP-OCP
managed to reduce the total material volume requirements of the modified design in all
cases and to satisfy all the design requirements of the Eurocodes, as implemented by the
ETABS software. Figures 7.12(a) to 7.12(d) depict the design check marked for the
optimized designs, as it can be seen HP-OCP resulted to designs where the capacity of
some of the elements is close to their maximum capacity.

As it was noticed previously, the modified design of the FSTO stage that consists of
standardized section properties compared to the reference designs used as the initial one
for the SSO stage vary by one, two or three section profiles taken from the list of the
standardized profiles than those that are derived from the preliminary design phase. In
Table 7.8 two values for the material volume are provided for each test case of the
reference design, in parentheses the material volumes of the modified designs achieved
for the preliminary design phase are shown and the values outside parentheses denote
the material volume of the reference design. It is important to notice the reduction
achieved on the material volume requirements for the case of different GSs when HP-OCP
is used for performing the SSO stage. Comparing the optimized designs from Table 7.8 it
can be seen that reduction of at least 13.54% is achieved when a GS is used for the
definition of the initial design domain for the FSTO problems compared to the optimized
design of MRBF1X. This can be justified by the observation that many redundant frame
elements, that do not contribute to the MRBF1’s strength are eliminated for the cases of
the different GSs. Comparing the design achieved of the case of MRBF1Sd2 with that of
MRBF1Md2 an additional 10.32% reduction on the structural steel requirements is
achieved. Therefore, it is noticed that if connectivity freedom is provided, remarkable
reduction on the material requirements is attained. Finally, comparing the optimized

design achieved of the case of MRBF1Md2 with that of MRBF1Fd2 further reduction of
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1.98% is noticed. An observation that worth mentioning is that although double number
of frame FEs were available for MRBF1Fd2 compared to the number of frame elements
available for MRBF1Md2, the improvement was not proportional to that. Therefore, for
larger structural systems it is not always necessary to choose full-level connectivity GSs
requiring increased computational effort.

Accordingly, Figures 7.13(a) to 7.13(d) depict optimized designs along with the design
checks marked for each design, as it can be seen HP-OCP resulted to designs where the
capacity of some of the elements is close to their maximum capacity the result of the SSO.
As shown in Table 7.9, the observations related to the structural steel savings achieved
with the implementation of HP-OCP are similar with those of MRBF1. More specifically,
the optimized layout for the case of MRBF2Sd1 resulted to 30.64% reduced material
volume requirements compared with MRBF2X case. While, if the design freedom is
increased to a mid-level connectivity GS (MRBF2Md1), additional 10.62% reduction
material volume is achieved compared to MRBF2Sd1. Whereas, when the topologically
optimized layout achieved for the MRBF2Fd1 case is used, the HP-OCP based optimization

procedure resulted to further 1.71% material volume reduction.

Note: MRBF15d2 vs MRBF1X, 2MRBF1Md2 vs MRBF1Sd2, 3MRBF1Fd2 vs MRBF1Md2.

Reference (Modified) Optimized Design Volume

Design Reduction (%)
Test case by HP by test
3 3 -
V (m?) DC V (m?) DC oCP case
MRBF1X 2.3057 0.978 2.2587 0.982 2.04 -

MRBF1Sd2 | 2.0015(1.6076) 0.967 1.9528 0.974 2.43 13.541

MRBF1Md2 | 1.7721(1.5037) 0.972 1.7512 0.984 1.18 10.322

MRBF1Fd2 | 1.7314(1.4060) 0.977 1.7165 0.987 0.86 1.983
Table 7.8 HP-OCP implementation and comparison of different GS for MRBF1
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Note: IMRBF25d1 vs MRBF2X, 2MRBF2Md1 vs MRBF2Sd1, 3MRBF2Fd1 vs MRBF2Md1.

Reference (Modified)

Optimized Design

Volume

Design Reduction (%)
Test case 3 3 by HP- by test
V (m?) DC VvV (m?) DC ocp case
MRBF2X 3.5419 0.984 3.4943 0.991 1.34 -
MRBF2Sd1 | 2.4748(1.7870) 0.986 2.4236 0.993 2.07 30.641
MRBF2Md1 | 2.1894(1.6126) 0.967 2.1662 0.975 1.06 10.622
MRBF2Fd1 | 2.1489(1.6225) 0.956 2.1292 0.964 0.92 1.713

Table 7.9 HP-OCP implementation and comparison of different GS for MRBF2

(a)
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Figure 7.12 Design check for (a) X-braced structure, (b) MRBF15d2, (c) MRBF1Md2 and (d)
MRBF1Fd2
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Figure 7.13 Design check for (a) X-braced structure, (b) MRBF25d1, (c) MRBF2Md1 and (d)
MRBF2Fd1

The cantilever MRBF-RC: composite high-rise building

In the last part of the investigation the building structure of Figure 7.14(a) is considered,
where the proposed methodology will be used to develop the final design of the MRBF-
RC structural system that will be used to improve the lateral resistance of the RC building
of Figure 7.14 (a). In particular, Figure 7.14 (a) shows a high-rise building (according to the
classification of building structures provided by HAZUS [46]) with 4 bay and 12 stories.
The length of each bay is equal to 4m and the height of each story is equal to 3m; resulting
to a plan view of 16x16m? of 36m height, Figure 7.14 (a) shows the 3D view of the
building’s structural model developed in ETABS v18.1.1.

The thickness of the slabs is equal to 20cm and the dimensions of the section BEAM
assigned to all beams are 35x45cm?. Regarding the columns, three sections are used with
dimensions: 55x55¢cm? (COLUMN1), 65x65cm? (COLUMN?2) and 75x75¢cm? (COLUMNS3);
the later one is assigned to the columns of the first four storeys of the building structure,

for the next four storeys COLUMN?2 section is used and for the top four storeys COLUMN1
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section is assigned to all columns. Subsequently, the loading conditions are defined: dead,
live, wind and seismic along both X and Y directions. For the case of wind and seismic
loads an auto lateral load is added according to the EUROCODE1 2005 [86] and
EUROCODES8 2004 [33], respectively. After performing analysis and design of the above
described design of the RC building many beams failed in shear strength since the
interaction of shear force and torsion exceeded maximum capacity. In order to enhance
the lateral strength of the RC building, it was decided to use steel braces along all four
side views of the building that together with the concrete beams and columns compose
an MRBF, labeled as MRBF-RC, the structural system of which will be designed by means

of the proposed two stages methodology.

(a) (b) (c) (d)

Figure 7.14 a) 3D perspective view of the building’s numerical model developed in ETABS
18.1.1, b) X-braces structure (MRBF1), c) layout of FSTO for simple GS (MRBF2), d) layout
of FSTO forr = 8m (MRBF3).

In order to develop the concrete-steel MRBF-RC the same boundaries conditions, loads
and steel strength with those of MRBF3 described previously are used. The basic
difference of MRBF-RC test example with MRBF3 is that its columns and beams are of
rectangular cross-section made of reinforced concrete and only its braces are made of

steel. Therefore, it was decided that during the optimization procedure, columns and

beams will be non-optimizable elements, only braces are considered as design variable.
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The three variants of MRBF-RC, shown in Figures 7.14(b) to 7.14(d) are implemented; in
particular the one composed by X-braces denoted as MRBF-RCX (i.e. the layout of the
simple-level connectivity GS, see Figure 7.14(b)) and those layouts generated by means

of the GS with r = 5 (denoted as MRBF-RC5m, see Figure 7.14(c)) and r = 8 (denoted as
MRBF-RC8m, see Figure 7.14(d)) with deflection limit equal to zHE' It is important to notice

that proposed methodology will be implemented only to the latter two cases, while for
the MRBF-RCX case only the sizing design optimization problem is solved in order to
define the basis of comparison with the optimized designs derived for the other two
cases. The SSO part of the methodology is performed by HP-OCP, while the grouping of
the braces was defined through a survey performed for all three test cases with the
support of the auto-select functionality of ETABS resulting into 12 groups of brace
elements having the same section properties.

During the sizing design optimization procedure of HP-OCP, in addition to the material
volume of the braces that defines the problem’s objective function, the material volume
and cost of the entire building are recorded for being used as performance indices for the
following assessment of the optimized designs. Based on the indices related to the
material used and structural performance ones some interesting observations can be
noticed: (i) The material volume of the braces for MRBF-RCX case is equal to 4.85m?>, for
MRBF-RC5m is equal to 3.58 m?® and for MRBF-RC8m is equal to 3.93 m3. Both MRBFs
derived through the solution of FSTO problems (i.e. MRBF-RC5m and MRBF-RC8m)
resulted to significant reduction of structural steel material requirements (up to 26%) for
the braces with reference to MRBF-RCX. The optimized design resulted for the test case
where more DOFs were offered for the FSTO problem formulation (i.e. MRBF-RC8m) led
to a structural system requiring almost 10% more material volume compared to MRBF-
RC5m. A possible justification for this observation is that due to a more complicated
layout and larger length of braces, some of them required sections having increased
dimensions. An interesting observation related to the RC beams and columns of the
MRBFs is that depending on its layout, the steel reinforcement required for the beams

and columns varies. The material cost of the aforementioned buildings, excluding
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concrete (52,258€) that remains the same for all three test cases, is equal to 108,000¢,
105,076€ and 105,789€ for the case of MRBF-RCX, MRBF-RC5m and MRBF-RC8m,
respectively. The unit cost values that are considered for calculating the material cost are:
70€/m?3 for the concrete, 0.7€/Kg for steel rebar reinforcement and 0.9€/Kg for structural
steel.

It is worth noticing also, that although the material volume of the steel braces for MRBF-
RC5m is 26% less than that required for MRBF-RCX, due to reduction of the steel
reinforcement needs for the case of MRBF-RCX, the difference between the two designs
with respect to the structural plus reinforcement steel cost is equal to 3%. (ii) Some
interesting observations can be noticed with reference to the structural performance of
the building. Comparing the optimized designs obtained for the MRBF-RC5m and MRBF-
RC8m cases, it can be noticed that although the cost of the two designs is almost the same
(MRBF-RC8m is more expensive by less than 0.5%), the maximum deflection developed
along the X and Y directions for the design of the MRBF-RC8m case is by 3% less and along
the Z direction is by 10% less compared to that of MRBF-RC5m design. Accordingly,
comparing the optimized designs obtained for the MRBF-RCX and MRBF-RC8m cases, it
can be noticed that the maximum deflection calculated for the design of the MRBF-RCX
case along the X and Y directions is 3% less compared to that of MRBF-RC8m, however,
the corresponding maximum deflection calculated for the MRBF-RCX case along the Z
direction is 29% more than that of the MRBF-RC8m case. Figures 7.15(a) to 7.15(c) depict
the DC marked for the three optimized designs, as it can be seen for the case of the
optimized designs obtained for MRBF-RC5m and MRBF-RC8m, the capacity of the braces
is much closer to their maximum capacity compared to the braces of MRBF-RCX design.
All aforementioned observations lead to the conclusion that by means of the proposed
two stage methodology where both frame STO and SSO problems are dealt with
sequentially, improved structural designs are obtained, not only with respect to the
material requirements but also with reference to the structural performance of the

optimized design.
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(a) (b)

(c)
Figure 7.15 Design check after HP-OCP optimization for a) MRBF-RCX, b) MRBF-RC5m) and
¢) MRBF-RC8m
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CHAPTER 8

Dynamic structural topology optimization for frame structures

8.1 Introduction

The vast majority of the STO research is focused on cases where the loading conditions
are static and deterministic. However, taking into account the dynamic response of the
structure is far more challenging and, in many cases, closer to the reality. In the case of
dynamic STO problems, the approaches adopted concern the free or forced vibration
problem using either direct time integration or mode superposition approaches and the
Response Spectrum Modal Analysis (RSMA) method.

In the case of the free vibration based STO problems, the first studies were focused on
the maximization of a single or multiple eigenfrequencies [61,62,63,82]. In recent studies,
additional objective functions were used, such as maximizing building performance to a
specific eigenfrequency [83] or maximizing the variance between two consecutive
eigenfrequencies [32]. Regarding STO problems that relied on direct time history
analyses, Jog [53] employed the dynamic compliance as the objective function to be
minimized in order to optimize the structural response. Particularly, periodic cosinusoidal
forces were applied to plate type of structures and it was observed that when the driving
frequencies were remarkable low, the optimized layout was similar with that obtained for
the static compliance optimization problem. Behrou and Guest [11] presented three
dynamic TO formulations for structures under time-depended loading cases where the
strain energy of the system in different time periods was used as the objective function.
More specifically, the goal in the first expression was to minimize the sum of the strain
energy during the entire vibration time history, in the second one the objective was to
minimize the maximum strain energy that is developed also in the entire time history
while according to the last formulation the strain energy was minimized for specific time

interval. Bendsoe and Sigmund [15] proposed the minimization of the square of the

199



compliance in order to avoid numerical implementation issues that needs to be dealt with
when minimizing the dynamic compliance.

The disadvantage of direct time integration analyses is the increased computational cost,
especially when integrated into SO procedures [58,59,70], STO problems included, where
the dynamic equilibrium problem needs to be solved in every iteration of the search
process. Yoon [128] presented an extended investigation where model reduction
schemes are used in order to reduce the computational demand for dynamic STO
problems. Particularly, mode superposition, Ritz vector and quasi-static Ritz vector were
applied, reducing the size of the dynamic stiffness matrix and the dynamic response of
topology optimized structures were evaluated in the frequency domain. Zhao and Wang
[133] examined the efficiency of the mode displacement and mode acceleration methods
in STO problems that were solved in the time-domain and they compared the results with
those obtained using time history analyses. In particular, three objective functions were
used in order to study the effect of the dynamic response of the structures in the STO
problem, the mean dynamic compliance, strain energy and squared displacement. Filipov
et al. [37] used polygonal FEs with high density resolution to deal with dynamic STO
problems, including eigenfrequency optimization and dynamic compliance-based
optimization of structures under forced vibration. Martin and Deielrein [65] investigated
the dynamic response of tall buildings for STO problems under seismic excitation;
particularly, response spectrum analyses were used aiming to minimize the structural
vibration.

It should be noticed that the above-mentioned studies, are dealing with STO problems
using material interpolation schemes, i.e. 2D and 3D STO problems were studied.
Contrary to the GSO problems, the literature that is referring to dynamic TSTO or FSTO
problems is even more limited. Indicatively, Nakamura and Ohsaki [72] introduced a
method for finding optimized topologies of truss structures for specific eigenfrequencies.
Ohsaki et al. [76] extended their work and presented a study on the dynamic STO problem
of truss structures when subjected to multiple eigenvalue constraints. Noilublao and

Bureerat [75] presented an SO procedure, dealing also with STO problem formulations,
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for a truss tower using evolutionary algorithms. The eigenfrequencies and the frequency
response function were the objective functions used for defining the dynamic SO
problem. Yamada and Kanno [126] proposed an algorithm for solving a sequence of
relaxation problems aiming to find local optimal solutions for STO problem of frame
structures subjected to frequency constraints.

The main objective of this chapter is to find optimized layouts of the structural system for
tall buildings, more specifically for lateral bracing systems, considering the dynamic
response of the structures. Initially, free vibration conditions are considered and the
maximization of specific eigenfrequencies of the structural systems is the objective
function of the FSTO problem. In the following, the dynamic loading problem, considering
harmonic loading and earthquake ground motion excitation, is addressed using time
history analyses. The dynamic compliance and the Square Root of the Sum of the Squares
(SRSS) displacements are the objective functions for the cases of dynamic loading. Finally,
the RSMA is applied in order to reduce the computational cost of the dynamic equation
and the seismic loading is considered according to the EC8 [33]. In the latter case, the sum

of the modal compliances is considered as the objective function.

8.2 The equations of motion and the mass matrix

The equations of motion of a multi-DOF system subjected to time dependent loading can

be written in the form:
M(a)ii, + C(a)uys + K(a)u, = R, (8.1)

that represents a system of coupled homogeneous differential equations, where M(a),
C(a) and K(a) are the mass, damping and stiffness matrices defined as functions of the
design vector a; R; is the external load vector, while u, 1t and ii are the displacement,
velocity and acceleration vectors of the FE assemblage, respectively.

The solution methods of direct integration of equations of motion and of RSMA, which is
based on the mode superposition approach, will be considered in the following sections.

In these solution methods the mass matrix of the structural system needs to be defined.
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Subsequently, the dynamic behavior of MRBFs of tall buildings is examined in the
framework of the FSTO problems studied, where the global mass matrix consists of the
contribution of both structural and the non-structural mass. The structural mass
contribution refers to the mass of the GS, therefore the mass matrix of the frame
elements needs to be considered. Specifically, the consistent-mass matrix (MZ) of the

frame elements is used for the case of 2D FEs, that is defined as follows:

2 00100 0 0 0 0 0 0

000 0 0 O 0 156 22L, O 54 —13L,
Md:paeLe 000 0 0 o], pale|l0 22L, 412 0 13L, —3I2 (8.2)
¢ 6 |1 0 0 2 0 0of 420(0 O 0 0 0 0 '

000O0O0TO 0 54 13L, 0 156 —22L,

000 00O 0 —13L, —-31% 0 -22L, 4I?

where p is the material density, a, is the area of the cross-section and L, is the length of
the et" frame element. As it is observed, M2 depends on the design variable value and its
derivation by a, is straightforward. However, in each storey the contribution of the non-
structural mass needs to be considered together with that of the structural elements
contribution. Non-structural mass stands for the floors, walls, gravity framing etc. In the
following, a concentrated mass in the center of each storey is considered for the non-
structural mass contribution and the lumped-mass matrix (M!) is created:

my ves 0
Mt=|: : (8.3)

0 - my
where, m; is the storey mass and N is the total number of storeys. Despite the total mass
of the bracing system, that is defined with the global consistent-mass matrix Mg (defined
by adding the contribution of every frame element MZ), is comparatively smaller than
that of the non-structural mass, it would be inaccurate to ignore it. Additionally, the
lumped-mass matrix of the non-structural elements is independent of the design variable
vector (7,M! = 0), therefore, if Mg is ignored then the derivative of the mass matrix will
be a zero matrix, causing numerical instability issues in the sensitivity analysis, when the

gradient based algorithm is applied. After transforming the lumped-mass matrix to the
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global coordination system, the design dependent global mass matrix of the structural

system, is defined as follows:

M(a) = M, + MZ(a) (8.4)

8.3 Free vibration based FSTO

8.3.1 The free vibration problem of a structural system
In the case of free vibration, the equations of motion of Eq. (8.1) can be written as follows:
M(a)iy + K(a)u, = 0 (8.5)
where dumping is ignored and the generalized eigenvalue problem is formulated as:
(K(a@) — A(@M(@))di(a) =0, 4 = wi, k=1,..., Nppp (8.6)

where 1, (a) and wy (a) are the k" eigenvalue and eigenfrequency respectively, ¢, (a)
is the corresponding eigenvector normalized with reference to the mass matrix and Npyp
denotes the total number of DOFs of the structure. K (a) and M (a) are the global stiffness

and mass matrices respectively, as functions of the design variable vector.

8.3.2 The FSTO problem for the case of free vibration

The FSTO problem for the case of the free vibration problem, where an eigenvalue is to

be maximized, is formulated as:

min[—A(a)] (8.7a)

s.t.
(K@) — o (@M(@))di(@) =0. k=1,..,Npop (8.7b)
o7 (@M (a)dy(a) = 8, j,k=1,..,Npor (8.7¢)
a - L < Viim (8.7d)
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Amine < Qe < Amaxer € = 1,2,...,Nge (8.7¢)

where L is the vector of the frame elements length, V};,, is the final value of the material
volume and a is the vector of the frames cross-sectional areas, which are the design

variables of the problem.

8.3.3 Sensitivity analysis
For the solution of the above problem, a gradient based algorithm is used, where the
following derivative is required:

oAk
da,

€ R" (8.8)

Herein, the adjoint model of the free vibration equations of motion is introduced.

Differentiating the generalized eigenvalue system of Eq. (8.6) by a, is the first step:

d(K — A4, M) 0dy
k7 — = 8.9
da, br + (K — 44M) da, 0 (8.9)
K oA, oM dd,
X - - = 8.10
aaeq)k aaerl)k Akaaeq)k_i'(K M) 3a, 0 (8.10)

where for simplifying the presentation of the expressions K = K(a), M = M(a), ), =
o (a) and A, = A, (a). By left multiplying the result by ¢, the following expression is

obtained:

0K oA oM .
(l)k_a q)k—(l)k_aa M(bk_(l)klk_aa by + o (K — M)
e e e

0 _
da,

0 (8.11)

Taking into consideration Eq. (8.6), Eq. (8.7c) and the fact that matrices K and M are

symmetric the following expression is produced:

oK FYR oM

T _ Tk T___ = 8.12
¢kaae(1)k da, /1k¢kaae¢k 0 (8.12)

Thus,
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0K oM

e
b (@ — A a_a) b (8.13)

da,

Where the eigenvalue sensitivity of 4; is directly evaluated through the eigenvector ¢y,

0K
dae

and the gradients of the matrices K and M. The gradient is described in details in

section 7.2 and

224 is easily defined through the derivation of Mg(a).

8.4 Time history analysis based FSTO

8.4.1 The linear dynamic problem of a structural system

The equations of motion for the case of forced vibration of a structural system can be

written as follows:

where F; is the time-dependent applied transient load, that in the case of harmonic

excitation takes the following form:

F; = Psin(wt) (8.15)
and in the case of ground motion:

Fy = —Mriiy(t) (8.16)

where 1 is the influence vector, with size equal with the total DOFs, and ilg(t) is the
ground acceleration. Where r represents the displacements of the masses resulting from
static application of a unit ground displacement, where for a 2D structural system is
composed by zero values, except of the DOFs in the direction of the ground motion where
the value is equal to one. In the current implementation, Rayleigh damping is used, where

the global damping matrix is proportional to the mass and stiffness matrices:

C=aM+BK (8.17)
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The damping coefficients a,, 8, depend on the damping ratio and the eigenfrequency. In
this work the ratio chosen is equal to ¢ = 0.05, a reasonable estimation for steel
structures.

The system of Eq. (8.14) can be solved by means of direct time integration numerical
procedures. In the current implementation, without loss of the generality, the Newmark
Beta integration scheme is used, where the acceleration and velocity vectors are defined

as:

(Ups1 —Up) Uy (1 _1> i, (8.18)

= T (ga?y pac \2p

(un+1 un)y

lnes = I (1 _ %) + (1 _ %) i At (8.19)

Subsequently, the expressions of ii,,; and 1,,; are replaced in Eq. (8.14), and the

corresponding expression for u, 4 is derived:

Au,,, = B, (8.20)
Where:
MLk (8.21)
BAt?  BAt
u 1 .
=FE+D+M [(ﬁAtZ) ﬁAt <2[3 - 1) “"] +

(8.22)
Yy oo 14 ..
#c[ge—in(1-5) - (1-35) inat]
pac "\ p 26) "
The parameters y and B that are used in the Newmark Beta integration scheme,
correspond the two special values that specifies the variation of the acceleration. When
y < 0.5 the method is unstable while for y = 0.5 it is conditionally stable. In this work

these values are chosen as y = 0.5 and 8 = 0.25, which means that the acceleration

within the time interval t,, and ¢t,,; 1 is constant.
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8.4.2 The FSTO problem for the case of dynamic excitations

Ma et. al [62] proposed the dynamic compliance of a structural system defined as the

product of the time-dependent loading (F;) times the displacement vectors (U;):
Cayn = F{ U, (8.23)

where C4yy, denotes the dynamic compliance; an issue of the expression of Eq. (8.23), is
that the dynamic compliance may assume negative values when the vibration frequency
is higher than the fundamental frequency of the system, (see reference [62]). One way to
tackle with this problem is to minimize the absolute value of Cy,,, [78]. An alternative to
the issue is to choose the square of the dynamic compliance as the objective function
[15]. In this work in order to avoid this issue, half-cycle sinusoidal loads are applied [68].
More specifically, the dynamic compliance of the structure is calculated during the time

interval, from the initial time t; to the final time ty as:
tn
f= f T, dt (8.24)
tl

Therefore, the expression of the dynamic compliance is determined as follows:

tn Ndof
min f = Z Z u F;At (8.25a)
j=t; i=1
s.t.
M(a)ilt + C(a)llt + K(a)ut = Ft (8.25b)
a - L < Viim (8.25c¢)
Amine < Qe < Amaxes € = 1,2,..., Neje (8.25d)

where t; = 0 and At is a small time-increment depending on the driving frequency. In the
case of time dependent point load, the dynamic compliance is considered a suitable

objective function. However, when real earthquake records are used, this objective
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function cannot be implemented, since the dynamic compliance might take negative
values. For this reason, an alternative objective function is used for the dynamic response
of the structural system under seismic excitation. The SRSS displacements, is a general

form that captures the amplitude of the displacement vibration in both directions:

tn

f=rul, = > (w2 (8:26)
t=0
where [ is the location index vector with size equal with the total number of DOFs. The
vector is fulfilled with the number one in the DOFs that are under examination and with
zero in the rest indexes. A reasonable measurement of dynamic response in mid- and

high-rise buildings is the tip deflection.

8.4.3 Sensitivity analysis

In SO, the order of the system of sensitivity analysis’s equation is related to the governing
system of equilibrium equations of the structure. Herein, the equation of motion refers
to a system of coupled second-order differential equations, hence the equation of the
displacement sensitivity analysis is also a second-order differential equation. The
displacement sensitivity can be calculated by means of the finite difference methods, the
Adjoint Variable Method (AVM) or the Direct Differentiation Method (DDM). Both
forward and central difference methods provide accurate values for the displacement
sensitivity, however with increased computation cost due to the two function evaluations
required in each step [42]. Regarding AVM, in static analysis optimization problem is more
efficient than DDM, because in the AVM the implicit response sensitivity with respect to
the design variable is eliminated, on the contrary with the DDM that the above calculation
is required. However, when it comes to dynamic problems the efficiency of the two
methods is similar. On the one hand, AVM avoids calculating explicitly the response
sensitivities; on the other hand, instead of calculating the adjoint variable 4 once (in case
of static loading), 4,, is evaluated in each step of the time history analysis. Additionally,

A, is calculated through a backward procedure, starting from the last iteration making it
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a terminal-value problem [130,51]. DDM explicitly evaluates the response sensitivities in
every time step, that similar to the equation of motion in Eq. (8.14) corresponds to an
initial value problem. Regarding that the computation effort for the AVM is unevenly
harder comparing with the DDM, the second method is applied in the current work. Direct
differentiation of Eq. (8.14) with respect to design variable a,, leads to the equation

below:

Md2<du>+cd<du>+Kdu_aFt oM oC = 0K (8.27)
dt? dt \da, = u v u '

da, da, 0da, Oda, da, da,

L : . . d S -

The above equation, is a second-order differential equation for ﬁ, which is the sensitivity
e

of the displacements [48,110]. Similar to the equation of motion, any numerical method

can be performed for solving the above equation. Substituting u,, with 2—1:‘ the Egs. (8.18)

to (8.22) remain the same and the sensitivity of the displacement can be evaluated. The

only difference appears in Eq. (8.22), where the expression of the force is:

oF, oM ac oK

Faer(t) = —— —ii -~
der( ) aae aae ut ut aae

— 8.28
da, U ( )

More details for the above solution can be found in the work by Yamakawa [127]. After
evaluating the derivative of the displacements, the derivative of the objective function

needs to be defined. Regarding the dynamic compliance, the sensitivity at time t,, can be

written as:
a T T agqs Ty T
7a (upFE) = 7a (upMity, + uy Cit,, + upKuy,) (8.29)
e e
oul e ro Olly  0uf, ; 0C 0ty
5 eMu”+un6aeu”+unM6 ; +a eCun+unaaeun+unC6 ) +
(8.30)
oul ou
a—a:Kun+u,7{a eun+u,7; 6a:

Differentiating the equations of motion at time t,, with respect to the design variable, the

acceleration sensitivity term is obtained:
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Gy __OM_ _9C _ 0uy 0K _ Oun 831)
da, aae“" aae“" da, 6aeun da, '

After some algebraic manipulation, the sensitivity of the objective function at time t,, is

expressed as:

0 oul oul ou?l
TF) = =—Mily, + —Cil, + —
(un Tl) aae un aae uTL aae

8.32
da, K (832)

For the problem of minimizing the roof displacement over time, the derivative of the SRSS

(see Eq. (8.26)) is expressed as follows:

-1/2

N
Z 21T, gu" (8.33)
t=0 Qe

of l

_ T 2

5a = 05 Z(l )
t=0

8.5 Response spectrum modal analysis based FSTO

8.5.1 Response spectrum analysis

The RSMA represents a simplification of the mode superposition approach aiming to
avoid using the time history analysis of the dynamic equation. The computational benefits
become more significant in the framework of SO problems, FSTO problems included,
especially when dealing with large-scale structural systems. In civil engineering
applications, when a structure is designed against short and nondeterministic time
dependent events, like the ground motion, the RSMA method is often used. Using this
method, a very precise estimation of the expected earthquake frequency content is
achieved and the dynamic response of the structure is evaluated taking under
consideration only a small number of mode shapes. Particularly, the displacements of a

structural system can be evaluated as follows:

Uy =

]

I;d;SD; (8.34)

n
=1
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Where n is the maximum number of modes considered, ¢ ; is the mode shape, SD; is the
spectral displacement retrieved from the design response spectrum and [; is the modal
participation factor for mode j, that is calculated as follows:

¢TMr
[]" = T]M
b Md;

(8.35)

where 7 is the influence vector. A crucial difference between the forced single driving
frequency force and the earthquake, is that in the second case the external forces are
arising from the inertia and are design-dependent. In previous section, it is discussed that
the biggest part of the global mass matrix consists of the lumped-mass but it is highlighted
that in all the formulations so far, the total mass matrix is applied. In the following, only
for the evaluation of the external seismic forces, the Mé is used, leading in this way to
design-dependency relaxation. Consequently, the peak modal displacement vectors U;

are evaluated using static analysis by enforcing equivalent modal loads for each mode j:
U =K™'F; (8.36)
Fy = [Mb;SA(T) (8.37)

where F; is the earthquake modal force vector of mode j and SA(T]-) is the elastic spectral
pseudo-acceleration derived from the design code for period T;. Additionally, the

maximum displacement is evaluated with the SRSS method:

(8.38)

For the definition of the maximum mode n that will be considered, the rules of the EC8
are applied. Particularly, according to the Eurocode, the analysis must include a sufficient
number of modes to obtain a combined modal mass participation of at least 90% of the
actual mass in each orthogonal level. The calculation of the effective modal mass for each

eigenmode is as follows:
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(oTmr)’

_ (8.39)
men,L d);‘M(bj

8.5.2 The FSTO problem for the case of modal compliances

In the case of the RSMA the objective function of the corresponding FSTO problem is the
weighted average of the modal compliances that is to be minimized, aiming to improve
the structural performance in terms of vibration. Herein, the FSTO problem is dealt with
in a similar way with the weighted average of static compliance for multiple loading case,
with the difference that, in the current work, the loads are evaluated from the spectral

analysis. The FSTO problem of the sum of the modal compliances [65] is formulated as

follows:

n
min f = Z Fl' (@)U;(a) (8.40a)

j=1

s.t.

(K(a) - a)sz(a)) b; =0 (8.40b)
a - L < Viim (8.40c)
Amine < Qe < Amaxes €= 1,2,...,Nge (8.40d)

where the values of U; and F; are calculated through Egs. (8.36) and (8.37), respectively.

8.5.3 Sensitivity analysis

In any optimization problem where a gradient-based iterative algorithm is used,
sensitivity analysis represents a crucial counterpart for its efficient implementation. For
the problem formulation of Eq. (8.40), the derivative of the objective function is
calculated by means of the adjoint sensitivity analysis method. The gradient of the sum

of modal compliances is:
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df:nﬂ

da, 4Lada,
J=1

(8.41)

where f; is the modal compliance and a, is the design variable. The derivative of the
modal compliance is expressed similarly with the static compliance subjected to loadings
that are design variables dependent [39]. More specifically, the gradient of f; is defined

as follows:

df; oK oF;
=-Ul—uU; +207
da, 7 0a, 20 da,

(8.42)

As it was mentioned before, the modal loads are considered constant in this work,

meaning that in each optimization loop the second term of the above equation is
OF
becoming equal to zero, since — = 0. Therefore, substituting the expression of Eq. (8.42)

dae

into Eq. (8.41), the derivative of the objective function becomes:

n
df 0K
_ Z U] 53U, (8.43)
J=

da,

8.6 Numerical examples

In order to examine the effect of the vibration on the design of lateral resistance structural
systems of tall buildings, several test cases are examined in this section. The test cases
are classified into three groups. In the first one, the structural systems are subjected to
free vibration, the structural damping is ignored and the objective function of the
optimization problem is formulated as the maximization of specific eigenfrequencies. In
case of high-rise buildings, the first eigenfrequency is not the critical one; for this reason,
in the following examples the first five eigenfrequencies of the structural systems are
maximized. In the second group of tests, the time history analysis method is used and two
different types of loading are applied, in particular a concentrated harmonic load and
ground motion seismic excitation using a real record. In the first case, the objective

function of the FSTO formulation is the dynamic compliance for a half-cycle sinusoidal
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concentrated load and in the second one is the minimization of the roof deflection
calculated using SRSS. Finally, in the third group of the numerical tests, the response
spectrum of EC8 [33] is implemented for simulating the seismic load. Particularly, two
different hazard zones in Greece are studied and the corresponding solutions obtained
are discussed. For all numerical tests, structural steel of class with nominal yield stress of

fy = 235MPa, modulus of elasticity equal to E = 200GPa and structural density of p =
7,800 % are considered. Considering the section profiles of the frames, the HEA section

profile list is used for the column groupings, the IPE one for the beam groupings and the
CHS one for the brace groupings. Additionally, it is considered that frame elements of
column and beam type will not be removed during the FSTO procedure, thus they will
remain in the optimized designs. The bounds of the design variables are the same with
the MRBF3 test case in section 7.6.1.

Figure 8.1 depicts the mass distribution of the initial GSs, where the concentrated floor
masses of the non-structural elements are denoted with the blue color and with the red

color the nodal mass contribution of the frame elements that joint in each node.
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Figure 8.1 Initial structural system mass distribution, with blue colour the floor mass and
with red the frame consistent mass
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8.6.1 FSTO free vibration test cases

In the first group of numerical tests, an MRBF of a high-rise building (HRB) and a mega-
braced frame (MBF) system are examined. More specifically, for each test two different
initial GSs are generated, a simple-level and a mid-level connectivity, and the first five
eigenfrequencies are maximized independently, resulting into five separate problems.
The first structural system refers to a 4-bay, 16-story structure with column spans equal
to 5m and floor heights equal to 4m, along stories while each floor mass is equal to m; =
10%kg. In the following description the simple-level connectivity GS case will be referred
as HRBS and the mid-level one as HRBM. The constraint, which is the lateral bracing
system material volume limit, was set equal to V;,, = 3m3. The second structural system
refers to a 4-bay, 24-story structure with horizontal spans equal to 10m and vertical spans
equal 8m throughout all the building height. Similar as before, the simple-level
connectivity initial structural system is referred as MBFS and the mid-level one as MBFM.
In this structural system the constraint is equal to V};,,, = 9m3.

Figures 8.2 and 8.3 depict the optimized layouts obtained for the first five
eigenfrequencies of the HRBS and HRBM systems respectively, and Table 8.1 presents the
corresponding objective function values, the eigenfrequencies of the optimized layout
achieved for the problem, where w, is to be maximized are denoted in blue. Accordingly,
the rest of the eigenfrequency values refer to optimized designs obtained through the
solution of the corresponding problems. Regarding the optimized topologies in each case,
the first observation is that maximizing the eigenfrequency of the fundamental mode,
leads to similar layouts with those obtained for classic static compliance optimization

problem. This is reasonable, since the two formulations have comparable objective

*(rad/s)

Eigenfreq. wy* wy* wy* w,* wsg*

Test Case | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM
Opt. w, 0.99 1.09 2.86 2.71 4.93 4.27 6.56 4.87 7.77 5.71
Opt. w, 0.59 0.54 3.71 | 4.10 4.53 4.10 7.77 5.99 8.68 6.43
Opt. wy 0.54 0.55 2.44 2.26 7.41 7.47 7.41 7.47 8.59 7.81
Opt. w, 0.54 0.54 2.66 2.00 4.98 471 | 10.60 | 10.82 | 10.60 | 10.82
Opt. wg 0.47 0.54 1.56 2.07 4.51 4.73 6.51 6.42 | 13.48 | 12.86

Table 8.1 HRBS and HRBM test cases — maximization of the first five eigenfrequencies
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(a) (b) (c) (d) (e)
Figure 8.2 HRBS (64m height), topology optimized structural systems for maximizing the
first 5 frequencies (a)-(e)
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Figure 8.3 HRBM, topology optimized structural systems for maximizing the first 5
frequencies (a)-(e)
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functions, both aim to maximize structural stiffness. A second interesting observation
through the above Figures, is that the number of zones reinforced with braces that are
developed is analogous to the index of the eigenfrequency that is to be maximized; i.e.
two zones for the second eigenfrequency, three zones for the third, etc. Additionally, it
can be noticed that every layout of the structural system, follows the shape of the
eigenmode used for the FSTO problem formulation, i.e. the areas without braces are
concentrated in the extremes of the eigenshape areas. Thus, for the problem where the
fundamental frequency was maximized, less diagonals are observed in the top of the
structural system. Accordingly, for the problem where the second frequency was
maximized less braces are developed in the mid height of the system; while for the rest

of the problems, the distance between the less-developed areas with braces is equal to
H

ID freq

, where H is the building height and [Dy,., is the index of eigenmode that is to be

maximized.

For the case of the mid-level connectivity GS similar observations are obtained. However,
due to larger freedom in the design procedure, the diagonals are located in such way, that
ellipsoidal shapes are produced and the number of them is increasing when higher
frequencies are to be maximized. Regarding the results of Table 8.1, the first observation
is that for the HRBM case, the eigenfrequency that is optimized almost always (except of
the fifth eigenfrequency) is larger than in the HRBS. However, at the same time the gap
between consecutive eigenfrequencies is smaller. Although the objective function
obtained for the HRBM problems is better (larger eigenfrequency), worth mentioning that
the rest of the eigenfrequencies slightly vary, denoting a characteristic that is not often
preferable for a structural system. Another important observation is that when the
second eigenfrequency is optimized, in the HRBM case there is a repeated eigenfrequency
for the second and the third mode, while in the HRBS not. Repeated eigenfrequencies are
appeared in both cases when higher modes are maximized. In Figure 8.4 and Figure 8.5
the optimized topologies for the MBFS and MBFM are illustrated and in Table 8.2 the
numerical results are shown. Regarding the shape, the location of the braces and the

emptier areas, the results are similar with the HRB case. Contrary to HRB structural
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systems, in MBF lateral systems when the initial GS is denser, not only the eigenfrequency
that is maximized is bigger than the simple-level connectivity GS, but also the difference
between the rest eigenfrequencies is larger. Because MBF structural system is remarkable
higher than the HRB, larger brace member and more complicated layouts are even more
efficient than traditional X-braces. All the above results, highlight the challenge of
optimizing multiple eigenfrequencies with different GSs and the difficulties that the
engineer must deal with.

*(rad/s)

Eigenfreq. wy* wy* ws3* w,* ws*

Test Case | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM | HRBS | HRBM
Opt. wy 0.52 | 0.56 1.62 1.57 2.96 2.76 4.21 3.81 5.27 4.48
Opt. w, 0.31 0.27 2.12 2.37 2.12 2.37 5.10 4.42 5.30 4.76
Opt. w3 0.27 0.26 1.28 1.32 453 | 4.92 4.53 4.92 4.72 5.29
Opt. w, 0.26 | 0.26 1.22 1.27 2.87 | 2.76 6.89 7.16 6.89 7.16

Opt. wg 0.26 0.27 1.22 1.26 2.80 2.81 4.64 4.41 9.21 9.16
Table 8.2 MBFS and MBFM test cases — maximization of the first five eigenfrequencies

TN CORS
B s A
(a) (b) (c) (d) (e)

Figure 8.4 MBFS (192m height), topology optimized structural systems for maximizing the
first 5 frequencies (a)-(e)
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Figure 8.5 MBFM, topology optimized structures for maximizing the first 5 frequencies (a)-

(e)

8.6.2 Linear time history test cases

In the second group of tests, due to the time history analyses, the computational cost of
the optimization procedure is remarkably higher. For this reason, the structural system of
a mid-rise building (MRB), starting from a simple-level and a mid-level connectivity GS
(MRBS and MRBM) and the HRB cases are studied. MRB is a 4-bay, 8-story structural

system with column span equal to 5m and floor height 4m throughout all stories.
Harmonic Load

Although harmonic load is simple, compared to recorded excitations such as earthquake
ground motion or wind vortex shedding, studying the characteristics of the optimized
structural systems obtained when subjected to harmonic vibration, provides valuable
information regarding the response under similar types of loads. In the following cases
examined, the harmonic loading is assumed to be half-cycle sinusoidal excitations,
applied at the roof of the structural system. In order to understand better the dynamic
performance of the structural systems and the differences with that of the static analysis,

in each case study, the results of the static compliance problem are also shown. In the
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MRB test cases, the amplitude of all loads is equal to P = 4MN, the V};,,, = 1.5m3 and
m; = 10%kg. In order to choose the driving frequencies that will be studied, the first

three eigenfrequencies of the optimized layouts obtained for the static loading, are

evaluated, i.e. w,; = 1.55 %, Wny = 5.56% and w,; =7.21 %. In the following,

three sinusoidal loads with different frequencies of the excitation (driving frequencies)
equalto w; = 1%, W, = 4% and w; = 8% are applied.

Figures 8.6 and 8.8 illustrate the optimized layouts obtained for the MRBS and MRBM
optimization problems under static load and the three different dynamic excitations.
Regarding the low driving frequency cases, it is observed that the optimal layouts are
similar with the results from the static load. This is rational since the frequency of the
excitation is sufficient smaller than the fundamental eigenfrequency; therefore, the
optimization procedure will lead the structural system to increase its eigenfrequencies by
adding stiffness, similar to the static analysis design optimization process. Regarding the
second frequency w, of the excitation, in both MRBS and MRBM cases, different material
distribution is observed. Particularly, more X-braces and diagonals are added in the core
of the structural system while more material distribution is required in the upper part of
the structural system, compared to the optimized designs obtained for the lower
frequency excitation. This is reasonable since the frequency of the excitation lies between
the second and third eigenfrequencies, therefore different distribution of the stress over
the structural elements of the system is expected. Finally, in the case that the driving
frequency of the excitation is even higher than the third eigenfrequency, the optimized
layout corresponds to a totally different topology. In both MRBS and MRBM structural
systems, braces are developed only in the upper half part and the larger fragment of the
material is concentrated in this part of the design domain, ending up in a practically
complete damping of the vibrations at this area. These optimized layouts are similar with
those of the topology optimized structural systems achieved when solving the forced
vibration dynamic problem with the continuum mechanics approach and the SIMP
method [15]. As it was described previously, half-cycle sinusoidal point loads are

considered; therefore, for different driving frequency w;, different time periods and At
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are used for the integration. In order to have a common reference point, after the end of
the STO procedure, the final structural systems are enforced to 10 seconds vibration and
the tip deflection during the time is studied.

Figures 8.7 and 8.9 illustrate the time histories of the roof displacements for the
optimized layouts obtained for MRBS and MRBM cases. In order to implement 50 time-
steps for the half-cycle sinusoidal point load, the proper value of At is selected for every
driving frequency case. Table 8.3 shows the dynamic compliance and the maximum
absolute roof displacement of optimized MRB structural systems. As it can be observed,
for all driving frequencies implemented, the structural systems optimized based on the
mid-level connectivity GS, develop lower values of the tip deflection compared to the
corresponding designs based on the simple-level connectivity GS. Another observation, is
related to the maximum roof displacement that its value is not necessarily increased

when the driving frequency is increased, due to the resonance effect.
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(a) (b) (c) (d)
Figure 8.6 MRBS Optimized structural system for (a) static load, (b) w, = 1rad/s, (c)
w, =4rad/sand (d) ws; =8rad/s

TipDisp (m)
o
TipDisp (m)
=)
TipDisp (m)

Time (s) Time (s) Time (s)
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Figure 8.7 Tip deflection for MRBS under 10 seconds vibration for (a) w; = 1rad/s, (b)
w, =4rad/s and (c) w3 = 8rad/s
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Figure 8.8 MRBM Optimized structural system for (a) static load, (b) w; = 1rad/s, (c)
w, =4rad/s and (d) w; =8rad/s
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Figure 8.9 Tip deflection for MRBM under 10 seconds vibration for (a) w; = 1 rad/s, (b)
w, =4rad/s and (c) w; = 8rad/s

*(x 10°)
Test case MRBS MRBM
C* (Nm) D (m) C* (Nm) D (m)
wy =1 4.880 0.341 3.894 0.258
wy, =4 3.013 0.223 2.197 0.197
w3 =8 2.861 0.294 1.817 0.148

Table 8.3 MRBS and MRBM test cases — dynamic compliance (C) and maximum tip
deflection (D) through 10 second vibration

Figures 8.10 and 8.12 present the optimized layouts obtained for the HRBS and HRBM

optimization problems when subjected to static load and three sinusoidal excitations. In

the HRB cases, the amplitude of the sinusoidal excitations is equal to P = 2MN, the

Viim = 3m3 and m; = 0.5 * 10°kg. The first three eigenfrequencies of the optimized

. . . d
structural system obtained for the static loading are equal to w,; = 0.94%, Wy =

3.34% and wy,3 = 4.62 %, respectively. Consequently, the following frequencies of
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_ d d d .
the excitation are used: w; = 0.5 %, wy, =3 % and w3z = 6 % With respect to the

HRBS case, for the lower frequency of the excitation a larger number of X-braces is
developed compared to the design obtained for static load case. On the other hand, for
the HRBM case, due to the increased design freedom the optimized design of the static
case achieved a layout of high stiffness, thus, fewer differences between the static load
case and the w; case are observed. Another important observation is that in the HRBM
case more chevron bracing type members are created comparing to the HRBS where
more X-braces are developed, leading to the fact that the use of chevron connections
generate stiffer structural systems. Regarding the w, frequency, in both HRBS and HRBM
structural systems the most material is distributed in the upper half of the structural
system and more X- braces are produced in HRBM. For the case of the largest driving
frequency, most of the material is concentrated in the upper half of the structural system.
It is observed that instead of chevron braces more V-bracing members are developed.
Generally, it can be stated that when dynamic loading is considered, the best type of

braces connection depends on the frequency of the excitation.

F

PN RN KRR

(a) (b) (c) (d)
Figure 8.10 HRBS Optimized structural system for (a) static load, (b) w; = 0.5rad/s, (c)
w, =3rad/s and (d) w; = 6rad/s
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Figure 8.11 Tip deflection for HRBS under 10 seconds vibration for (a) w; = 0.5 rad/s, (b)
w, =3rad/s and (c) w; = 6 rad/s

Figures 8.11 and 8.13 illustrate the time histories of the roof displacements for the
optimized layouts obtained for HRBS and HRBM cases. Table 8.4 shows the dynamic
compliance and the maximum absolute tip displacement of HRB structural systems.

Regarding the response of the structural system for the different GSs, similar results with

the MRB cases are produced.

(a) (b) (c) (d)
Figure 8.12 HRBM Optimized structural system for (a) static load, (b) w; = 0.5 rad/s, (c)
w, =3rad/s and (d) w; = 6rad/s
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Figure 8.13 Tip deflection for HRBM under 10 seconds vibration for (a) w, = 0.5 rad/s,
(b) w, = 3rad/s and (c) w3 = 6rad/s

*x 10
Test case MRBS MRBM
C* (Nm) D (m) C* (Nm) D (m)
wy, = 0.5 7.450 0.848 5.516 0.639
w, =3 1.370 0.252 1.264 0.233
w3 =6 1.263 0.171 0.915 0.143

Table 8.4 HRB# test cases — dynamic compliance (C) and maximum tip deflection (D)
through 10 second vibration

Recorded Ground Motion-Athens 7 Sept. 1999 Earthquake

In the following investigation, a recorded earthquake data of the ground motion time
history is used to simulate the seismic excitations for the structural dynamic optimum
design, aiming to improve the structural design in high seismic active areas. The
earthquake that it is studied, is the disastrous earthquake (M,, = 6.0) that struck Athens,
the capital of Greece, on 7 September 1999. Despite that the magnitude was moderate
and the area was belonging to a low seismic hazard, the damages were severe. Over a
hundred of people were killed, thousands were injured or left homeless and a great
number of buildings collapsed or sustained considerable damage [80]. Figure 8.14(a)
depicts the epicenter and the ground acceleration time history of the main event is
illustrated in Figure 8.14(b).

In the following investigation the MRB and HRB structural systems having the same
properties as before are studied when subjected to the seismic excitation of Athens
seismic event. As it was mentioned in previous section, the proper objective function for
the optimization problem when the seismic excitation is used, refers to the minimization

of SRSS displacement. Figure 8.15 shows the optimized MRBS and MRBM structural
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Figure 8.14 (a) Location of 1999 Athens earthquake (Wikipedia (2021)) and (b) ground
acceleration time history for 25 seconds

systems, along with the roof displacement time history for each one. Regarding the initial
connectivity of the GS, it is noticed that a denser one, led to remarkably smaller maximum
of the absolute roof displacement. As it is shown in Figure 8.15(c), the maximum roof
displacement of MRBS case is equal to TipDisp = 0.394 m and for the MRBM case is
equal to TipDisp = 0.228 m. Therefore, it can be said that providing more freedom in
the design procedure of the bracing system, the performance of the structural system is
improved where the corresponding maximum roof displacement is decreased by 42%.

Accordingly, Figure 8.16 illustrates the optimized layouts for HRBS and HRBM lateral
systems and the corresponding roof displacement time history. The maximum absolute
roof displacement for the HRBS structural system is equal to TipDisp = 0.658 m while
for the HRBM system is equal to TipDisp = 0.301 m. Consequently, it is observed that
when more design freedom is allowed during the optimization design process the roof
displacement shows remarkable decrease, specifically by more than 50%. Regarding the
bracing type, it is noticed that a combination of chevron type and X-braces is more

effective than using X-braces only.
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(a) (b) (c)
Figure 8.15 Optimized structural system for (a) MRBS, (b) MRBM, (c) tip displacement for
MRBS (upper) and MRBM (down)
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Figure 8.16 Optimized structural system for (a) HRBS, (b) HRBM, (c) tip displacement for
HRBS (upper) and HRBM (down)

8.6.3 EC8 response spectrum test cases

In the following, the MRBM and HRBM lateral bracing systems are studied under seismic
action and the Eurocode standards are applied. The number of the important eigenmodes
that will be considered for evaluating the dynamic response is defined first. In the

structural systems studied, the requirement of the 90% of the total system mass,
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according to the Eq. (8.41), is satisfied when at least the first two eigenmodes are
considered. For better understanding of the proposed methodology in each of the next
test cases, three different layouts are generated considering either the sum of the first
two, or those of the first three and first four eigenmodes, respectively. Regarding the
seismic load, the EC8 design response spectrum is considered. More precisely, the shape
of the response spectrum used corresponds to Type 1, that refers to the typical high
seismicity hazard. The building important factor is selected y; = 1, assuming typical
structures of average importance. The ground type is defined as type B, deposits of very
dense sand, gravel, or very stiff clay, at least several tens of meters in thickness,
characterized by a gradual increase of mechanical properties with depth. The viscous
damping ratio of the structures is considered as { = 5% and the soil factor is S = 1.2.
The critical value for defining the hazard of a possible earthquake is the value of the
reference peak ground acceleration on type A ground, agg. In the Greek National Annex,
the agg for each seismic zone is equivalent with the period Tycg of the earthquake
excitation when requiring that a building will not collapse or equally with the possibility
of exceedance in 50 years. In the following, two different hazard zones in Greece are
selected and the equivalent results are discussed. Within this procedure, different layouts
for different seismic zones are shown and solutions are proposed for improving the
structural systems performance. In Figure 8.17 the two elastic pseudo-acceleration
response spectra are shown, for seismic hazard Zone Il (a; = 0.24) and lll (a; = 0.36) in

Greece.
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Figure 8.17 Earthquake elastic pseudo-acceleration spectra Se for Greek hazard Zones Il
(ay = 0.24) and il (ay = 0.36)
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Figure 8.18 MRBM: Optimized structural system for hazard zone Il (ag = 0.24) using the
first (a) two, (b) three and (c) four eigenmodes
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(a) (b) (c)
Figure 8.19 MRBM: Optimized structural system for hazard zone Ill (ag = 0.36) using the
first (a) two, (b) three and (c) four eigenmodes

(a) (b) (c)
Figure 8.20 HRBM: Optimized structural system for hazard zone Il (ag = 0.24) using the
first (a) two, (b) three and (c) four eigenmodes
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Figure 8.21 HRBM: Optimized structural system for hazard zone Il (ag = 0.36) using the
first (a) two, (b) three and (c) four eigenmodes

In Figure 8.18 and Figure 8.19, the results of the MRBM structural system for hazard Zones
Il and lll are presented. In both cases it is observed that when the first two eigenmodes
are considered fewer braces are developed and mostly in the lower half of the structural
systems, compared with the results where more modes are considered. For the hazard
Zone Il the maximum displacement is equal to Uy, ;; = 0.162 m and for hazard Zone llI
Umzr = 0.292 m. When it comes to the first three eigenmodes, more X-braces and
chevron braces are developed in the core of the structural system, while the maximum
displacements using the SRSS method are equal to Uy3z;; = 0.139m and Uysy =
0.258 m. Therefore, although one additional eigenmode is considered the optimization
procedure converged to structural systems with smaller displacements. Lastly, when the
first four eigenmodes are considered, more braces are developed in the upper half of the
MRBF compared with the previous cases and the max displacements are equal to Uy ;; =
0.166 m and Upy g = 0.253 m. In the Zone |l, it is clear that when the first three
eigenmodes are considered the final structural system is stiffer while in the Zone lll the
first three and the first four eigenmodes lead to solution with almost similar performance,

regarding the displacements.
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In Figure 8.20 and Figure 8.21 the corresponding layouts obtained for the HRBM lateral
system are presented for the two hazard zones considered. In both cases, when the first
three eigenmodes are considered more braces are developed in the core of the structural
system compared with the results obtained when only the first two eigenmodes are
considered. Similar to the MRBF, regarding the maximum displacements the case with
the three eigenmodes lead to structural systems with smaller displacements. Particularly,
for the case of two modes evaluation the maximum displacements are equal to Uy, ;; =
0.348 m, Uy, ; = 0.495 m while for the case of three modes are equal to Uyz; =
0.335m, Uyz;; = 0.473 m. Comparing the case that three eigenmodes are considered
with the case where four eigenmodes are considered, the layouts obtained are similar
with each other. In the latter case, the maximum displacements are equal to Uy, =
0.337 m, Uy = 0.498 m. Through the investigation described above, it is observed
that the layouts obtained when using the sum compliance of the first three eigenmodes
show the best behaviour, in terms of maximum roof displacement, subjected to seismic

loading according to ECS.
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CHAPTER 9

Conclusion and future research

9.1 Contributions

This dissertation proposed novel STO methodologies, aiming to support architects and
engineers in the conceptual and final design phase of structural systems. It contributes to
the fields of GSO and FSTO, while civil engineering applications on these fields were
presented. Regarding the GSO, the first contribution of the thesis comprises the
imposition of manufacturing and aesthetic constraints in the mathematical formulation
of the problem, leading to the development of innovative structural systems that cannot
be achieved through conventional approaches. Particularly, a framework for the
generation of BF systems for tall buildings was developed, while the proposed structural
systems were symmetrical and composed by distinctive structural members. Additionally,
a novel methodology, that can assist conceptual design of larger scale structural systems
using prefabricated structural elements, was introduced. Through this method, an
impressive single curvature shell structure was generated, while a structural system for
the support of a high-rise building was examined too. The second contribution of the
dissertation that is related to the GSO, is the automatic interpretation of the optimized
structural systems in CAD environment. In the case that the optimized layout was a binary
image, the structure’s boundaries were extracted using image processing techniques,
NURBS were employed for the generation of the shape while an IGES translator was
developed for the automatic integration with CAD software. For the interpretation of the
structural systems that were composed by prefabricated structural elements, parametric
design techniques were applied, using the well-known design tool Grasshopper.

In the field of FSTO, the contributions of the current dissertation rely on the generation
of structural systems considering real-world static and dynamic loading conditions. The

first contribution in this field, is the development of a framework for implementing the
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conventional compliance-based FSTO in commercial CAD and CAE software. High-level
complexity GSs were generated using Grasshopper while the analyses of the structural
systems were performed by SAP2000. Through this framework, innovative double
curvature gridshell structures were generated, supporting in this way the conceptual
design phase of producing a shelter or a pavilion.

The second contribution in FSTO, was the development of a combined topology-sizing
optimization-based methodology, for supporting the design phases of structural systems,
from the conceptual design phase to the final one. Standardized section properties of
Euronorm were applied, where regression analysis was performed for deriving the cross-
sectional properties required in order to use gradient-based search algorithms. The
highlight of this methodology is that the constraints were imposed by the serviceability
and ultimate limit states of the Eurocode design provisions, while the objective function
of the problem was the minimization of the volume. Various MRBFs were generated using
this procedure, while a basic remark was that the compliance and the design regulations
are conflicted constraints. The proposed framework, managed to achieve optimized
structural systems considering both of these constraints. Additionally, this methodology
was integrated with the commercial software ETABS v18.1.1 and part of the proposed
MRBFs was tested with real world design conditions. In all of the examined MRBFs,
increased design freedom led always to lighter structural systems.

The third contribution in the field of FSTO, comprise the consideration of the structural
systems’ dynamic response in the optimization procedure. An extended survey of
different mathematical formulations of FSTO problems was performed and applications
in the generation of MRBFs for tall buildings were presented. At first, the free vibration
problem is considered, where the objective function of the STO problem is the
maximization of a specific eigenvalue subjected to the constraint of the material volume.
An important observation in this case, is that giving more freedom to the initial GS, leads
to larger objective functions, but for some MRBFs the gap between consecutive
eigenfrequencies is smaller. Consequently, the forced vibration case is considered and the

FSTO problem based on time history analysis is developed. For the case of the harmonic
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loading, half-cycle sinusoidal loads are applied and the dynamic compliance is chosen as
the objective function. It is observed that when the driving frequency is close to an
eigenfrequency, more braces are developed to prevent a resonance effect. In the case
where a real earthquake is applied, the objective function of the STO problem is the
minimization of the SRSS. An interesting observation in this case is that, in the optimized
structural systems that derived from denser GSs, more types of braces are produced,
leading to MRBF with much smaller tip deflections. Finally, in order to implement the EC8
design response spectrum in the FSTO problem, the sum of the modal compliances is
introduced. By studying two different MRBFs in two Greek hazard Zones, it is observed
that for the specific structural systems, if the first three eigenmodes are used for the
evaluation of the sum of compliance, the optimized MRBF has the best structural
response, in terms of maximum roof displacement. This dissertation succeeded to
proposed methodologies for reducing the material of structural systems but also to
increase their performance. The material reduction has big economic and societal impact,
by reducing the cost of the structures but also by making them more eco-friendly,

conserving natural resources.

9.2 Future work

The developed frameworks that were presented in the current dissertation, were applied
in specific conditions and structural systems. Herein, some limitations of the proposed
methodologies are discussed along with suggestions for further research. Regarding the
proposed methodology where prefabricated structural elements were used for
assembling the structural systems, predefined star shaped units are used that are
enclosed in a square which is part of structured mesh. An interesting investigation could
be the implementation of different shape units in unstructured mesh, without the
limitation of the square. Additionally, due to the form of the proposed structural systems,
stress concentration is expected in the nodes where the different components are
connected. For this reason, an additional design procedure needs to be carried out both

for the structural elements and the joints that allows to attach each other safely.
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Furthermore, in the presented structural systems, linear static analyses were performed
considering unit loads and Young modulus. Thus, if the proposed shaped units-based
topology optimization methodology is to be applied to real world problems, the proposed
methodology should be accompanied by a design procedure considering instability,
buckling and other types of failure checks. Furthermore, an extension of the proposed
framework in order to be applicable to double curvature shell structures would be an
interesting challenge.

The two stages topology-sizing optimization-based methodology was applied on MRBFs.
Implementing the proposed approach to other civil engineering structural systems would
be an interesting extension. The intriguing aspect of this methodology, is the
consideration of members with both flexural and axial stiffness, since most of the
previous work in the literature employ members that develop only axial stresses. An
extended survey that compares structural systems under the same conditions but
different types of members i.e., truss and frames, would highlight the significance of the
flexural stiffness in the optimization procedure. Furthermore, the proposed work was
successfully tested for generating 2D structures. However, it can easily be extended to 3D
frame structures. Interesting field for further research, is to implement the proposed
methodology to structures that consist of 3D frame FEs or different type of 1D structures
like gridshells.

Regarding the dynamic FSTO, an interesting extension concerning the structural system’s
eigenvalues, is instead of maximizing a specific eigenfrequency, to maximize the gap
between consecutive eigenfrequencies. Additionally, in the survey that dynamic
conditions were considered, in all of the mathematical formulations the basic constraint
was the final volume of the structural system. As it is stated, engineers are more
interested in saving the cost following the design codes. The study of the dual
mathematical formulation would be very challenging, as far as the computational cost in
this case is increasing a lot, making it difficult for simulating large-scale structures.
Combining dynamic analysis with reduced order models and machine learning techniques

would be an intriguing challenge.
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