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1 IEPIAHWYH AIAAKTOPIKHX
AIATPIBHX

Le titho

‘Béitiotog 2yeotaouos Ktnpiwv ano Oniicuévo
2rvpooeua’

NikoAdov II. Mtaka



1.1 Avtikeiuevo tn¢ Aidaktopiknic Atatpifnc

O KUpLOg 0TOXOC TNG ALaTPLBNG lval n Slatumwaon eVOg MOCOoTLIKOU KPLTLPLoU amotipunong tng

OTPETITLKNG KOVOVIKOTNTOG KTNPLAKWY KOTACKEU WY, TO OTOLO va XEL YeVIKN edapuoyn TOCO

o€ eAOOTIKI 000 KOl O€ AVEAAOTIKA CUUTEPLPOPA, Yo TToAUwpoda KTHPLA Kal N TEKUnplwon

outol péow aAyoplBuwv PEATIOTOU OXESLOOUOU KOTAOKEUWVY. AUTOC 0 KABOALKOG oTdX0G

™ AlatplBrc emeTelXON LECW TWV aKOAOUBWV BNUATWV:

(i)

(ii)

Jto mpwto MEPOC NG Awatplfric mpaypatomowndnke n  PBéAtiotn  oxediaon
TPLSLAoTATWY KTNPLWV Ao onALlopEVO oKUPOSepa 0G0V adopa TIG AOKPIOELS TOUG OF
ocloplky  $option. AUTOC O OTOXOG EMeTeLXOEL, AapBavovtag umoyn TNV
ge\aylotomoinon TG €KKEVTPOTNTAG LETALU TOU KEVIPOU HAlAG Kol TOU KEVTPOU
okapplwv oe kaBe 6podo pe OTOXO TOV OXESLAOUO OTPEMTIKA HUN gudicOnTwv
Kotaokeuwyv. To TPOPANUA autd Slatumwbnke wg €va ocuvluaopévo TPORANUa
BeAtlotomoinong tomoloyiag kat Swatopwv. H BOéon kot to péyebog Twv
UTTIOOTUAWHATWY KAl TWV TOWHATWY Tou KaBe opodou amoteAolV TIC HeTaPANTES
oxeblaopoU. EKTOC amd Toug MEPLOPLOMOUC TIoU emIBAAAOVTAL GO TOV KAVOVIOUO
OTTIALOMEVOU OKUPOSEUOTOG KOL TOV OVTLOELOULKO KavOoviouO, Aapfdavovtal emiong
UTIOYIN KOl OL OPXLTEKTOVLKA TEPLOPLOMOL. Ol aplBUNTIKEG avalloelg KateSelav OTL
ETUTUYXAVETAL Helwon TOU KOTOAOKEUOOTLKOU KOOTOUG TOU KTnplou HE TNV
ehaylotomoinon TtNG €KKEVIPOTNTOC METOEU TOU KEVIPOU MALOC KoL TOU KEVTIPOU
akaupiog tou kaBe opddou. MNa tnv eniluon Tou MPoPARHATOC AUTOU EPAPUOCTNKAV
e€ehctikol oAyoplBuol BeAtiotomoinong ewdika Slapopdpwpévol, PACLOPEVOL OTLG
ITpatnykeg EEEALENG.

Y10 Sevtepo pépog TN Alatplprg Statuntwvovtal Stddopeg npooeyyioslg oxedlaopol
TpLdldotatwy Ktnpiwv omAlopévou okupodépatog (02) wg mpoPAnuata BEATIOTOU
SopooTaTIkoU OXESLOOHOU Kol ATOTUIWVTAL HE BAon TNV €MiS00N TOUG OE OELOUIKN
katarovnon. AauBdvetal emiong umddn TO KOOTOC KUKAOU TWNAG WG HETPO
OmOTIHNONG TWV OXESLAOUWY TIOU TIPOKUTITOUV. TPELS TPOOEYYLOELS oXedlaouol
Ktnplwv amd O Slepsuvolvtal 0 AUTO TO HEPOC TNG Adaktoptkig AtatptBig. Itnv
TPWTN TO APXIKO KOTOAOKEUOOTIKO KOOTOG BewpPeital WG QVIIKELWEVIK) OUVAPTNON
ehaylotonoinong. Me tn 6eUtepn Bewpnon n OTPETTIKY ATIOKPLON SLATUTIWVETOL WG
npOoBAnua elaylotonoinong, evw otnv Tpitn Bewpnon oxedlacuol efetdletal pia

ocuvbuaopévn Slatunwon Twv U0 TPONYOUUEVWY OLOTUTIWOEWY. 2Tn &eltepn



(iii)

Bewpnon efetalovral SU0 SLOKPLTEC SLOTUTIWOELG. IUPdwWvVA PE TNV TPWTN, N
OTPEMTIKI) UETOTOTILON MELWVETAL PECW TNG €AAXLOTOMOLNONG TNG AmMOoTOoNnG Tou
KEVTPOU HAlog amo To KEVTPO EAACTIKNC oTpodn¢, evw otn Seltepn SlatuMwon auto
ETUTUYXAVETOL EAQXLOTOTIOLWVTOC TNV EKKEVTPOTNTA UETAEY TOU KEVTPOU QVIOXWV Kal
Tou Kévtpou palog. Mvetal dpavepd OtL oL oxedlaopol mou Aappavovral cupdpwva pe
NV  elaylotomoinon TNG EKKEVIPOTNTOC TOU KEVIPOU €AAOTIKAG OTPodNng
CUUTEPLPEPOVTAL  LKOVOTIOLNTIKA O ouxvoUg oewopoug  (50/50  eminedo
ETUKLVEUVOTNTAG) KOl o€ cuvnBelg oelopolg (10/50 eminedo emikvbuvotnTag), evw oL
oxeblaopol mou AapPavovtal cUpdwva PE TNV €AAXLOTOTIOINGN TNG EKKEVIPOTNTAG
TOU KEVIPOU aVvioxXNG €emdelkvUouv Kol ouumepltdopd oTA OTAVIO OELOUKA
veyovota (2/50 emimebo emkwduvotntag). IxedSioopol Boolopévol otnv Tpitn
Bewpnon, deiyvouv kKaAn ocupmepidpopd Kal ota tpia emimeda emkivéuvoTtNTOC OV
g€etaotnkay.

Emouevo Bnua g Awatplfri¢ amotédece n Slatlmwon e€vog VEou Kpulthplou
oxeSlaopol Kataokeuwv £vavit otpéPng. H enibpaon tng otpédPng os KTrpla amo
OTTIALOUEVO OKUPOSEUO OTTOTEAECE OQVTIKE(HEVO EVTATIKAG £€peuvag omo ToAAOUG
gpeuvnTEG. O AOYOoG glval OTL TOAAQ KTrpla udloTavTaL EKTETAUEVES {NULEG, LETA QIO
LOXUPEG OElOUIKEG Kataypadeg, AOoyw NG €kkevipng dlataéng otnv katodn twv
KOTaKOpUOWV oTolXelwV avtiotaong. Napd Tic MoAAEG TPpOoOoTIABEeLEC va TipoTaBbel KaTd
To TapeABOV éva aflOTILOTO KPLTAPLO OXESLOOUOU €UPEWC OMOSEKTO ylot TNV
OVTLUETWITILON TWV ETMTWOEWY NG OTPEPNG TMoOAUWPOdwWY Ktnpiwv, TG00 OTNV
g\aOTIKA 000 KL TNV AVEAOOTLKI TIEPLOXN, SEV KOTEOTN AUTO Suvato cludwWvA HE Ta
Sebopéva tng 6teBvoug BiBAloypadiag. e autn tn Awdaktopkn Atatplfn, adol
SlepeuvnBnke n amokplon Twv KTNplwv Mou mapouctdlouv OTPEMTIKA GaVOUEVQ,
T(POTELVETAL €Va KPLTNPLO TO OTtolo Urmopel va amoteAéoel €va XproLLo epyaAeio yia
™V afloAdynon KalL Tov OXESLOOMO KTNPLOKWV KATAOKEUWV €vavil otpédng. Ta
opLOUNTIKA amoTteAéopata SelXvouv OTL Ol KOTOOKEUEC ME TIC MIKPEG TLUEC TOU
T(POTELVOLEVOU KPLTNPLOU avamtlooouV XOUNAEG TUIEG TNG OTPETTLKNAG pOmNG Baong,

KOBWE Kol TwV PETADOPLKWV KL OTPOPLKWV LETOTOTIOEWV TWV Sladppayudatwy.
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1.2 BéAtioTo¢ Xxebiaouosc Kataokevwv

1.2.1 Elcaywyn

‘Eva MANBo¢ £pyaclwv €X0UV MOPOUCLAOTEL 0TO TaPeABOV OMOU AVIIHETWIlETAL TO
MPOBANUa Tou BEATIOTOU oXeSLaopol TwV KTNplwv amo onALoPEVO OKUPOSEUQ, O QUTEC TO
OpPXLKO KOOTOC OMOTEAEL TNV TIPOG €AOXLOTOTOLNON QVIIKELUEVIK ouvdaptnon . BEATLOTOG
oxebloopoc Baolopévog otny enidoon eival pia véa OXETIKA TIPOOEYYLON, OTIOU Ta KpLTRpLa
cuumnepldopds edappolovtal cav Teploplopol oL omolol emdpolv TO OPXLKO KOOTOG
KOTAOKEUNC TO TTPOC AaXLoTOMOLNonN. Baclopévol og autn Tnv mpooéyylon ol Ganzerli et al.
npotewvav  pla peBodoloyia  BeAtiotomoinong  oxedlaopol  AapBavovtag  umoyn
TEPLOPLOUOUG oupmeplpopag. Ou Fragiadakis et al. mapouciacav pwa peBodoloyia
BEAtioTOU OXEdLOOUOL BACLOPEVN OTN CUUTIEPLPOPA VLA LN KOWVOVLKA KTrPLOL OO OTALOEVO
okupOSdepa, evw ol Chan Kal Zou [4] mapouciacay HLO OMOTEAEGUATLKI TEXVLKH YLO EAACTIKO
KoL oveAaoTikO oxedlaoud Baclopévo otn ywvilakn mapapopdwon opodou yla KIrpla
OTTIALOUEVOU OKUPOSEUATOC UTO daocpatiky GOpTIoN Kal UTIEpWONTIKA avaAucn. & pLo
£MaKOAoUON SoUAeLd Twv Zou kat Chan amobeiytnke OTL 0 OMALOUOC XAAUBO CUYKPLVOUEVOG
UE To okupOSepa daivetal va elval TILO OLKOVOULKA QTOTEAEGUATLKO UALKO TO OTolo pmopst
OMOTEAEOHATIKA va xpnolpomotlnBel yla va eleyxBolv oL YWwVIAKEG TAPAUOPDWOELG

opodou.

Ta katakopuda dpépovta otolxela (UMOOTUAWLATA KoL TOLXWHATA), O cuvepyacoia He
TG 60KOUG Kl TIG TTAAKEG O€ €Va KTHPLO OTIALOHEVOU OKUPOSEUATOC AMOTEAOUV TO OTATLKO
cUoTNUA ToU €XEL va avTlotaBel otn oslopkn dpdon. H amokplon kal n cupmnepldopd evog
TETOLOU OUOTHMOTOG UTIO OELOMLKEG OPAOELS e€apTdTal KUPlwG amd TG SLACTACELG KAl TNV
TomoAoyla TWV UMOCTUAWUATWY KAl TWV ToWHATWV. Eva unAo moocooto BAaBwy ) akoun
KOL KatappeUoewv ot Kpla  £xouv amodoBel otnv sodalpévn TtomobEtnon Twv
UTTIOOTUAWHATWY Kol TwV Tolyiwv, Ta omoia SnuioupyolVv OTPEMTIKEG TAAOVIWOEL OTNV
kotaokeun [6-8]. Ot Duan kat Chandler [9] €xouv mpoteivel pa Stadikaoia BeAtiotonoinong
YlOL OTPETTIKA €UAIOONTEC KATAOKEVEG UTIOKEIUEVEG Ot Oeloplkd ¢optia, Aappdvovtag
umodn tdéoo TNV opLakn Kotaotacn ootoxiag, 6co kot Asttoupylkdtntag. Evw, ol Lagaros et
al. [10] éxouv Tmpoteivel plo avtopatomownpévn Stadlkacio glaylotomoinong tng

EKKEVTPOTNTAG HETAED TOU KEVTPOU HATAC KoL TOU KEVTPOU EAAOTLKAC 0TPOodNG.

Y& éva MANBoG pehetwy [11-13] paivetal OTL TO EAACTIKO KEVTPO €XEL VONUA LOVO OTAV N

KOTAOKEUN oupmepldepetal ehaotikd. Otav n amokplon TOU OCUCTAUATOC TIEPVA OThV
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QVEAQOTIKN TEPLOXN, N akapia twv otolxelwv Sev emnpedlel oNUAVTIKA. € QUTH TV
TePUTTWonN, €ival To KEVTPO avioxwv mou mailel kupiapxo poAo OTIC TAPOUOPPWOELG TG
KOTOOKEUNG. XTta TAaiola tng mapouvoag epyadiog, Tpei¢ dhocodieg oxedlacpol £xouv
gfetaotel. JUUPWVA PE TNV MTPWTN TO OPXIKO KOOTOG KATAOKEUNG Bewpeital wg To KUPLO
avtikelpevo, kpltpla emiteAectikotnTag epoppolovial oto SeUTEPO, EVW N EKKEVTPOTNTA
METAEL TOU KEVIpOU HALAG KAl TWV KEVIPWVY EAOOTIKNG OTPOdNG KAl OVTOXWV
e\aylotomoleital, &vw oOTnV TPITN KPLTAPLA EMITEAEOTIKOTNTOC KoL EAGXLOTOU KOOTOUG
Xpnolgomolouvtal and kowol. Kot ol tpelg Sladikaoieg oxedlaopol Beswpolvtal oag
nenAeypéva tomoAoyiog kal Slaotdcewv. H B€on kol ol SLAcTACEL TwV OTUAWV Kal TWV
TolXlwV Tou KABe 0pOdOU TNG KATAOKEUNG OmoteAoUV TG HeToPANTEG oxedloopou. MNépa
oMo TOUC TEPLOPLOMOUG ToU eTBAAouv oL Kavoviopol, €xouv AndBest umoyn kat
neploplopol cupmepidpopds. To aviikelpevo tng mapouoag epyaciag sival n olykplon
QUTWV TWV oxedlaopwyv He Baon tnv enidoor Toug KATA Tn oswoulky ¢option. O teAlkol
oxeblaopol ouykpivovtal Pe KPLTHPLO TO KOOTOG KUKAOU {wN¢ To omoio sival to abpoloua
TOU OpXLKOU KOOTOUC KOl TOU KOOTOUC EMIOKEUWV. TO KOOTOG EMIOKEUWV ONMWG OUTO
Bewpeital otnv mapoloa HUEALTN QVATAPLOTA TI( VOULOMOTIKA LOOSUVOUEG ONMWAELEG
£€QITIOC TWV OELOULKWY CUUPBAVIWY OL OMOLEG avapEVETOL va cuUBOUV Katd tn SLapKeLa
{wng ™G Katookeung. O otoxog eival va mpotabei pia peBodoloyia mou Ba BeAtuwvel ™
doocodia oxedlaopol Tplodldotatwy KTnpiwv omd onmAlopévo okupodepa pe Paocn tv

eniboon Toug o€ OELOUIKEG SPAOELG CUMDWVA JLE TLC ATALTHOELS TWV Kavoviopwy [14].

1.2.2 MpofAjuata BEATLOTOTION GG XWPIC TTEPLOPLOUOVE

Ita npoPAnuata PeAtiotonoinong Xwpig TeEPLOPLOUOUG, TPEMEL va eAaylotomolnOsl pia
QVTIKELEVIKN ouvadptnon ', mou eival cuvdptnon mpaypatikwy petaBAntwy oxedlacpou.
H pabnpatikn dtatinwon evog npoBAnpatog BeAtiotonoinong xwplig meploplopolg, Sivetal
omod th oxéon:

min F x

orou x € R" eivatl to dtdvuopa twv petapAntwv oxedaopol kat F: R" — R eival n
OVTLKELHUEVIKT) cuvaptnon.

O otdxog oe €va mpoPAnua BeAtiotomoinong, eival n eUpeon Tou OAKOU eAaxiotou TNng
QVTIKELMEVIKAG  ouvdptnong. Evag oxedlaopdg X amotedel oAkd  eAdytoto NG
OVTIKELMEVIKAC ouvaptnong F', 6tav oxveL n oxéon:

Fx <Fx, VxeR"
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H gUpeon tou oAwkoU ehayiotou eival cuvhBwg moAly SuokoAn. OL meplocoTepol alyoplopol
Bplokouv ocuvnBwWE £va TOTLKO EAAXLOTO TNG QVTLKELUEVIKNG cuvaptnong. Evag oxedlaouog
X" anotelel Tomkd AdyLOTO TNG AVTIKELUEVIKAG ouvdptnong F' otav oxUeL n oxéon:

Fx <Fx, VxeN
orou N eivat pio meploxn yupw amod to oxedlaopd X Kat n omnola mepLEXeL TO oxedlaoud

*

X .

Mo po opof kot 800 GopEG mopaywyioLun avIkelpeviky cuvaptnon F', eivat Suvatov va
e€axOel éva cUPTEPACHA YL TOV AV O OXESLAOMOC X elval Tomikd eAdyLoto amd thv khion

¢ . 2 3 ' ’ ]
VF x* xaittnveoowovy V°F x* . loxOouv Ta mapakdtw Bewprjpoto:

Oswpnua 1: Fotw F ua mapaywyion QvtikelWeViK) ouvaptnon otnv TmepPLoyy Tou
oxeblaouoU X' n onoia cuuneptAauBavel to oxsbiaoud X . Av o oxeblaoudc x* eivat
TOMKO EAdyLoTO THG ouvdptnong F', tote toyvet:

VF x* =0
Oewpnpa 2: Av 0 oyebLlaouUoC X' elval TOTIKO EAGYLOTO TNC AVTIKEWEVIKNC ouvaptnone F
Kat oL SeUTEPEC apaywyol tne I eivat ouveyeic otnv nepiloyr tou oxedtaouov X*, TOTe

VF x* =0 kat V’F x* Oetikd nuioptopévo untpwo.

Oswpnua 3: Av n avrikelueviky ouvdaptnon F éyet ovvexeic bevutepec mapaywyouc,
VF x* =0 kaw V’F x* O¢etkd oplouévo untpwo, t6te o oxedlaouds x* amotelei

TOMKO EAdytoTo T ouvdptnong F' .

Oswpnua 4: Av n avtikeluevikr ouvaptnon F eival kupth, téte kade oxeblaoudc xX* mou
eivat tomiko eAdytoto tng F', eivar kot 0Ako eAdyioto tne avtikeluevikric ouvaptnong F' .

OL neplooodtepol ahyoplBpuol BeAtiotonoinong avalntolv cuviBwg éva TOTLKO EAGXLOTO TNG
OVTLKELUEVIKNG OUVAPTNONG, €MOPEVWE O6ev Bplokouv mavta Tov KaAUTEpo OXeSLACUO,
6nAadn To OAKO EAAXLOTO TNG QAVTIKELUEVIKNAG ouvaptnong. Ta oAlkd eAAxLota, av Kot
emBuuntd ota meplocotepa npoPAnuarta, sival oAU Suckoho va BpeBouv. Mia eldikn
TepIMTWon, elval ol KUPTEC AVTIKELUEVIKEG CUVAPTHOELG VLA TLG OTIOLEG KABE TOTIKO €AA(LOTO
elval tautoxpova Kot 0ALKO EAAXLOTO.

Mia cuvaptnon ovoudletal kuptr av yla kabs dvo onpeia tou mediou oplopol T™NE, N
vypadLkn tTng mapdotacn Bploketal KATW amod Tnv eubeia mou evwvel autd ta dUo onueia,
énhadn:

Fax+1-ay <aFx+1—a Fy Vael01l
Omou X,y elvat dUo onuela-oxeSLaopol KAl @ MAPAUETPOG TIOU UMOPEL va TLAPEL TILEG OTO
Sudotnua 0,1 . Av n aVTIKELLEVIKR CUVAPTNON lval KUPTH, 0 alyoplBuog BeAtiotonoinong
Ba cuykAivel mavta o oAKO BEATLOTO.

YTa POPBALOTA TOU YPAUULIKOU TIPOYPOUUATIONOU N OVTLKELUEVIKI) ouvAPTNON £lvat KUPTH.
MevVikAd OMWC, TA HA-YPAMULKA TPpOPANUOTA, OMWG aUTO Tou BEATIOTOU OXeSLOCHOU TwV
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KOTOOKEU WV, €lval pN-KupTa Kol cuvnBwg €xouv TIOAAG TOTILKA eAdyloTa To omoia dev ival
OALKA eAdyLOTaL.

1.2.3 KAaoowkég pé0080L AVTIHETWTIONG TPORANUATOV  XwPIGS
TEPLOPLOLOVG

OL mAéov yvwoTtég peEBodol emiduong mMpofAnUATWY XwpPILg TEPLOPLOUOUG, eival ot pEBodol

™G péylotng kaboddou, Twv culuywv KAloswv Kot ot péBodotl Newton kal quasi-Newton. Ot

oAyopLOpoL autol akoAouBoUv éva emavaAnmTIkO OXNUA TG LOPPNAG:

-1
X g =X g + a g S g
OTIoU @ €lval pLa MOPAUETPOG TTOU OVORATETAL UAKOC BApaTtog, S €ival n dieuBbuveon otnv

g

' ' ' ' I g-1 '
ormoia yivetat n epeuvva ywa To PBeEAtoto otnv emavaAnyn g kat X° ,X°  €lval n

TIPOCEYYyLoN NG BEATLOTOU OXESLAOOU Katd Tnv emavaindn g— 1 kot g avrtiotoika.

KaBévoc amd autol¢ toug alyoplBuoug kabBopillel pe kamola peBodoloyia Tto HAKOC
BRuatogc a kot tn devBuvon £peuvacg s. MNa va yivel ouTo, TPEMEL TPONYOUUEVWG VO
urtoAoyLoTei 1 va ektiunBei o Stdvuopa KALoNG TG AVTIKELMEVIKAG ouvaptnong VE X kal

, ' 2
10 goolavo pntpwo V°F x .

1.2.4 H u£0080¢ ¢ péytotnc kaBodov (Steepest Descent)

H néBodog tng péylotng KaBodou aviKel ot HeBodoug mpwtng Tagnc, adou XpnoLUomoLEl
w¢ MAnpodopia to Stdvuoua KAoNG TG aVTIKEMEVIKAG ouvaptnong. H StevBuvon s tng
€peuvag (BA. oxéon Error! Reference source not found.) urtohoyiletal and tn oxéon:

s® =—VF x*' 0.1)
H por Tou aAyoplBuou amelkovileTal GUVOTTIKA 0To XM 2.1.

Algorithm: Steepest Descent

Choose initial x'”
repeat
g=g+1
s = —VF(X(“ “)

choose a to minimize F(X(-‘f 4 as"-‘f")

x8 — (&l + a®g®
until termination_criterion

o0l A W WN P

Ixnua 1.1: O alyopilBpog Steepest Descent
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H nmapdpetpog a ouvnBwg umoAoyiletal pe kamola peBodo epeuvag ypapung (line search),
omwcg N HEBoSog TNE Xpuong toung (golden section).

O aAyoplBuog tng Héylotng kabodou 6ev xpnolpomolel mAnpodopia mponyoUeEVWY
enavaAfPewv KoL YEVIKA GUYKALVEL TTOAU apyd otnv TeAKA AUon.

1.2.5 OLpué008ot Newton kat Quasi-Newton

H péBodoc Newton avhkel otig pebBodoug deltepng TAENG, OL OMOLEG KAVOUV Xprion Tou
goolavol puntpwou H. H 8tiebBuvon s tng épeuvag untohoyiletal amd tn oxéon:

-1
s=—Hzx VFx
omnou H ivat o Hessian mivoakag TnG AvIIKELEVIKAG OUVAPTNONG.

AV n OVTLKELUEVIKI] OUVAPTNON &lvol TETPAYWVIKNG Hopdng, tote n péBodog Newton
oUuyKAlvel og pla emavaAndn. AUGTUXWE ATTALTELTOL O UTTOAOYLOMOC Tou Hessian Ttivaka, KATL
TIou eival xpovoPopo yia MoANEG petaPAnTeG oxedlaopou. Emiong, av kamolo HeTaBAnTth
oXebloopoU eival ypappika e€optnuévn amo Kamota AAAn, TOTe eVOEXETAL VA NV UTIAPXEL O
avtiotpodog Tou Hessian mivaka.

AvtiBeta pe tn pEBoSo Newton, otic pueBodoug quasi-Newton ev eival avaykaio va

urtohoyiletal o Hessian mivakag o kdBs emavaAndn. H StevBuvon s® tng épsuvag (BA.
oxéon Error! Reference source not found.) untoAoyiletal anod tn oxéon:

3 -1
s® =—ASVF x°*
ormou A ® eival évag n X n TVAKOG CUUHMETPLIKOC Kal BETIKA OPLOUEVOG. TIOU TIPOCEYYIlEL

Tov avtiotpodo tou Hessian mivaka H'. O mivakag A ® opxikd TiBetal ioo¢ pe tov
povadiaio mivaka I, emopévwg n mpwtn SlevBuvon umoloyiletal 6nwg otn pEB0dO NG
MEYLOTNG KaBOSoU. XTI eMOpeVeG emavaAnPelg umtohoyiletal and tn oxéon:

Astl — AE 1D
orov D ® eival évag oupPETPIKOG N X 1 Ttivakag Ttou Sivetal amd pio oxéon thg Hopdnc:
D¢ = function x® —x*"' ,VF x® —VF x*" |A®
Yridpyouv Stadopeg péBodot urtoloytopov tou mivaka D ® . H o yvwotég and autég eivat

n uéBodog DFP (Davidon-Fletcher-Powell) kot n BFGS (Broydon-Fletcher-Goldfarb-Shanno)
n omota Bswpelital kat n KaAlTepn.

1.2.6 TpoBApata BEATLOTOTOMONG ILE TEPLOPLOLOVG

H padnuotikr Statumwon evog mpoBAnuatog BeAtiotonoinong He avIcoTIKOUG KoL LOOTIKOUC
Tieploplopouc, Sivetal amno tn oxéon:
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minimize F' X = F z,,2,,...,2,

subject to: h; X =h; z,z,,....,0, =0, j=1...,p

OTIoU F €lval N QVTIKELWEVLKA ouvApTNON, X €lval To Stavuopa petafAntwy oxedlacpou,
hj X €glval n j ouvapTnNoN LOOTIKWV TIEPLOPLOHWY, g, X €lval n i cUVAPTNON AVICOTIKWY

' L U ' i ' ' . ) '
TIEPLOPLOUWY, KAl T; , T, Elval TO KATW Kol Avw Oplo tng i HeTaPANTAG oxedlacpol

i

avtiotolya.
Opiletal emiong o xwpog S Twv ePIKTWV OXESLAOUWY, TETOLOC WOTE:

S=xeR"|gx <0hx =0x"<x<x"
Emopévwe, to mpoPAnUa LE IEpLOPLOMOUG UIopEl va SlatumtwBel we e€nc:

min Fx xecf8
0 xwpoc S anotelel TNV edktr) epLOXn Tou TPOPAARUATOC, OTNV Omoia OAOL OL TTEPLOPLOHOL
Lkovorolouvtal. X oA poPAnuata, o BEATIOTOG oxeSlaouog PplokeTal oTo Oplo HeTay
NG TEPLOXNG TwV EPIKTWV OXESLAOUWY, KAl TNG UN-EMTPEMOUEVNG TIEPLOXNG, OTNV oMol
TOUAGXLOTOV £VaG MEPLOPLOUOG TTapafLaleTal.

1.2.7 KAaoowkéc péBodol  auTIHETOTIONG TPOPANUATOV  UE
TEPLOPLOLOVG

Ot KAaooKEG peBodoloyieg emiAuong evoc mpoPAnpaTog BeATIOTOMOLNONG UE TTEPLOPLOUOUCG,

Xwpilovtal otig Aeyopeveg «dapeoeg» (direct) peBodoug, oL omoleg mpoomabouv va

emAUOOUV TO TPOPBANUA KIVOUHEVEG HETOED TwV oplwv TIou BETOUV OL TTEPLOPLOUOL, KAl OTLG

«€upeoeg» (indirect) peboddouc, oL omoleg PETATPEMOUV TO TIPOBANUA LIE TIEPLOPLOLOUG OE

£va TIPOBANUa XwpLg mepLoplopouc.

To mpoPAnua PBeAtiotomoinong e TEPLOPLOMOUE, OMwEG SLOTUTIWVETAL amd Tn oxéon
Error! Reference source not found. pmopel va petatpamnel oe éva TPOBAnUa
BeAtiotomoinong xwplg meploplopols, amo tn oxeon:

p m
LxXA=Fx+Y Ah x +) A\g x
j=1 =1
ormou L x,A eivawnAavykpadiavh e F', kat A, A; eival ot cuvteAeoteg Lagrange.

Mia avaykaio ouvBrikn aAAd OxL LKawvn, yla va eivat évag oxeSlaopog X eAdxLoTo (Tormiko f
oALko), sivat:
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p m
VL x'A =VF x* +> AVh, x* +) AVg x* =0
j=1 i=1

pe A, € R, ko A € R.

Av 0 oxedlaopdg X" eivol TOTKO BEATLOTO TNG AVTIKELUEVLKAG OUVAPTNONC, TOTE LOXVOUV OL
TAPOAKATW CUVONKEC:

1. O oxeblaopog xX* eivat epikToc.

2. AVg x* =0,1=1....mxo A >0.

p m
3. VFx +Z)\].th X —i—Z)\ngi x =0 pe A >0. O tpés twv
i—1

Jj=1

ouvteheotwv Lagrange /\j UITOPOoUV Va TIAPOUV OTIOLECSNTIOTE TLEC.

H mpwtn ouvonkn, onuaivel mwg n BEATIOTN AUOH IKOVOTIOLEL TOUG TTEPLOPLOUOUG. H Seltepn
ouvBnkn onuaivel Twg av €vog MePLOPLoPOC Sev LKOVOTIOLELTOL TARPWG, TOTE O OVTLOTOLYOG
ouvteheotng Lagrange sival undevikog. TEAog, n Tpitn ouvOnkn onuaivel mwg to Stavuopa
kAlong tng Aavykpadlavng ivat pundeviko oto BEATLOTO ohelo.

O mapanavw cuvonkeg ovopalovral cuvonkeg Kuhn-Tucker, kot eivatl avaykaile¢ ocuvOnKeg
yla BEATLOTO. TNV MEPIMTWON TOU 0 £PLIKTOC XWPOE TOU OpLleTaL Ao TNV OVTLKELUEVIKN
CUVAPTNON KAl TOUG TEPLOPLOUOUC, ElvaL KUPTOG, oL cuvBnkeg Kuhn-Tucker gival Kol LKOVEC.
Av Kal ta meplocotepa MpoPAnuata BeAtiotonoinong dev eival Kuptd, n Bswpila Twv KLPTWV
npoBAnuatwy elvol  onuavtiky  KoBw¢ TOoAAEC dopEC TA  pN-KUpTA  TPoPAnuoTa
npooeyyilovial amod pUia OELpa KUPTWVY TPOPANUATWY.

1.2.8 H p£0080¢ Twv cuvaptiocwyv mow¢ (Penalty Functions)

Ot péBodol Twv cuvaptnoswv oA dlakpivovtal oTig HeBOSoUS TwV eEWTEPLKWV KAl TWV
E0WTEPLKWY CUVAPTAOEWV TIOWVAG. ZTIC LEBOSOUC TwV EEWTEPLKWV CUVAPTCEWV TIOWVNAG, TO
MPOBAnUa BeAtioTonoinong e MEPLOPLOUOUG Umopel va StatuntwBel amnod tn oxéon:

minR x, Rx =Fx +)» aGlg x| +ijH‘hjx‘ (0.2)
omouv R x eivat n olvBetn avtikewevikr ouvdptnon,i G,H eival ouvaptrioslg twv

OVLOOTLKWV KOl LOOTLKWY TIEPLOPLOLWV KAl ai,bj Tipaypatkol aplBuol pe ai,bj > 0. Ma

, LoYUeL:

ouvaptnon |g1 X

|gzx|7 if g, x <0

0, otherwise

gixrz

H oxéon (0.2) avtikaBloTtd TNV AVTLKELEVLKI) CUVAPTNON KO TOUG TIEPLOPLOMOUG O OAO TO
niedio Twv THwv (Suvartn kat pn-uvatn neploxn). OL Sltapopdwon g UA-SUVATAC TEPLOXAG
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gfaptatal and TG MAPAUETPOUC ai,bj kot aro tg ouvvaptioelg G,H. Na ypoappikég
ouvaptrioelg G, H, n ouvBetn avtikeleviig cuvdptnon Sivetat and tn oxéon:

Rx =Fx +Za g, x| +Zb ‘h x‘(03)
MNa tetpaywvikég ouvaptioelg G, H, n olvBetn ouvdptnon divetal and tn oxéon:

Rx =Fx +5 q T30, x| (0.4)
H ox€on (0.4) unopel va ypadel kot wg: 5

Rx =F x +ra[z lg. x| ’ +Z‘h1‘ x ‘21(0.5)

OTIOU OL TOPAPETPOL Z,bj £XOUV QVTIKOTOOTOOEL amd pla mapAapeTpo 7. To EAAXLOTO TNG

OUVOETNG QVTIKELLEVIKNG CUVAPTNONG EEOPTATAL ATO TNV TIAPAUETPO 7 KOL QUTO €lval Eva
UELOVEKTNHO TWV HEBOSWV TWV CUVAPTHOEWV TOLVNG.

Jtnv mepintwon mou to MPOPANUa BeAtiotonoinong SLEMETAL amd AVICGOTIKEC CUVAPTHOELG
neptoptouo’oﬁ T}C;)ts_ulﬁg o)t(bvei?_-;gvdplnon TIOU PETATPETEL TO TPOPANUA og £va TTPOPBAnUa
XWpIiG MEPLOPLOPOUG, UIOpPEL VEr: L&tgpw@si oo TIC OXEOELG:

Rx:Fx-i—rz (0.6)
H oUvBetn ouvaptnon R x oénwéoglietal and v napandvw oxéon, opiletal povo otnv
edkn nept%n TOoU T%OBM#X I'Lct i eﬂapuovn TWV ECWTEPLKWV CUVAPTACEWYV TIOLVAG,
TPEMEL va ELVAL yVWOTH apy uL gpugn AUon, SLapopeTIKA Ol GUVOETEG GUVAPTAOELG
onw¢ Slatunwvovtal and tnv oxéon (0.6), amelpilovrtal. H amodoon tng pebodou pe

oUVOUAOUO EEWTEPLKWY KOl ECWTEPLKWY OCUVOPTACEWVY TOLWVAE eV aANATEL ONUAVTLKA.

1.2.9 AdyopiOpol BeAtioTOTOINGNG

Ot aAyoplBuol BeAtotomnoinong sival emavaAnmrikol. JuvABwe, Eekwvolv amo Lo apyikn
EKTIMNON TWV PEATIOTWYV OXESLACUOU KAl 0T OUVEXELD Snuloupyolv pia aAAnAouxia
BeATlwpévwy oxeblaopuwyv HEXpL va KatoAnfouv oto PEATIOTO. H oTpaTnylkr HEOW TNG
omolag amd pia emavaAnyn TPOKUTITEL I EMOWEVN, KATNYOPLOTIOLEL Kal Tov aAyoplBuo
BeAtiotomoinong.

KaBe alyoplBuog BeAtiotomoinong MpETEL val £XEL TIC TTIAPAKATW LOLOTNTEG:

o J9esvapotnta (Robustness): Evag aAyoplOUog MPEMEL va UTOPEL VA QVTIUETWTTLOEL

pLo TAnOwpa mpofANUATWY.

o Amoboon (Efficiency): O oAyoplOpog dev Ba mpémel va amattel mMOAU peyain

UTTOAOYLOTLKN) LOXU 1} XpOVO, WOoTe va Bpel Tn BEATLIOTN AUON.

o AkpiBeia (Accuracy) : 'Evag ahyoplBuoc Behtiotonoinong Ba mpémel va pmopel va
avayvwpiletl pla Abon pe akpipela, xwplg va sival untepeuaiocdntog oe aplOUNTIKAG

akpipelag odaApata.
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OL mopamndavw omottnoelg sivat aAnAoouykpouopeves. Mo mapadelypa, £€vag oAU
ypNyopog (otn cUykALon) aAyoplBuog pumopel va amattel untepPoAlkd LeydAo amoBnKeUTIKO
XWpo N MvAUN vy mpoBARuata pe TOAAEG petaPAntéc oxedlaopou. AvtiBeta, £vag
aAyoplBuog pe peyahn oBevapotnta (Robustness) umopet va amattel moAAéG emavalAPELg
KOlL LEYAAO UTIOAOYLOTLKO XPOVOo wote va Bpel To BEATIOTO OXESLOOUO.

Mepkol alyoplBuol Slatnpolv €va moooaotd Tng MAnpodopiag and Toug oxeSlaopols Twv
TPONYOUUEVWY OXESLOOUWY, VW AAAOL XPNOLUOTOLOUV UOVO TIANpodopila TOU TPEXOVTOG
oxeblaopou. OL aAyoplBuol, oxetikd pe to €(6o¢ tng mMAnpodopiag, Slakpivovtal otoug
oAyoplOuoug undevikng, mpwtng kal SeUtepnc TAENG. OL aAyoplBuol pNdevikng TAENg
XPNOLLOTIOLOUV HOVO TNV TN TNG AVTLIKELUEVLKIG OUVAPTNONG OTNV £peuva yla To BEATLOTO,
oL aAyoplBuol MpwTNE TAENC XPNOLUOTOLOUV KOL TNV MPWTN MOPAYWYO TNG OVTLKELMEVIKAG
ouUVAPTNONG, VW oL aAyoplBpuol SelTepng TAENC XPNOLUOTIOLOUY Kal TN 8eUTepn mMapdywyo,
EKTOG QO TNV TLUA TN AVTLIKELUEVLKIC CUVAPTNONG KAL TNV TTPWTN TNG TTAPAywYo.

OL oAyoplBuol pndevikng taéng Olakpivovtal Of QITIOKPATIKOUC KOl OTOXQOTIKOUG
oAyoplBuoug, avaloyo HE TOV TPOMO Tou oxnuatilovtat ol véol oxedlaopoi. Ot
ottiokpatikol aAyoplBuol mpooeyyilouv emavaAnmukd to PEATIOTO oxeSlaopd TOAU
vpriyopa. To Baolkod Toug HELOVEKTNHA gival TwC eykAwBilovTal EUKOAO O€ TOTILKA EAAXLOTA.
OuL otoxoaotikol oAyoplBuol avalntolv HE €vav TUXNHUOTIKO TPOTO VEOUC OXESLAGUOUG
KOAUTEPOUG O TOUG UTIAPYOVTIEG Wote va 06nynBouv oto BéATioto. Aev eykAwpBilovrat
TOOO €UKOAQ OE TOTIKA €AAXLOTO OMWG Ol QALTLOKPATIKOL OAyoplBuol, aAAd amattolv
peyaAUTEPN UTTOAOYLOTIKA LoXU KaL XpOVO Ao AUTOUC yLa Vo GUYKALVOUV oTo BEATLOTO.

OL aAyoplBuol BeAtiotonoinong umopoUv va  Slaxwplotouv o€  aAyoplBuoug Tou
Sloxelpifovral évav oxedlaopod t $popd, kol oe autolg mou Staxelpilovral évav mAnBuouo
and oxedlaopolg tautdxpova. OAoL oL attlokpatikol oAyoplOpol Siaxelpilovtal €vav
oxeblaopd tn popd. And Toug OTOXAOTIKOUG AAYOPLBUOUG, 0 YWWOTOTEPOG aAyOPLOUOG TTou
xpnoiuomotel évav oxedlaopd ™ ¢opd, sival o alyoplBuog tng MPOCOUELOUUEVNG
Avontnonc (Simulated Annealing).

OL otoxaotikol oAyoplBuol BeAtiotonoinong mou  Saxewpiloviat €vav  TANBuouo
oxeblaopwyv eival yvwotol kat wg e€eAktikol aAyopBpol. Ou efeliktikol aAyoplOpot
povtehomoloUv cuvnBwg éva patvopevo, Guatkd, KOWwvLKO 1 Blodoytkd. H Asttoupyia Toug
elvat ouvnBwe mapdAAnAn, dnhadn dnpoupyouvtal moAhol oxeSlaopol-AUoeLg TAUTOXPOVA.
O e€eAiktikol aAyoplBuol xapaktnpilovtal and obevapotnta (robustness) kat €xouv tnv
KovotnTa var evtomifouv tnv TePLoX Tou OAlkd PEATiotou oxeSlaopol petd amd £va
MEYAAO QpLOUO EKTIUACEWY TNG OVTLKELEVIKNG ouvaptnong. H yvwototepn OTOXAOTIKA
pnEBobSog ou ypnotuomolel mMAnBuopd oxediaopwy, eivat ot Fevetikol AAyopBuol (Genetic
Algorithms). TMANBuouo oxedlaouwv emiong xpnolpomnolouy ol Arotkiec Mupunykiwv (Ant
Colonies) kat oL Ztpatnywkég EEEAENG (Evolution Strategies). Ta teAeutaia xpdvia ol
g€ehktikol alyoplBuol £xouv edpapuootel o epeuvnTikd eninedo, oto nedio Tou PEATIOTOU
OXEOLOOUOU TWV KATACKEUWV, Kal €xouv amodelyxBel amd T mAfov aglonioteg pebodouc.
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1.2.10 Trpatnywkéc EEAMENC

OL otpatnylkég €€EAENG avrnkoug oTLC emovopalOpeveg AapPilveleg peBodoug, emeldn
npooopoldlouv tn Sladilkacio €EEAENC Twv €WOWV, OMWE TNV TMOPOUCIOCE TPWTOE O
AapPivog. OL otpatnylkég €E€AENG, o avtiBeon HE TOUG QUTLOKPATIKOUG oAyopLlOuoug,
Slaxelpilovral £vav mAnBuopd amnod oxedlaopoUG-AUoelg Tautoxpova. OL AUoELg auTEG eivat
ave€dpTNTEG N Ml amd tnv AAAn, emopévwg eival duvati n vAomoinon Twv oTPATNYLKWY
e€EANENG oe mapdAAnAo umoAoylotikd meplBaAlov. Adou Snuiloupynbel €vag apxlkog
TANBUOUOC AUCEWV HE TUXOLO TPOTO, OTn CUVEXeld Ba SpAcouv O AUTOV OL TEAEOTEG
UEeTaAAaéng, avaouvbuaouoU Kal emidoync wote va €eAlyBel 0 mMANBUOUOG KoL va TIETUXEL
TOV €VTOTILOMO TNG BEATIOTNG AUONG.

To PBaockO TAEOVEKTNUA TWV OTPATNYIKWYV €€EALENC, €lval MwG AOyo TOU TUXNUATIKOU
xapaktnpo touc dev eykAwpilovtal eVKoAa Ot TOTIKA €AAXLOTA, KATA TN OLAPKELX TNG
£peuvac yLa tn BEATIOTN AUGON, ETOUEVWC EXOUV LEYAAUTEPEC TILBAVOTNTEG va evtomi{ouv TNV
meploxn ™G OAkA BéAtiotng Along. e mpoPARpata pe TAPa  TIOMAEG PeTaBANTEC
OXeOLOOMOU, | KoL TIOAAEG OVTLKELUEVIKEG OUVAPTNOELG, Ol e€eALKTIKOL aAyOpLlBoL elval ot
HOVOL TTOU UTopoUV va Swoouv amodektr) AUan. To BACIKO UELOVEKTNUO TWV OTPATNYLKWY
€€EMENG, OTWC KoL TWV TEPLOCOTEPWVY €EEAKTIKWY aAyoplOUwY, elval Twg amotteitot
UEYAAOG OpLOUOC UTIOAOYIOMWY TNG QVTLKELUEVIKNG CUVAPTNONG, YO TOV EVIOTIOMO TNG
BéAtiotng Avonc.

O otox0¢ TWV oTpaTNYIKNG EEALENG, OMwWG Kot KABs aAyoplBuou BeAtiotonoinong, os éva
MPOBANUA BEATIOTONMOINONG LE O AVILKELUEVIK oUVAPTNON, lval n BeAtiotonoinon pag
QVTIKELUEVIKAG ouvaptnong F WG Tpo¢ TO Sldvuopa TwV  TIOPAMETPWY TG

Y= Y,Y,---Y, T, TO omoio ovopaletal diavuopa oxedlacpol. O otoxog SnAadn, eival

n eUpeon evog SLOVUOUATOC Y TETOLO WOTE:

F'y — optimum,y €Y 0.7)

O ydpog Y pmopel va givar 0 N-0106T0TOG YOPOS TV TPAYUATIKOV apdudv R, o
N-3100TUTOC YDPOS TOV aKEPALOV aplOumv Z", o xdpog TV dvadik®mv apBudv B
K0l OTTOL0GONTOTE GLVIVAGHUAG TOVG.

OL otpatnylkég €€EALENG, OMwG TpoavadEpBnke, Spouv O ATOMA TIOU OTOTEAOUV €va
rTAuBuopd. O mMAuBuopdg ouvhOwg oupPoliletal pe B evw ta drtopa pe a . To k dtopo evog
mAuBuouov, cupPoliletal pe a, kal amnoteAeital anod to Sidvuopa oxeSlaouoy y, , TNV v

TWWA TNG QVTIKEWWEVIKAG ouvdptnong F, = Iy, «kat ouviBwg amd éva oet evSoyevwv

TIAPAUETPWY S, , TIOU OVOUALOVTOL EVOOYEVEIG TAPAUETPOL OTPATNYIKAG, ETOL WOTE:

@, = Y58, (0.8)
OL evboyevelg MAPAUETPOL OTPATNYIKAG €AEyXouv OLAPOPOUC TEAEOTEC TWV OTPUTNYLKWV
£€EMENC, OTTWC yLO TTAPASELY O TOV TEAEOTH TG UETAAAENG KOl TOU avaouvSuaouou, Kol
UropolV va mpooappolovtal Katd Tn Stapkela tng €€eAlEnc. H popdr Twv mapapeTpwy
otpatnylkng dev eival n dla oe OAoUG TOUG OAYOPLOHOUG OTPATNYLKNG €EEALENC, aAAd
Sladopomnoleitat and ahyoplBuo os alyoplBuo, onwe Ba SexBel oto tpito kepaato.
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Fevik@, Kotd Tn SLAPKELX ULOC YEVIAC otpatnylkAg €€EAENG, Snuioupyouvtal A dtopa
anoyévwv and éva mMAUBUOHO (& yovEwv. OL MAPAWPETPOL fi, A KABWG Kot pio oKOMN
TOPAUETPOG, TTOU CUMPOALleTAL pE p KoL EAEYXEL TOV TEAEOTH avaouvSuacopol yla Tov
orolo Ba yivel avadopd otn cuvexela, ovopalovtal eEWyEVEIC MAPAUETPOL OTPATNYLKNG, KAl
Slatnpouvtal otabepég katd tn Oldpkela NG €€EAENG. O TpoOMOg e TOV Omoio
Snuoupyolvtal ol amoyovol amo tov MANBUoUO Twv YovEwWV cUUPBOALIETAL CUVOTTIKA LE

i/ pEX . H mapdpetpog avacuvduacpol p SnAwvel tov aplBpd twv yovéwv mou Ba
ouvblaotolVv ylwo T Onuioupyia evog amoyovou TPV SPACEL OE QUTOV O TEAEOTHG
peTdAAagnG. Mpodavwg, mpenet va toxVelp < 1. O cupPoMopog — meplypAdeL Tov TpOmo
Je Tov omoio Ba dpdocel o0 TeAeoTAG eMAOYNG 0TOV MANBUCUO. TNV MEPIMTWON TOU «+», N
£MAOYN TwV aTOHwWV TIou Ba cuvexioouv otnv eMOUEVN YEVLA YIVETAL OO OAOKANPO TOV
mAnBuoud, 6nhadn Ba emheyolv Ta 4 GTOMA QMO TO GUVOALKO TANBUOMO [+ A Twv
YOVEWV KOl TwV Amoyovwv. Itnv mepimtwon tou «,» n emthoyn Oa yivel povo amd tov
MANBuopd twv amoyovwy, nladn Ba emleyolv T L KAAUTEPA ATOMA QMO TOUG A
anoyovoug, xwpic va AndBel umoPnv o mMAnBuopOC TwV yovEwy. € aUTHV TNV Nepintwon Ba
npEneL tpodavwg va LoxVeL b < A.

JTo emopevo Kedpalawo meplypddovial ol aAyoplBuol otpotnykng e€EAENG Tou
xpnowlomowBnkav ota mAaiola TNG SUTAWUOTIKAG £pyaociog, Kal Ba Sivetal pia mARpng
meplypadr Tou TPOTOU Asttoupylag Twv TEAEOTWV HETAAAAENG, avoouvduaopol Kot
£MAOYN G 0 aUTOUC TOUG aAYOpPLOHOUG.

1.2.11 BéATL0TOG 0YESLAONOG KTNPlwV amd OX

Ta mpoPAnpato  Beltiotonmoinong Kataoksuwv, xapaktnpilovtat amo Siadopeg
OVTLKELUEVIKEG KOL TIEPLOPLOUWY OUVAPTHOEL OL OTOIEC YEVIKA E€lval M YPOLULKEC
OUVOPTAOELS TWV HeTaBANTwY oxedlacpol. AUTEC OL CUVAPTHOEL lval cuXVA acUVEXELG Kot
pn Kuptéc. H pabnuatikn Slotimwon twv mpofAnUdaTwy PEATLOTONOINONG OE KATOOKEVUEG,
OE OX€on WHe TIC METOPANTEC OXESLOOUOU, TNV AVTIKELWMEVIK OUVAPTNON KOl TOUG
TLEPLOPLOUOUC €apTATAL OO TOV TUTIO TNG edapuoyns. Ouwe, Ta MepLocoTepa MPOPARATA
BeAtiotomoinong pmopolv va SlatunwbouV LE CGUYKEKPLUEVOUG HaBnuatikolg 6pouc cav

£va TIPOBANUA 1N YPAUULIKOU TIPOYPAUUATIOHOU W akoAoUBwG:

min F(s)
subjectto  g;(s)<0 j=1,..m (1)
s, eRY, i=1,..n
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Omou F(s) koL gis) €lvoL N OVTIKELUEVIKH) OUVAPTNON KOl OL CUVOPTHOELG TEPLOPLOUWY
avtiotoya, R eival éva S00pévo OET OXESLOOUOU, €V OL HETOPANTEC OXESLAOUOU s;

(i=1,...,n) malipvouVv TIHEG LOVO Ao AUTO TO GUVOAO.

1.2.12 Oplopol

YTAp)XouVv KAToLoL 0pLopoL TTou MpEmeL va 5080Uv yla va Tteplypadel To mpoPANUa Kal n

Slaxeiplon tou amnod tov alyoplBuo BeAtiotonoinong tng napouoag epyacioag.

JTPENMTIKA  LooppoTlNUéEVO: Eva  Soplkd ouotnua TpooSloplletal WG OTPEMTIKA

LOOPPOTINUEVO OTOV Ot KABe Opodo TNG KATUOKEUNG, TO KEVIPO UALAC CUUTITITEL UE TO

KEVTPO ENOOTIKNG OTPOdNC.

Kévtpo Avtoywv N Avtiotdoswc (CV): To onueio auto npoacdlopiletal wg akohoUBwC:

Zixivn,i

Xoy = 5— (2)

2V

Omou Xy elvat n tetunpévn tou CV, V,; elvat n opl{ovtia avtoxr tou i-otol otolxeiou Ka Xi
glval n andéotaon Tou i-otoU otolxelou amod to KEvipo palac. MNa kabBe otUAO Kol Tolyio

npocdlopilovtal SU0 APXLITEKTOVIKOL TIEPLOPLOUOL:

ApYLTEKTOVIKOC Teploplopdg 1: O TMPWTOC QAPXLTEKTOVIKOC meploplopog (AC1) esivau

OXETIKOC He Ta Opla TNG KAtoyng Omou €vag otulog i £va tolxio pmopel va KivnBel ko
teAlkd tomoBetnBei. Exel vAomolnBel w¢ éva opBoywvio Slaotdoewv AC1x x ACly. Evag
oxebloopoc Beswpeltal epKkTOC 0 OXEON LE TOV APXLTEKTOVIKO Teploplopd AC1 dtav n

gyKapola Slatoun Twv oTUAWY Kal TwV Tolxlwy EUMepPLEXOVTAL OTA avTioTola opBoywvia.

ADPXLTEKTOVIKOG TIEPLOPLOUOC 2: O SeUTEPOG APYLTEKTOVLKOC TEPLOPLOMOG (AC2) oxetiletal

ME TNV TomoAoyia Twv S0KWV 0 CUVOUAGCHO HE TOUG OTUAOUG 1 Ta TolXia mAvw ota omola
otnpilovtal. Autoc o meploplopdc edpapudletal cav éva onpeio péoa oto opBoywvio AC2
elval anapaitnto otnv dadikacia BeAtiotonoinong yla va KaAUPoU e ToV TEPLOPLOUO TTOU
B£touv oL Béoelg Twv Sokwv. I KAOe edpiktO oxedlacpd to onueio AC2 Oa avtloTtolyel oe

€va KOUPo dokou - oTUAOU.
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TUmoc otvhou: Avo tUmol otUuAwv/Tolxiwv e€etdlovral. O tumocg | gival ekeivog 6mou to
otaBepod onueio avriotolyel og pia amo tic ywvieg tou AC1- evw otov tumo Il to onueio AC2

elval evtog tou opBoywviou ACL.

1.2.13 BeAtioTOTOINON 0XPYXLKOV KOGTOVG

Y& OAeg TG Slatumwoelg mou Ba meplypadolv os auth tnv epyacia, ol petaBANTES
oxeblaopol xwpilovtal os dVo katnyopleg: (i) petaPAntég Tomoloyiag, mou oxetilovral pe
™ Béon twv Katakopudwv depoviwv otoxeiwv kot (ii) petaPAntéc peyéBoug mou
avTLoToLYoUV OTLG SLACTACELG TNG eykapaolag Statoung. H pabnuatiky Statumwon autou Tou

npoBAnuartog BeAtiotonoinong yla ktrpla and O unopel va yivel wg akoAolBwG:

min Cin(8)=C,(s) +Cy(s) +Cy(s)

subjectto g, (s) <0, k=1,2,...,m (behavioral)
(3)

tilb,j < rji < tiub,j, j=1,2,...,.n

SiIb,j < hl] SSLbJ‘, j=1,2,...

columns

(architectural)

N columns

omou Ciy(s) avadépetal oTo GUVOALKO OPXLIKO KATAOKEUOOTIKO KOOTOC YLO. TNV KOTOOKEUN
OoUVOALKA, Omou Cy(s), Cy(s) kat Cy(s) avadépovtal oto apxlkO KOOTOC TWV SOKWV TwvV
TIAOKWV KAl TwV OTUAWV avtiotolya. O 0pog apXIKO KOOTOG L0 VEAG KATAOKEUNG avadEpeTal
OTO KOOTOG KATA TN SLAPKELA KOTOOKEUNG. TO apPXIKO KOOTOC OXETILETAL UE TO KOOTOG TWV
UALKWV Kal Tou epyotaliou yla TNV KOTOOKEUN Tou Kinpiou, to omoio mepllapBavel
oKkupOSdepa, XaAUBSIWO OMALOUO KOOTOCG epyotaiou yla TNV TOMOBETNON KoL KOGTOC HNn
Soulkwv otolxeiwv. gi(s) eival oL meploplopol cupnepidpopdg mou emiBarlovial omnd Toug

KOVOVLoHOUG, rj' elval n andotacn Tou avtiotoixou ctolyeiou Tou j oTUAOUL 1) ToLKiou otnv i
opada opodwv amno to aviiotolyo onpeio AC2. t:bj , t'ubj glval Ta KOTWTATA KL AVWTEPO OpLA

TWV HeTaPANTWY TomoAoyiag mou emBAAAOVTAL ATIO TOUG APXLTEKTOVIKOUC TIEPLOPLOLOUG. hij

gival n péylotn dldotacn tou j otulou/Tolxeiov otnv i opdda opodwv, TTOU AVTLOTOLKEL OTIG

wj EWVAL TOL QVWTEPA KL KATWTEPD Opla TwV Slatopwv

MEeTABANTEG peyEBouc. S:b,j’s
pey€Boug mou erBAAAovTaL Amo TOUC OPXLTEKTOVIKOUC MEPLOPLOMOUG. Onwe Ba davel kot
OTN CUVEXELQ, OTNV TtepLlypadr) Tou TTPOPARLATOC UTIAPXEL LA OXECN HETOEU TwV dU0 EL6WV

petaBAntwy oxedlacuol — tomoloyiag Kot peyeBoucg — Omwe Kal Twv oplwv Toug.
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1.2.14 MpofAnua BEATIOTOTOINONG ATTOKPLONG GE GTPEYT)

e autO To TMPOPANUA 0 PBaoclkdg otdxog eival va Slatumwooups pa Sladikacia
BeAtiotomoinong n omoia Ba pmopouce va odnynoel o OXeSLOOUOUC He PeATlwHEvn
OELOULKN OUMTEPLPOPA KOl OUYKEKPLUEVA, VA TIAPAYOUUE OXESLOOHOUG HE €AAXLOTN
OTPETTIKN QmOKpLon. e auth TN OouAeld SU0 OLaKPLTEG SLATUTIWOEL outol Tou
npoPANUaATog ehapUOOTNKAY, OTNV MPWTN SLONTUTTWVETAL oav TPOBANUA gAaxlotonoinong
NG AnooTOoNG ecm-ck METAEU TOU KEVTpoU palag (CM) kot Tou KEVIPOU EAAOTIKNG OTPODNAS
(CR) tou kaBe opodou, evw n beltepn Odlatimwon epapuoletal cav TMPOBANUQ
ghaylotonoinong TNG EKKEVIPOTNTAC €cm-cv METAEU TOU KEVTPOU HATOC KOL TOU KEVIPOU
avtoxwv (CV). Kot ot U0 SLATUTMIWOELC UTTIOKELVTOL O TIEPLOPLOMOUC CUUMEPLPOPAC TIOU
emBarlovral amd T vopoBeoia OMwWG Kol O APXLTEKTOVIKOUG meploplopolg. OuL duo

MOONUATIKEG SLATUNTWOELG, UIToPoUV va edapUooToUV WG akoAoUBwWG:

min €cmer = \/(XiCM _XiCR)2 + (inM _inR)Z’ i:1'2""'n_gstoreys
subjectto g, (s) <0, k=1,2,...,m (behavioral) (42)
a
to<r<t . j=1,2,..n
od =1 J_ colimns | carchitectural)
Sij < hj < Subjs 171,2,0000 s
min €omev = \/(XiCM _Xicv)z +(inM _yicv)zv i:1'2""'nstoreys
subjectto g, (s) <0, k=1,2,...,m (behavioral) (4b)

thy; <1 St j=1.2,0..0

S:b,j < hl] Ssiub,j, j:1,2,...,n

columns }(architectural)

columns

61oU  (XeyYem)s (KerYir) @nd (XL, Yo, ) €lvaL oL cuvTETaypéVEG TOU KEVTPOU MAlag, Tou
KEVIPOU €AACTIKAG OTPOdNG KaL TOU KEVIPOU aVTOXWV avtiotolya. MpEmel va onuelwdel otL
TO Kévtpo CR eival to i6lo yla kabe oudda opodwv, evw To Kévipo CV mpoodilopiletal ylo
KaBe 6podo. n_gstoreys eival 0 GUVOALKOG 0pLlBUOC opodwv Tou €xouv Ty (SLa katodn evw

nstoreys elval 0 GUVOALKOG apLOUOC TwV 0pOGWV.

1.2.15 [MemAeypévo tpopAnua BeAtiotomoinong
Jtnv Tpitn ¢hocodia oxedlacpou mou edpapUOOTNKE oTNYV Tapoloa HeAETN Kal Ta SU0
avtikelpeva eAndBnoav unmoyn ocav otabulopévo Bapog. H pabnuatikn Sltatunwon autou

Tou oUvBetou mpoPAnpartog BeAtiotonoinong punopel va Statunwlei wg akoAolOwC:
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min F(s)=w- CTN +(1-w) - maX(eZ:M-CR ’e:IM-CV)

subjectto g, (s) <0, k=1,2,...,m (behavioral)
(5)

tiIb,j < rji < tLbJa j:1,2,...,n
Sllbvj S hl] Ss:‘lb,j’ j=1121-

"’ncolumns

columns }(architectural)

6mou Cyy, €cpcr AN €Ly ELVAL OL KOVOVIKOTIOWNPEVEG TLUEG TOU OPXLKOU KOGTOUG KL OL

600 EKKEVTPOTNTEG, EVW W ELval 0 OUVTEAEDTHG BApPOUG.

1.3 Meplopiouol ovUTEPLPOPAC

MNépa amd TOUC OPXITEKTOVIKOUG TEPLOPLOUOUG, TEPLOPLOUOL cuumepLdopdg, Tou
gmBAaAAovTal amod TOuG KAVoVIoUOoUG, TIPEMEL val LkavomolnBouv pe otoxo va amnodexbBouue
£€va oxedloopo weg edLkto. Autol ol €leyxol cupnepldopdg epoapudlovral akoloudwvtag
pla SOHOOTATIKY) avAAUCH ONOU T EVTIATIKA KOl TOpAHOPdWOlaKkd HEYEDN eAfyyovrol
ocUudwva pe toug EC2 [15] kat EC8 [14] kavoviopoug oxedlaopou. MNa kabe oxedlaouo, n
Suvapikn daopatiky avaluon ebapudletal oto teAsutaio otddlo Uotepa amod tn cUYKALON
tou TmpoPAnuatog PeAtiotonoinong kot Paciletalr otn  moAuldlopopdik  avaAucn
XPNOLUOTIOLWVTAC TO TIARPEG LOVTEAD yLa To Ktrplo. H MMRS avaluon sivat pla ammAomnoinon
™¢ pebddou umépBeong twv WSLopopdwv mou emBdMel o Eupwkwdikog 8 [14] kau

XPNOLUOTIOLELTAL OVTL TNG AVAAUGCNE XPOVOLoTOPLaG.

H mAelovotnta TwWV KOVOVIOUWV OXeSLOMOU  avnKOuv OTnV  Katnyopia Twv
TEPLYPABLKWVY KOVOVIOHWY, oL omolol meplhapBdavouv: emdoyn tonobeoiag kal epapuoyn
KoL avamtuén TPooxESou, TIPOUEAETNG Kal TeAlkoU oxeStoopol. IUpdwvo e Eva
TEPLYPABLKO KAVOVIOUO oXeSLACUOU N avtoX TNG KOUTOOKEUNG AMOTIUATAL O UL OPLAKN
Kotdotaon Metofl TNG Katdaotaong mpootaociag tng {wng (life-safety) kat mpwv tnv
Katdppeuon (near collapse) xpnoluomnotwvrag £va GAacpo omdKpLong o aVTLOTOLXEL o€ £va
oslopd oxebloopol [14]. EmumpooBeta, n oplakr KOTACTAON AELTOUPYLKOTNTAC OCUXVA
eAéyxetal pe okomo va ekAexBei dv n kataokeun Bo mapapopdwveTal i TAAOVTWVETOL

UTEpBOALKA KATA TN XPrion TnC.

JUpdpwva pe tov Eupwkwbdika dtadopol Eleyxol mpénel va BewpnBouv MPoKeLEVOU Va
e€aodpaiiotel OTL n Kataokeur Ba KoAUYEeL TI¢ analtioelg oxedlaopol. Kabe umoyrdlog
BéAtiotog oxedlaopog aflohoyeitol XpnoLUOTOLWVTAS 0UTOUG TOUG Ieploplopols. OAot [15]
ol £\eyxol tou EC2 mpémel va kavormotnBouv yia ta ¢optia BapltnTag XpnoLLOTOLWVTAS

Tov akoAouBo cuvduacuo Goptiwv
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S, =1.35)" G, "+"L50)" Q, (6)

omou "+" umovoel "yla va cuvduaotei pe", to oupBolo "I" abpoiocuatog umovoel otL "n
ouvbuaopévn enidpaon”, to Gy, Selyvel T xapoktnplotikg TN "k" TG Hovyung dpaonc j
KOL TO Qi OvadEPETAL OTN XAPAKTNPLOTKA T "K" tN¢ petaBAntng Spdong i. Eav ot
OVWTEPW TieplopLopol Lkavormolouvtal, N GoopaTiky avAlucohn aomokplong ekteleital,
ocUudwva pe tov EC8, kot tn Poption oelopol Tou £€eTAleTAl XPNOLUOMOLWVTAC TO

akoAouBo cuvduaouo poptioewg
Sd — ZJ ij ||+|| Ed "+"zil//2iQki (7)

omou 1o Es eival n Ty oxedlacpol TG OELOUIKNG dpacong yia Tic SU0 cuVIOTWOEC (Stapnkn
Ko eykapota) avtiotowya kot Y, eivat o cuvteheotrg ouvduaopou yia tn petaBAnth dpdon
i, edw AndOeic loog¢ oe 0,30. DAoL autol oL £Aeyxol ektedoUvtal yla kaBe uvmoyrdlo

oxebloopo mou e€etaletal oo Tov BeATLoTOMOLNTH.

H kUpla apxl Twv VEWV Kavoviopwv, tou EC8 cupmeplhappovopevou, eival va
oxeblooToUV Ta SOWLKA cuoTAUATO Baclopéva otnv amoppodnon EVEPYELAG KAl oTnv
TAQLOTLUOTNTA TIPOKELUEVOU va eAeyxBel n avehaoTiky OElOULK amokplon. O oxedlacpog
£vo¢ moAuwpodou ktnpiov O yia tnv amoppddnon evépyelag nepthapBavel ta akoAouBa
XOPAKTNPLOTIKA yvwplopata: (i) ekmAnpwaon Tou kavotikol oxeblaopou, (i) emalnBeuon
MeAWV amd TNV anmon Twv SUVANEWV KOL TWV OVILOTACEWY YL OPLOKI KATAOTOON aotoxiag
UTIO TO OELOPO oXedlaopoU (pe tnv mepiodo emavadopdg 475 €twv, TV TuBavotnta
unépBaong 10% oe 50 £€tn), He TO EAAOTIKO PACUO TIOU LELWVETAL OO TO OUVTEAEOTH
cuumneplpopdg g, (iii) mepLOPLOPOG TNULWV YLA TNV OPLOKA KOTACTACN AELTOUPYLKOTNTAS (iv)

LKOVOTLKOG OXESLOOUOC EVAVTL TEUVOUOQG
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1.4 Amotiunon UTTAPYOVTWYV KpLtnplwv
oxXeSlao OV

Ta kpttnpla oxeSlaopol KINPloKwY ¢GopEwv EVOVIL OTPEYPNG ToU e€eTAOTNKOV OTNV
Awdaktoptkn AtatpiBn eivat: (i) eAdylotn amootoon PeTafd Tou KEVTPOU UAlaG Kal KEVIpOU
e\aotikng otpodng, (ii) eAdylotn teTtpaywvikny pila Tou aBpolopatog Twy TETPAYWVWY TWV
OMOCTACEWV TOU KEVIpOU HaAlag Tou KABe opodou amd To KEVIPO CUOTPOdNG TOU
OUYKEKPLUEVOU 0podou, (iii) eAdxlotn andotacn HeTafl Tou KEVIpOU UATaG Kol TOU KEVTPOU
ovVToXWwV Tou KaBe opodou kal (iv) ehdxlotn otpemtik pomn Bacng tou dopéa. To KABe
Kplttplo oxedlaopol Lkavomolbnke péow Sladikaoiag BeAtiotonoinong os kavo aplbuo
KTNPLAKWY KOTOOKEUWV. AVTIKEIMEVO TNG Mapovoag ALSOKTOPLKAG ALATPpLBAG OIMOTEAECE N
OUYKPLON OQUTWV TWV OXESLOOUWY, KABWC KAl TwV KPLTNplwv oxedlaopol €xovtag we Baon
aflohoynong tnv emidoor) TOu¢ Katd TN Otloplky ¢option. Ou tedkol oxeblaopol
OUYKPLVOVTaL PE KPLTAPLO TO KOOTOG KUKAOU {wr¢ To omoio eival To aBpolopa Tou apyLlkou
KOOTOUG KOlL TOU KOOTOUC eMLOKeUNG. O otoxog ival va mpotabei pla peBodoloyia mouv Ba
BeAtwwvel Tn plocodia oxedlacuol TPLOLACTATWY KTNPILwV Ao ONMALOUEVO OKUPOSEUD HE

Bdaon tnv enidoon Toug o€ OELOULKEG SPAOELC.

1.5 Aoyo¢ XtpeyPng: NEéo KpiLtiplo oxediacuov
KATAOKEVWY EVAVTL OTPEYNC
Méow evdG onuavtikoU aplBpol avaAUoswy, e BAON T UTIAPXOVTA KPLTAPLA CXESLOOUOU
™¢ BBAoypadiag, Siamiotwbnke OTL Kavéva amo autd Sev €XeL Yevikn Loxu, dnAadn
LKOVOTIOLNTLKI €MIS00N TO0O O€ EAAOTIKI) 000 KAl O€ AVEAAOTIKA cUMTEPLPOPA. € AUTO TO
mAalolo TpoTeiveTal €va YEVIKOTEPO KPLTNPLO OXESLACOUOU KOTOOKEUWV EVAVTL OTPEYNC UE
Vv ovopooia: Adyo¢ Ztpénc. To Kpltiplo auto mpoékue Uotepa amo thv Slamiotwon OTL
0 TPOPANUA TNG OTPEPNG KoTaoKEUWwV Oev odelletal of OTPEMTIKEG POMEC OTA
umootuAwpata aAld oe heovalovta {eUyn TEUVOUOWY SUVAUEWY OF OUTA. SUYKEKPLUEVOL

O€ QCUMUETPEG KOTAOKEVUEG LOXVEL n cLUVONKN:

n n
Z Vkij| # Z Vkij
k=1 k=1
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Omnou ta evtatikd peyedbn Vkij (mou daivovtal oto IxApa 1) eival oL TEUVOUOCEG TwV
UTTOOTUAWHATWY. Etol StatumwBnke o Adyog TG otpéPng we To mnAiko Twv mAeovalouowy

TEUVOUCWV TNG E TNV TEUVOUOA BAONG TNG KATAOKEUNG:

ROT = X1 X712 i, ROTj

k= lVEijl—axZi_, Vkij
Ry VEij

omou ROTij =

1.6 Iapadeiynata

‘Eva Suwpodo xwpko mhaioto OF, mou mapouctdletal oto oxAua 1, €xel e€etaoctel yla tnv
aflohoynon tng mpotewvopuevng pebodoloyiag. e OAeG TG TEPUTTWOELS SOKIUAG oL
okOAoUBeGg BLOTNTEC UAKwY €xouv efetactel: oKUPOSEUA HE TO OUVIEAEOTH TNG
gehaotikotntog E. = 30GPa kat yapaktnplotiky BAuttiky avtoxn fu = 20MPa, Slaunkng
XA9AuBog pe pétpo ehaotikdtntog Es = 210GPa kat xapoaktnplotk duvaun dwappon fu =
500MPa Kol £yKApolog OTMALOUOG HME TO HETPO elaotikotntag¢ E; = 210GPa kot
xapoktnplotiky T Swappong fus = 220MPa. To d¢dopa oxedlaopol mou  €xeL
xpnowuomownBel  €xel ta akoAouBa XAPAKTNPLOTIKA: A=0.16g (oclopkd eminedo
erukwduvotntag 1), tomog edadoug B (T ; = 0.15sec kat T, = 0.60sec) KAl CUVIEAECTNAC
ocupneplpopds gq=3.5 cludwva pe Eurocode 8 [14] (EC8 1996). H eykdpoia Slatoun twv
Sokwv givat 25 X 60 ekat.’. OL oTUAOL £x0UV BswPnBel WG TARPWS TTAKTWHEVOL KOL GTOUC

0poug bev €xouv AndBet urtdYPn oL cuvbnkeg Bepeliwong.
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AC,

AC-2

=
-

ac-mso::r-c)' ~ Column
— gl ]
Column 4 § < Aclx Acl‘f
=13
ol K]
2|
Cc1 150 50
g = E, & c2 50 200
L
[g]e c3 50 200
g c
5§
=B
Column 1 [_f: o C4 150 50
lAC-1 (15050 T2
AC-2
C5 40 300

Ewkova 1. ApxltekTovikoi eploplopol

OL akoOAouBeg TEéooeplc Slatunmwoel Tou TpoBARpaTog BeAtiotomoinong £€xouv
g€etaotel: (i) apxlkd kOOTOG Kataokeung (ii) eAaxlotn ekkevtpotnta CM-CR (iii) eAayiotn CM-
CV ekkevtpotnta (iv) mévte cuvOUAOUEVEC SLOTUTIWOELG OToU U0 TIUEC TOU OGUVTEAEOTH
Bapoug (0,1 kat 0.9) TnG e€lowong (5) Exouv eEetaotel. OL MEvie CUVOUNOUEVEG SLOTUTIWOELG

propoLv va replypadolV we e€NG:

Min{0.1-C;,+0.9-e.,.cr } Comb(2)
Min{0.1-C;,+0.9-e.,.cv} Comb(2)
Min{0.1-C,,+0.9- max(€¢y.crBemecy )}  COMB(3) (8)
Min{0.9-C,,+0.1-e5,.cr } Comb(4)
Min{0.9-C,,+0.1-e.,,cv} Comb(5)

Tpla Sladopetikd KpLtripla €xouv xpnotuomolnBel mpokelpévou va aflohoynboulv ol
BéAtiotol oxéSlaopol mou emITUyXAvovTal HECw Twv TpoavadepBelowy SLATUMWOEWVY: TO
OPXLKO KOOTOG KOTAOKEUNG TO OUVOALKO KOOTOG KUKAOU TNG IWwNG KOL TO OTPEMTLKO KPLTNPLO
anokplong. MNa tig SeUTePEC KAl TPITEG OELOUIKEG KIVAOELG TToU eMiAéyovtal and tn [16] Bdon
Sebopévwv twv Somerville kot Collins, mou avrkel oto 50/50, 10/50 kat 2/50 emineda
gTIKUVOUVOTNTAG, XPNnowormowouvtal. Ta apxela KaBe emumédou  emikuvduvotTnTag
KowvovikormotloUvtol oto i5to PGA mpokelpévou va e€aocdariotel cupBatdtnta petald Twy
opxeilwv, cupPwva pe TIg KOUMUAEG erikuvduvotntag yla tnv EAAaSa mou AapBdavetal amno

Vv gpyaocia Papazachos et tou Al [17] (mivakag 1).
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Mivakag 1: Enineda Emkwvduvotntag [17]

Mepiodog
F'eyovocg MBavotnta YnépBaong  PGA (g)
Enavadopdc
Juvnong 21 ypovia 90% ota 50 ypovia 0.06
MeplotaoLaKOg 72 xpovia 50% ota 50 xpovia 0.11
Inaviog 475 xpovia 10% ota 50 xpovia 0.31
MoAU omaviog 2475 xpovia 2% ota 50 xpovia 0.78

Mivakag 2: MECEC TIUEG TNG OTPEMTIKAG QMOKPLONG oTa Tpla emimeda emkvéuvoTNTOC

Hazard Level

Design 50/50 10/50 2/50
philosophy

max (10°  min (10® max(10® min (10° max(10® min (10

rad) rad) rad) rad) rad) rad)
Min{0.1C+

0.509 -0.543 1.87 -1.84 9.14 -9.02
0.9ecm-cr}
Min{0.1C+

0.569 -0.533 3.77 -3.64 3.20 -3.71
0.9ecm-cv}
Min{0.1C,\+
0.9max(ecm-cr, 0.505 -0.351 1.43 -1.20 4.46 -4.42
ecm-cv)}
Min{0.9C\+

2.29 -1.83 9.72 -9.92 23.10 -15.00
0.1lecycr}
Min{0.9C,\+

3.47 -2.94 6.39 -6.53 9.31 -9.45
0.1ecm-cv}
Min{ecm.cr} 0.254 -0.293 0.953 -1.28 5.26 -5.05
Min{ecm-cv} 1.51 -1.40 2.46 -2.33 3.50 -5.05
Min{C\} 1.69 -1.34 7.90 -7.91 13.90 -13.40
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to mapAdelypa TOU EEETAOTNKE UTAPXEL MOVO MLt opdda opddwv dedopévou n
katoPn eival n ida yia 6Aoug toug opodoug. MNa autd to mopddelypua 6 PeTOPANTEG
oxeblaopol €xouv xpnolpomnolnBei: 5 evepyég petafAntég tomoloyiog kal 1 peyeBoug ylo
v eviaia opada opodwv. MNpénel va Stamiotwbel 0Tl 6Aa ta oxeédla mou AapBdvovtat ano

TIG SLoPOPETIKEG SLATUTIWOELG LKAVOTIOLOUV TLG ammaltroels Twv EC2 kat ECS8.

Mpokewévou va oaflohoynBel n emidoon twv PEATIoTwY AUCEWV, OL UN YPOAUULKEG
timehistory avaAuoelg ekteAovvtal yla TI§ kataypadeg amo tn Baon dedopévwy [16]. Ita
oxnuata 2 (a) €wg 2 (c) pa aplBuntiky HeAETN Sle€ayeTal cuyKpilvovtag Tn OTPETITLKNA
anokplon tou Stadpaypatog tou Seltepou opodouU, EVW OTOV TiivaKa 2 Ol HEYLOTEG Kal
€\AXLOTEG TIUEG TNG TteplotpodnG Stadpaypdtwy divovtal. Mmopei va ¢avel OtL n HéyLotn
neplotpodr tou Sadpaypatog aviyetwniletal ota PEATiotol oxedlaopol amoktnbévta
otav to Cy NTav TO Kuplapxo KpLTtplo Kal yla Ta tpla emimeda emikivéuvotntag MOU
efetaotnkav. Ad' etépou, oto ouxvo (50/50) kal meplotaotakd (10/50) eminedo
gTuKLvduvoTNTag, To Kpltnplo Min{ecw.cr} oupmepldépetal koAUtepa evw ota ondvia (2/50)
emnineda KvdUvVou oL SLATUNTWOELG OTIOU TO ecv.cv ELVOL TO Kuplapxo KpLtrpLo Sivouv Toug
KOAUTEPOUG OXeSLOOMOUG. AUTH N tapatnpnon SKOLOAOYELTOL QO TOL CUUTIEPACHATA TWV

Paulay [11,12] kat Tso kat Myslimaj [13].

min(ecc_CR) -+ - Comb(5)
Comb(2) - = = min(CIN)
Comb(3) min(ecc_CV)

4.00E-03 -

TS Combi(4) — — —Comb(1)

3.00E-03

2.00E-03

1.00E-03 -

0.00E+00

Rptation (rad)

-1.00E-03 -

-2.00E-03 -

-3.00E-03 -

-4.00E-03 -
Time (sec)

(a)
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1.50E-02 - min(ecc_CR) min(CIN)
— — —Comb(1) — — —Comb(2)
- Comb(s) Comb(3)
min(ecc_CV)  ----- Comb(4)
1.00E-02 4
l“ll I Im“m
,,,,,,,,,,,,, | | A P L
)
® Lo —___
S 0.00E+00 1
e ) 50
[ 2 e —
o
[ . I LA L] 1L
-5.00E-03 -
-1.00E-02 A
-1.50E-02 -
Time (sec)
3.00E-02 -
minecc_CV) - Comb(4)
———Comb(l)  ----- Comb(2)
) — — —Comb(5) Comb(3)
2.00E-02 4 ; min(ecc_CR) min(CIN)
1.00E-02
)
8
S 0.00E+00 1
g
o
x

-1.00E-02

-2.00E-02 1

-3.00E-02 -

Time (sec)
(c)

IxAua 2: Xpovolotopia tng otpodnic yia ta tpia enineda erkivduvotntag (a) 50/50, (b)

10/50 kau (c) 2/50

To televtaio pEpog NG olykpLong Sivetal otov mivaka 3 o6mou ot BEAtioTol oxedlacpol
ouyKkpivovtal 6cov adopd To ApXLKO, TNG OPLOKNAC KOTAOTACNG KOL TO GUVOALKO KOOTOG
KUKAoU TnG LwnG. Méow autng TnG olykplong umopel va ¢avel o6tL to Cy Sev eival To
KOTAAANAO KpLTAPLO yLa Eva oXESLAOUO KUKAOU TG LwNG KLag Kataokeung O deSopévou OTL

n SouKn cupmeplpopd EVAVTLA OTO CELOUO EMIPBANETAL WG EPLOPLOHOL TOU KAVOVIOUOU.
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Ad' etépou, oL SLATUTIWOELG TTOU £XOUV TO KPLTNPLO €cu.ck WG TO Kuplapxo odnyouv otoug

BéATioTtoug oXeSLOOUOUC He TO EAAXLOTO Cror €VAVTL AUTOU TWV GAAWV BEATIOTWV.

Mivakog 3: ZUYKPLON TWV OXESLOOUWY OE OXECN LLE TO KOOTOG

Min{0.1C\\+
Min{0.1Cy\+ Min{0.1C\+ Min{0.9Cn+ Min{0.9C\+ Min{ecw. Min{ecw.
0.9max(ecw- Min{C\\}
0.9ecy-cr} 0.9ecmcv} 0.1lecycr} 0.1lecvcv} cr} o}
cr» €cm-cv)}
Cn (in
€ 51.92 50.33 49.23 43.13 46.15 52.80 51.24 43.81
1,000)
Cs/Cn 3.53 18.57 7.19 22.53 23.56 3.65 13.07 29.18
Cror(in
€ 235.46 984.92 403.31 1015.01 1133.73 245.61 721.32 1322.33
1,000)
V4
1.7 Yvunepaouato

Y& autn tnv gpyaocia, éva mAnBog npooeyyloewv oxedlAcUOU yla TpLodldotata KTipla
amno omAlopévo okupodepa (0Z) Statumwvovtal oav poBAnpata BEATIoTou SoUOCTATIKOU
OXEOLOOMOU KAl amoTwvTal e Bdon tnv enidoon und oslopka poptia. Eniong, to K6oTog
KUKAoU TwN¢ AapBavetal uOYn wW¢ HETPO ATOTIUNGCNG TNG CUUTEPLDOPAC TWV OXESLACUWY
ToU TIpOKUTITOUV. Tpeig dpthocodieg oxedlacuol ktnplwv anod 02 Bswpouvtal otnyv mapoloa
gpyooia. 3TNV TPWTN TO OPXIKO KOATOOKEUAOTIKO KOOTOG Bswpeital wG OVTLKELUEVIKA
ouvaptnon shaylotomnoinong, n 6eUtepn SloTUMWVETOL WS TTPOPBANUA gAayLloTomoinong tng
OTPETTLKNAC ATOKPLONG EVW COV TPLTN Ttpoogyylon oxedlaopol €eTAleTal Ul GUVSUOOHEVN
Slatumwon. H dsltepn mpoogyylon Bewpeital pe SU0 SLAKPLTEC SLATUTIWOELS. TUUPWVA HE
NV TPWTN N OTPEMTIK cupmepldopd shayloTomoleital pHéow TNG eAaylotomoinon tng
amOOTOOoNG TOU KEVTPOU UAaG amo TO KEVTPO €AAOTIKNG OTpodng evw otn SeUtepn autd
ETUTUYXAVETAL EAAXLOTOTIOLWVTIAG TNV EKKEVIPOTNTA METALU TOU KEVTPOU OVTOXWV KOL TOU
Kévipou palag. Fivetal ¢avepd OtL ol oxeSiaopol mou Aapfavovtal cUpPwva PE TV
g\ayLotomnoinon TNG EKKEVTPOTNTAG TOU KEVTPOU EAQOTIKNG OTPOdNG CUUTEPLDEPOVTAL KOAL

oe ouxvolg (50/50 emimedo emkwduvotnrog) kat ouvhBelg (10/50 eminedo
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gMIKLVOUVOTNTAC) OelopoUg, evw ol oxedlacpol mou AapBavovral cUpdwvo HE TNV
ghaylotonoinon TNG EKKEVIPOTNTAC TOU KEVTPOU avToxnG emLSelkvUoOUV KaAn cuunepldopd
ota ondvia (2/50 eninedo enikivéuvoTNTOC) OELOULKA yeyovota. Ixedlacpol Baolopévol o
pla ouvbuaopévn Slatunwon Selyvouv koA ouumeplpopd kol ota Tpla emimeda

ETUKLVOUVOTNTOG TIOU €EETAOTNKAV.

H emppon Twv HeyAAWV EKKEVTPOTATWY TWV KEVIPWY ok iag Kal avioxng oe oxEon HE To
K€vtpo palag afloloyeital 6cov adopd TN CELOULK QOKpLon Twv KTNpilwv. Eldikdtepa, ot
Sladopec Slatunwoelg BEATiotou oxeSlaopou afloAdoyouvtal 0oov adopd TtTnv eAAXLOTH
OTPEMTIKI OIAVINON o€ Tpla emimeda eMKVOUVOTNTACG (CUXVOC, TIEPLOTAGLAKOC KOL OTIAVLOG)
Kot 6oov adopd To GUVOALKO KOOTOG KUKAOU TNC LWNG. 2€ AUTNV TNV LEAETN £vag eEEAIKTIKOG
oAyoplBuog PeAtiotomoinong €xet  edappootel ywa tn Abon Twv  TPOPANUATWY

BeAtiotomoinong. Avo eival Ta KUPLO CUMITEPACOTO AUTAC TNG TIAPAUETPLKAC LEAETNC:

=  Ta anoteAéopata Paulay, Tso kat Myslimaj OTL n KEVIPLKA €KKEVIPLKOTNTA akappiog
glvol oNUAVTIK HOVO OTOV CUUTEPLOEPETAL YPAUULKA TO SOULKO cUOTNUA, EVW OTAV
apxllel vo OUUTEPLOEPETAL WN  YPAUUIKA 1N EKKEVIPOTNTO avItoXwv Yivovtal
ONUAVTIKOTEPN eAEyXovTal, ota TTAaiola tng Soutkng BeAtiotonoinonc.

= H &eltepn elpeon €XEL va KAVEL PE TN SLATUTWON TTOU 08NYel 0TOUC OXESLOOUOUG UE TO
€AAXLO0TO OUVOAIKO KOOTOC KUKAOU tng Iwng. ITlG Lolaitepeq OSLATUMWOELS OTL TO
KPLTNPLO €KKEVTIPOTNTAG akapiag elval to kuplapyxo odnyolv otoug PBEATLOTOUG
OXEOLAOUOUC TIOU €XOUV TO €AAXLOTO GUVOALKO KOOTOG KUKAOU TnG Iwng €vavtl Twv
BéATlotwy moOU €xouv ANGBel HEOW TWV SLOTUTIWOEWV OTIOU TO OPXLKO KOOTOG
KOTQOKEUNG N TO KPLTNPLO EKKEVTPOTNTAG AVIOXWVY ATOV TO Kuplapxo.

Ye auth TNV epyacio mapouolaletal n UEBOSOC TOU OTPEMTIKOU AOYOoU WG MLo VEQ
HEB0SOG oxeblaopol KATAOKEUWV amd omAlopévo okupoOdepa (0Z). Tuykekplpéva, Eva
TANBo¢ mpooeyyloswv oxedlacpou yla tplodldotata Ktipla amd O Slotumwvovtal oav
npoBAfuata BéAtiotou SopootaTikol oxedlacpol Kol amoTLWVTOL e Bdon tnv emidoon
UTIO OELOULKA dopTia, £T0L WoTe va ouykplOel kat va aflohoynBel n mapovoa péBodog oe
oxéon Ue T Kuplopxeg nebodoug tne SebBvolg BiPAoypadiag yia oxedlaoud os otpedn.
Téooepelg Pphoocodieg oxedlaopol ktnpiwv and O Bewpouvtal otnv mopoloa epyacia.
ITNV PWTIN TO OPXLKO KATACKEUOOTLIKO KOOTOC Bewpeital wg QVIIKELWWEVIK) oUVAPTNON
ehaywotonoinong, n &eltepn Slatumwvetal w¢ TPOPANUA  gAaylotomoinong  tng
EKKEVTPOTNTAG LETAEY TOU KEVTPOU PATOG KOL TOU KEVIPOU EAAOTLKN OTpodNg eVWw oav Tpitn

TMPOCEYYLlon oxedlacpol e€eTAleTal N EAAXLOTOTOLNONG TNG EKKEVTPOTNTAG METAEU TOU
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KEVTPOU UAlaC KoL TOU KEVIPOU avIOXwV. XTnV TETAPTn £kdoxn, mapouatalovtal oxedlaouol

Tou TipoEKuPav amod BEATLOTOMOINGN LE AVTLIKELEVLKH) CUVAPTNON TO ITPETTIKO AGYO.

H Sladikaoia BeAtiotonoinong xwpliletal os 6U0 opddeg. ITnV MPwTtn, o KABs KUKAO
™¢ Stadikaoiag BeAtiotomoinong ektehovvtal avaAUoeLS Pe BAon Toug KavoviopoUg E.AK.
kot E.K.Q.2. evw otn 6eltepn, o kKABe kUKAO TNG Stadikaciog BeAtiotonoinong ekteAovvtal
£€L UN YPOAUULIKEG SUVAULKEG avaAUoelg (6U0 yla kKABe eminedo OELOUIKNG ETUKLVEUVOTNTAG)
KoL eAéyyovtal oL oxedlaopol pe Baon tnv emnttedeotikdotnta. O teAwkol oxedSlaopol mou
TPOKUTITOUV amo tnv emniluon Twv mpoPAnudatwv PeAtiotonoinong avoAvovial PE Hn-
VPO Suvaptkn péBodo kal aflodoyouvtal Ue Bacn TG KAUMUAEG OTPEPNG - TEUVOUOCOG
Baong. TEAog ouykpilvovtal To OTMOTEAEOMATA YO KABE OVTIKELUEVIKI) ouvaptnon —
dhooodia oxedlacpol yo ta tpia eminedba oslopkng emkvduvotntag (50/50, 10/50,

2/50).

1.8 ZvufoAn tn¢ Atbaktopiknc Aiatpifng

AfloloynBnke n emppon TwWV PHEYOAWY EKKEVTPOTHTWY TWV KEVTPWY okaupiog kol avioxng
o£ OX€0n UE To KEVTpO palag 6oov adopd Th CELOULKA artdKpLon Twv KTnplwv. EWikotepa, ot
Sladopec Slatunwoelg PBEéATotou oxedlaopol aflodoyolvtal w¢ TPOG TNV EAAXLOTN
OTPETTLKN amoKplon o€ Tpla emnineda emkvduvotnTag (oUXVOC, TEPLOTACLAKOG KAL OTIAVLOG)
KOL WG TIPOG TO GUVOALKO KOOTOG KUKAOU TNG {wNG. Z& autiv tn Awdaktoplkn Alatplpn €xet
edappootel Evag e€eAKTIKOC aAyoplBuog BeATiotomoinong yla tn AUon Twv NMpoBANUATWY
BeAtiotomoinong. H cupfoAn kabBwg Kot Ta KUPLO CUMMEPACHOTA AUTAG TNG ALSOKTOPLKNG

AwatpBncg sivat:

= Avamrtuén peBodoloyiag BEATIOTOU oOXeSLACUOU YEVIKWV TPLOLAOTOTWY KTNPLWV HE
peTaBAnTéc TomoAoyiog Kat peyéBoug.

= Avamtuén Aoylopkol  edappoyng g uebodoloyiag BEATotou  oxedlacuou
OUMMEPNAUBOVOUEVWY TWV KAVOVIOUWY KOL KN YPOUUKNAG SUVAMLKAG avaAuong He
OVTLKELUEVIKEG CUVOPTAOELG TOL ETILUEPOUC KPLTHPLA OTPEMTIKAG OUUTEPLDOPAC.

=  H un enpefaiwon tTwv gupnudtwv twv Paulay, Tso kat Myslimaj OtL n Keviplkn
EKKEVTPIKOTNTA akopiag oe moAuwpoda KIAPLA E€lval ONUAVIIKR HOVO OTav
OUUTIEPLPEPETAL YPOAUMLKA TO SOULKO cUOTNUA, VW OTav apxilel va cupmeplpEpeTal

LN YPOLULKA N EKKEVIPOTNTA AVIOXWV YIVETOL ONUOAVTLKOTEPN.
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=  OL oxeblaopot pe PBaon to ROT OBivouv KOAUTEPA QTMOTEAECUATA OFE YEVIKOUG
KTNPLOKOUG ¢opei¢ TOOO OTNV €AAOCTIK OCO KOl OTNV OVEAAOCTIKN TIEPLOXN ME

afLoAdynon mapapopdWoEWV Kal OTPEMTIKWY pomwy Baong katd Chopra.

1.9 MsAAovTtikn Epsvva
Topelc yla peANOVTIKN £€peuva OXETIKA Pe TNV aflomiotia tou Adyou tng otpédng doov
adopd anotipnon cuunepLdoPAs KATACKEUWY EVAVTL OTPEYNC:
= H edapuoyn outol TOU VEOU TAALOlOU Oxedloopol ot peyaAUTEpO TANBOC
KOTOOKEU WV YL TEKUNPLWON AIOTEAECUATWV
=  Hedappoyn tng mpotevouevng Hebodou agloAoynong os LETAAAIKEC KOTOLOKEVEC.
= Avamrtuén Stadikaowwy, Aoylopulkwy gpyaAsiwv kot pebBodoloylwwv oxedlacpol yla
QUECN XpPNon omo HNXOVIKOUC TG MPAaéng tou oxedloopol mou Paociletal ota
gupnuota tng Alatppig autng.
= Xpnon TpoNnyMEVWV UTOAOYLOTIKWYV peEBOSwv  emihuong Twv  aplBunTIKwy
TipoBANUATWY TIpoKELUEVOU va aflohoynBel n aflomiotia tng mpotevopevng pebodou

o€ HEYOAUTEPO EUPOC KTNPLAKWY KATUOKEUWV.
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3 Introduction

Designing earthquake resistant structures has been a subject of great
concern amongst engineers and scientists, aiming at a structural design
that would acceptably resist seismic excitation. The vertical seismic
resisting elements (columns and shear walls) in particular, in connection
with the plates (slabs) of a reinforced concrete building, constitute the
structural system that must resist the seismic excitation. The response

and the behavior of such a structural system under seismic loading
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conditions depend mainly on the cross sectional size and the topological
arrangement of the columns and the shear walls. A high percentage of
building damages, and even collapses, has been attributed to the wrong
plan arrangement of the columns and the shear walls, permitting the
activation of the combined torsional-translational vibration of the
structural system [1-6]. This is a common problem in most reinforced
concrete buildings, due to architectural and code constraints. These types
of buildings are called irregular and are faced with additional loading due

to torsion.

As we will see in the following chapters, torsion creates additional forces in
structural members. In order to take into consideration the effect of
torsion, many researchers have proposed several design and/or
evaluation criteria. Some of these are connected to the: center of
stiffness, center of resistance, center of strength, BST curves, torsional
ductility, etc. At the early stages of this work, we examined structures
designed according to these criteria. In order to evaluate the performance
of these criteria, we used structural optimization techniques to design the
structures. Many studies have been performed over the past three
decades devoted to the subject of structural optimization of concrete

structures and most of them were devoted to cost.

The minimum design optimization of a steel structure is a good
approximation of the structure minimum cost. For a concrete structure,
however, the weight of the structure is not linked directly to the cost of
the structure since other factors can decisively influence the final cost.
Furthermore the relation between the weight of the structure and its cost
varies according to the type of concrete structure: steel reinforced, fiber
reinforced or pre-stressed concrete structure. An article review on the cost
optimization of concrete structures [7] concluded that most of the
research work published on this scientific area deal with simple structural
elements, such as beams or slabs. Only few papers deal with framed
structures and even fewer with realistic three-dimensional structures.
Fadaee and Grierson [8] have studied the minimum cost design of 3D

reinforced concrete frames, with the beams and the columns having
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rectangular cross sections. Balling and Xiao [9] presented a comparative
study of optimization of 3D reinforced concrete frames with rectangular

columns and rectangular T- or L-shaped beams.

When dealing with reinforced concrete buildings, apart from optimizing
the cost a more realistic procedure is to attempt an optimum design based
on the structural performance. Duan and Chandler [10] have proposed an
optimization procedure for torsionally unbalanced structures subjected to
earthquake loading, considering both serviceability and ultimate limit
states. Ganzerli et al. [11] have proposed a new optimization
methodology for seismic design considering performance based

constraints.

The objective of the present study is to propose a methodology for
improving the conceptual design of 3D steel reinforced concrete structural
systems, in terms of their performance, under seismic excitation
according to the seismic demands of the Eurocode8 design requirements
[12], in an effort to minimize the cost of the structure. The definition of
the cost of a 3D concrete building is a complicated task since construction
methodology, functionality, life-cycle conditions, operation, maintenance
and marketability, among other factors, have to be taken into account. In
this study the term ‘cost optimization’ refers to the material and labor cost

for the construction of the building’s structural elements.

During the first stages of this work, we examined the effect of torsion on
the total cost and then on the life cycle cost of the structure. We
performed the minimum cost optimization algorithms using a torsional
criterion as an objective function. The torsional effect is activated when
the mass center and the rigidity center of a structural system do not
coincide. Then the system is called eccentric. When such a system is
subjected to dynamic excitations, the inertia forces can be modeled as
acting through the mass center and the resisting forces through the
rigidity center. This couple of opposing forces creates the torsional effect
to the structural system coupled with the lateral motion. Although
structural systems can be designed to meet code requirements related to

torsional effect, buildings with severe torsion are less likely to perform
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predictably well in earthquakes. A first approach in meeting the seismic
demands of the design codes is to make the structure massive and rigid in
order to prevent damage at the expense of making its cost prohibitive. A
cost-effective approach proposed in this study aims at improving the
seismic performance of 3D reinforced concrete buildings by minimizing the
eccentricity between the mass centre and the rigidity centre at each

storey thus minimizing the effect of torsion on the structure.

This aim is achieved with optimization algorithms and in particular with
the family of evolutionary optimization algorithms. The most well-known
algorithms in this class are the genetic algorithms (GA) [13] and the
Evolution Strategies (ES) [14]. Evolution-based algorithms maintain a
population of potential solutions instead of a single one. These algorithms
have some selection processes based on fitness of individuals and some
recombination operators imitating the biological evolution in nature and
combine the concept of artificial survival of the fittest with evolutionary
operators in order to form a robust search mechanism of the design
space. The proposed methodology has no limitations regarding the
material type of the structure (whether it is steel or reinforced concrete),
the size of the structure and the complexity of the architectural

morphology of the structure.

Further down in this thesis, we will present a short description of the
guidelines for the seismic design codes, the formulation of the
optimization problem as well as an outline of the Evolution Strategies
algorithm. In chapter 7 the implemented simplified and the more accurate
structural design procedures as recommended by the EC8 are described. A
number of test examples are presented demonstrating the potential of the
proposed approach in designing realistic structures combining safety and

cost efficiency.

As we mentioned above, most of the buildings exhibit some degree of
asymmetry in plan due to strength, mass or stiffness. This irregularity
induces an uneven distribution to these buildings of coupled lateral and
torsional response which increases the vulnerability of this type of

buildings to earthquakes. Several researchers studied the elastic response
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of asymmetric in plan buildings and evaluated the torsional provisions in
seismic codes. Only recently some studies extended the investigation to
inelastic behavior but they were restricted to asymmetric single-storey

systems.

As far as the elastic behavior is concerned, Hejal and Chopra [15] defined
the location of center of rigidity, center of resistance, center of twist,
shear center for one-storey as well as multi-storey systems. They also
proved that for one-storey systems with symmetric plans all theese
centers are coincident. In their investigation, it was also shown that for a
special class of multy-storey buildings, with lateral stiffness matrices of all
resisting elements mutually proportional, the locations of the centers of
rigidity and twist were shown to be coincident, independent of the lateral
forces and they are lying on a vertical line. Cheung and Tso [16]
suggested a generalized center of rigidity and a generalized center of
twist. Based on these definitions, the storey torsional moments are
evaluated for the design of torsionally unbalanced regular multi-storey
systems. In the case of the generalized center of rigidity, the torsional
moment is calculated using the floor eccentricity, while for the generalized
center of twist it is calculated using the storey eccentricity. Xenidis,
Makarios and Athanasopoulou [18] proposed the fictitious vertical elastic
axis or optimum torsion axis. Poole [20] suggested that the shear center
below each floor can be taken as the center of rigidity to compute the
floor eccentricity. Humar [21] interpreted the center of rigidity at each
floor as the point through which the resultant lateral forces passing from
that point does not inflict any rotation at the floor. Smith and Vezina [22]
defined the center of rigidity, at a particular level of a multi-storey
structure subjected to a particular vertical distribution of horizontal
loading, as the point where the external horizontal load acting at that
point does not produce any torque to the structure. Riddell and Vaquez
[23] interpreted the concept of eccentricity in the dynamic sense, and
concluded that the centers of rigidity exist only for a very special class of

multi-storey buildings, namely buildings with proportional framing.
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In the domain of inelastic seismic behavior of asymmetric in plan
buildings, Llera and Chopra [24] proposed the base shear and torque
surface (BST) for the building, which represents all combinations of shear
and torque that when applied statically lead to the collapse of the
structure. They also proposed a simplified model, which is based on a
super-element per building storey capable of representing the elastic and
inelastic properties of the storey. They accomplished that by matching the
stiffness matrices and ultimate yield surface of the storey to that of the
super-element [25]. Paulay [26] defined the center of resistance and
identified the plastic mechanism developed in a three-dimensional system
in order to estimate torsional effects on the seismic response of ductile
building structures. They are classified as either torsionally unrestrained
or torsionally restrained. Tso [28] proved that the torsional effects can be
minimized by having the strength distribution such that results in the
location of the center of strength and the center of rigidity on the opposite
sides of the center of mass for asymmetric wall-type systems. Castillo and
Restrepo [29] suggested monitoring the strength distribution of the
structure elements of the system as a means of reducing or eliminating
strength eccentricity. This can produce a reduction of the system rotation
and allows the structure to be modeled as an equivalent single degree of

freedom system.

A number of studies have been presented in the past dealing with the
problem of optimum design of reinforced concrete (RC) buildings.
Optimum design of reinforced concrete buildings with performance criteria
is a relatively new field of recearch. In most cases the performance
criteria are imposed as constraints to the objective function to be
minimized which is usually the initial construction cost. Based on this
approach Ganzerli et al. [11] have proposed an optimization methodology
for seismic design considering performance-based constraints. Sebastian
[30] presented a computational procedure which beneficially offsets the
undesirable effect of limited ductility, while Zou and Chan [31] have
shown that steel reinforcement, compared to concrete, appears to be the
more appropriate material that can be effectively used to control

interstorey drift.
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A high percentage of building damages, or even collapses, has been
attributed to the wrong plan arrangement of the columns and the shear
walls, due to the activation of the combined torsional-translational
vibration of the structural system [1,6]. For this reason a number of
studies have been published in the past where the seismic response of the
structure is examined under the coupling of the lateral-torsional response
[32-37].

In the first stage of this work we perform structural optimization of RC
building having as object function the minimum distance between the
center of mass and the center of rigidity (chapter 5). In the second stage
of this work (chapter 7) the optimized structures obtained through three
different design approaches are assessed with respect to the minimum
seismic torsional effect and their performance against three earthquake
hazard levels. In the first design approach, the initial construction cost is
considered as the main objective. In the second one, performance criteria
are implemented, where the eccentricity of the rigidity and the strength
centers with respect to the mass centre is minimized. In the third one,
both cost minimization and performance criteria are applied. All three
design approaches are formulated as a combined topology-sizing
optimization problem. The location and the size of the columns and the
shear walls of the structure, of each storey layout, constitute the design
variables. Apart from the constraints imposed by the seismic and
reinforced concrete structure design codes, architectural restrictions are
also taken into account in all formulations of the optimization problems.
The aim of the present study is to propose a methodology for improving
the conceptual design of 3D reinforced concrete buildings, in terms of
their performance under seismic excitation according to the seismic
demands of the design codes [38]. For this reason the final designs are
compared with respect to the total life cycle cost, which is the sum of the
initial and the limit state cost. The limit state cost, as considered in this
study, represents monetary-equivalent losses due to seismic events that
are expected to occur during the design life of the structure. Additionally,
fragility analysis is also performed for four limit states to assess the

optimum designs obtained through the optimization procedure.
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In this study a new index associated with the torsional behavior of
irregular RC buildings is proposed. According to this approach, a ratio of
torsion (ROT) is calculated using the shear forces that are developed in
the elements of the structure. The ratio of torsion is based on the principle
that the sum of the absolute values of the internal forces in the structure
is always bigger than the external seismic horizontal force. This difference
is pronounced with the degree of asymmetry of the structure. The precise

methodology is described more extensively in chapter seven.

47



REFERENCES:

[1] H. Bachmann, "Seismic Conceptual Design of Buildings - Basic principles for
engineers, architects, building owners, and authorities," Order Number:
804.802¢, Swiss Federal Office for Water and Geology, Swiss Agency for
Development and Cooperation, Bwg, Biel., 2002.

[2] W. K. Tso & R. Bergmann, "Dynamic Study of an unsymmetric high rise
building," Canadian J. Civil Eng., vol. 3, no. 1, pp. 107-118, 1976.

[3] W. K. Tso & P. F. Ast, "Special Considerations In design of an asymmetrical
shear wall building," Canadian J. Civil Eng., vol. 5, no. 3, pp. 403-413, 1978.

[4] "Three-Dimensional Inelastic Response of an RC Building during the
Northridge Earthquake," 2001.

[5] D. Mitchell, R. H. Devall & K. Kobayashi & R. Tinawi & W. K. Tso, "Damage to
concrete structures due to the January 17, 1995, Hyogo-ken Nanbu (Kobe)
earthquake," Canadian J. Civil Eng., vol. 23, no. 3, pp. 757-770, 1996.

[6] R. D. Bertero, "Inelastic torsion for preliminary seismic design," J. Struct.
Engrg., Asce, vol. 121, no. 8, pp. 1183-1189, 1995.

[7] Sarma & Adeli, "Cost optimization of concrete structures," J. Structural Eng.,
vol. 124, no. 5, pp. 570-578, 1998.

[8] M. J]. Fadaee & G. E. Donald, "Design optimization of 3D reinforced concrete
structures having shear walls," Eng. With Computers, vol. 14, no. 2, pp. 139-
145, 1998.

[9] R. J. Balling & X. Xiao, "Optimization of reinforced concrete frames," J. Struct.
Engrg., Asce, vol. 123, no. 2, pp. 193-202, 1997.

[10] X. N. Duan & A. M. Chandler, "An optimized procedure for seismic design of
torsionally unbalanced structures," Earthquake Engrg. Struct. Dynamics, vol.
26, no. 1, pp. 737-757, 1997.

[11] S. Ganzerli, C. P. Pantelides & L. D. Reaveley, "Performance-based design
using structural optimization," Earthquake Engrg. Struct. Dynamics, vol. 29,
no. 11, pp. 1677-1690, 2000.

[12] "Eurocode 8, Design provisions for earthquake resistance of structures,
ENV1998," Vol Cen European Committee for Standardization, Is Brussels,
1996.

[13] J. Holland, "Adaptation in natural and artificial systems," University of
Michigan Press, Ann Arbor, 1975.

[14] Rechenberg, "Evolution strategy: optimization of technical systems
according to the principles of biological evolution," Frommann-Holzboog,
Stuttgart, 1973.

[15] Hejal Reem & Anil K. Chopra, "Earthquake Response of Torsionally-Coupled
Buildings," Earthquake Eng. Research Center, College Engineering, University
California Berkeley.

[16] V. Cheung, W. T. & W. K. Tso, "Eccentricity in irregular multistorey
buildings," Canadian J. of Civ. Engrg, vol. 13, no. 1, pp. 46-52.

48



[17] Wai K. Tso, "Static Eccentricity Concept for Torsional Moments Estimations,"
J. Structural Eng.

[18] Har. Xenidis, Trian. Makarios & As. Athanasopoulou, "The Properties of the
Optimum Torsion Axis In Asymmetric Multi-storey Buildings," Tech. Chron.
Sci. J.tcg,i, no. 2-3, 2005.

[19] T. Makarios, "Torsion Axis and Torsional Radii of Gyration in Multi-Storey
Buildings," Tech. Chron. Sci. J. Tcg,I, no. 1, 2000.

[20] R. A. Poole, "Analysis for torsion employing provisions of NZRS 4203: 1974,"
New Zealand Society for Earthquake Eng, vol. 10, no. 4, p. 219-225, 1977.

[21] J. K. Humar, "Design for seismic torsional forces," Canadian J. of Civ. Engrg.,
vol. 12, no. 2, pp. 150-163, 1984.

[22] Smith, B. Stafford & S. Vezina, "Evaluation of centers of resistance in
multistorey building structures," Proc. Instn. Civ. Engrs., Part 2, Institution of
Civil Engineers, vol. 79, no. 4, pp. 623-635, 1985.

[23] R. Riddel, J. Vasquez "Existence of centres of resistance and torsional
uncoupling of earthquake response of buildings," Proc. 8th World Conf.
Earthquake Eng., 4, pp. 187-194, 1984.

[24] Juan C. De La Llera & Anil K. Chopra, "A simplified model for analysis and
design of asymmetric plan buildings," Earthquake Eng. Structural Dynamics,
vol. 24, pp. 573-594, 1995.

[25] T. Paulay, "Torsional mechanisms in ductile building systems," Earthquake
Eng. Structural Dynamics 27, pp. 1101-1121, 1998.

[26] T. Paulay, "Displacement-based design approach to earthquake induced
torsion in ductile buildings," Eng. Structures, vol. 9, no. 9, pp. 699-707,
1997.

[27] B. Mylimaj & W. K. Tso, "A strength distribution criterion for minimizing
torsional response of asymmetric wall-type systems," Earthquake Engng
Struct. Dyn., vol. 31, pp. 99-120, 2002.

[28] R. Castillo, A. J. Carr & J. I. Restrepo, "The rotation of asymmetric plan
structures," Nzsee 2001 Conf., 2001.

[29] W. M. Sebastian, "Optimisation of flexural stiffness profiles to compensate
for reduced ductility in hyperstatic reinforced concrete structures," Eng.
Struct. , vol. 28, no. 6, pp. 893-902, 2006.

[30] X. K. Zou & C. M. Chan, "Optimal seismic performance-based design of
reinforced concrete buildings using nonlinear pushover analysis," Eng. Struct,
vol. 27, no. 8, pp. 1289-1302, 2005.

[31] P. Fajfar, D. M. Marusi¢ & I. Perus, "Torsional effects in the pushover-based
seismic analysis of buildings," J. Earthquake Eng., vol. 9, no. 6, pp. 831-854,
2005.

[32] 1. D. Pettinga, M. J. N. Priestley & S. Pampanin & C. Christopoulos, "The role
of inelastic torsion in the determination of residual deformations,” J.
Earthquake Eng., vol. 11, no. 1, pp. 133-157, 2007.

49



[33] C. L. Kan, A. K. Chopra "Effect of torsional coupling on earthquake forces in
buildings," J. Struct. Division Asce, vol. 103, no. 4, pp. 805-819, 1977.

[34] S. H. Jeong & A. S. Elnashai, "New three-dimensional damage index for RC
buildings with planar irregularities," J. Structural Eng., vol. 132, no. 9, pp.
1482-1490, 2006.

[35] W. K. Tso "Static eccentricity concept for torsional moment estimations,"” J.
Struct. Engrg. , vol. 116, no. 5, pp. 1199-1212, 1990.

[36] S. H. Jeong & A. S. Elnashai, "Analytical assessment of an irregular RC frame
for full-scale 3D pseudo-dynamic testing part I: Analytical model verification,"
J. Earthquake Eng., vol. 9, no. 1, pp. 95-128, 2005.

[37] "Eurocode 8. Design provisions for earthquake resistance of structures.
ENV1998," Cen European Committee for Standardization, Brussels, 1996.

50



4 Torsionally unbalanced elastic

buildings - An overview

4.1 One-storey Buildings

4.1.1 Basic Concepts

The lateral-torsional coupling has great impact on the dynamic response
of buildings. Coupled lateral-torsional motions occur in buildings subjected
to ground shaking if their structural plan do not have two axes of mass
and stiffness symmetry or ground shaking includes a torsional component.
They can also appear due to unbalanced load distributions in the floor-
plan or differences between actual and assumed mass and stiffness
distributions. A special class of multi-storey buildings has been considered
to consist of resisting elements idealized as shear beams, whose
acceptance may be inappropriate. This makes it necessary to analyze the
relation between those multi-storey buildings and the associated one-
storey systems. Subsequently the analysis of one-storey systems is

presented.

The systems considered are single-storey buildings consisting of a rigid
diaphragm, where the mass of the structure is lumped, supported by
massless, axially inextensible resisting elements (i.e. portal frames, shear
walls, columns or shear-wall cores), which are symmetrically arranged
about the X-axis (axis of symmetry for the building plan) (Figure 3.1). The
dynamic response of such systems to the horizontal component of ground
motion along the Y-axis is investigated. As long as the building is not
symmetric about the Y-axis, it will be subjected to coupled lateral-
torsional motions. For thesimulation of the earthquake ground motion two
idealized design spectra are included: (i) a flat or period independent
pseudo-acceleration spectrum, and (ii) a hyperbolic pseudo-acceleration
spectrum (Figure 3.2).
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In order to derive the equations of motion for this system, the building
stiffness matrix should be formed. Because of the rigidity of the
diaphragm and the symmetry about the X-axis, this single-storey system
has two dynamic degrees of freedom: (i) the translational displacement
uy of the center of mass (CM) of the diaphragm along the Y-axis and (ii)
the rotation u@ of the diaphragm about a vertical axis. The degrees of
freedom for each vertical structural resisting element (Figure 3.1b) are

defined below:

Shear wall: one translational degree of freedom at the floor level, along
the plane of the shear wall and a rotational degree of freedom about the

horizontal axis perpendicular to its plane.

Frame: one translational degree of freedom at the floor level, along the
plane of the frame and a rotational degree of freedom per joint about the

horizontal axis perpendicular to the plane of the frame.

Column: two translational degrees of freedom at the floor level along the
X- and Y- axes and two rotational degrees of freedom about the X- and Y-

axes.

Shear Wall Core: two translational degrees of freedom along the principal
axes of the core, two rotations about these axes, and one torsional

rotation about a vertical axis passing through the shear center of the core.

Rigid Deck

Column

I u b CN

Symmetry Axis
s 2 Shear-wall Core —1

Frame Shear wall Column Shear-wall Core

(b) Element Elevation and Their Degrees of Freedom

Figure 3.1 Single-storey / General plan of a building [1]
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Figure 3.2 Flat and hyperbolic response spectra [1]

4.1.2 Equations of Motion

As far as one-storey systems are concerned, it has been proven [1] that
the center of rigidity, the center of twist, the shear center and the center
of stiffness coincide. It has also been shown that their location does not
depend on the applied load but on the stiffnesses and the locations of
their vertical structural elements. The definitions of these centers are

given below [1].

The centre of rigidity is the point on the diaphragm through which the
application of a static horizontal force causes no rotation of the deck,

regardless the direction of the applied force. [1]

The principal axes, I and II, of the system are two orthogonal axes
passing through the center of rigidity, such that if a static horizontal force
is applied along one of the principal axes of the system, the diaphragm

translates only in the direction of the force without any twist.

The center of twist is the point on the diaphragm which remains
stationary when the diaphragm is subjected to a statically applied
torsional moment, i.e. the diaphragm undergoes pure twist about this

point.
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The shear center is the point on the diaphragm through which the
resultant of the shear forces of all resisting vertical structural elements
passes when the diaphragm is subjected to a system of lateral static loads
whose resultant passes through the center of rigidity of the building, thus

causing no rotation or twist of the diaphragm.

The center of mass of the system is the point on the diaphragm through
which the resultant of the inertia forces of the diaphragm is applied. If the
masses of individual resisting elements are negligible, the center of mass
of the diaphragm with uniform mass distribution coincides with its

geometric center. [1]

Subsequently, the linear equations of motion for the one-storey system,
under consideration, subjected to earthquake ground motion written with
respect to the reference point O, at the center of mass and the center of

rigidity, as follows:

Reference point O

m 0 —myy] (i Ky Ky Kol (u, Agy (1)
[ 0 m mxy {u} + ny Ky KyB uy} =—--m agy(t) (3-1)
—-myy Mmxy Jo i Kox Koy Ko |\Uo _yMagx(t) + xpyagy(t)
Center of Mass
m 0 0 1() [Kx Ko Keo](ug agx(t)
0 om0 [fut+|Kn K Kyol[{uyp=-m{ag @ (3.2)
0 0 mTZ i K9X Kgy Kg Ug 0
Center of Rigidity
m 0 -mey] i K Ky 0] agx(t)
0 m  mey {u} +|K. K, © {ﬁ} =-m agy(t) (3.3)
—-me, me, Jg il 0 0 K i —ey a5, (t) + exa4,(t)

where Jg is the polar moment of inertia of the diaphragm with respect to
point O accelerations ag(t) and ag,(t) along the X- and Y- axes are given

given by

Jo=m(r? + xjy + yi) (3.4)

r is the radius of gyration; xu, ym are the x and y coordinates of the center
of mass Jr is the polar moment of inertia about a vertical axis passing

through the center of rigidity
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Jr = m(e* +1?) (3.5)

Xr, Yr are the x and y coordinates of the center of rigidity.

The static eccentricity e of the single-storey building is defined as the
distance between the CR and the CM of the floor.

_Kyg YixiKy;
Ky ZiKyi

(3.6)

Other scientists define the static eccentricity as the distance between the
center of mass and shear center of the building. For one-storey systems
this definition is meaningless, since the center of rigidity and the shear

center of the system coincide, contrary to multi-storey buildings.

The dynamic eccentricity eq4 is defined as the distance from the CR of
the system where the uncoupled base shear should be applied statically to
cause a base torque equal to Ty (base torque of coupled system at its CR)
at the CR of the system. [3,7]

Specifically the undamped equations of motion for the single-storey
system described above, assuming linear behavior, subjected to
earthquake ground motion acceleration ag,(t) along the Y- axes are

written as follows:

With respect to the CM:

Ly (£) Ky TKy] ()
[161 r(r)z{;;'yg(tt)} d I:y Key {;Zg(tt)}z-m{(l)}agy(t) (3.7)

With Respect to the CR:

m -m vty [K& 0 l v, (£) ) {13}
[—m% m[1+(e/7”)2]] {rﬁe(t)}-l_l() rizKeR {rue(t)}_-m —7 agy(t) (3.8)

It is obvious from the above equations that the translational ground

motion along the Y- axis causes lateral displacement of the CM as well as

torsional rotation of the floor about a vertical axis.

55



4.1.3 Coupled Equations

As it is previously mentioned coupled lateral-torsional motion occurs in
buildings subjected to ground shaking if the CM CR does not coincide.
Coupled motion can also appear due to unbalanced load distributions or
differences between the actual and assumed mass and stiffness

distributions.

It is also apparent that if the static eccentricity, e, is zero, then equations

(3.7) and (3.8) are transformed in two identical uncoupled equations.

On this occasion the earthquake ground motion only causes lateral
displacement governed by the first uncoupled equation, where the lateral

vibration frequency of the corresponding uncoupled system is:

wy= 2 (3.9)

While the second uncoupled equation leads to the torsional vibrational

frequency of the corresponding torsionally-uncoupled system:

- |Ker _ [ Ko _ (€),,2
we_\/mrz _\/mr2 (T) Wy (3'10)

The uncoupled system is derived from the actual by modifying the

configuration of resisting elements or the mass properties, so that the

center of mass (CM) and the center of rigidity (CR) coincide.

The undamped equations of motion are further simplified to:

ii(t) 1 - w()) (1
Lo+ : !22+(e/r)]{ru9(t)} = (o} ® 311)
in which Q=% (3.12)

the uncoupled torsional to lateral frequency ratio. The coupled and the

uncoupled frequencies are close for systems with smallest ratio e/r.

Actually, the coupled lateral-torsional response of the system to ground

motion ag,(t), depends on these four parameters: e/r, Q,w, (in case of
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arbitrary shaped spectra) and g, the damping ratio which is considered to

be the same in each mode of vibration.

4.1.4 Lateral-Torsional Coupling characteristics

Some very important findings are presented by Hejal and Chopra [1],
using the response spectrum analysis (RSA) method. For torsionally-stiff
(2>1) systems, the fundamental mode is predominantly lateral and the
second mode is the torsional. Unlike torsionally-stiff systems, for
torsionally-flexible (Q2<1) systems the modes are not predominantly
lateral or torsional, unless e/r is very small. Finally for systems with
closely spaced uncoupled frequencies (2=1) the lateral and torsional
motions are similar. These systems with small e/r ratios have a significant
cross-correlation term. Systems with Q equal to zero are unstable as long

as the fundamental frequency w; is zero.

As mentioned above, the response of the system is also dependent on the
shape of the spectra (or T, or w,) when the arbitrary shape of the system
is arbitrary. For instance, the normalized base shear v for systems with
small e/r ratio is insensitive to the shape of the spectrum. But as the e/r
ratio increases, the acceleration-controlled region v remains the same for
a flat spectrum, while the velocity-controlled region v remaining the same
for both the arbitrary and hyperbolic spectra. The divergence of the
idealized response spectrum shapes increases as e/r increases and is

larger for torsionally-flexible systems.

The lateral-torsional coupling tends to decrease the base shear, the base
overturning moment and the lateral displacement at the center of rigidity,
but increases the torque and ratio eq/r. These effects are not so
pronounced for torsionally-stiff systems, since the reduction in the base
shear is negligible and there is no dynamic amplification of static
eccentricity. Contrary to torsionally-stiff systems, theese with closely
spaced uncoupled frequencies present maximum dynamic amplification of

static eccentricity, especially for smaller e/r ratios.

Although the overall earthquake response of the system depends on the

parameters, e/r, Q, Ty, &, the local response of the system depends on
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the degree of frame action, except for the parameters above. The degree
of frame action determines the in-plane stiffness of the diaphragm. The

degree of frame action is defined through parameter p.

The joint rotation index p [2], of a frame, is defined as the ratio of the
sum of the stiffnesses of all beams at the mid-height storey of the frame
to the summation of the stiffnesses of all the columns at the same storey.

_ ZbeamsEIb/Lb
ZcolumnsEIb/Lb

(3.13)
where various values of p represent different functions of the frame:

(i) p=0 represents a flexural column with beams imposing no

constraint to joint rotations.

(i) p=oo represents a shear frame in which joint rotations are
completely restrained and the deformations occur only through

double curvature bending of the columns.

Intermediate values of p represent frames with both beams and columns

undergoing bending deformations with joint rotations. [1]

The joint rotation index, p, does not affect the maximum lateral
displacement of the frame v,(x) but influences the member forces (the
frame base shear, the column base moment, the beam moment, the

column axial force), whose equations are given below:

EI 6(1+12p)

V(x)=ﬁ T3 vy, (x) (3.14)
EI 3(1+6

Mc(X)=r5 (1+3 [j’) v, (x) (3.15)
_p.(x)k L 18P

Mo(x)=Pc(x); =2 75, vy (X) (3.16)

In accordance with Figure 3.5 member forces increase with an increase in

p, on a condition that the other parameters are kept constant.

All member forces are proportional to lateral floor displacements.
Consequently maximum member forces of the coupled system may

increase or decrease due to the lateral-torsional coupling. They are
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influenced by the location of the element and the other parameters of the
system. Therefore, regardless of the element’s location, whether it's on
the flexible or the stiff side of the building, its member forces are larger

than the corresponding uncoupled ones.

4.1.5 Center of Rigidity, Center of Twist and Shear Center
The coordinates of the center of rigidity are defined through the following

procedure:
K. K, 0
K= Ky, K, 0 (3.17)
0 0 K
K=a'ka (3.18)
Uy 1 0 yp](l
usqUy e =10 1 —xgp|yU=at (3.19)
Up 0 0 1 1\uy
in which:

K: the building stiffness matrix with respect to the degrees of freedom u

at reference point O

K: the building stiffness matrix with respect to the degrees of freedom u

at the center of rigidity of the system
a: the transformation matrix relating u to

Utilizing the equations above, results in:

Kx ny nyR - nyyR + Kx@
K = ny Ky nyyR - nyR + Ky@ (3.20)
KBx + yRKx - XRny KHy + yRny - XRKy KH

Both matrices (3.18) and (3.20) should be identical leading to the

conditions:
KxYr-KxyXr +Kxo=0 (3.21a)
KyxYr-KyXr +K=0 (3.21b)
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According to conditions (3.19) the coordinates of the center of rigidity:

— KxKyG —nyKxG

X
R KxKy—K2

(3.22a)

_ Knyg—nyKyg
2
KxKy—Ky

YR = (3.22b)

y

The equations above are further simplified on two special occasions:

The building has one axis of symmetry, which coincides with one of the
principal axes of the system and the other is perpendicular to it. In this
case, the X-axisis assumed as the symmetry axis, the terms K., and Ke;
are of the same value but of opposite algebraic signs. As a result

Kxy=Kyx=0 and K;s-Kgx=0, which leads to the equations:

xg =22 (3.23a)
y
Vg = _’;_9;9 =0 (3.23b)

for the coordinates of the center of rigidity.

The resisting elements of the building are arranged such that their
principal axes form an orthogonal grid in plan (e.g. Figure 3b). The
principal axes of the system are also in the directions of the elemental

principal axes. The coordinates of the center of rigidity are simplified to:

_ Ky _ Yikyix;

= = .24
R Ky Zikyi (3 a)
Kxo _ Xikxi¥i
— _fx6 _ Lifxidi 24
yR Ky Zikxi (3 b)

As mentioned above, the center of twist, the shear center and the center

of rigidity of the one-storey system are coincident. This derives from:

Center of twist

Since the center of twist is the point in the plane of diaphragm that does
not undergo any translational displacement when the diaphragm is

subjected to a static horizontal torsional moment (definitions [1]), the
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building stiffness matrix is identical to (3.17) (if degrees of freedom of the
diaphragm are defined at its center of twist). The same procedure as the
one followed for the center of rigidity leads to the same expressions for
the coordinates of the center of twist. Utilizing energy principles results to

the same conclusions.
Shear center

The shear center is the point in the plane of the diaphragm through which
the resultant of the shear forces of the resisting elements passes when
the diaphragm is subjected to a system of horizontal lateral forces causing
no twist (ug=0) of the diaphragm (definitions [1]). Substituting ug=0 and
utilizing the equilibrium of moments of all shearing forces acting in the
plane of the diaphragm about a vertical axis passing through O, gives an

equation which leads to the same expressions as the center of rigidity.

To sum up the center of rigidity, the center of twist and the shear center
for one-storey systems are coincident and do not depend on the applied

load.

4.2 Multi-Storey Buildings

4.2.1 Equations of Motion

Contrary to one-storey systems, the defined centers for multi-storey
buildings are not coincident. Apart from the stiffness properties, their
locations depend on the applied lateral or torsional loadings. But there is
still a special class of multi-storey buildings, for which the centers for each
floor coincide, that is the centers of all floors lie on a vertical line and are

load-independent. Definitions about the various centers follow next.

The center of rigidity of the building’s floors are points on the floor
diaphragms through which any set of static horizontal forces of arbitrary
magnitude and direction causes no rotation or twisting of any of the
floors.[1]

Another definition for the center of rigidity of a floor is given in [3], as the

point of the floor through which a static horizontal force where applied
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produce pure translation without rotation or twist; other floors, however,

may twist or rotate.

The principal axes of a floor are two orthogonal axes passing through its
center of rigidity, such that any set of static horizontal forces applied
simultaneously along one of the principal axes of each floor, causes each
floor to displace literally in the direction of its applied force without any

twist.

The centers of twist of the building’s floors are points on the floor
diaphragms which remain stationary when the building is subjected to any
set of static horizontal torsional moments, applied at the floor levels, i.e.

the floor diaphragms undergo pure twist about these points.

The shear center of a buiding’s floor is the point on the floor through
which the resultant of the interstorey shear forces of all resisting elements
at that level passes (due to static forces applied at the floors above
including the floor under consideration) when the building’s floors are
subjected to static horizontal forces passing through the centers of rigidity

of the floors, thus causing no twist in any of the floors.

The center of mass of a building’s floor is the point on the floor through
which the resultant of the floor’s inertia forces passes. If the masses of
individual resisting elements are negligible compared to that of the floors’
masses, then the building’s center of mass with floors of uniform mass

distribution coincide with the geometric centers of the floors.

The static eccentricity ej of the jth floor is defined as the distance between

its center of mass and its center of rigidity.

According to some building codes [4] the static eccentricity is defined as
the distance between the center of mass and the shear center. The
centers of rigidity of multi-storey buildings do not coincide with the shear
centers. Consequently, there is more than one definition for static

eccentricity.

The undamped equations of motion for the multi-storey building, assuming

linear behavior, subjected to earthquake ground motion accelerations
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agx(t) and agy(t) along the X- and Y- axes are given, written with respect
to the degrees of freedom defined at the reference point O, at the center

of mass and at the center of rigidity, respectively:

Reference Point O

m 0 —Mmyy ﬁx Kx ny KxG Uy mlagx(t)
[ 0 m me] iy o+ |Kyx Ky Kyg uy]=— mlagy(t) (3.25)
—myy mxy ]0 ﬁe Kox KGy Ko | \Uo _melagx(t) + melagy(t)

Reference Point CM

m 0 07 (i Ky Kiy Kol (u, mlag,(t)
0 m O] uy + ny Ky Ky@ uyl = - mlagy(t) (326)
0 0 ]M 'u,g Kgx Kgy Kg Up 0

Reference Point CR

i, K, K, 0 i, mlag,(t)
{ﬁy} + ny ky 0 {ay} = _{ mlag, () } (3.27)
0

iig Ug —eymlag,(t) + e,mlag, (t)

m 0 -—me,
0 m me,
—me, mey Jr

0 &

where JO : diagonal matrix of dimension N with diagonal entries ]0i, the
polar moment of inertia of the j* floor diaphragm about Z, the reference

vertical axis passing through reference point Oj given by
Joj=my(r + xiy; + Yar;) (3.28)

r is the radius of gyration; xu, ym are the diagonal matrices of dimension N
with diagonal entries equal to xu; and yw;, the coordinates of the center of
mass of the j*™ floor relative to reference axes X; and Y;, Ju is a diagonal
matrix of dimension N with diagonal entries jy; =mjrj2, the polar mass
moment of inertia of the j™ floor about a vertical axis passing through its
center of mass, Jr is diagonal matrix of dimension N with diagonal entries
Jrj €qual the polar moment of inertia of the j*" deck about a vertical axis

passing through the center of rigidity given by

Jrj =my(ef +17) (3.29)

ey, e, : diagonal matrices of dimension N with diagonal entries e,; and ey,

the x and y components of the static eccentricity of the j floor given by:
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€xj = Xmj — Xgj (3.30a)

€yj = Ymj — VRj (3.30b)

Xwj, Ym; are the x and y coordinates of the center of rigidity of the j™ floor

relative to its reference axes X; and Y;

The centers of rigidity and the centers of twist should be uniquely defined
in order to determine a building stiffness matrix in the form of k given in
equation (3.27).

4.2.2 Center of Rigidity, Center of Twist and Shear Center

4.2.2.1 Center of rigidity
The coordinates of the center of rigidity are defined through the following

procedure:
Ky Ky O
E = ny Ky 0 (3.31)
0 0 K,
K=a'ka (3.32)
usjllye =10 1 —xgp|jtl=at (3.33)
Up 0 0 1 I\ug
Kx ny nyR - nyxR + Kx@
K= Kyy K, Kyxyr — Kyxgp + Ky (3.34)
Kex + yRKx - xRny KBy + yRny - XRKy KG
in which:

K: the building stiffness matrix with respect to the degrees of freedom u

at reference point O

K : the building stiffness matrix with respect to the degrees of freedom u

at the center of rigidity of the system
a: the transformation matrix relating u to

Comparing (3.31) and (3.34):
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Kyo—KyxKx'K

_ 8y6 yxBx 8x0

T (3.352)
y yxHx Xy

Kxo—KxyKy'Kyg
b e T (3.35b)

The matrices xg and yr should be diagonal matrices in order to specify
unique centers of rigidity. Otherwise, unique centers of rigidity do not
always exist and are load-dependent, where different load distributions

lead to different locations of the center of rigidity.

If the equations (3.35) do not lead to diagonal matrices, the locations of
the center of rigidity depend on the applied set of static lateral forces. The
coordinates of the center of rigidity, xg and yg, can be determined through

the procedure below:

P=Ku
P Kyy Kyyr — Kxyxgp + Kyp
P, »= K, Kyxyr — Kyxg + Kyg { } (3.36)
? Koy + YRK xpKyy Koy + YrKyxy — XK, Ko Up

For the set of forces P, with P, # 0 and P, # 0 but T¢=0, according to

definitions u, # 0

and uy, # 0 but ug = O:

_ Key KGxKx ny
{xz} =[B,]"(— Do, b (3.37a)

= Kox—KgyKy ' Kyx ~
e} = —[B" (D) 25252 R (3.37b)

-1
K x—KyyKy Ky

Since [P,] and [P,] are diagonal matrices, the equations (3.37) are
simplified to equations (3.35). Consequently, the locations of the centers

of rigidity are unique and independent of the applied loading.

The centers of rigidity can also be identified as load centers, as long as
the x- and y- coordinates of the center of rigidity of a floor can be
determined by finding the location of the resultant elemental loads at that

level [8], as it is proved from the expressions below:

Xp = Zi[idaiQai}i(i)dbinij] (3.38a)

Py,
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Vg = Yi[+dqiQaij+(H)dpiQpij] (3.38b)

Px)

The terms Q.; and Qu; are different in equations (3.38a) and (3.38b).
Those involved in equation (3.38a) are computed for the applied forces Py
and those in (3.38b) for P,.

4.2.2.2 Centers of twist

According to the definition, the building stiffness matrix written with
respect to degrees of freedom defined at the center of twist would be of
the form of equation (3.31). Following the same procedure as that of the
center of rigidity leads to the same expressions for the coordinates of the
center of twist as the center of rigidity (3.5). If these expressions yield
diagonal matrices, then centers of twist and centers of rigidity are

coincident.

If the equations (3.37) do not lead to diagonal matrices, then the
locations of the center of twist depend on the applied set of static
torsional moments. The coordinates of the center of twist, xr and yt, can

be determined through the procedure below:

P=Kii
P;C Ky ny Kyyr — nyxT + Kxo U
E; = ny Ky ny}’T - nyT + Ky@ { U } (3.39)
T; Kex + YTKx - xTny KGy + yTny - xTKy KG Up

For the set of forces P with P, =P, =0 and T#0, according to definitions uy
=uy, = 0 but ug # 0:

Kye _nyKa?leG
Ky—KyxKyx ' Kyy

{xr} = [ug]"(-1) Ug (3.40a)

Kxo—KxyKy'Kyg
Kx—KxyKy ' Kyx

{vr} = [upl*(-1) Ug (3.40Db)

The equations above are further simplified on two special occasions:
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The building has a vertical plane of stiffness symmetry. In this case, the
terms K, and Kg are of the same value but of opposite algebraic signs.

As a result K,,=K,x=0 and K,s-Kgx=0, which leads to the equations:
X; direction in the direction of the symmetry plane:

{xr} = [up]"(=1)K; 'Kygug and {yr} = —[ug]"(—1)K; 'Kypup=0  (3.41)

Y; direction along the symmetry plane:

{xr} = [ugl*(=1DK; 'Kygug = 0 and {yr} = —[ug|"(—=1)K; 'Kypuy (3.42)

The resisting elements of the building are arranged such that their
principal planes are parallel or orthogonal, or for buildings consisting of

frames they are arranged in an orthogonal grid in plan [14]:

{xr} = [ug]*(—1)K; ' Kypup and {yr} = —[ug]*(—1)K; *Kroug (3.43)

4.2.2.3 Shear centers

The location of the shear center of a floor is determined by finding the
centroid of the interstorey shear forces experienced by individual resisting
elements due to a static loading that causes no twist (ug=0) of any of the

storeys. [1]

Substituting the equations of vectors of lateral displacements of the ith
resisting element along its principal planes, v, and vy, into the equations
of vectors of applied lateral loads on the ith resisting element along its
principal axes, V, and V,; are given by:

V,4i=SQai=Skai(cosBi ux + sinBj uy) (3.44a)

Vpi=SQpi=Skpi(-sini uy + cosP; uy) (3.44b)

in which S is a summation matrix which is upper triangular, of dimension

N and of the form:

1 .. 1
S=10 .. ..
0o .. 1
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Substituting and solving the equation of equilibrium of moments about the
reference axis Z of all shear forces acting at each floor level, leads to the
coordinates of shear centers:

KBy_KGxKQFIny 5
-1
Ky—KyxKz 1Kyy Y

{xs} = [B]"(-1)S (3.45a)

Kox—KoyKy Kyx (3.45b)

Ky—KeyKy'Kyy Y

st = —[RIN(=DS

where [P,’] and [P,’] denote the diagonal matrix forms of vectors SP, and

SP, respectively.

When equations (3.45) lead to a diagonal matrix with equal diagonal
entries, equations (3.45) simplify to (3.35) and are load-independent. In
such a case shear centers, centers of rigidity and centers of twist are

coincident.

In conclusion, the centers of rigidity, the centers of twist and the shear
centers of the floors of a multi-storey building do not generally coincide,

apart from a special class of buildings, and are load-dependent.

4.2.2.4 A Special Type of Multi-Storey Buildings

Although it is impossible to define unique centers of rigidity of the various
storeys of a multi-storey building (that means non force-dependent
centers), there is a special class of buildings that allows the unique
definition of the center of rigidity and possesses the following properties:
a) the centers of mass of all floors lie on a vertical line, b) the resisting
elements are arranged such that their principal axes form an orthogonal
grid in plan and are connected at each floor level by a rigid diaphragm and
c) the lateral stiffness matrices of all resisting elements along one
direction are proportional to each other. As a result of the two last
properties, the centers of rigidity of all storeys lie on a vertical line.

Consequently the static eccentricity of each floor is the same. [1]

For the analysis procedure the torsionally-coupled N-storey system was
divided into two smaller systems: a) a corresponding torsionally-
uncoupled, N-storey system and b) an associated torsionally-coupled one-

storey system. The Response Spectrum Analysis was applied for each
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system. However for the corresponding torsionally-uncoupled N-storey
system in order to evaluate the maximum response quantity the Square-
Root of the Sum of Squares (SRSS) the combination rule was applied,
while for the associated torsionally-coupled one-storey system the
Complete Quadratic Combination was applied. The results are combined

through the following relation:

Tnj = TnyTj (3.46)

- the maximum value of any response quantity of the torsionally-

coupled, N-storey building
due to its nj™ vibration mode

T,,- the normalized maximum value of any response quantity of the
associated torsionally-coupled one-storey system with uncoupled lateral
vibration frequency w, equal to w,;, in its n™ vibration mode, where the
normalization is with respect to the maximum value of the corresponding
response quantity in the corresponding torsionally-uncoupled, one-storey

system.

r;;: the maximum value of the same response quantity of the

(t
corresponding torsionally-uncoupled, N-storey system in its j" lateral

vibration mode

Similarly for one-storey systems, the coupled lateral-torsional response of
the building depends on the following parameters: e/r, Q, p, T,: and &. For
fixed values of e/r, Q and p the response contributions of higher vibration
modal-pairs increase by increasing T,;. For fixed values of e/r, Q and T,
the response contributions of higher vibration modal-pairs increase by
increasing p. The response contributions of higher modal-pairs are
different for the various response quantities. They affect more profoundly
the base shear and base torque, for the local response quantities the

column moments, and are insensitive to e¢/r and Q.
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Similarly for the one-storey system, the effects of lateral-torsional
coupling on the responses of a multi-storey building decrease in the base
shear, the base overturning moment and the top floor Ilateral
displacement at the center of rigidity, but increase at the base torque. The
difference between the multi-storey building and its associated one-storey
system is the cross-correlation term. In addition the lateral-torsional

coupling has no great effect on the height-wise variations of forces.

Finally, the analysis is further simplified, since the first two pairs of
vibration modes associated with the first two vibration modes of the

torsionally-uncoupled system have been proved to be sufficient. [1]

4.3 Torsional Axis and Torsional Radii of Gyration
of Multi-Storey Buildings
A very important parameter for the torsionally coupled motions of
irregular buildings is the optimum torsion axis. This is the theoretical
part of the Greek Aseismic Code and is a good base to understated and
design multi-storey buildings. This axis of a system is an axis upon
which when the level of lateral static seismic forces is placed then the
twist of the whole system is minimized [4-6] while the twist is equal to
zero in the limit case where the relevant axis is a real elastic axis of the
system [7]. Its contribution to the definition of the principal directions of

the system and torsional radii of gyration is quite remarkable.

4.3.1 Optimum Torsion Axis

In order to define the location of the optimum torsion axis a continuum
model of the structure is used. According to this model, a multi-storey
spatial frame-wall system is divided into two spatial subsystems, the
bending one and the shear one. Each of them contain the elastic centers K
and S, respectively, and its principal elasticity axes I and II, provided that
they maintain their elastic and geometric characteristics unchanged in
elevation. The frame-wall multi-storey systems have proved [8] to
possess three vertical torsion axis, Qi, Q,, Q3, which are not upon the
same line. The final response of the system, due to the lateral static

loading F(z) continuous distribution in elevation, arises from the
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superposition of the three enforced rotations of the system around the
relevant axes (Figure 3.3). It has been proved [8] that when there is a
vertical real elastic axis in the system and is identified with Q3 while the

Q1, Q2 axes move to infinity (Figure 3.4).

Figure 3.3 Axes of enforced torsion in a frame-wall multi-storey system [8]

Figure 3.4 Axes of enforced torsion in symmetrical system [8]

On the special occasion where the multi-storey frame-wall system is
monosymmetric, symmetrical axis x-x, the axis Q; moves to the y-infinity
while the other two axes Q,, Q3 are upon x-X. The elastic centers K and S
of the bending and the shear subsystem correspondingly are also upon x-
x. The axes Q,, Q3 are always outside of the (KS) space. [7] When the
lateral static loading F(z) has a direction perpendicular to the symmetric

axis of the system and is inside the (Q,, Q3) space the two rotations have
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an opposite direction (Figure 3.5). When the following expression is

satisfied (3.47) the effects of torsion on the system are minimized.

6?2 2
1+605++0%

N

min®?= (3.47)

in which 6;: rotation angle of the i*" floor

)’1\ ‘ bZN
L@ By By
T K s |x K !T 5 | F
LIS | F(z)
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Figure 3.5 Superposition of two rotations about Q,, Q,[7]

The relation (3.47) is satisfied when the rotation angle of the floor is equal
to zero at level z=0.8H (Figure 3.6). [4], [5], [6] Solving the equation
that stems from this condition, the location of the Optimum Torsion Axis is

defined, point P,.

K - |
l 4 = 0.80H
1

Figure 3.6 State Optimum Torsion in a multi-storey frame-wall building [4]

The Optimum Torsion Axis satisfies the following boundary conditions [6]:
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Its position in the plan coincides with point K, called the elastic/stiffness
centre, in the boundary case where the multi-storey system reduces to a

single-storey system.

Its position in the plan coincides with point K when the system transforms

into a purely bending one.

Finally its position in the plan coincides with point S when the building

transforms into a purely shear one.

The properties of the Optimum Torsion Axis in asymmetric multi

storey buildings

According to a study on a five-storey asymmetric building the optimum

torsion axis is characterized by the following attributes:

The sum of the squares of the deck rotations and the sum of the squares
of the deck displacements along the fictitious principal II-axis is minimum,
when the vertical plane of the lateral static seismic forces passes through
the fictitious elastic centre P, and is parallel to the fictitious principal I-

axis. The results are similar for lateral seismic forces along the II-axis.

The translational and rotational components are weakly coupled when the

vertical mass axis coincides with the fictitious elastic axis.

The earthquake ground motion along the fictitious principal I-axis or II-
axis causes almost a translational vibration along the same axis when the
vertical mass axis coincides with the fictitious elastic axis. The maximum

deck rotations are very small.

The translational and the rotational components of motion are strongly
coupled when the mass axis does not coincide with the fictitious elastic
axis. [9]

4.3.2 Torsional Radii of Gyration
The torsional radius of gyration p; represents the lever arm, according
to K, of the elastic forces of restoration during the torsional loading of the

single-storey/monosymmetric system. [7]
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It can be calculated in two different ways, resulting to the same value:

It can be calculated directly from the relation:

o i (3.48)

where Kjy;: the torsional stiffness of the single-storey system about the

axis III

Kin: the translational stiffness of the single-storey system

according to principal axis II

It can also be calculated according to the ratio of special displacement:
- /K_w= [Mz Yy
P= [/ \/; (3.49)
where uy=F;/K;;: the displacement for static load force Fy at the point K
8,=F;/Ky: the twist angle about K for torsional loading M=1-F of

the system

The torsional radius of gyration pI of the frame-wall monosymmetric
systems does not have the same value for every level §, but the one in
diagrams of figures 3.7a and 3.7b. It is suggested that the torsional
radius of gyration of level z=0.8H is approximately equal to the torsional
radius of gyration of the whole system, since the optimum torsional axis is
defined at this level. According to the relation between the torsional radius
of gyration pI at the center of mass and the radius of gyration of the
diaphragm r the torsional flexibility of the system for dynamic
translational excitation is defined. Actually if pmx<r the system s

torsionally flexible.

Pmx=y/ PP + €2, (3.50)

€ox: the static eccentricity along x axis
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Figure 3.7 Distribution of the torsional radius of the floors [7]

Another criterion for the torsional flexibility of a building is the coordinates
of the center of vibration O; of the floors. A system is characterized as
torsionally flexible when the vibration centers, calculated for the first and
the second modal shape, occur inside the circle of the radius of inertia of
the diaphragm, which means that the torsional vibrations of the
diaphragm dominate the translational ones for pure translational
excitation. The coordinates of the center of vibration O; (e,e,) are given

by the expressions below:

Oni

eyi=(p—’z‘: (3.51a)

£, =2 (3.51b)
Pzi

4.3.3 Equivalent Static Eccentricities

The equivalent static eccentricities e, e, are used in order to define the
location of the point of application of the lateral static seismic forces and
are given by the expressions (3.52) and (3.53), respectively. The

accidental eccentricity e, is also taken into consideration.
_pt

p?
e, =——7L<~¢ (3.53)
T
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On the special occasion of the double asymmetric system, the procedure is

applied for both of its principal axis.

A five-storey building, made of reinforced concrete, with asymmetric
arrangement of the stiffness elements has been examined. [7] The
equivalent static method, the dynamic spectral method, the dynamic
spectral solution and the spatial superposition have been applied to the
five-storey building leading to the conclusion that although the building is
highly torsionally flexible, if the application of the equivalent static method
is used (by using the optimum torsion axis and the equivalent static
eccentricities) then the results contain the results of the corresponding

response of the dynamic spectral method.
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4.4 Torsional Moment Assessment through the
Static Eccentricity Concept

It is urgent to assess the torsional effect due to structural asymmetry in
the seismic design of buildings, since the most damages during an
earthquake are caused by this effect. In most cases, torsional effect is
computed as the product of static eccentricity and equivalent static load.
Several approaches have been proposed in order to compute the static
eccentricity in multi-storey buildings [10]. The main problem is that this
eccentricity depends on the horizontal load pattern. Two of these

approaches are described below through an example.

A two-bay building (Figure 3.8) with frames A, B and C showing fig 3.8 is
considered. In the y-direction the frames are considered with rigid floor
diaphragms. In the first two storeys frames A, B and C are spanned, while
in the last two storeys just frames A and B. The building is symmetrical
along the x-direction and undergoes a static torsional load P; (i = 1,2,3,4)
acting at the center of mass of each floor. Due to the irregularity in plan,

torsional moments are developed at each storey level (M;), (i = 1,2,3,4) .
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Figure 3.8 [oads used in the eccentricity concept to multi-storey Buildings [10]

4.4.1 First evaluation method by Tso
In this case, the torsional moment is assessed through the developed floor
torques. The load is divided in two components, the translational and the

rotational, as shown in Fig. 3.9The load at each floor is relocated acting at
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the generalized center of the floor's rigidity (the definition of the
generalized center of rigidity is given below). According to assumption,
the floor torques T;(i=123,4) are computed through the following
expressions:

Ti = Pi e; (l = 1,2,3,4) (354)

e; = (xm)i — (xp); (3.55)

where e;: the floor eccentricity, the distance between the center of

mass and the generalized center of rigidity at that floor [10].

The generalized centers of rigidity are defined as points at the floor

levels in @ multi-storey structure such that when lateral load is applied at

them, the structure deflects laterally without any floor rotation [10].

In order to specify the location of the generalized centers of rigidity at
each floor, free body diaphragms of each floor under the translational

loading are considered (Figure 3.9).

The frame reaction at the floor i is given by the following equation:
(Vij—=Vizr) =fj i=1234)(j=4,B,C) (3.56)
where V;; : the storey shears below level i of frames j

Translational equilibrium at each floor (Figure 2.12b) gives the following

equation:

fiat+ fis +fic=P (=1234) (3.57)
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Figure 3.9 Free Body Diagram of Each Floor [10]




It is assumed that there is no rotation of the floors. The moment
equilibrium about a vertical axis for each floor is computed when the loads
act through the ‘centroids’ of the floors’ frame actions. Provided that the
frame reactions for a floor are known, the location of the floor's centers of
rigidity can be defined as the sum of the first moments of the frame
reactions divided by the total of the floor's frame reaction. Thus, the
generalized centers of rigidity of a multi-storey building are characterized

also as frame reaction centers.

4.4.2 Second evaluation method
In this case, the torsional moments are assessed through storey shear

and storey eccentricity.
The torsional moment at storey k is expressed by the following equation:

(Mp)x = Vieg (3.58)

where V, is the storey shear and e;: the storey eccentricity at storey k,
defined as the horizontal distance between the shear center at the storey
and the resultant of all lateral forces above the storey being considered
[10] (computed from the equilibrium of the free body diaphragm above a

cut at storey k-(Figure 3.10)).
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Figure 3.10 Free Body Diagram of Substructures [10]

The torsional moment at storey k is expressed through the equation:

M) = ik Pl ()i — (x5 (3.59)
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From the equilibrium of the cut at storey k:

Vi = Xtk Py (3.60)

Through (1.7), (1.6) is transformed into:

M) = ik PiGtm)i — Vie (e (3.61)

The x-coordinate of the resultant of all applied loads above storey k can
be obtained as the ratio of the sum of the first moment of the applied

loads to the sum of these loads [10]:

("), = Z;Lkl;i(xm)i (3.62)
k
(Mo = Vier[(x™)k — (x5)k] (3.63)

At Reference [10] it has been proved that both approaches reach the
same result provided that the appropriate definitions for the eccentricities

are assumed.

At the same Reference [10] it has also been proved through the given
example that the storey eccentricity is less sensitive to load distribution
than the floor eccentricity (Table 3.1). Therefore, a second approach is

supposed to be more appropriate fora structural asymmetry assessment.

Table 3.1 Comparison of Results for Two Different Load Distributions [10]

Uniform Distribution Loading Triangular Distribution Loading

Floor Story Story | Torsional Floor Story Story | Torsional
eccentricity | eccentricity | shear | moment | eccentricity | eccentricity | shear | moment
Story (m) (m) (kN) | (kN-m) (m) (m) (kN) | (kN-m)

(1) (@) (3) 4 (5) (6) (7) (8) (9)
4 —-0.96 ~0.96 10 -9.6 ~1.00 ~1.00 16 -16.0
3 -1.20 -1.08 20 ~21.6 ~-1.22 ~-1.09 28 -30.6
2 -8.62 -3.59 30 —107.8 ~15.05 ~-4.19 36 -151.0
1 0.82 —-2.49 40 ~59.6 2.95 ~3.48 40 —139.2

But there is a special class of buildings that the floor and the storey
eccentricity are identical. The features of this special class of buildings
are: (i) that they have proportional framing resulting to proportional
stiffness properties of resisting elements, (ii) their generalized centers of

rigidity lie on a vertical line and their position is independent of load
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distribution and (iii) their floors’ centers of mass lie along a vertical axis.
As a result their floor and storey eccentricities are identical, as mentioned
before, and remain constant along the height. It can easily be concluded

that the centers of rigidity coincide with the shear centers.
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5 Torsionally unbalanced inelastic

buildings - An overview

It is a matter of vital importance for engineers to define the torsional
collapse mechanisms of building systems, since this knowledge is valuable
in predicting the seismic response of torsional vulnerable structures. The
existing codes deals with the problem of torsion assuming elastic behavior
of structures. However it is the plastic mechanisms that give the engineer
the opportunity to estimate the displacement ductility demand of the
system and compare it with the displacement ductility capacity of the
structural resisting elements. In order to define the critical elements,
inelastic structures are classified as torsionally unrestrained or restrained,

resulting in two different classes of mechanism.

5.1 Torsional mechanisms in ductile building

systems
Torsionally unrestrained systems are the systems, which cannot resist
torsion in the post-yield range. Thus, torsion can be undertaken by the
structural elements with the elastic domain since they are unable to resist
torsional effects at the inelastic stage. As a result one corner element may
be subjected to excessive plastic deformations while the other, at the
opposite side, may be in the elastic domain. This is associated with a

reduction of the base shear capacity of the system. [1]

For instance, the system of Figure 4.1 is considered assuming that the
response of the lateral force resisting elements is perfectly elastic-plastic.

When element (2) is about to yield and its displacement ductility capacity
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Ma2max Should not be exceeded, the system displacement ductility demand
(4.1)

should be limited to:
4y2
4y

Ayq
Ua < ﬁ Z + Al p2max

where
A,: the system yield displacement (for torsionally unrestrained systems),
(4.2)

relevant to CM

Ay = .BAyl + (ZAyZ
with the introduction of a geometric system parameter:
(4.3)

ll) _ aAyz _ alWl
BAyl Blwz

Expression (4.1) simplifies to:
(4.4a)
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Figure 4.1 Arrangement of lateral forces resisting elements in a torsionally
unrestrained system [1]

When it is found that element (1) is about to yield and its displacement
ductility capacity should not be exceeded, the system displacement

ductility should be limited to:
(4.4b)

max"‘w
I < #A11+1p
Finally, in the design of such a system, the system ductility demand
should be limited to the lesser of the two values (4.4a and b).



Limited torsional restrained systems are the systems, whose
elements exhibit post-yield stiffness, ky=0k; (o:post-yield stiffness

coefficient), i.e. for typical reinforced concrete elements 0=0.06. In this

case, the nominal strength of one element is in excess of that assigned to
it, forexample the element (1), V.1=A:V; where A;> 1.00. An upper limit is
established, which reassures the development of post-yield deformation of
element (1). Beyond this value and for a given post-yield stiffness of
element (2), element (1) cannot yield. This limit is expressed by the

equation:

A1 <1+ G(.“AZmax - 1) (4-5)

It has been proved [1] that in the case of limited torsional restraint the

system ductility demand should be restricted to:

A1-1

Torsionally restrained systems can resist earthquake-induced torque

up to their ultimate limit state with transverse elements remaining within
the elastic range, which also control the system twist, while translatory
elements are subjected to inelastic displacements of different magnitudes.
The center of resistance of these inelastic translator elements, CV, can be
found by strength eccentricity. Torsionally restrained mechanisms
subjected to inelastic skew displacements must be expected to degenerate

into torsionally ones.

Figure 4.2 Arrangement of lateral forces resisting elements in a torsionally

unrestrained system [1]
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Strength eccentricity is the distance between CM and CV defined by
the equation:

e =2xivm- (47)

vXx
XVai

Where x; is the distance of the element of CM

When one or more of the elements do not respond to their nominal
strength, then the reduced one must be used in equation (4.7). This case
is usually encountered in torsionally unrestrained systems or in restrained
systems, when the transverse elements, providing torsional resistance,

yield before all translator elements develop their nominal strength.

The wise assignment of the nominal strength of translatory elements
would lead the system to the optimum response, provided that ¥ V,; > V;.
The location of CV is of crucial importance, since during a damaging
earthquake some of the lateral force resisting elements yield and stiffness
eccentricity is inappropriate to represent the asymmetry of the structure.
In this case, the structure is subjected for portions of time in the elastic
state and for others in the plastic state. It has been proved that the
produced rotations in the different states cancel one another when
stiffness and strength eccentricity have opposite signs, which means that
the location of the centre of rigidity and the centre of strength are on the

opposite sides of the centre of mass. [2]

5.2 Inelastic seismic behavior of asymmetric in
plan buildings

In order to understand the seismic inelastic behavior of asymmetric-plan
buildings, the base shear and torque historeys are superimposed to the
base shear and torque surface (BST) of the building. The main advantage
of the BST surface is that in cooperation with the base shear and torque
historeys it offers a conceptual evaluation before the dynamic analysis.

Subsequently, the construction of the base-shear and torque surface is
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described, as well as, the parameters that affect its shape and its

properties.

Single storey buildings consisting of a rigid diaphragm, where all the
storey mass is lumped, are analyzed. The iy resisting plane in the x-
direction has stiffness kxi, lateral strength fxi and is located at distance yi
from the center of mass (CM) of the building. Similarly, for the jth
resisting plane in the y-direction kyj, fyj and xj, respectively (Figure 4.3).

agy (O

X agx (1)

I ] |
1

Figure 4.3 Typical plan of buildings considered (asymmetric-plan buildings) [3]

The equation of motion that describes the dynamic response of the

system to base accelerations ag«(t) and ag,(t) in the x- and y-directions,

is:

Mi + Cu+ R(8,8) = —Mra, (4.8)
ux

where: u = {uy}
Up

it,u: the accelerations and velocities of the diaphragm

5,8: the vectors containing the deformation and deformation rates of the
different resisting elements, which are computed from the displacements
u and velocities © as & =Lu and § = Lu, where L is the displacement-
deformation transformation matrix; M and C are the mass and damping

matrices; R(8,9) is the vector of restoring forces in the system
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1 0
r: a 3x2 matrix with its two columns r, = {0} and Ty, = {1} , the influence
0 0

vector for excitations a,,(t) and ag,(t), respectively

Ay (t)
%(0) = {azya)}

The base shear and torque surface (BST) and base shear and torque
historeys are presented in a space spanned by the base shears V, and V,

in the x- and y-directions, respectively, and base torque T.

The BST surface consists of all combinations of base shear and torque that
applied statically leading to the collapse of the system. The force space is
divided by the BST surface in two regions, the interior and the exterior.
The interior consists of points which represent base shear and torque
combinations causing elastic behavior of the structure. The exterior
contains statically inadmissible base shear and torque combinations. The
BST surface is the limit between the two regions where the inelastic

behavior of the system is developed.

The BST surface below is computed for a symmetric single-storey system
(Figure 4.4).

k3=k

|/ fy3sf

2@ a2
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b)

Figure 4.4 Example for the construction of a BST ultimate surface [3]

Next, the procedure of computing the first quadrant is carried out; the

other three quadrants are symmetric.

Point P1 represents a purely translational mechanism of the plan (Figure
4.5a,b) - simultaneous yielding all resisting planes in the y-direction,
V,=3f and T=0. Branch P1-B represents mechanisms involving rotation of
the plan (Figure 4.5c,d) - the plan rotation increases linearly always
leaving the deformation of resisting plane 1 equal to u,, V,=3f and T=fa.
Branch B-C represents mechanisms always leaving the resisting plane 1 in
the elastic range (Figure 4.5e,f) - point C, V,=f and T= f(a+b). Branch C-
P2 represents mechanisms always leaving the resisting plane 2 in the
elastic range (Figure 4.5g) - rotation is fixed at its maximum value and
the base shear in the y-direction is decreasing. Point P2 represents a

purely torsional mechanism (Figure 4.5h) - V,=0 and T=f(a+b).
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ASYMMETRIC-PLAN BUILDINGS

Building plan motion Pivot diagrams

Figure 4.5 Construction of the BST surface in the first quadrant [3]

5.2.1 Properties of the BST surface
The BST surface is convex and it is composed of linear branches [3].

The slope of a tangent to the BST surface tells the position of the element
in the building plan that remains elastic during the mechanism (or branch)
considered. Besides, this slope also defines the center of plastic rotation of
the building [3].

The BST ultimate surface has as many branches with a finite slope as
twice the number of resisting planes in the structure in the direction of the

ground motion. Starting in a counter-clockwise sense from the branch of
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constant base shear in the first quadrant, the first branch is associated
with mechanisms that leave the leftmost resisting plane in the elastic
range, the second branch the second farthest plane to the plane, and so

forth until we reach the rightmost resisting plane [3].

The BST surface is point-symmetric with respect to the origin if the

element yield displacements are the same under load reversals [3].

The BST surface of the system contracts along the torque axis as the base
shear in the x-direction V, increases from zero to its maximum value V.

[3]. All these properties are proved in Reference [4].

5.2.2 Parameters affecting the BST surface
The inelastic behavior of a building is described by the shape of the BST
surface. As a result, the parameters that affect the shape of the BST

surface affect the inelastic behavior of the building. These parameters are:

The strength of the resisting planes in the x- and y-directions. An isotropic
change of the resisting planes’ strength causes proportional change
(dilation or contraction) of the surface (Figure 4.6b).

The strength of the resisting planes in the orthogonal direction. An
increase of the strength of the resisting planes causes an increase of the
torsional capacity of the system and of the length of the constant base
shear branches of the BST surface (Figure 4.6c).

Asymmetry in stiffness. The BST surface is independent of the stiffness

eccentricity.

Asymmetry in strength. The skewness and stretching of the BST surface
are affected by strength asymmetry. The inelastic behavior of a building
developed along the long branches implies that the strongest resisting

plane remains elastic while the others yield significantly (Figure 4.6d).
Planwise distribution of strength.

Number of resisting planes. According to the properties of the BST

surface, the number of branches with a finite slope are more since we
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have more resisting elements. As a result the BST surface looks rounder

in comparison with the reference system (Figure 4.6f).

kd=k
d 2 fdat D 5|
N ki=k -
S fy3=f d ;
@ i
e | e
B 0 s
{a} Reference system
:
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fxd=2 E fyd=2f I—s
g
3
\ — =
KS=k §
x5=2f =
(b} Global increase in strength
kd=k
S ima=2 T 5

ki=k
4 —f

k2=k
ki=k
fiar || fyast

-3
\kij . -

fa5=2 f 5 ¢ 5
Normalized base shear V, / £

{c} Increase in strength of orthogonal resisting planes
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Figure 4.6 Effect of different parameters on the shape of the BST surface [3]

5.3 A simplified model for analysis and design

The difficulties of defining the earthquake response of asymmetric
buildings, such as analysis cost, computational effort and the inefficiency
of current analyses methods to design any ground motion characteristics,
led engineers to search for other methods. The new methods should

overcome all the obstacles mentioned above and should also offer
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accurate results through a simpler analysis procedure. A new simplified
analysis method proposed by Llera and Chopra [5] is based on one
structural super-element (SE) per building storey, which sufficiently

represents the elastic and inelastic properties of the storey.

In order to give results, the systems considered in the investigation above
[5] are single and multi-storey buildings consisting of rigid diaphragms,
flexurally and axially, where all the storey masses are lumped; lateral
resistance is provided by resisting planes in the x- and vy-directions
[Figure 4.7(a)] composed of elasto-plastic resisting elements. The

systems are symmetric in stiffness and strength about the x-axis.

Next the equation of motion of the system is given in order to assess the

dynamic response of it to base acceleration a,,(t) in the y-direction:

Mii + Cu + R(6,8) = —Mr agy(t) (4.9)
Uy

where u = {uy}
Up

u,: the vector of displacements u,(cj) of the jth floor CM along the x-
direction

6))

u,: the vector of displacements u;

of the jth floor CM along the y-

direction
ug: the vector of rotations ugj) of the jth rigid floor diaphragm about a

vertical axis through the CM [Figure 4.6(a)]

M: the mass matrix given by

m 0 O
M=l0 m 0]
0 0 I

where m and I, are diagonal matrices containing the masses and polar

moments of inertia for each building storey
C: the linear viscous damping matrix

R(8,8): the vector of restoring forces in the system
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0
r= {1} : the influence vector for the ground acceleration ag,(t)
0

The equation of motion (4.9) above will be integrated numerically

using the partitioned predictor-corrector scheme developed in Reference

[6].

SE model

Plane |

(a) Buildings considered (b) SE model of the buidling

Figure 4.7 Buildings considered and the SE model [5]

The SE model of a building consists of a single fictitious structural element
per storey. This element has three degrees of freedom per node (Figure
4.7b), the two translations and the rotation of floors are connected by the
element, and is appropriate for representing the elastic and inelastic

properties of the storey.

Subsequently, the elastic and inelastic properties of the SE model are

presented.

5.3.1 Elastic properties of the SE model
On the elastic occasion, the SE model has the same stiffness matrix as the
storey considered:

K —K]

Kop = [_ C x (4.10)
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K, 0 0
where K=|0 K, Ky
0 Ky Ko

K., K,,Ky9,Kg: are scalar quantities for the storey considered

A possible obstacle, as far as Kse is concerned, may appear when the
center of mass of the different storeys do not lie on the same vertical line
(Figure 4.7). In order to overcome this problem, a linear transformation
a, between the degrees of freedom u(® at the CM of the first floor and the

degrees of freedom u(¥’at the bottom of the second storey SE, is used:

) @ u(l)
X

Uy 0 07(%
w =[O 1| =l .11
W) ool e

The stiffness matrix of the second-storey SE with respect to the degrees

of freedom at the CM of floors 1 and 2 can be expressed as:

K _Ka“] (4.12)

Kse = [—aﬂK a’Ka,

Ist story SE N
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Figure 4.8 SE model for a building with non-aligned centers of mass [5]

5.3.2 Inelastic properties of the SE model

In order to match the inelastic properties of the storey and the SE model,
the storey shear and torque (SST) ultimate surface is used. The SST
surface consists of all combinations of storey shears and torque that

applied statically and would lead tothe collapse of the storey.

The exact model of a section of the SST (Figure 4.9-solid line) surface is
presented below, for a storey with three resisting planes along the y-axis
(the direction of asymmetry and of ground motion) and two resisting
planes in the orthogonal direction, with constant storey shear Vx. Later on
this model will prove to predict accurately the response of systems
regardless of the number of resisting planes they consist of. The seven
parameters that affect the shape of the SST surface will also be

investigated.

The following expressions define the coordinates (xj, yj) of the vertices of

this surface:

X1 = Vyo, v1=Vyoxp + TL(1—T)

Xy = Vo + Vyo, y2=T, + T.V;

x3 = Vyu = Vye, y3 =T, — TJ_V;C

Xy = —Vyo, Ya=~Vyoky + TL(1=T) (4.13)
X5 = —Xq, Vs =~

Xe = —X2, Ye = —Y2

X7 = —X3, Y7 ==Y3

Xg = —Xa, Yg = ~Va

where:

/4 =% : the normalized storey shear in the x-direction; V,, =Y, x(i): the

lateral capacity of the storey in the x-direction; x(i) : the capacity of the
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ith resisting plane in the x-direction; and M: the number of resisting

planes in the x-direction

Vyo = N, y(i): the lateral capacity of the storey in the y-direction; fy(i) : the
capacity of the ith resisting plane in the y-direction; and N: the number

of resisting planes in the y-direction

V,c: the capacity of resisting planes in the y-direction passing through the

CM of the system; in practical terms, it will represent the capacity of all

resisting planes ‘close’ to the CM

T, =3I 050

+3¥M, |fx(i)y(i)|: the torsional capacity of the system

T, = Y™, fOy®: the torque provided by the resisting planes in the
orthogonal direction
S FOX0

Xp=——r— the strength eccentricity, or the first moment of strength
yo

Zl'v—1f(i)x(i) .
Vou :i:tz%Z ‘strength unbalance’ in the storey
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Central plane at
distance X¢
from CM

Central plane
passing through CM

Figure 4.9 Parametric representation of the SST surface [5]

Subsequently, the seven parameters that control the shape of the SST

surface are analyzed:

The normalized storey shear ¥, varies from 0 (V, =0) to 1 (V, =V,,) and is
responsible for the variation of the SST surface along the Vx shear axis.
This variation arises due to a lesser contribution to the torsional capacity
of the system (because of the x-direction component of ground motion).
In this case, the planes must be subjected to translation along this
direction, which lead to a decrease in force-couple, consequently in torque

resistance.
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The lateral capacity V,, represents the maximum shear of a purely

translational mechanism of the storey and the limits of abscissas of the
SST surface.

The capacity V,, represents the capacity of the resisting planes passing
through the CM. This capacity controls the length of the constant torque
branches of the SST surface. These branches correspond to predominantly
torsional mechanisms. This parameter should also contain the capacity of

resisting planes ‘close’ to the CM.

The torsional capacity To represents the torque of a purely torsional
mechanism of the storey and establishes the limits of the ordinates of the
SST surface. Large values of To means that there are strong resisting
planes along the edges while small values of To means that there are

central cores on the plane.

The torsional capacity T, of the resisting planes in the orthogonal direction
affects the length of the constant base shear branches of the SST surface,

which represent predominantly translational mechanisms.

The strength eccentricity x, is equal to the slope of the ray connecting the
centre of the surface and the middle point of the constant base shear
branch 1-8 (Figure 4.4). The value of x,, controls the skewness and width
of the SST surface (i.e. large values of strength eccentricity lead to

skewed and narrow surfaces).

The ‘strength unbalance’ V,, affects the abscissa of the central point of
the constant torque branch of the SST surface at positive torque (Figure
4.8). This parameter also controls the skewness of the surface and is
equal to zero when the lateral capacities of the resisting planes on both
sides of the CM are identical. Its physical meaning is that it represents the
storey shear of the system for a purely torsional mechanism about a

vertical axis passing through the central resisting plane.
The SST surface leads to two significant conclusions:

The SST surfaces for the exact and the SE models for two three-plane

single-storey systems are identical (Figure 4.10).

100



The constant torque branches 2-3 and 6-7 of the SST surface means that
the system has one (or several) central resisting planes passing through
or ‘close’ to the CM. The SST surface of a storey with an eccentric central
resisting plane located at distance x. is the one with dashed lines (Figure
4.10). The abscissas of the vertices for the two SST surfaces are the
same, while the ordinates varie. The ordinates of vertices 1, 2, 7 and 8

need to add the torque V,.x., whereas the ordinates of the vertices 3, 4, 5

and 6 need to subtract the torque V,, x,.

The co-ordinates of the vertices 1, 4, 5 and 8 are defined still from
equation (4.12), but the strength eccentricity is the one of the new

system.

The ordinates from the vertices 2, 3, 6 and 7 are given from the following

expressions:

Yo =T, — TJ_V;C + Vycxc

y3 =T, — TJ_V;C - Vycxc (4.14)
Y6 = —Y2
Y7 =~Y3

It is important to notice that the eccentric central plane causes an

inclination of the segment 2-3 (6-7) in a slope equal to x..

: g
g

z
5:5

a) Symmetric system

k3=k &
kd=k e <
Frd=f ty3=tR2 = Y=o
N =
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(b) Strength asymmetric system

101



Figure 4.10 Comparison between the actual and theoretical SST surface in a

symmetric and an asymmetric structure [5]

Finally, the accuracy of the SE model is questioned. After experiments
upon several asymmetric plan buildings [6], the following conclusions

were derived:
The SE model can lead to safe conceptual evaluation.

The error of the SE is less than 20 percent - in terms of differences in
peak deformations. Especially, for systems with stiffness and strength
asymmetries in the same direction, the error in peak is even smaller

(below 10 percent).

Because of the inaccuracy of the prediction of the plan rotation, errors
arise, since this model can not describe the inelastic behavior of the

system in the transition between its elastic and completely plastic states.
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6 Reaching the best possible

design with optimization tools

Engineers’ objective is to design resistant structures, which satisfy all the
constraints (defined by codes) and also acquire specific attributes (low
cost, low weight, small displacements just to name a few). This can be
accomplished by the optimization process through a trial and error
procedure, which is a computationally intensive task. Thanks to
developments in Computational Mechanics the solution of this problem is
feasible using evolutionary algorithms. Inspired by the Darwinian

evolution, this procedure is an imitation of it.

The best known evolutionary algorithms include Genetic Algorithms (Gas)
[1], Evolutionary Programming (EP) [2], Genetic Programming (GP) [3]
and Evolution Strategies (ESs) [4,5].

6.1 Formulation of the optimization problem for
torsionally balanced systems

Structural optimization problems are characterized by various objective
and constraint functions that are generally non-linear functions of design
variables. These functions are usually implicit, discontinuous and non-
convex. The mathematical formulation of structural optimization problems
with respect to the design variables, the objective and the constraint
functions depends on the type of application. However, most optimization
problems can be expressed in standard mathematical terms as a non-
linear programming problem. A discrete structural optimization problem

can be formulated in the following form:
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min F(s)
subjectto  g;(s)<0 j=1,..,m (5.1)

s, R, i=1,..,n

where F(s) and gj(s) denote the objective and constraints functions
respectively, R? is a given set of discrete values, while the design

variables s; (i=1,...,n) can take values only from this set.

There are three main classes of structural optimization problems
depending on the type of design variables employed: (i) sizing, (ii) shape
and (iii) topology. In sizing optimization problems the aim is usually to
minimize the weight of the structure under certain behavioral constraints
on stresses and displacements. The design variables are most frequently
chosen to be dimensions of the cross-sectional areas of the structure’s
members. In structural shape optimization problems the aim is to improve
the performance of the structure by modifying its shape. The design
variables are either some of the coordinates of the key points in the
boundary of the structure or some other parameters that influence the
shape of the structure. Structural topology optimization assists the
designer to define the type of structure, which is best suited to satisfy the
operating conditions for the problem at hand. In the current study the
task of topology optimization is to define the position of the columns and
the shear walls in each storey layout, while the task of sizing optimization
is related to the size of the cross sections of the columns and the shear

walls.

6.1.1 Definitions
There are some definitions that have to be given in order to facilitate the
description of the problem and its handling of the optimization algorithm

in the present study.

Torsionally balanced: A structural system is defined as torsionally

balanced when, in any storey of the structure, the mass center coincides

or almost coincides with the rigidity center.

For every column and shear wall, two architectural constraints are
defined:
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Architectural constraint 1: The first architectural constraint (AC-1) is

related to the boundaries of the plan where a column or shear wall could
be located. It is implemented as a rectangle with dimensions AC-1x x AC-
1ly. A design is considered as feasible, with respect to the AC-1 constraint,
when the cross section of the columns and shear walls are contained in
the corresponding rectangles. In Figures 5.1a and 5.1b two AC-1

rectangles are shown for a typical plan view of a concrete building.

Architectural constraint 2: The second architectural constraint (AC-2) is

related to the topological position of the beams in conjunction with their
supporting columns and/or shear walls. This constraint is implemented as
a point located within the rectangle AC-1. The AC-2 is essential in
assisting the optimization procedure to reach layouts where the beams
and their cross points are supported by columns or shear walls. In any
feasible design the AC-2 point should correspond to a joint of horizontal
(beam) and vertical (column/shear wall) elements. In Figures 5.1a and
5.1b the AC-2 points are shown.

Column type: Two types of columns/shear walls are considered. Type I is
defined as the column/shear wall where the AC-2 point corresponds to
one of the corners of the rectangle AC-1 (see Figure 5.1a, the AC-2 point
coincides with one of the corners of the AC-1 rectangle labeled as F); Type
II is defined as the column/shear wall where the AC-2 point is located
inside the rectangle AC-1 (see Figure 5.1b, the AC-2 point is located
inside the AC-1 rectangle).

r

AC-ly
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Figure 5.1a Sample column Type I with its architectural constraints AC-1 and

AC-2.
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Figure 5.1b Sample column Type II with its architectural constraints AC-1 and
AC-2.

6.1.2 Combined topology and sizing optimization

In the column/shear wall topology-sizing optimization problem for each
storey pursued in this study, the basic goal is to formulate an optimization
procedure that could lead to designs with improved earthquake
resistance. The objective is to create torsionally balanced designs by
minimizing the mass eccentricity eMC-RC between the mass center and
the rigidity center of each storey subject to the behavioral constraints
imposed by the design codes as well as to the architectural constraints.
The design variables are divided in two categories: (i) topology design
variables corresponding to the topology or layout of the columns and
shear walls of the building and (ii) sizing design variables corresponding to
the dimensions of the cross sections. The mathematical formulation of the

problem can be stated as follows:

H i i 2 i i 2
min eMC—RC = ‘\/(XMC _XRC) + (yMC _yRC) I 1 2 storeys

subjectto g,(s) <0, k=1,2,...,m (behavioral) (5.2)

tlbjgr <tubJ,J =1,2,..

| WMeotms | o1 chitectural)
Slbj < h <s ., j=1,2,.

ub,j? " columns
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where (X},c.Yic): (Xre:Yhe) are the coordinates of the of the Mass Center

(MC) and the Rigidity Center (RC), respectively, in the i-th group of
storeys having the same layout in the plan. ngoreys is the total number of
groups of storeys in the structure, g«(s) are the behavioral constraints

imposed by the design codes, rji is the distance of the individual element

center of the j-th column/shear wall in the i-th group of storeys from its
corresponding AC-2 point (see Figure 1b where for simplicity reasons the

superscript i and subscript j are omitted). t. .,t' . are the lower and upper
Ib,j

ub,j
bounds of the topology design variables imposed by the architectural

constraints. h‘j is the largest edge of the j-th column/shear wall in the i-th

group of storeys, corresponding to the sizing design variables (see Figure

la where for simplicity reasons the superscript /i and subscript j are

omitted). s,,;,s,,; are the lower and upper bounds of the sizing design

variables imposed by the architectural constraints. As it will be seen in the
following subsection of the problem’s description there is a relation
between the two kinds of design variables, topology and sizing, as well as

their bounds.

6.1.3 Type of design variables

In this study the columns/shear walls are of rectangular shape with
dimensions hxb, where h > b. In our implementation the smallest column
that is permitted to be allocated is 25x30 cm?® In our formulation the
sizing design variables of the columns and shear walls depend on the
topology design variables which are defined first. This way, we solved the
coupled topology - sizing problem that is a very difficult problem in

structural optimization of buildings because of its complexity.

6.1.3.1 Topology design variables

As mentioned above the columns are divided in two categories. For Type 1
column/shear walls if AC-1x > AC-1y the final position of the individual
element center of the column/shear wall will be allocated along the AC-1x
rectangular edge, otherwise it will be allocated along the AC-1y edge. In
the case of a square architectural constraint with AC-1x = AC-1ly, the

selection of the edge is random. For Type I column/shear walls the lower
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bound of the topology design variable depends on the indicative minimum

column size:
) h_
t:b‘j — ;m (5.3)

where hn, is the minimum column size, which is equal to 30 cm, as
mentioned above. The upper bound is equal to half the size of the

corresponding architectural constraint edge (AC-1x or AC-1y):

i 1 2 2
t:m,j :E\/(XS_XF) +(Ys—Yr) (5.4)

In Figure 1a the largest edge of the AC-1 architectural constraint is AC-1y
which will be selected as the edge to which the individual element center
of the column/shear wall will be allocated. Furthermore, S (Xs, Ys) is the
starting point and F (X, Yg) is the finishing point of the AC-1y edge, while
the AC-2 point coincides with the finishing point F.

In Type II column/shear walls the edge of the AC-1 architectural
rectangle, where the individual element center of the column will be
allocated, has either been selected beforehand or it will be selected by the
smallest distance of the projection of the AC-2 point to the four edges of
the AC-1 rectangle. In Figure 5.1b the four projections points PPi, i=1,...,4
are shown. It can be seen that the distance between the points AC-2 and
PP1 is the smallest one, so the edge AC-1x of the corresponding
architectural constraint is selected for the allocation of the individual
element center of the column/shear wall and the PP1 projection point is
renamed to AC-2. S (xS,yS) is the starting point and F (xF,yF) is the
finishing point of this edge. The allocation of the mass center of the
column/shear wall is either on the left or on the right side of the renamed
projection point PP1. Irrespectively of the side to which the individual
element center will be allocated, the lower bound is defined to be equal to

Z€ero.

b =0 (5.5)
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The definition of the upper bound depends on which side of the projected

AC-2 point the column mass center will be allocated.

(if on the left side)

tiub,j
(5.6)

N N

ty,;=— (if on the right side)
where a is the distance of the new position of the AC-2 point from point S
and b is the distance of the new position of the AC-2 point from point F

(see Figure 5.1b).

6.1.3.2 Sizing design variables

As mentioned above topology design variables are defined first, followed
by the sizing design variables, which are related to the topology design
variables. In the case of Type I columns/shear walls there is a direct
relation between the topology and sizing design variables for each

column/shear wall. This sizing design variable is defined as inactive.

h =2r (5.7)

]

In the case of Type II column/shear walls there is an indirect relation

between the two types of design variables defined by:

i i
slbvj—er

Sy, =2min(a’,b’)

(5.8)

where a’ and b’ refer to the distance of the individual element center of
the column/shear wall from points S and F, respectively, as it can be seen
in Figure 5.1b. This sizing design variable is defined as active. In the case
of Type II column/shear walls the sizing design variable is active, since
their dimensions have to be defined by the optimizer and not by the
topology design variables as in the case of Type I. The bounds of the size

of the column/shear walls are dependent on the topological design

variable rji .
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6.2 Optimization Procedures

Computer algorithms based on the process of natural evolution have been
found capable to produce very powerful and robust search mechanisms
although the similarity between these algorithms and the natural
evolution is based on a crude imitation of biological reality. The resulting
Evolutionary Algorithms (EA) are based on a population of individuals,
each of which represent a search point in the space of potential solutions
of a given problem. These algorithms adopt a selection process based on
the fitness of the individuals and some recombination operators. The best
known EA in this class include evolutionary programming (EP) [6], Genetic
Algorithms (GA) [7,8] and Evolution Strategies (ES) [9,10]. The first
attempt to use evolutionary algorithms took place in the sixties by a team
of biologists [11] and was focused on building a computer program that

would simulate the process of evolution in nature.

Both GA and ES imitate the biological evolution in nature and have three
characteristics that differ from other conventional optimization algorithms:
(i) In place of the usual deterministic operators, they use randomized
operators: mutation, selection and recombination. (ii) Instead of a single
design point, they work simultaneously with a population of design points
in the space of design variables. (iii) They can handle - with minor
modifications continuous, discrete or mixed optimization problems. The
second characteristic allows for a natural implementation of GA and ES on

a parallel computing environment [12,13,14].

In structural optimization problems, where the objective function and the
constraints are highly non-linear functions of the design variables, the
computational effort spent in gradient calculations required by the
mathematical programming algorithms is usually large. In two recent
studies by Papadrakakis et al. [15,16] it was found that probabilistic
search algorithms are computationally efficient even if a greater number
of analyses are needed to reach the optimum. These analyses are
computationally less expensive than in the case of mathematical
programming algorithms since they do not require gradient information.

Furthermore, probabilistic methodologies were found to be more robust in
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finding the global optimum due to their random search. Whereas

mathematical programming algorithms may be trapped in local optima.

6.3 Solution of the structural optimization problem

6.3.1 Evolutionary optimization algorithms

ES were proposed for parameter optimization problems in the seventies
by Rechenberg [90] and Schwefel [96]. Some differences between GA and
ES stem from the numerical representation of the design variables used
by these two algorithms. The basic GA operate on fixed-sized bit strings
which are mapped to the values of the design variables, while ES work on
real-valued vectors. Another difference can be found in the use of the
genetic operators. Although, both GA and ES use the mutation and
recombination (crossover) operators, the role of these genetic operators is
different. In GA mutation only serves to recover lost alleles, while in ES
mutation implements some kind of hill-climbing search procedure with
self-adapting step sizes ¢ (or y). In both algorithms recombination serves
to enlarge the diversity of the population, and thus the covered search
space. There is also a difference in treating constrained optimization
problems where in the case of ES the death penalty method is always
used, while in the case of GA only the augmented Lagrangian method can
guarantee the convergence to a feasible solution. The ES, however,
achieve a high rate of convergence than the GA due to their self-
adaptation search mechanism and are considered more efficient for
solving real world problems [61]. The ES were initially applied for
continuous optimization problems, but recently they have also been
implemented in discrete and mixed optimization problems [106,107]. The
ES algorithms used in the present study are based on the work of Thierauf
and Cai who applied the ES methodologies in sizing structural optimization
problems having discrete and/or continuous design variables [85,86]. In
the following paragraphs different versions of ES algorithms are discussed

and compared in some test examples.
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6.3.2 Genetic Algorithms (GA)

GA are probably the best-known evolutionary algorithms, receiving
substantial attention in recent years. The GA model used in this study and
in many other structural design applications refers to a model introduced
and studied by Holland and co-workers [1]. In general the term genetic
algorithm refers to any population-based model that uses various
operators (selection-crossover-mutation) to evolve. In the basic genetic
algorithm each member of this population will be a binary or a real valued
string, which is sometimes referred to as a genotype or, alternatively, as a

chromosome.

Different versions of GA have appeared in literature in the last decade
dealing with methods for handling the constraints or techniques to reduce
the size of the design vectors’ population. In this section basic genetic
algorithms are considered along with some of the most frequently used

versions of GA.

6.3.2.1 The Basic Genetic Algorithms
The three main steps of the basic GA

Step 0 Initialization

The first step in implementing any genetic algorithm is to generate an
initial population. In most cases the initial population is generated
randomly. After creating an initial population, each member of the

population is evaluated by computing its fitness function.
Step 1 Selection

A selection operator is applied to the current populationin order to create
an intermediate one. In the first generation the initial population is
considered as the intermediate one, while in the next generations this

population is created by the application of the selection operator.
Step 2 Generation

In order to create the next generation crossover and mutation operators

are applied to the intermediate population in order to create the next
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population. Crossover is a reproduction operator, which forms a new
chromosome by combining parts of each of the two parental
chromosomes. Mutation is a reproduction operator that forms a new
chromosome by making (usually small) alterations to the values of genes
in a copy of a single parent chromosome. The process of moving from the
current population to the next population constitutes one generation in
the evolution process of a genetic algorithm. If the termination criteria are

satisfied then the procedure stops. Otherwiseit returns to step 1.
Encoding

The first step before the activation of any operator is to encode the design
variables of the optimization problem into a string of binary digits (I's and
0’s) called a chromosome. If there are n design variables in an
optimization problem and each design variable is encoded as a L-digit
binary sequence, then a chromosome is a string of nxL binary digits. In
the case of discrete design variables each discrete value is assigned to a
binary string, while in the case of continuous design variables the design
space is divided into a number of intervals (to the power of 2). The

number of intervals L+1 depends on the tolerance given by the designer.

If se[s/, su] is the decoded value of the binary string <b, b, ,...b, > then

u_ of L )
s=DE(<b,b, ,...b, >) =5’ +%(Zbi 10')
- i=0

(5.9)

where DE(.) is the function that performs the decoding procedure. In
order to code a real valued number into the binary form the reverse

procedure is followed.
Evaluation of fitness function

Apart from the objective function, the so-called fithness function is also
used by a genetic algorithm. The evaluation of a string refers to the
evaluation of that string’s objective function value and it is independent of
the evaluation of any other string. The fitness of that string, however, is
always defined with respect to other members of the current population.

The fitness is used to determine the selection probability of the
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chromosome that will become the parent chromosome for the generation

of the new chromosomes. In the basic genetic algorithm, fitness is defined

by: F/F'" where F is the penalized objective function associated with

string i. F' is the average penalized objective function value of all the
strings in the population. Fitness can also be assigned based on a string’s
rank in the population [30] or by sampling methods, such as tournament

selection [51].
Selection

There are a number of ways to perform the selection. According to the
Tournament Selection scheme each member of the intermediate
population is selected to be the best member from a randomly selected
group of members belonging to the current population. According to the
Roulette Wheel selection scheme, the population is laid out in random
order as in a pie graph, where each individual is assigned a place on the
pie graph in proportion to its fitness. Next an outer roulette wheel is
placed around the pie graph with N equally spaced pointers, where N is
the size of the population. A single spin of the roulette wheel will now

simultaneously pick all N members of the intermediate population.
Crossover

Crossover is a reproduction operator, which forms a new chromosome by
combining parts of both ‘parent’ chromosomes. The simplest form is called
the single-point crossover, in which an arbitrary point in the chromosome
is selected. According to this operator, two 'offspring' chromosomes are
generated, the first one is generated by copying all the information from
the start of the parent A to the crossover point and all the information
from the crossover point to the end of parent B. The second 'offspring'
chromosome is generated by the reverse procedure. Variations exist
which use more than one crossover point, or combine information from

parents in other ways.

Mutation
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Mutation is a reproduction operator, which forms a new chromosome by
making (usually small) alterations to the values of the genes in a copy of

a single parent chromosome.

6.3.2.2 Micro Genetic Algorithms (nGA)

The micro genetic algorithm was introduced by Krishnakumar [67] and
applied to simple mathematical test functions and to the wind shear
optimal guidance problem. The main objective of this scheme is to reduce
the size of the population compared to the basic one. This corresponds, in
the case of structural optimization problems discretized with finite
elements, to less finite element analyses per generation. It is a known fact
that GA generally exhibit poor performance with a small population size
due to insufficient information processed and premature convergence to
non-optimal results. A solution to this problem, suggested by Goldberg
[53], could be to restart the evolution process in case of nominal
convergence with a new initial population, which will include the best
solution already achieved. Based on this suggestion Krishnakumar

proposed the uGA which can be described by the following steps:

Step 0 Initialization

The first step generates a population of size 5 either randomly or by
generating 4 strings randomly and by selecting 1 good string from any

previous search, or according to the experience of the designer.

Step 1 Fitness evaluation

In this step the fitness of each individual is evaluated and the best string
is determined. The best string is labeled as string 5 and it is carried to the
next generation (elitist strategy). This way there is a guarantee that the

information about good strings is not lost.

Step 2 Generation

According to the previous step the best individual of the current
generation is carried out to the next one. The remaining four members of

the next generation are chosen according to the tournament selection
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operator. After the selection operator is terminated the crossover operator

is applied.

Step 3 Convergence check

If the termination criteria is satisfied the process ends. Otherwise check
for nominal convergence which is measured by bit wise convergence in
case of binary coding or by comparing the design variables in case of real

valued strings. If it converges go to step 0O, else return to step 1.

A modified version of UGA is tested in this study, where only feasible
designs are accepted for the evolution process. This version, which
resembles the death penalty treatment of the constraints adopted by ES,

is abbreviated to muGA.

6.3.2.3 Methods for handling the constraints

Although genetic algorithms are initially developed to solve unconstrained
optimization problems during the last decade several methods have been
proposed for handling constrained optimization problems as well. The
methods based on the use of penalty functions are employed in the
majority of cases for treating constraint optimization problems with GA. In
this study methods belonging to this category have been implemented

and will be briefly described in the following paragraphs.

Method of static penalties

In this simple method the objective function is modified as follows

, F™(s), ifseF
F)=1 o 1) -
F™(s) +p- viol™(s), otherwise (5.10)

where p is the static penalty parameter, viol(s) is the sum of the

violated constraints

viol(s) = Y ,6) (5.11)

and F")(s) is the objective function to be minimized, both normalized in

[0,1], while F is the feasible region of the design space.
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The sum of the violated constraints is normalized before it is used to
calculate the modified objective function. The main advantage of this
method is its simplicity. However, there is no guidance on how to choose
the single penalty parameter p. If it is chosen too small the search will
converge to an infeasible solution and if it is chosen too large a feasible
solution may be located but it would be far from the global optimum. A
large penalty parameter will force the search procedure to work away
from the boundary, where the global optimum is usually located, that

divides the feasible region from the infeasible one.

Method of dynamic penalties

The method of dynamic penalties was proposed by Joines and Houck [43]
and applied to mathematical test functions. As opposed to the previous
method, the penalty parameter does not remain constant during the
optimization process. Individuals are evaluated (at generation g) by the

following formula

F'(s) =F"(s)+ (c-g) *viol™(s) (5.12)
with
viol(s) = ifﬁ ) (5.13)

where ¢, a and B are constants. A reasonable choice for these parameters
was proposed as follows: ¢ = 0.5:2.0, a = B =1 or 2. However, fora high
generation number the (c-g)® component of the penalty term takes on
extremely large values which makes even the slightly violated designs not
to be selected in subsequent generations. Thus, the system has little
chances to escape from local optima. In most experiments reported by

Michalewicz [71] the best individual was found in early generations.

6.3.2.4 Augmented Lagrangian method
The Augmented Lagrangian method (AL-GA) was proposed by Adeli and
Cheng [1,3]. According to this method the constrained problem is

transformed to an unconstrained one, by introducing two sets of penalty
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coefficients 'y [(Y1,Y2,--,Ym+n)] @nd p [(M1,M2,...,HM+n)]. The modified
objective function, for generation g, is defined as follows

2

d +
F(s,v,u)—L—F(SH2 Zvﬁg)[(qj —1+pE)7] +Zv§%§ {‘d,‘ ~1+ EEQ}
f j

(5.14)

where L¢ is a factor for normalizing the objective function; q; is a non-
dimensional ratio related to the stress constraints of the j*" element group
(see eqgs. (62), (63)); d; is the displacement in the direction of the it

examined degree of freedom, while dj is the corresponding allowable

displacement; N, M correspond to the number of stress and displacement

constraint functions, respectively:

(q. -1+ },L(I)) (q. -1+ p(l) O) (5.15)

|

There is an outer step I and the penalty coefficients are updated at each

—1+u§?NJ max{%—l+u§?w0} (5.16)
J

step according to the expressions

(I+l) @O _ (I+1) __

=" /B, where p{"™" = pf” + max{ con(), .,—u{"] and conf,, is

j.ave

=p-v{" and p

the average value of the j* constraint function for the I*"

outer step, while
the initial values of y’s and p’s are set equal to 3 and zero, respectively.
Coefficient B is taken equal to 10 as recommended by Belegundu and

Arora [32].

6.3.2.5 Segregated GA

The basic idea of the segregated GA (S-GA) [69] is to use two static
penalty parameters instead of one, as in the method of static penalties.
The two values of the penalty parameters are associated with two
populations that have a different level of satisfaction of the constraints.
Each of the groups correspond to the best performing individuals with

respect to the associated penalty parameter.

The segregated GA can be described as follows:
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Step 0 Initialization

Random generation of 2N designs. The objective functions of the designs
1,2,...,N are evaluated using the p, penalty parameter, while the
remaining designs N+1,...,2N are evaluated using the p, penalty

parameter.

Step 1 Selection

An intermediate population of size N is created by selecting the best

individuals from both populations.

Step 2 Generation

Generate N offsprings using the basic operators mutation and crossover.
The parents are evaluated using the p, penalty parameter while the
offsprings are evaluated using the p,. The process is then repeated by

returning to step 1.

This version was used in [48] for the minimal weight design problem of a

composite laminated plate.

6.3.3 Evolution Strategies (ES)

6.3.3.1 The Evolution Strategy algorithm

At the beginning of the procedure (in generation t=0) the initial parent
population, composed by p design vectors, is generated randomly (line 3).
Lines 5 to 12 describe the main part of the ES algorithm, where every
generation A offspring vectors are generated by means of recombination
and mutation. Recombination and mutation operators, described in lines 7
to 10, act on both design variable vectors s; and distribution parameter
vectors g; and a; (both distribution parameter vectors denoted as y; in the
pseudo-code). In line 11 the objective and constraint functions are
calculated in order to assess the design vectors in terms of the objective
function value and feasibility. Figure 5.2 includes a pseudo-code of the ES

algorithm which describes the procedure above.
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Procedure (;2/p t 2)-ES; line
Begin ]
g i=10; 2
initialize(Pf = i(yff’. s, FQR)), =1, " ]) 3
Repeat 4
For/ := 1To » Do Begin 5
¢; := marriage (‘B:,g), p): 6
s; := s_recombination(&;); 7
y; := y_recombination(&;); 8
S; = s_mutation(s): 9
yi :=y_mutation(yi, si); 10
Fi = F(¥)) 1
End: 12
o :=|(§,.§1.ﬁ,). 1=1.....;.|; 13
Case selection_type Of 14
(1, A) : ‘IS:)H” = selection(‘lkf,g)‘u); 15
(w+2): ‘BLH” = selection(‘l‘f}g), ‘l‘ég). /_4.) 16
End; 17
g:=g+1: 18
Until termination_condition 19
End 20
Figure 5.2 Pseudo-code of the ES algorithm
6.3.3.2 Multi-Membered ES
In this case a population of p parents will produce A offsprings.
Formulation of the optimization problem
The optimization problem is considered:
F(s) = min
S ={S1,52, wur onn ,Sn T
li < Si < Uu;, i= 1,2, e, n
gj(s) >0,j=12,.....m
hi(s)=0,j=m+1m+2,...,t (5.17)
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where
F(s): the objective function
s: the vector corresponds to the design variables

g;(s), hj(s): the constraint functions

Recombination

For every offspring vector a temporary parent vector s ={5,5,,...... 5,07 is
initially built by means of recombination. For a continuous problem, five

recombination cases which can be used selectively are given:

§; = Sq; 07 Sp; randomly (A)
1/2 (Sa; + Spyi) (B)
Sbji ©)
Sq,i OT Spj; randomly (D) (5.18)
1/2 (sqi + Spj,;) (E)
where

§;: the ith component of the temporary parent vector §

Sqi»Sp; - the ith components of the vectors S, and S, which are two parent

vectors randomly chosen from the population

spj;+ the ith component of § is chosen randomly from the ith components

of all y parent vectors

One of the advantages which recombination offers is that different good
building blocks from different parents are mixed together, thus combining

the good properties of the parents in the offspring. [1]

Mutation

The parent S,Sg) of the generation g produces an offspring Ség), whose

genotype is slightly different from that of the parent:
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§9 =59 + 7@ (5.19)

where

T
7(9) = [Zig),Zég), .....,Z,(lg)] : a random vector

In order to choose the random vector, since the mutation is of random
and purposeless events, a probability distribution is used according to
which small changes occur frequently but large ones rarely. Two
requirements arise together by analogy with the natural evolution: (i) the
expectation value &; for a component Z; has the value zero; and (ii) the

variance ¢/, the average squared deviation from the mean, is small. [2]
Selection
There are two different types of multi-membered ES:

(u+A)—ES: The best pindividuals are selected from a temporary

population of (u + 1) individuals to form the parents of the next generation.

(u,A) —ES: The uindividuals produce A offsprings and the selection process
defines a new population of pu individuals from the set of A offsprings.
Obviously, this strategy relies on a birth surplus, on A> p in a strict

Darwinian sense of natural selection.

For the second type, the life of each individual is limited to one
generation. This allows the (u,1) — ES selection to perform better on
problems with an optimum moving over time, or on problems where the

objective function is noisy.

6.3.3.3 The modified evolution strategies
For the solution of discrete optimization problems modified evolution

strategies are proposed (Chai, 1995; Cai and Thierauf, 1993)

Formulation of the optimization problem

The discrete optimization problem is considered:
F(s) = min

s ={s,S2, unon. ST
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i <si<u;,i=12,...,n

s;eR%, i=1,2,.....,n

gj(s)=0,j=12,.....m

hi(s)=0,j=m+1m+2,...,t (5.20)
where

F(s): the objective function

s: the vector corresponds to the design variables

g;(s), hj(s): the constraint functions

R4: a given set of discrete design values, the design variables s; can only

take discrete values of this set

Recombination

For every offspring vector a temporary parent vector s ={35,3,,...... 5,07 is
initially built by means of recombination. For a continuous problem, five

recombination cases which can be used selectively are given:

§; = sq;0r Sp; randomly (4)
Sm,i OT Sp,; randomly (B)
Sbji ©)
Sqi OT Spj; randomly (D) (5.21)
Sm,i OT Spj; randomly (E)
where

§;: the ith component of the temporary parent vector §

Sqi Sp; - the ith components of vectors S, and S, which are two parent

vectors randomly chosen from the population.

spj;: the ith component of § is chosen randomly from the ith components

of all gy parent vectors.
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sm,i- the vector S, is not chosen randomly but is the best of the p vectors
in the gth generation, in the cases of (B) and (E) if the information from

the best parent is used it can lead to a better convergence.

One of the advantages which recombination offers is that different good
building blocks from different parents are mixed together, thus combining

the good properties of the parents in the offspring.[23]
Mutation

The parent S,(;‘” of the generation g produces an offspring S(Eg), whose

genotype is slightly different from that of the parent:

Ség) — SI()g) + 7@ (5.22)
where
T
7(0) = [zl(g),zég), .....,Z,(lg)] : a random vector

The mutation operator, in the continuous version of the ES based
optimization, produces a normally distributed random change vector Z(9,
whose each component has a small standard deviation value ¢; and zero
expectation. This means that there is a possibility that all components of a

parent vector will need to be changed but the changes are usually small.

[2]

In the discrete version of the ESs we have to change the generator of the
random vector Z@ in order to produce a modified vector that leads from
one discrete value to another adjacent one. The difference between any
two adjacent values is usually not small, which goes against the second
requirement that arises by analogy to the natural evolution. For this
reason, it is suggested that not all of the n components of a parent vector,
but only few (say |) will be randomly changed every time. This means that
(n-1) components of the randomly changed vector Z9 have zero value.
[23]

The components of the randomly changed vector Z(9 have the form:
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29 = (k+1)dx for | randomly chosen components and O for n-I other

components (5.23)
Where:
0X;: the current difference between two adjacent values in the discrete set

K: a Poisson distributed integer random number with the following

distribution

e _
p() = L-e™¥ (5.24)
where y: the deviation and the expectation of the random number k

From the equation above it is proved that the random change vector Z(@
depends on y. A uniformly distributed random choice decides which |
components should be changed according to equation (5.24). For

structural optimization problems a suitable | value ranges from 8 to 12.

Selection

There are two different types of multi-membered ES:

(u+A)—ES: The best puindividuals are selected from a temporary

population of (u + 1) individuals to form the parents of the next generation.

(u,A) —ES: The uindividuals produce A offsprings and the selection process
defines a new population of pu individuals from the set of A offsprings.
Obviously, this strategy relies on a birth surplus, on A> p in a strict

Darwinian sense of natural selection.

For the second type, the life of each individual is limited to one
generation. This allows the (u,1) —ES selection to perform better on
problems with an optimum moving over time, or on problems where the

objective function is noisy.

The suggested convergence criteria for discrete optimization can be

used selectively:

If the best value of the objective function in the last ki(>4np/A)
generations has not been improved
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If the mean value of the objective values from all parent vectors in the

last ki;(>2nu/A) has not been improved by less than a given value ¢,

If the relative difference between the best objective function value and
the mean value of the objective values from all parent vectors in the

current generation is less than a given value ¢.(=0.0001)

If the ratio u,/u has reached a given value ¢;,(=0.5 to 0.8) where y, is
the number of parent vectors in the current generation with the best

objective function value.

The ES algorithm for structural optimization applications can be stated as
follows [3]:

1. Initialization step: random generation of s; (j = 1,2....,1t) parent vectors

Lo

Analysis step: solve K(spw; = f, (1=1,2,....10)

3. Constraints check : all parent vectors become feasible

4. Offspring generation: generate s;, (j=1,2,...,A) offspring vectors

5. Analysis step: solve K(sjw; = £, j=1.2....,A)

6. Constraints check: if satisfied continue, else change s; and go to step 4

Selection step: selection of the next generation parents according to (p+A) or (it,A) schemes

8. Convergence check: If satisfied stop, else go to step 3

6.3.3.4 Evolution Strategies for discrete optimization problems

Evolution Strategies were proposed for parameter optimization problems
in the seventies by Rechenberg (1973). ES was initially applied for
continuous optimization problems, but recently they have also been
implemented in discrete and mixed optimization problems (Lagaros et al.
2004; Papadrakakis and Lagaros 2002). In engineering practice the
design variables are not continuous because the structural parts are
usually constructed with certain variations of their dimensions. Thus
design variables can only take values from a predefined discrete set. The
basic differences between discrete and continuous ES are restricted to the

mutation and the recombination operators.
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6.3.3.5 Recombination and mutation
In any generation y parents produce A offsprings. The genotype of any

descendant differs only slightly from that of its parents. For every
offspring vector a temporary parent vector §=[5,5,,...5,]" is first built by

means of recombination. In our implementation the following discrete

recombination scheme has been used

§, =s,; ors,; randomly (5.25)

S is the i-th component of the temporary parent vector §, s,; and s, are

the i-th components of vectors s, and s, which are two parent vectors
randomly chosen from the population. From the temporary parent S an

offspring can be created through the mutation operator.

An offspring s is generated through the temporary parent §9 of the g-

th generation using the mutation operator as follows:
s =59 4+ 2@ (5.26)

where z9 =[2929,...,z91"is a random vector. The terms of vector z9 is

derived from:

k+1)8s; for ¢ randomly chosen components
26 {( )35, y P (5.27)

0 for n-/ other components

where Js; is the difference between two adjacent values in the discrete set

and k is a random integer number, which follows the Poisson distribution:
p(i) = %ey (5.28)
Y-

y is the standard deviation as well as the mean value of the random
number k. The choice of ¢ depends on the size of the problem and it is
usually taken as being 1/5 of the total number of design variables, while

the ¢ components are selected using a uniform random distribution.

Selection
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There are two different types of selection schemes:

(M+A)-ESs: Where the best y individuals are selected from a temporary

population of (u+A) individuals to form the parents of the next generation.

(M,A)-ESs:  Where the y individuals produce A offsprings (u<A) and the
selection process defines a new population of y individuals from the set of

A offsprings only.

The optimization procedure terminates when the following termination
criterion is satisfied: the ratio pp,/p has reached a given value g (=0.8 in
the current study) where p, is the number of the parent vectors in the

current generation with the best objective function value.

6.3.3.6 Types of Algorithms
The ES can be divided into a two-membered evolution strategy (2-ES) or

a multi-membered evolution strategy (M-ES).
The two—member ES

The earliest evolution strategies were based on a population consisting of
one individual only. The two-membered scheme is the minimal concept for
an organic evolution imitation. The two principles of mutation and
selection, which Darwin recognized to be most important in 1859, are
taken as rules for variation of the parameters and for recursion of the

iteration sequence respectively.

The two-membered ES for the solution of the optimization problem works

in two steps:

Step 1 (mutation). The parent sgg) of generation g produces an offspring

s, whose genotype is slightly different from that of the parent
where z® = [zig’, 29, ., z<n‘~"]T is a random vector.

Step 2 (selection). The selection chooses the best individual between the

parent and the offspring to survive
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(e _

Sp

(5.30)

s;g) otherwise

{sgg) if g (s®)<0i=12,.,1 and f(s®)<f(s®)

The question of how to choose the random vector z¥ in Step 1 is very
important. This choice has the role of mutation. Mutation is understood to
be random, purposeless events, which occur very rarely. If one interprets
them, as is done here, as a sum of many individual events, it is then a
natural choice to use a probability distribution according to which small
changes occur frequently, but large ones only rarely. Two requirements

arise together by analogy with the natural evolution: (i) the expected
mean value & for a component zﬁg’ to be zero; and (ii) the variance Gf,

the average squared deviation from mean value, is small.

The probability density function for normally distributed random events is

given by

p(z®) = exp(— @> _a‘)z) (5.31)
' J(2m)o, 2 —csiz )

When &=0 the so-called (0, ;) normal distribution is obtained. By analogy
with other deterministic search strategies, o; can be called a step length,
in the sense that it represents average values of the random steps’
length. If the step length is too small the search takes an unnecessarily
large number of iterations. On the other hand, if the step length is too
large the optimum can only be crudely approached and the search might
even get stuck far away from the global optimum. Thus, as in all
optimization strategies, the step length control is the most important part
of the algorithm after the recursion formula, and it is further more linked

closely to the convergence behavior.

Multi—-membered ES

The multi-membered evolution strategies differ from the previous two-
membered strategies in the size of the population. In this case a
population of y parents will produce A offsprings. Thus the two steps are

defined as follows:
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Step 1 (recombination and mutation). The population of y parents at g-th
generation produces A offsprings. The genotype of any descendant differs
only slightly from that of its parents.

Step 2 (selection). There are two different types of the multi-membered
ES:

(M+A)-ES: The best pu individuals are selected from a temporary

population of (u+A) individuals to form the parents of the next generation.

(M,N)-ES: The y individuals produce A offsprings (u<A) and the selection
process defines a new population of y individuals from the set of A

offsprings only.

For the second type, the existence of each individual is limited to one
generation. This allows the (u,A)-ES selection to perform better on
problems with an optimum moving over time, or on problems where the

objective function is noisy.

In Step 1, for every offspring vector a temporary parent vector

~

5=[5.5,...,5,]" is initially built by means of recombination. For continuous

problems the following recombination cases can be used

Seii °TSbi randomly (a)
I/Z(Soc,i +Sb,i) (b)
3 =JS,.. (©)
S1 bJ,l d | (5(312)
Sa,i or Sbj,i randomly (d)
I/Z(Soc,i +Sbj,i) (e)

where '§, is the i-th component of the temporary parent vector s, sq; and

s,;are the i-th components of vectors s ,and s,which are two parent

vectors randomly chosen from the population. In case (5.32c), E{:sbj,i
means that the i-th component of § is chosen randomly from the i-th
components of all g parent vectors. From the temporary parent s an
offspring can be created in the same way as in two-membered ES (eq.

(5.29)).
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Multi-membered ES termination criteria are the following: (i) when the
absolute or relative difference between the best and the worst objective
function values is less than a given value €;, or (ii) when the mean value
of the objective values from all parent vectors in the last 2+n generations

has not been improved by less than a given value ¢,.

6.3.3.7 ES in structural optimization problems

In this work ESs methods are proposed for parameter optimization
problems and have three characteristics that differentiate them from other
conventional optimization algorithms: (i) in place of usual deterministic
operators, they use randomized operators: recombination, mutation and
selection; (ii) instead of a single design point, they work simultaneously
with population of design points in the space of variables; (iii) they can
handle continuous, discrete and mixed optimization problems. The ESs
also achieve a higher rate of convergence than GAs owing to their self-
adaptation search mechanism and are considered more efficient for
solving real world problems. In the ES algorithm, each individual is

equipped with a set of parameters:

a=|[s,o,alel,
I. = R™ X R} X [—m, m]"e (5.33)
where

seR™s: the vector of the design variables

oeR°: vector o corresponds to the standard deviations (1<n, < ny) of the

normal distribution

ae[—m, m]"e: vector a corresponds to the inclination angles

(ng = (nc - %) (ny — 1)) defining linearly correlated mutations of the

continuous design variables s.

The ES optimization procedure starts with a set of parent vectors and if
any of these parent vectors give an infeasible design then this parent
vector is modified until it becomes feasible. Subsequently, the offsprings

are generated and checked if they are in the feasible region. The
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computational efficiency of the multi-membered ES is affected by the
number of parents and offsprings involved. It has been observed that
values of g and A should be close to the number of the design variables in

order to produce best results [64].

The ES algorithm for structural optimization applications can be stated as

follows:

1. Selection step: selection of s; (i = 1,2,...,d) parent vectors of the

design variables

2. Analysis step: solve K(s,)u,=f (i=1,2,...,u), where K is the

stiffness matrix of the structure and f is the loading vector

3. Constraints check: all parent vectors become feasible

4. Offspring generation: generate s;, (j=1,2,...,A) offspring vectors of

the design variables

5. Analysis step: solve K(s;)u;=f (j=1,2,...,A)

6. Constraints check: if satisfied continue, else change s; and go to
step 4
7. Selection step: selection of the next generation parents according

to (u+A) or (M,A) selection schemes

Convergence check: If satisfied stop, else go to step 3

6.3.3.8 Contemporary ES (C-ES) - The (i, A, 0) Evolution Strategies

This is a more general ES version, which was proposed by Schwefel and
Rudolph [74] for application in continuous problems but has not been
applied either to continuous or to discrete optimization problems [71].
Considering the two schemes of the multi-membered evolution strategy,
namely the (pu+A) and the (u,A) ES, only empirical results have shown
that the ‘plus’ version performs better in structural optimization problems
[18,75]. The (M,A)-ES version is in danger to diverge because the so far

best position is not preserved within the generation cycle (the so-called
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elitist strategy). The ‘comma’ version implies that each parent can have
children only once (duration of life: one generation or one reproduction
cycle), whereas in the ‘plus’ version individuals may live eternally if no
child achieves a better or at least the same improvement in the objective

function.

The C-ES introduce a maximal life span of 6 > 1 reproduction cycles which
gives the ‘comma’ scheme for 6 = 1 and the ‘plus’ one for 8 = w. If p > 1
is the number of parents, A > u is the number of offsprings, then p with 1
< p < g is the number of ancestors for each descendant. This ES version
differs in two points from the basic one: (i) Free number of parents are
involved in reproduction ranging from 1 to . (ii) A finite number of
reproduction cycles per individual is performed, not one (1) or infinite (o)
as for the ‘comma’ and the ‘plus’ schemes, respectively. The selection
operator used in the C-ES can be similar to the one used by the genetic

algorithms.

6.3.3.9 Adaptive ES (A-ES)

The handling of the constraints by the basic ES is based on the death
penalty approach [8], where every infeasible design point is discarded.
Thus the process is directed to search only in the feasible region of the
design space. Due to this approach many designs that are examined by
the optimizer during the search process and are close to the acceptable
design space are rejected leading to the loss of valuable information. The
idea introduced in this work is to use soft constraints during the first
stages of the search and as the search approaches the region of the global
optimum the constraints to become more severe until they reach their

real values.

The implementation of A-ES in structural optimization problems is
straightforward and follows the same steps described in the section of the
basic ES. The ES optimization procedure starts with a population of parent
vectors, while a level of violation of the constraints is determined. If any
of these parents corresponds to an infeasible design lying outside the
extended design space then this parent is modified until it becomes

‘feasible’. Then the offsprings are generated and checked if they are in the
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‘feasible’ region according the current level of violation. In every
generation the values of the objective function are compared between the
parent and the offspring vectors and the worst vectors are rejected, while
the remaining ones are considered to be the parent vectors of the new
generation. This procedure is repeated until the termination criterion is

satisfied.

In this adaptive scheme a nominal convergence check is adopted for the
determination of the level of violation of constraints. Nominal convergence
occurs when the mean value of the objective function of the designs of the
current population is relatively close to the best design achieved until the
current generation, according to the expression

F© R
T‘ <e (5.34)

— “ad

where F® is the mean objective function value, F?,

is the best objective

function value of all parents in the g-th generation, and €,4=0.05.
The A-ES steps can be stated as follows:

1. Initialization step: Selection of s;, (i = 1,2,...,4) parent vectors of
the design variables and the percentage of violation of the constraints v
(usually taken between 20-50%)

2. Analysis step: Solve K(s))u; =f (i=1,2,...,H)

3. Constraints check: All parent vectors become "feasible", within the

prescribed level of constraints violation vq

4. Offspring generation: Generate s;, (j=1,2,...,A) offspring vectors of

the design variables.
5. Analysis step: Solve K(s;)u;=f (j=1,2,...,A)

6. Nominal convergence check: If nominal convergence has occurred
the level of violation vq4 becomes more severe by reducing its value by a

small quantity (usually 0.1 or 0.2)
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7. Constraints check: If satisfied according to the current level of

violation v4 continue, else change s; and return to step 4

8. Selection step: Selection of the next generation parents according

to (M+A) or (M4,A) selection schemes

Convergence check: If satisfied stop, else return to step 3

6.3.3.10 ES for discrete optimization problems

In engineering practice the design variables are not continuous because
the structural parts are usually constructed with certain variations of their
dimensions. Thus design variables can only take values from a predefined
discrete set. For the solution of discrete optimization problems Thierauf
and Cai [85] have proposed a modified ES algorithm. The basic
differences between discrete and continuous ES are focused on the
mutation and the recombination operators. In the discrete version of ES
the random vector z'®is properly generated in order to force the offspring

vector to move to another set of discrete values.

The fact that the difference between any two adjacent values can be
relatively large is against the requirement that the variance GiZ should be
small. For this reason it is suggested that not all the components of a
parent vector, but only a few of them (e.g. ¢) should be randomly

changed in every generation. This means that n-¢ components of the
randomly changed vector z® will have zero value. In other words, the
terms of vector z® are derived from

Z(g) =

1

{(K +1)ds; for ¢ randomly chosen components (5.35)

0 for n - / other components

where Js;j is the difference between two adjacent values in the discrete set

and k is a random integer number which follows the Poisson distribution

p(x) = (L—),Ke‘y (5.36)

y is the standard deviation as well as the mean value of the random

number k. The choice of ¢/ depends on the size of the problem and it is
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usually taken as being 1/5 of the total number of design variables. The 7
components are selected using uniform random distribution in every

generation.

For discrete optimization the procedure terminates when one of the
following termination criteria is satisfied: (i) when the best value of the
objective function in the last 4+n*u/A generations remains unchanged, (ii)
when the mean value of the objective values from all parent vectors in the
last 2+#n*u/A generations has not been improved by less than a given
value g, (=0.0001), (iii) when the relative difference between the best
objective function value and the mean value of the objective function
values from all parent vectors in the current generation is less than a
given value €/(=0.0001), (iv) when the ratio pp/Ju has reached a given
value g4 (=0.5 to 0.8) where pup is the number of parent vectors in the

current generation with the best objective function value.

6.3.4 Hybrid Optimization Algorithms

Several hybrid optimization algorithms which combine evolutionary
computation techniques with deterministic procedures for numerical
optimization problems have been recently investigated. Papadrakakis et
al. [64] used evolution strategies with the SQP method, while Waagen et
al. [91] combined evolutionary programming with the direction set
method of Hooke and Jeeves [42]. The hybrid implementation proposed in
[64] was found very successful on shape optimization problems, while the
method proposed in [91] was applied to unconstrained mathematical test
functions. Myung et al. [52] considered an approach similar to Waagen et
al., but they experimented with constrained mathematical test functions.
Myung et al. combined a floating-point evolutionary programming
technique, with a method developed by Maa and Shanblatt [49] applied to
the best solution found by the evolutionary programming technique. The
second method iterates until the system defined by the combination of the
objective function, the constraint functions and the design variables reach

equilibrium.

A characteristic property of the SQP based optimizers is that they usually

capture the right path to the nearest optimum very fast, irrespective of its
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local or global optimum nature. However, after locating the area of this
optimum it might oscillate until all constraints are satisfied since it is
observed that even small constraint violations often slow down the
convergence rate of the method. On the other hand, EA proceed with a
slower rate, due to their random search, but the absence of strict
mathematical rules, which govern the convergence rate of the
mathematical programming methods, make EA less vulnerable to local
optima. Therefore it is most likely to converge towards the global
optimum in non-convex optimization problems. These two facts gave the
motivation to combine EA with MP methodologies. Between the two EA
examined in this study the basic genetic algorithms seem to be faster
than evolution strategies since they do not always operate on the feasible
region of the design space as the evolution algorithms. However, they are

most often found unable to converge to feasible designs.

In order to benefit from the advantages of both methodologies a hybrid
approach is proposed, which combines the two optimization
methodologies in an effort to increase the robustness and the
computational efficiency of the optimization procedure. Two combinations
of SQP and EA methodologies are implemented : (i) In the first approach
the SQP method is used first, giving a design very close to the optimum,
followed by EA in order to accelerate convergence and avoid the
oscillations of SQP due to small constraint violations around the optimum.

The transition from one algorithm to the other is performed when

f,, —f

T

f.

]

<g (5.37)

where € is taken to be 0.01. This approach appears to be more suitable
when the design space is convex, i.e. there is a unique optimum
irrespective of the starting design. (ii) In the second approach the
sequence of the methods is reversed. An EA procedure, either GA or ES, is
used first in order to locate the region where the global optimum lies, and
then the SQP is activated in order to exploit its higher order of accuracy in
the neighbourhood of the optimum. In this case the switch is performed

when there is a small difference (¢=0.1) between the best designhs of two
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consecutive generations. This approach appears to be more rational in the
general case when more complex and non-convex design problems are to
be solved with many local optima and is perfectly suited to GA since it
improves the fast-converged solution to an infeasible design by GA.
Furthermore a combination of GA and ES are performed in which ES are

used to improve the quality of the solution achieved by GA.
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7 Elastic design of 3D reinforced

concrete irregular buildings

In this chapter we present the results and conclusions derived from the
first stage of our investigation. In these examples, we performed elastic
static or response spectrum analyses as described below. The object
function in most of the cases was the minimization of the distance
between the center of mass and the center of rigidity of each floor plan.
The results were very important and led us to the next steps of our

investigation.

7.1 Structural response

Apart from the architectural constraints, behavioral constraints, imposed
by the design codes, have to be satisfied in order to accept a design as
feasible. These behavioral checks are performed following a structural
analysis where internal forces and global displacements are calculated and
checked according to the EC2 and EC8 design codes. In order to minimize
the computational effort the optimization procedure is decomposed in two
stages, depending on the type of the structural analysis and the

corresponding behavioral constraints employed.

7.1.1 Structural analysis

Two different structural analysis procedures have been implemented in
the proposed methodology: (i) a simplified analysis is applied during the
first stage of the optimization procedure and (ii) a more accurate analysis,
based on the EC8 design code, is applied during the second stage of the
optimization procedure. A number of refinement steps are performed
during the second stage in order to improve the optimum design achieved
during the first stage and fulfil the requirements which are imposed by
EC2 and and EC8 design codes.
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7.1.1.1 Simplified structural analysis

Frames with almost rigid beams subjected to lateral forces exhibit zero
moments at the mid-height of the columns and relative displacement
proportional to the shear forces. These systems are called shear frames.
In general, due to their T-section, beams exhibit a much larger stiffness
compared to the supporting columns [15]. Therefore their behavior is very
similar to the behavior of shear frames and thus a simplified structural
analysis is justified during the first stage of the optimization procedure. In
the simplified structural analysis the concrete structure is considered as a
shear-type building where the rigidity of the horizontal structural elements
is much higher than that of the vertical elements. For this type of
modeling the simplified modal response spectrum analysis method can be
effective where the structure is loaded with horizontal static forces at each

storey level according to:

Z,-m;

=V,
2.7, (6.1)

where V, is the base shear force determined for each main direction, z
and z; are the heights of the storeys defined from the level of application
of the seismic action (foundation) and masses m; and m; are the masses

of the corresponding storey.

7.1.1.2 Detailed structural analysis

The detailed structural analysis implemented at the final stage after the
convergence of the optimization procedure is based on the multi-Modal
Response Spectrum (mMRS) analysis, by using the full modeling of the
building. The mMRS analysis is a simplification of the mode superposition
approach recommended by the Eurocode 8 (EC8 1996) and aims at
avoiding time history analyses which are required by both direct

integration and mode superposition approaches.

7.1.2 Behavioral constraints
In the intermediate optimization steps where the simplified structural
analysis is performed for each vertical structural element the following

behavioral constraints are checked:
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Ye s (6.2)

where o, o; are the maximum axial compression and tension stresses,
respectively, encountered in the cross-section of the vertical structural
element, f. is the concrete’s characteristic compressive cylinder strength
at 28 days, and fy, is the characteristic yield strength of the steel
reinforcement. The corresponding parameters y. and ys are the partial
safety factors for the strength of materials which is equal to 1.50 for
concrete and 1.15 for steel, respectively. The interstorey drift constraint

employed in a frame structure can be written as:

d <0.004xh

_r

v (6.3)
where v is a reduction factor for the serviceability limit state (taken equal
to 2.0 for the test examples considered in this study) and d, is the relative

drift between two consecutive storeys.

The optimum design achieved has to satisfy all performance requirements
for resistance, serviceability and durability. These requirements are
expressed through the limit states; beyond these states the structure no
longer satisfies the design performance requirements. The limit states
considered by Eurocode 2 (EC2 1992) and Eurocode 8 (EC8 1996) are
classified into: (i) ultimate limit states, associated with collapse or with
other forms of structural failure which may endanger the safety of people
and (ii) serviceability limit states, corresponding to states beyond which

specific service requirements are no longer satisfied.

7.1.3 Ultimate limit states
In the ultimate limit states the following verification check should be
performed. When considering a limit state of static equilibrium or of gross

displacements or deformations of the structure, it should be verified that:

E,  <E

d,dst d,stb

where Eq 4t and Eq . are the design effects of destabilizing and stabilizing

actions, respectively. When considering a limit state of rupture or
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excessive deformation of a section, member or connection (fatigue
excluded) it should be verified that:

S <R, (6.4)

where S, is the design value of an internal force or moment (or of a
respective vector of several internal forces or moments) and Ry is the
corresponding design resistance, associating all structural properties with

the respective design values.

When considering a limit state of transformation of the structure into a
mechanism, it should be verified that a mechanism does not occur unless
actions exceed their design values, associating all structural properties
with the respective design values. When considering a limit state of
stability induced by second-order effects it should be verified that
instability does not occur unless actions exceed their design values,
associating all structural properties with the respective design values.
When considering a limit state of rupture induced by fatigue it should be
verified that

D, <1

(6.5)
where Dy is the design value of the damage indicator.
7.1.4 Serviceability limit states
In the serviceability limit states it should be verified that:
E,<C, or E,; <R, (6.6)

where C4 is @ nominal value or a function of certain design properties of
materials related to the design effects of actions considered, and Eg4 is the

design effect of actions.

7.2 Numerical results

Two 3D multi-storey concrete buildings, corresponding to real structures,
have been considered for the evaluation of the proposed methodology. In
all test cases the following material properties have been considered:

concrete with modulus of elasticity E.=27.5GPa and characteristic
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compressive cylinder strength of concrete fck= 16MPa, longitudinal steel
reinforcement with modulus of elasticity Es=210GPa and characteristic
yield strength fyk,s=400MPa and transverse reinforcement with modulus
of elasticity Es=210GPa and characteristic yield strength fyk,s=220MPa.
The design spectrum that has been used has the following characteristics:
A=0.16g (seismic hazard level II), ground type B (T1=0.15sec and
T2=0.60sec) and behavior factor q=3.5 according to Eurocode 8 (EC8
1996). The cross section of the beams for both test examples is 25x 60

cm?.

7.2.1 Testexample 6.1

The first test example is a three-storey concrete space frame. In this test
example there is only one group of storeys since the plan layout of the
columns/shear walls is the same for all storeys. For this test example 6.1
the design variables being used are: 10 topology and 2 active sizing

design variables for the single group of storeys.
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AC-1
Column AC - 1x AC-1y

Cc1 70 145
Cc2 200 100
Cc3 190 65
C4 280 70
C5 85 150
Cé 345 65
Cc7 65 225
C8 75 340
9 295 50
C10 120 220

Figure 6.1 Test example 6.1 - Architectural constraints of a typical storey

In Figure 6.1 both architectural constraints (AC-1 rectangles and AC-2
points) are presented for all columns/shear walls. In Figure 6.2a the
applied solution provided by an experienced structural engineer is
presented, while in Figure 6.2b the optimum design achieved by the

proposed methodology is depicted.

7
Z @

.RC

(a)
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| BT )

7
?:4 ®'c

RC

(b)
Solution e, (cm) e, (cm)
Applied 69.50 114.40
Optimum 2.25 0.23

Figure 6.2 Test example 6.1 — (a) Applied and (b) Optimum solutions (€mc-rc

eccentricity in x and y directions)

It has to be noted that both solutions fulfil the requirements of EC2 and

EC8 design codes. It can be seen from Table 1 that the distance between

the rigidity center and the storey mass center is reduced from 133cm in
Figure 6.2a to 2.26cm in Figure 6.2b.
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Table 6.1. Test example 6.1 - Final cross-sectional dimensions

Applied solution Optimum solution
Column emc-re=133cm emc.rc=2.26cm
dim, dim, dim, dim,
c1 25 120 25 90
c2 150 25 70 25
c3 150 25 140 25
C4 150 25 150 25
s 25 150 25 70
6 120 25 120 25
c7 25 150 25 90
c8 25 150 25 70
9 150 25 140 25
C10 25 150 25 50

Table 6.2 Test example 6.1 — Material required and relative costs of the vertical

structural elements

Longitudinal Transverse
Concrete . .
. reinforcement reinforcement
Solution Total
(m3) cost (tn) cost (tn) cost
Applied 38.85 C, 2.93 C, 5.46 G Ciot
Optimum 22.89 0.70C, 3.25 1.11G, 3.31 0.60C; 0.73Ct

In Table 6.1 the cross-sections of the columns/shear walls for both
solutions are given and it is clear that the sizes for the optimized solution
are smaller than those of the applied ones. Respectively, the dimensions
of the columns are denoted as dimy and dim, corresponding to the x and y

axis. The importance of designing torsionally balanced structures is
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presented in Table 6.2, where the relative cost of the columns and the
shear walls of the structure is given. There are two reasons why the
“Optimum” solution requires more longitudinal reinforcement than the
“Applied” solution: (i) Comparing the “Optimum Solution” with the
“Applied Solution”, we can see that smaller column cross-sections are
assigned in the first one, so more longitudinal reinforcement is required in
order to fulfil EC2 and EC8 provisions. (ii) Bending behavior is dominant in
a torsionally balanced structure, requiring more longitudinal than

transverse reinforcement.

7.2.2 Test example 6.2

The second test example is a four-storey concrete space frame. In this
test example there are two groups of storeys, the first group corresponds
to storeys 1 and 2, while the second group corresponds to storeys 3 and
4. For this test example 6.2 design variables are used. These correspond
to topology design variables only because all columns/shear walls are of
Type I. 11 topology design variables correspond to the first group of

storeys while 8 topology design variables correspond to the second group.
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AC-1

Column

AC- 1x AC- 1y

Group (a)
C1 230 55
Cc2 190 40
Cc3 145 45
c4 85 175
c5 195 55
cé6 50 145
c7 60 185
c8 90 180
c9 50 250
C10 85 170
C11 50 230

Group (b)
C12 230 55
C13 190 40
Cl4 145 45
C15 85 175
Cil6 195 55
Cc17 50 145
C18 60 185
C19 90 180

Figure 6.3 Test example 6.2 — Architectural constraints of a typical storey

In Figure 6.3 both architectural constraints (AC-1 rectangles and AC-2

points) for both groups of storeys are presented, where group (a)
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corresponds to the layout of 1 and 2 storeys, while group (b) corresponds
to the layout of 3 and 4 storeys. In Figure 6.4a the applied solution
provided by an experienced structural engineer is presented. Figure 6.4b
depicts the optimum design achieved by the proposed methodology
considering only the optimization of the first group of storeys, while Figure
6.4c shows the optimum design achieved by the proposed methodology if

both groups of storeys are optimized.

It can be seen in Table 6.3 that, in the first group of storeys, the distance
between the rigidity center and the storey mass center is reduced from
176cm in Figure 6.4a to 0.23cm in Figure 6.4b (and Figure 6.4c) when
either the first or both groups of storeys are optimized. Concerning the
second group of storeys, only when the first group of storeys is optimized
then the distance between the rigidity center and the storey mass center
is increased from 100cm in Figure 6.4a to 130cm in Figure 6.4b. This
distance in the second group of storeys is reduced from 100cm in Figure

6.4a to 4.56cm in Figure 6.4c if both groups of storeys are optimized.

Table 6.3 Test example 6.2 — Final cross-sectional dimensions

Applied solution Optimum solution | Optimum solution Il

layout group (a)

Column
emc-re=176cm emc-re=0.23cm emc-re=0.23cm

dim, dim, dim, dim, dimy dim,
1 120 25 90 25 90 25
2 50 40 50 25 50 25
3 25 45 25 40 25 40
4 25 120 25 120 25 120
5 120 25 70 25 70 25
6 30 50 25 30 25 30
7 25 70 25 40 25 40
8 25 70 25 70 25 70
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9 25 120 25 40 25 40
10 25 120 25 40 25 40
11 25 120 25 100 25 100

layout group (b)
Column
emc-re=100cm emc-re=130cm emc-re=4.56cm
12 120 25 90 25 70 25
13 50 40 50 25 30 25
14 25 45 25 40 25 30
15 25 120 25 120 25 80
16 120 25 70 25 50 25
17 30 50 25 30 25 30
18 25 70 25 40 25 40
19 25 70 25 70 25 60

Table 6.4 Test example 6.2 — Material required and relative costs of the vertical

structural elements

Longitudinal Transverse
Concrete . .
. reinforcement reinforcement
Solution Total
(m3) cost (tn) cost (tn) cost

Applied 110.00 C, 3.73 G, 2.81 G Ciot
Optimum | 19.38 0.18C, 3.96 1.06C, 1.93 0.69C; 0.32C;t
Optimum Il 17.86 0.16C, 3.93 1.05C, 1.82 0.65C; 0.30C;o:

In Table 6.3 the cross-sections of the columns/shear walls for all three

designs are given. It is clear that the cross-sections of the optimized

design are smaller than those obtained by the experienced engineer. The

relative cost of the columns and the shear walls of the structure is given in

Table 6.4. For the reasons described in test example 6.1 the “Optimum”
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solution requires more longitudinal

solution.
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Group (a) Group (b)
Solution
e, (cm) e, (cm) e, (cm) e, (cm)
Applied 126.30 123.52 76.67 64.64
Optimum | 0.16 0.17 121.91 45.72
Optimum Il 0.16 0.17 2.41 3.87

Figure 6.4 Test example 6.2 — (a) Applied, (b) Optimum I and (c) Optimum II

7.3 Conclusions

solutions (eyc.rc_€ccentricity in x and y directions)

The influence of a large eccentricity of the rigidity center in relation to the

mass center is very important for the seismic response of buildings. In
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this study Evolution Strategies have been implemented for the
minimization of the distance between the mass center and the rigidity
center of each floor layout of the building’s vertical structural elements.
The proposed design methodology is a two stage procedure leading to the
coincidence of the mass and rigidity centers for each storey layout and
fulfiling the EC2 and EC8 requirements. The minimization of the distance
between the mass center and the rigidity center leads to a significant
reduction of the torsional strain on the vertical elements of the structure
and thus, leading implicitly to a cost-effective design of these elements.
The beneficial effect of this kind of optimized layout arrangements of the
columns and shear walls is directly observed on the cross-sectional and
transverse reinforcement requirements for the structural systems’ vertical
elements. Evolution Strategies have proved to be a robust and efficient
tool for the economically design optimization of seismic resistant

reinforced concrete 3D frames.
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8 Performance Based Design of

irregular buildings

8.1 Performance-based design procedure

Performance-based seismic design has the following distinctive features
with respect to the prescriptive design codes: (i) it allows the owner,
architect and structural engineer to choose both the appropriate level of
seismic hazard and the corresponding performance level of the structure,
and (ii) the structure is designed to meet a series of combinations of

hazard levels in conjunction with corresponding performance levels.

The proposed PBD process is a displacement-based design procedure
where the design criteria and the capacity demand comparisons are
expressed in terms of displacements rather than forces [3], [4]. The main
part in a performance-based seismic design procedure is the definition of
the performance objectives that will be used. The proposed PBD process

can be described by the following two steps:

(1) Proportioning of the longitudinal and transverse reinforcement of all

members on the basis of the serviceability limit state.

(2) Use of non-linear dynamic analysis in order to estimate the structural
capacities of the design for the different intensity levels employed.
Revision of the reinforcement and the dimension of the members so that

the capacities exceed the seismic demands [4].

The completion of Step 1 is necessary for Step 2 as the structural capacity
depends both on the reinforcement and the dimensions of the members.
The constraints considered for Step 2 of the PBD procedure are related to
the maximum interstorey drift limits A, which are the largest values of the
height-wise peak interstorey drift ratios for each hazard level. This is a
commonly used measure of both structural and non-structural damage
because of its close relationship to plastic rotation demands on individual

beam-column connection assemblies. In this study, three performance
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objectives are considered that correspond to 50, 10 and 2% probabilities
of exceedance in 50 years of hazard levels. The drift limits A, for the three
performance objectives considered, are 0,5%, 1,0% and 3,0% for the

three hazard levels 50in50, 10in50 and 2in50 respectively.

One performance objective is defined as the combination of a performance
level for a specific hazard level. In this work three performance objectives
have been considered corresponding to the ‘Enhanced Objectives’ of FEMA
356 [5]. The first step in defining the performance objectives is the
selection of the performance levels. The performance levels that have

been considered are the following:

(i) Operational: The overall damage level is characterized as very
light. No permanent drift is encountered, while the structure

essentially retains its original strength and stiffness.

To attain the Operational Building Performance Level, the structural
components of the building need to meet the requirements for the
Immediate Occupancy Structural Performance Level and the nonstructural
components need to meet the requirements for the Operational

Nonstructural Performance Level.

The immediate occupancy structural performance level shall be defined as
the post-earthquake damage state that remains safe to occupy and
essentially retains the pre-earthquake design strength and stiffness of the

structure.

Also the immediate occupancy structural performance level means the
post-earthquake damage state in which only very limited structural
damage has occurred. The basic vertical- and lateral-force-resisting
systems of the building retain nearly all of their pre-earthquake strength
and stiffness. The risk of life threatening injury as a result of structural
damage is very low, and although some minor structural repairs may be

appropriate, these would generally not be required prior to reoccupancy.
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And the operational nonstructural performance level shall be defined as
the post-earthquake damage state in which the nonstructural components

are able to support the pre-earthquake functions present in the building.

At this level, most nonstructural systems required for normal use of the
building—including lighting, plumbing, HVAC and computer systems—are
functional, although minor cleanup and repair of some items may be
required. This Nonstructural Performance Level requires considerations
beyond those that are normally within the sole province of the structural
engineer. In addition to assuring that nonstructural components are
properly mounted and braced within the structure, it is often necessary to
provide emergency standby utilities. It may also be necessary to perform
rigorous ability qualification testing of key electrical and mechanical
equipment items to function during or after strong shaking. Users wishing
to design this Nonstructural Performance Level will need to refer to
appropriate criteria from other sources (such as equipment
manufacturers’ data) to ensure the performance of the mechanical and

electrical systems.

So, buildings meeting this target Building Performance Level are expected
to sustain minimal or no damage to their structural and nonstructural
components. The building is suitable for normal occupancy and use,
although possibly in a slightly impaired mode, with power, water and
other required utilities provided from emergency sources, and possibly
with some nonessential systems not functioning. Buildings meeting this
target Building Performance Level pose an extremely low risk to life

safety.

Under very low levels of earthquake ground motion, most buildings should
be able to meet or exceed this target Building Performance Level.
Typically, however, it will not be economically practical to design this
target Building Performance Level for severe ground shaking, except for

buildings that house essential services.

(ii) Life safety: The overall damage level is characterized as

moderate. Permanent drift is encountered while strength and
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stiffness has left in all storeys. Gravity-load bearing elements
continue to function while there is no out-of plane failure of the
walls. The overall risk of life-threatening injury as a result of
structural damage is expected to be low. It should be possible to
repair the structure; however, for economic reasons this may not

be practical.

To attain the Life Safety Building Performance Level, the structural
components of the building need to meet the requirements for the Life
Safety Structural Performance Level and the nonstructural components
need to meet the requirement for the Life Safety Nonstructural

Performance Level.

The structural performance level shall be defined as the post-earthquake
damage state that includes damage to structural components but retains

a margin against onset of partial or total collapse.

Also the structural performance level means the post-earthquake damage
state in which significant damage has occurred to the structure, but some
margin against either partial or total structural collapse remains. Some
structural elements and components are severely damaged, but this has
not resulted in large falling debris hazards, either within or outside the
building. Injuries may occur during the earthquake; however, the overall
risk of life-threatening injury as a result of structural damage is expected
to be low. It should be possible to repair the structure; however, for
economic reasons this may not be practical. While the damaged structure
does not pose an imminent collapse risk, it would be wise to implement

structural repairs or install temporary bracing prior to its reoccupancy.

And the life safety nonstructural performance level shall be defined as the
post-earthquake damage state that includes damage to nonstructural

components but the damage is not life-threatening.

Also the life safety nonstructural performance level is the post-earthquake
damage state in which potentially significant and costly damage has
occurred to nonstructural components but they have not dislodged and

fallen, threatening life safety either inside or outside the building. Egress

170



routes within the building are not extensively blocked, but may be
impaired by lightweight debris. HVAC, plumbing and fire suppression
systems may have been damaged, resulting in local flooding as well as
loss of function. While injuries may occur during the earthquake from the
failure of nonstructural components, overall, the risk of life-threatening
injury is very low. Restoration of the nonstructural components may

require extensive effort.

So, buildings meeting this level may experience extensive damage to
structural and nonstructural components. Repairs may be required before
reoccupancy of the building occurs, and repairing may be deemed as
economically impractical. The risk to life safety in buildings meeting this

target Building Performance Level is low.

This target Building Performance Level entails somewhat more damage
than anticipated for new buildings that have been properly designed and
constructed for seismic resistance when subjected to their design
earthquakes. Many building owners will desire to meet this target Building

Performance Level for severe ground shaking.

(iii) Collapse prevention: The overall damage level is characterized
as severe. Substantial damage has occurred to the structure,
including significant degradation in the stiffness and strength of
the Ilateral-force resisting system. Large permanent Ilateral
deformation of the structure and degradation of the vertical-load
bearing capacity is encountered. However, all significant
components of the gravity load-resisting system continue to carry
their gravity load demands. The structure may not be technically
practical to repair and is not safe for reoccupancy, since

aftershock activity could induce collapse.

To attain the Collapse Prevention Building Performance Level, the
structural components of the building need to meet the requirements for
the Collapse Prevention Structural Performance Level. Nonstructural

components are not considered.
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The structural performance level shall be defined as the post-earthquake
damage state that includes damage to structural components such that
the structure continues to support gravity loads but retains no margin

against collapse.

However, the structural performance level means the post-earthquake
damage state in which the building is on the verge of partial or total
collapse. Substantial damage to the structure has occurred, potentially
including significant degradation in the stiffness and strength of the
lateral-force-resisting system, large permanent lateral deformation of the
structure, and—to a more limited extent— degradation of the vertical-
load-carrying capacity. However, all significant components of the gravity
load- resisting system must continue to carry their gravity load demands.
Significant risk of injury due to falling hazards from structural debris may
exist. Technically, the structure may not be practical to repair and is not
safe for reoccupancy, as aftershock activity could induce collapse. And as
nonstructural performance is not considered shall be classified a building

rehabilitation that does not address nonstructural components.

Additionally, in some cases, the decision to rehabilitate the structure may
be made without addressing the vulnerabilities of nonstructural
components. It may be desirable to do this when rehabilitation must be
performed without interruption of the building operation. In some cases, it
is possible to perform all or most of the structural rehabilitation from
outside occupied building areas. Extensive disruption of normal operation
may be required to perform nonstructural rehabilitation. Also, since many
of the most severe hazards to life safety occur as a result of structural
vulnerabilities, some municipalities may wish to adopt rehabilitation

ordinances that require structural rehabilitation only.
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2% / S0years
{mean return period
2475 years)

FEarthquake Hazard Level

Figure 7.1 The Design Performances [3]

The second step in defining the performance objectives is to determine
the earthquake hazard levels. Earthquake hazards include direct ground
fault rupture, ground shaking, liquefaction, lateral spreading and land
sliding FEMA-350 [6]. Ground shaking is the only earthquake hazard that
the structural design provisions of the building codes directly address.
Ground shaking hazards are typically characterized by a hazard curve,
which indicates the probability that a given value of a ground motion
parameter, for example peak ground acceleration, will be exceeded over a
certain period of time. The ground shaking hazard levels that have been

considered are the following:

(i) Occasional earthquake hazard level: with a probability of exceedance of

50% in 50 years with a 72 years interval of recurrence.

(ii) Rare earthquake hazard level: with a probability of exceedance of 10%

in 50 years with a 475 years interval of recurrence.

(iii) Maximum considered event earthquake hazard level: with a
probability of exceedance of 2% in 50 years with a 2475 years interval of

recurrence.
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8.2 Elastic response of reinforced concrete
buildings

8.2.1 Design Principles

The main objective in the seismic resistant design of structural systems,
like reinforced concrete buildings, is the proper conceptual design of the
seismically resistant structural components and the appropriate planning
arrangement of the vertical structural elements. It is obvious that the
architectural layout of the structure imposes the principal restrictions
related to the position of the structural elements of the building. The
cooperation between the designer and the architect at the structural
conceptual level might be crucial in the subsequent design stages. There
are two general guidelines for the design engineer to take into account
during the early designing stages of a concrete building: (i) guidelines
related to the mass and stiffness distribution among the storeys of the
structure and (ii) guidelines related to the plan arrangement of the
vertical structural elements of the building where a rule of a minimum
distance between the mass and the elastic centers for each storey (mass

eccentricity) should be followed.

The elastic axis, which is the geometrical locus of the elastic centers of the
storeys in a multi-storey building, cannot be accurately defined. The
inability to accurately define the elastic axis has led to the following
approximate approaches: (i) decomposition of the multi-storey structural
system into single independent storey systems, (ii) use of the shear walls’
center of gravity only and (iii) replacement of the elastic axis with an axis
defined by the geometric locus of the rigidity centers of the stroreys
(Cheung and Tso 1986; Tso 1990). In the present study, approach (iii),
which has been adopted by the Eurocode 8 (EC8 1996) and the National
Building Code of Canada (NBCC 1995), when an ‘equivalent’ elastic axis
defined by the geometric locus of the rigid centers of each storey is

considered.

According to the Federal Emergency Management Agency (FEMA-310

1998) it is suggested that, in order to minimize the influence of the
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torsion, the distance between the storey’s centre of mass and the storey’s
centre of rigidity is less than 20% of the building width in either plan
dimension for Life Safety (LS) and Immediate Occupancy (IO) design
states of the building. In most cases of building layouts it is not easy,
even through a trial and error procedure, to define the plan arrangement
of the columns and shear walls so that the rigidity center coincides closely
with the mass center. What is needed is an automatic optimization

procedure which is specially tailored for the solution of such a problem.

The optimum design of steel reinforced concrete 3D frames is formulated
in this study on the basis of the FEMA-310 (1998) recommendation where
the torsional response demands are to be reduced during a seismic event
and thus implicitly enhance the seismic resistance of the structure. In this
study, torsional response demands are reduced by minimizing the mass
eccentricity, which is defined as the distance between the mass and the

rigidity centers in each storey.

8.2.2 Seismic Design Procedures

The majority of the seismic design codes belong to the category of the
prescriptive building design codes, which include: site selection and
development of conceptual, preliminary and final design stages. According
to a prescriptive design code, the strength of the structure is evaluated at
one limit state between life-safety and near collapse using a response
spectrum corresponding to one design earthquake [1]. In addition,
serviceability limit state is usually checked in order to ensure that the
structure will not deflect or vibrate excessively during its functioning. On
the other hand, PBD is a different approach for the seismic design which
includes, apart from the site selection and the development of the design
stages, the construction and maintenance of a building in order to ensure

reliable and predictable seismic performance over its life span. [2]

8.2.3 EAK-EKOS design procedures
According to the Greek national design codes, a humber of checks must
be considered in order to ensure that the structure will meet the design

requirements. Each candidate design is assessed using these constraints.
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All EKOS 2000 checks must be satisfied for the gravity loads using the
following load combination:

where '+’ implies “to be combined with”, the summation symbol ‘X’
implies “the combined effect of”, G;, denotes the characteristic value 'k’ of
the permanent action j and Qy; refers to the characteristic value 'k’ of the
variable action i. If the above constraints are satisfied, the multi-modal
response spectrum analysis is performed, according to EAK 2000, and the

earthquake loading is considered using the following load combination:

Sa =2jGrj+ Eq+ X2 Qx (7.2)

where E; is the design value of the seismic action for the two components
(longitudinal and transverse), respectively, and vy,; is the combination
coefficient for the quasi-permanent action I, here taken to be equal to
0.30.

The main principle of new provisions, EAK 2000 included, is to design
structural systems based on energy dissipation and ductility in order to
control inelastic seismic response. Designing a multi-storey RC building for
energy dissipation comprises the following features: (i) fulfilment of the
strong column/weak beam rule, (ii) member verification in terms of forces
and resistances for the ultimate limit strength limit state under the design
earthquake (with a return period of 475 years and a 10% probability of
exceedance in 50 years), with the elastic spectrum reduced by the g-
factor equal to 3.5 times, (iii) damage limitation for the serviceability limit

state and (iv) capacity design of beams and columns against shear failure.

8.3 Inelastic response of reinforced concrete
buildings
8.3.1 Direct Integration of Equations of Motion

The one-storey sytems used in the models below are inelastic. The

analytical solution of the equation of motion for nonlinear systems is not
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possible, so numerical time-stepping methods for integration of

differential equations are used.
The equation of motion of an inelastic system is:

mu + cu + fi(u, ) = p(t) (7.3)

In order to solve this equation, numerical integration is used, specifically
Newmark’s method (an implicit method). This method is based on the

equations below:

'l.li+1= u.+[(1 + ]/)At]u.+(yAt)u.+1 (74)
Ui+1= u.+(At)u.+[(05 — ﬁ)(At)Z]UH' [,B(At)z]ﬁh.l (75)
The parameters B and y usually take values y=§ and %s B S% and

express the variation during a time step and affect the stability and
accuracy of the method. Special occasions are for values y=% and [3=%
(Average acceleration method) and y=§ and ﬁ=% (Linear acceleration

method).
These two equations (7.3), (7.4) in combination with

mujq + Ui+ (f5)in1= Pis1 (7.6)

underlie in order to compute w1, wis1, Ui+1 at time i+1 from the known wu;,
u;, i; at time i. Iteration is required to implement these computations
because the unknown ii;.; appears on the right-hand side of (7.3) and
(7.5).

The key equation solved at each time step in Newmark’s method, modified

for nonlinear systems is:

]EiAui = Aﬁl (7.7)
where

5= Ap. + (—— Y oV = Y _ i
Api= Ap; + (ﬁAtm + 5 c)u.+[2ﬁm + At (ZB 1) cliy (7.8)
o= . + 1
ki=k; + BAtC + 3207 m (7.9)
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For convenience in notation we replace i with T in k; in order to emphasize

that it is the tangent stiffness

kiAu = Ap (7.7)

ET:kT‘l‘LC‘l' L

B4t e m (7.9)

The first step of the iterative procedure is the application of equation
(7.7"):

kau® = Ap (7.7))

In this way 4u® is determined. The true force Af(is associated with

Au™W and is less than 4p, so the residual force is defined:

AR® = Ap — Af @ (7.10)

The additional force displacement Au® due to this residual force is

determined from:

kidu®@® = Au® = Ap —Af® (7.11)

From this equation, additional displacement Au® is computed and used to
define a new value of residual force. The same procedure is continued
until convergence. Table 7.1 describes the process for the time step i to

i+1, which is the modified Newton-Raphson method (Figure 7.2).

13

AR® AR®  AR®
W . lm ' 2 3 N | 3
ARC
AR®) i AR® ~
RE i ke i
Ab T A AP oo pae)
N‘(l) Af(l)
& kr l PO
Au'l Au® Au® AV Au® | Au®
u
@ (b)

Figure 7.1 Iteration within a time step for non-linear systems: a) modified

Newton-Raphson iteration; b) Newton-Raphson iteration [7]
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1.0 [Initialize data.

>

bt
~
Il

0 .
u,(i), = Uj f; "= (fs)i  ARW = Ap;

2.0 Calculations for each iteration, j =1, 2,3, ...
2.1 Solve: 121 Auld) = ARV = AuD),

37wt

i+1

— u;‘i;l) + Au'd,

(i AJ j—1 o i
23 AfD = P — (I 4 (o — kr) AuD.
24 ARUFD = ARU) . Af(),

3.0 Repetition for next iteration. Replace j by j + 1 and repeat calculation steps 2.1 to 2.4.

Table 7.2 Modified Newton-Raphson Iteration [7]

When the incremental displacement Au® satisfies the equation below the

procedure is terminated:

A:f) < (7.12)
where

Au = Z;zlAuU)

The displacement over the time step i to i+1:

Au; = Yh_ AuWD (7.13)

Using the equations below (7.14) and (7.15) and deriving the value of 4u;,
Au;, Al are defined:

Aly= ﬁz\ui — %ui+At(1 — %)u. (7.14)
. 1 Y . '_L .
Aili= s Ay — o= ol (7.15)

Table 7.3 describes the analysis procedure using Newmark’s method. [7]

Table 7.3 Newmark’s Method: Nonlinear Systems [7]
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Special cases
(1) Average acceleration method (y = % B= }4)
(2) Linear acceleration method (y = %, B= é)

1.0 Initial calculations

_ po—cip — (fs)o
m '

1.1 i
1.2 Select At.

1 % 1 14
s appera o s g Slug Doz Ve
1.3 a ﬂAtm_i_,BC’ and b 2ﬂm+m(2ﬁ )c

2.0 Calculations for each time step, i
2.1 Api = Api + ai; + bii;.
2.2 Determine the tangent stiffness ;.
R y 1
23 ki=ki+ —c+

BAt  B(Atr)?
2.4 Solve for Au; from k; and A p; using the iterative procedure of Table 5.7.1.

m.

25 Au = -‘}—/—All.,‘ = —/-Ll, + At (l -

— | ii;.
B At B 2p
1 ; |
2.6 Aiy; = Au; — wp — — ;.
YT B T B T 28
2.7 uip =ui + Aui, tj = i + Awg, iy = ity + Aiij.

3.0 Repetition for the next time step. Replace i by i + 1 and implement steps 2.1 to 2.7 for the
next time step.

8.3.2 DESIGNING AGAINST THE SEISMIC HAZARD

According to FEMA-310 [15] it is suggested that, in order to minimize the
influence of the torsion for Life Safety (LS) and Immediate Occupancy
(I0) design states of the building, the distance between the storey’s
center of mass and the storey’s center of rigidity must be less than 20%
of the building width in either plan dimension. In many cases of building
layouts it is not easy, even though a trial and error procedure, to define
the plan arrangement of the columns and shear walls so that the rigidity
center to closely coincide with the mass center. What is needed is an
automatic optimization procedure specially tailored for the solution of such
a problem. According to the first approach, examined in this study, the
minimum torsional response problem for 3D RC frames is formulated on
the basis of the FEMA-310 [15] recommendations, where the torsional
response demands are to be reduced during a seismic event and thus

implicitly enhancing the seismic resistance of the structure. The response
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demands are reduced, according to Bertero [6] by minimizing the mass
eccentricity, which is defined as the distance between the mass and
rigidity centers at each storey of the building. According to Pauley [16],
strength can be assigned to the elements in any way that suits the
designer’s intentions. A desirable strength distribution is achieved when
the center of strength is located close to or coincides with the center of
mass of the system [16,17]. Based on this concept the second design
approach of the minimum torsional response problem is formulated such

that the eccentricity between strength and mass centers is minimized.

8.4 Optimum Design of RC buildings

Structural optimization problems are characterized by various objective
and constraint functions that are generally non-linear functions of the
design variables. These functions are usually implicit, discontinuous and
non-convex. The mathematical formulation of the structural optimization
problems with respect to the design variables, the objective and constraint
functions depend on the type of the application. Most optimization
problems can be expressed in standard mathematical terms as a non-
linear programming problem. A structural optimization problem can be

formulated in the following form:

min F(s)
subjectto  g;(s)<0 j=1,...m (7.16)
s, eR?, i=1,...,n

where F(s) and gj(s) denote the objective and constraints functions,
respectively, R? is a given design set, while the design variables s

(i=1,...,n) can take values only from this set.

8.4.1 Definitions
There are some definitions that have to be provided in order to facilitate
the description of the problem and its handling by the adopted

optimization algorithm.
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Torsionally balanced: A structural system is defined as torsionally
balanced when the mass center coincides or almost coincides with the

rigidity center at any storey of the structure.

Center of rigidity (CR): Only in a special class of multi-storey structures
can the centers of rigidity be defined in the strict sense [18]. The inability
to define the centers of rigidity has led to the following approximate
approaches: (i) Decomposing the multi-storey structural system into
single independent storey systems. (ii) Using only the center of gravity of
the shear walls. (iii) Replacing the elastic axis with an axis defined by the
geometrical locus of the rigidity centers of the storeys [18]. In the present
study, approach (iii) is considered, which has been adopted by Eurocode 8
[14] and the National Building Code of Canada [19].

Center of resistance or strength (CV): This center can be defined as

follows:

. Zixivn,i

Xev == (7.17)
Zivn,i

where Xcy is the x-coordinate of the CV, V,; is the nominal strength of the

i-th vertical structural element and x; is the distance of the i-th element

from the center of mass.

For every column and shear wall, two architectural constraints are
defined:

Architectural constraint 1: The first architectural constraint (AC;) is related
to the plan’s boundaries where a column or shear wall should be located.
It is implemented as a rectangle with dimensions AC;x X ACy,. A design is
considered feasible, with respect to the AC; constraint, when the cross
sections of the columns and shear walls are contained in the
corresponding rectangles. In Figures 7.2a and 7.2b two AC; rectangles are

shown for a typical plan view of a concrete building.

Architectural constraint 2: The second architectural constraint (AC,) is

related to the topological position of the beams in conjunction with their
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supporting columns and/or shear walls. This constraint is implemented
through a point located within the rectangle AC;. The AC, constraint,
shown in Figures 7.2a and 7.2b, is essential in assisting the optimization
procedure to reach layouts where the beams and their cross points are
supported by columns or shear walls. In any feasible design the AC, point
should correspond to a joint of horizontal (beam) and vertical

(column/shear wall) elements.

Column type: Two types of columns/shear walls are considered.
Type I is defined as the column/shear wall where the AC, point
corresponds to one of the corners of the rectangle AC, labeled as F (see
Figure 7.2a); Type II is defined as the column/shear wall where the AC,

point is located inside the rectangle AC; (see Figure 7.2b).

8.4.2 Optimization based on the initial construction cost

In all design procedures that will be implemented in this study the design
variables are divided in two categories: (i) Topology design variables,
corresponding to the topology or layout of the columns and shear walls of
the building. (ii) Sizing design variables, corresponding to the dimensions
of the cross sections. The mathematical formulation of the optimization
problem for the initial construction cost of RC buildings can be stated as

follows:

min Cn(8)=C,(s)+C,(s)+C,(s)

subjectto g, (s) <0, k=1,2,...,m (behavioral)
t; <1 <t j=1,2,00
S:b,j < hlj < SLbJ, J=1,2,.

(7.18)

"'ncolumns

columns }(architecturab
izl,za---yn_gstoreys

where Cjpy(s) refers of the total initial construction cost of the structure,
and Cy(s), Cs(s), Cu(s) refer to the total initial construction cost of the
beams, the slabs and the columns, respectively. The cost of the
foundation has not been included in the initial cost. The term initial cost of
a structure refers to the cost during its construction stage. The initial cost
is related to the material and the labor cost for the construction of the

building which includes concrete, steel reinforcement, labor cost for

183



placement and the non-structural components cost. The behavioral

constraints gy(s) are imposed by the design codes, I is the distance of
the j-th column/shear wall mass center in the i-th group of storeys from
its corresponding AC, point (see Figure 7.3b, where for simplicity reasons
the superscript i and subscript j are omitted in Figure 7.2). N_Ggstoreys IS the

total number of groups of storeys having the same layout in the plan,

while Ngoreys is the total number of storeys. > Lo, are the lower and upper

bounds of the topology design variables imposed by the architectural

constraints, while h; is the largest edge of the j-th column/shear wall in

the i-th group of storeys, corresponding to the sizing design variables (see

SbiSwi are the lower and upper bounds of the sizing design

Figure 7.2a).
variables imposed by the architectural constraints. As it will be seen in the
following subsection, there is a relation between the two kinds of design
variables in topology and sizing optimization, as well as in the

corresponding bounds.

8.4.3 Optimization design based on the minimum torsional response
In the minimum torsional response optimization problem the basic goal is
to formulate an optimization procedure that could lead to designs with
improved earthquake resistance and in particular to create designs having
minimum torsional response. In this study two separate formulations of
this problem have been considered. The first one is formulated as a
minimization problem of the eccentricity ecy.ck between the mass center
(CM) and the rigidity center (CR) of each storey, while the second
formulation is stated as a minimization problem of the eccentricity ecu-cv
between the mass center and the center of strength (CV). Both
formulations are subjected to the behavioral constraints imposed by the

design codes as well as to the architectural constraints.

The two formulations of the optimization problem can be stated as

follows:
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(i) min - ey = \/(Xicrvl _XiCR)2 + (inM _inR)Z’ i=1’21""n_gstoreys

subject to s)<0,k=1,2,...m behavioral
] 9, (s) ( ) (7.19)
to<r<t j=1,2,...n
017 J_ colmes L architectural)
Sipj <Ny <S8 17120 iy
(ii) min - ecyey = \/(Xicrvl _Xicv)z +(in|\/| _yicv)z’ i=112""’nstoreys
subject to s) <0, k=1,2,...m behavioral
] 9, () ( ) (7.19b)

t:b,j < rji < tiubdw j:1,2,...,n

S:b,,- < hij < Siub,j’ j=1,2,.

columns } (architectural)

"’ncolumns

where  (XgyYeu) Ko Yer) and (Xo,.Ye,) are the coordinates of the mass

center, the rigidity center and the center of strength, respectively. It must

be noted that both centers CR and CV are defined for each storey.

8.4.4 The combined optimization problem

In the third formulation, all three objectives defined in Egs. (7.18),
(7.19a) and (7.19b) are considered to lead to a three-objective
optimization problem. A number of methods have been proposed for
solving multi-objective optimization problems. The methods are divided
into three major categories: (i) methods with a priori articulation of
preferences, (ii) methods with a posteriori articulation of preferences, and
(iii) methods with no articulation of preferences. In this study the
weighted sum method that belongs to the methods with a priori
articulation of preferences is considered. These methods allow the
engineer to specify preferences, which are articulated in terms of the
relative importance of different objectives. The mathematical formulation

for the combined optimization problem can be stated as follows:
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min  F(s) =w-C,,+(1-W) - max(€y.cr » Eemcy)

subjectto  g,(s)<0,k=1,2,...m (behavioral)
(7.20)

t:bJ = rji = tiub,j! =1,2,...

Sp; <hl <s;, 71,2,

N i
columns} (architectural)

"'ncolumns

*

Cins omcr aNd Ecyycy are the normalized values of the three

where
objectives, i.e. the initial construction cost and the two eccentricities,
respectively, while w is the weight coefficient which articulates the
preferences of the engineer regarding the relative importance of different

objectives.

8.4.5 Type of design variables

In this study the columns/shear walls are of rectangular shape with
dimensions hxb, where h > b, while the smallest column that is permitted
to be allocated is 30 x 30 cm?. The sizing design variables of the columns
and shear walls depend on the topology design variables which are
defined first.

8.4.5.1 Topology design variables

As mentioned above the columns are divided in two categories. For Type I
column/shear walls: if ACix > ACy, the final position of the individual
element center of the column/shear wall will be allocated along the edge
of ACiy, otherwise it will be allocated along the edge of AC,,. In the case
of a square architectural constraint with AC;x = AC,,, the selection of the
edge is random. For Type I column/shear walls the lower bound of the

topology design variable depends on the indicative minimum column size

i hmin
tlb,j = 2 (721)

where the minimum column size h.,, imposed by the design codes, is
equal to 30cm. The above mentioned lower bound constraint is imposed in

order to avoid obtaining columns with dimensions less than h.,. The
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upper bound is equal to half the size of the corresponding architectural

constraint edge (ACy, or ACy,)

i 1
tub,j ZE\/(XS_XF)Z"'(ys_yF)Z (7.22)

In Figure 7.2a the largest edge of the AC; architectural constraint is ACy,
which will be selected as the edge where the individual element center of
the column/shear wall will be allocated. Furthermore, S (xs, ys) is the
starting point and F (Xf, Y¢) is the finishing point of the AC,, edge, where
the AC, point coincides with the finishing point F.

In Type II column/shear walls the edge of the AC; architectural rectangle,
where the individual element center of the column will be allocated, has
either been preselected or it will be selected by the smallest distance of
the projection of the AC, point to the four edges of the AC; rectangle. The
four projections points PPi, i=1,...,4 are shown in Figure 7.2b. It can be
seen that the distance between the points AC, and PP1 is the smallest
one, so the edge of AC;, of the corresponding architectural constraint is
selected for the allocation of the individual element center of the
column/shear wall and the PP1 projection point is renamed to AC,. Point S
(Xs,Ys) is the starting point and F (Xg,ye) is the finishing point of this edge.
The allocation of the mass center of the column/shear wall is either on the

left or on the right-hand side of the renamed projection point PP1.

Irrespectively of the side to which the individual element center will be

allocated, the lower bound is defined to be equal to zero

t; =0 (7.23)

The definition of the upper bound depends on which side of the projected

AC, point the column mass center will be allocated:
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(if on the left side)

=
o
=

(7.24)
ti

ub,j

Nl N

(if on the right side)

where “a” is the distance of the new position of the AC, point from point S
and “b” is the distance of the new position of the AC, point from point F

(see Figure 7.2b).

8.4.5.2 Sizing design variables

As mentioned previously, topology design variables are defined first
followed by the sizing design variables which are related to the topology
design variables. In the case of Type I columns/shear walls there is a
direct relation between topology and sizing design variables for each

column/shear wall. This sizing design variable is defined as inactive

h}=2r; (7.25)

In the case of Type II column/shear walls there is an indirect relation

between the two types of design variables defined by:

[ |
s,b'j—er

Sy =2min(a’,b’)

(7.26)

where a' and b' refer to the distance of the individual element center of

the column/shear wall from points S and F, respectively (see Figure 7.2b).
In this case the sizing design variables are active, since their dimensions
have to be defined by the optimizer and not by the topology design
variables as in the case of Type I column/shear walls. The bounds of the

size of the column/shear wall are dependent on the topological design

variable rji .

8.4.6 Behavioural Constraints
Apart from the architectural constraints, behavioral constraints, imposed
by the design codes, have to be satisfied for an acceptable design. These

behavioral checks are performed following a structural analysis where
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stresses and displacements are calculated and checked according to the
EC2 [20] and EC8 [14] design codes. The majority of the seismic design
codes belong to the category of the prescriptive building design codes,
which include site selection followed by the conceptual, preliminary and
final design stages. According to a prescriptive design code the strength of
the structure is evaluated at one limit state defined between life-safety
and near collapse using a response spectrum corresponding to one design
earthquake [14]. In addition, a serviceability limit state is usually checked
in order to ensure that the structure will not deflect or vibrate excessively

during its functioning.

According to the Eurocodes a number of checks must be considered in
order to ensure that the structure will meet the design requirements. In
particular, each candidate design should satisfy all EC2 [20] checks for the

gravity loads using the following load combination:

S;=1.35) G;"+"1.50) Q, (7.27)

where '+’ implies “to be combined with”, the summation symbol ‘%’
implies “the combined effect of”, G,; denotes the characteristic value ‘k’ of
the permanent action j and Qy refers to the characteristic value 'k’ of the
variable action i. If the above constraints are satisfied, the multi-modal
response spectrum analysis is performed and the earthquake loading is

considered using the following load combination:

Se = Zj ij "+"E, "'""Zi W5 Qu (7.28)

where E, is the design value for the two components (longitudinal and
transverse) of the seismic action and ,; is the combination coefficient for
the quasi-permanent action /, here taken to be equal to 0.30. All these
checks are performed for each candidate optimum design examined by

the optimizer.

The main principle of new code provisions, EC8 inclusive, is to design
structural systems based on energy dissipation and on ductility in order to

control the inelastic seismic response. The following features have to be
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taken into consideration in designing a multi-storey RC building for energy
dissipation: (i) fulfilment of the strong column/weak beam rule, (ii)
member verification in terms of forces and resistances for the ultimate
strength limit state under the design earthquake (return period of 475
years, with a 10% probability of exceedance in 50 years) with the elastic
spectrum reduced by the behavioral factor q, (iii) damage limitation for
the serviceability limit state and (iv) capacity design of beams and

columns against shear failure.

8.4.7 Initial and limit state cost

The total cost Cqor of a structure, over a time period which may be the
design life of a new structure or the remaining life of a retrofitted
structure, can be expressed as a function of the time period and the

design variable vector as follows [21]:

Cior (t,8)=C,, (5)+Cs (t,5) (7.29)

where Cyy is the initial cost of a new or retrofitted structure, C;s is the limit
state cost, s is the design vector corresponding to the design loads,
resistance and material properties while t is the time period. The term
“limit state cost” refers to the potential damage cost from earthquakes
that may occur during the life span of the structure. It accounts for the
cost of repairs after an earthquake, the cost of loss of contents, the cost
of injury recovery or human fatality and other direct or indirect economic
losses. The quantification of the losses in economic terms depends on
several socio-economic parameters. The limit state cost, for the j-th limit

state, can be formulated as follows:

i _ i i
CLS - Cdam + Ccon

+ C::en + Ciinc (730)

where Coam is the damage repair cost, Ceon is the loss of contents cost,

Cren is the loss of rental cost and Cinc is the income loss cost. Details about
the calculation formula for each limit state cost can be found in [21,22],

while Table 7.2 depicts how Cis is calculated for the text example.
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For the purpose of this study the exceedance cost of a damage state is
obtained as a percentage of the initial cost as shown in Table 7.3 [23,24].
It is generally accepted that interstorey drift can be used to determine the
expected damage. The relation between the drift limit ratios and the
damage state, employed in this study (Tables 7.3 and 7.4), is based on
the HAZUS project [25] for low-rise RC moment resisting frames for a
moderate-code design, and on the work of Ghobarah [26] for ductile
moment resisting frames. Based on analytical and experimental data,
Ghoborah examined the correlation between drift and damage of various
structural elements and systems and determined the relation between the
interstorey drift and various damage levels of different reinforced concrete

elements and structural systems, as given in Table 7.3.

Based on a Poisson process model of earthquake occurrences and an
assumption that damaged buildings are immediately retrofitted to their
original intact conditions after each major damage-inducing seismic
attack, Wen and Kang [27] proposed the following formula for the limit

state cost function considering N damage states:

C(t,s) :%(l—e’”) > Ci.P (7.31)
where

P=P(A>A)-P(A>A,,) (7.32)
and

P(A>A)=(-1/t)-In[l-P(A-A))] (7.33)

P, is the probability of the i*" damage state being exceeded given the
earthquake occurrence and C|, is the corresponding limit state dependent
cost; P(A—A,)is the exceedance probability given occurrence; A4;, A;.; are
the drift ratios defining the lower and upper bounds of the i" damage

state; P(A—A,)is the annual exceedance probability of the maximum

191



interstorey drift value A;; v is the annual occurrence rate of significant
earthquakes, modeled by a Poisson process, and t is the service life of a
new structure or the remaining life of a retrofitted structure. The first
component of Eq. (7.31) that contains the exponential term is used in
order to express the Cs in a present value, where A is the annual
momentary discount rate considered to be constant and equal to 5%. It is
assumed that after the occurrence of an earthquake the structure is fully

restored to its initial state.
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9 Numerical Tests of optimum

design of RC irregular structures

9.1 Performance-based design examples

In this section two test examples are considered. In both test examples
the following material properties have been considered: concrete with
modulus of elasticity E.=30GPa and characteristic compressive cylinder
strength fy= 20MPa, longitudinal steel reinforcement with modulus of
elasticity Es=210GPa and characteristic yield strength f,,s=500MPa and
transverse reinforcement with characteristic yield strength f,=220MPa.
The design spectrum that has been used has the following characteristics:
A=0.16g, ground type B and behavior factor q=3.0 according to EC8 [14].
The cross section of the beams is 25 x 60 cm?.

The following four formulations of the optimization problem have been
considered in the numerical study: (i) minimum initial construction cost
(leading to design Dgi); (ii) minimum CM-CR eccentricity (leading to
design Dg); (iii) minimum CM-CV eccentricity (leading to design De);
and (iv) one combined formulation (leading to design Dcomp) Where two
values of the weight coefficient of Eq. (5) have been examined (0.1 and

0.9). The combined formulation can be described as follows:

Min{0.1- CTN +0.9- max(e::M—CR ' e::M—CV)} (8.1)

The solution of all four formulations of the optimization problem is
performed with the EA(p+A) optimization scheme [28] with ten parents
and offsprings (u=A=10).
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Table 8.1: Limit state dependent cost calculations (in € 1,000)

PetoranE G Cur Cer Co  CLELOY
1 0.00 0.00 0.00 0.00 0.00
2 0.26 0.07 0.02 0.16 0.52
3 2.64 0.72 0.20 1.60 5.16
4 10.56 2.88 0.81 6.40 20.65
5 23.76 6.48 1.81 14.40 46.45
6 42.24 11.52 3.23 25.60 82.59
7 52.80 14.40 4.03 32.00 103.23

Table 8.2: Damage state drift ratio limits and cost based on HAZUS [25]

Perfltz rVrTG;?nce Damage State Interstorey Drift (%) (% of ii?t?gl cost)
1 None A<0.5 0
2 Slight 0.5<A<0.9 0.5
3 Moderate 0.9<A<2.3 20
4 Major 2.3<A<6.0 80
5 Destroyed 6.0<A 100

Four different criteria have been used in order to assess the optimum
designs achieved through the aforementioned formulations: (i) the initial
construction cost; (ii) the total life-cycle cost; (iii) the torsional response
criterion; and (iv) the limit state probabilities of exceedance of the
optimum designs. For the second and third assessment criteria, ground
motions from Table 8.4 are used which have been chosen from the
Somerville and Collins [29] database. The records of each hazard level are
scaled to the same PGA in order to ensure compatibility between the

records, in accordance to the hazard curve taken from the work of

Papazachos et al. [30] (see Table 8.5).
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Table 8.3: Damage state drift ratio limits and cost based on the work of

Ghobarah [26]

Performance . Cost
level Damage State Interstorey Drift (%) (% of initial cost)
1 None A<0.1 0
2 Slight 0.1<A<0.2 0.5
3 Light 0.2<A<0.4 5
4 Moderate 0.4<A<1.0 20
5 Heavy 1.0<A<1.8 45
6 Major 1.8<A<3.0 80
7 Destroyed 3.0<A 100
Table 8.4: Natural records [29]
Earthquake Station Distance Site
Records in 50/50 hazard level
Honeydew (PT) Cape Mendocino 20 rock
17 August 1991 Petrolia 17 soil
Cape Mendocino (CM) Rio Dell 13 soil
25 April 1992 Butler Valley 37 rock
Cape Mendocino (C2) Fortuna 43 soil
aftershock, 4/26/92 Centerville 28 soil
Records in 10/50 hazard level
Tabas (TB) Dayhook 14 rock
16 September 1978 Tabas 11 rock
Cape Mendocino (CM) Cape Mendocino 6.9 rock
25 April 1992 Petrolia 8.1 soil
Chi-Chi (CC), Taiwan TCU1l01 4.9 soil
20 September 1999 TCU102 3.8 soil
Records in 2/50 hazard level
Valparaiso (VL), Chile Vina del Mar 30 soil
3 May 1985 Zapaller 30 rock
Michoacan (Ml), Mexico Caleta de Campos 12 rock
19 September 1985 La Union 22 rock
La Villita 18 rock
Zihuatenejo 21 rock
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The fragility analysis is performed following the methodology described in
HAZUS [25], where uncertainties on the material properties affecting the
capacity curve and on the ground shaking demand are considered. In
order to perform the non-linear dynamic analyses required for the life-
cycle cost and fragility analyses a centerline model was formed for both
test examples. The members are modeled using the force-based fiber
beam-column element while the same material properties are used for all
the structural elements of both examples. Soil-structure interaction was
not considered and the base of the columns at the ground floor is
assumed to be fixed while no uncertainties in the foundation conditions

have been taken into account.

Table 8.5: Seismic hazard levels [30]

Probability of

Event Recurrence Interval Exceedance PGA (g)
Frequent 21 years 90% in 50 years 0.06
Occasional 72 years 50% in 50 years 0.11
Rare 475 years 10% in 50 years 0.31
Very Rare 2475 years 2% in 50 years 0.78

9.1.1 Test example 8.1 - Two storey building

The first test example, shown in Figure 8.1, is a two-storey 3D frame
where the height of each storey is 3 meters, while the plan layout of the
columns/shear walls is the same for both storeys. The following 6 design
variables have been used corresponding to 5 topology and 1 active sizing
design variables. In Figure 8.2 both architectural constraints (AC;
rectangles and AC, points) are presented for all columns/shear walls. It
must be noted that all designs obtained from the various formulations of
the optimization problem fulfil the requirements of EC2 and EC8 design

codes.
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Figure 8.1: (a) Sample column Type I with its architectural constraints AC, and

AGC,, (b): Sample column Type II with its architectural constraints AC, and AC..

Table 8.6 depicts the cross-sectional dimensions of the four optimum
designs along with the corresponding eccentricities. It should be noted
that the eCM-CV shown in Table 8.6 refers to its maximum values over
the two storeys of the structure. The dimensions of the columns/shear
walls are denoted as dimx and dimy corresponding to the x and y axis,
respectively. As it can be seen the eccentricities (ecw-cr, €cm-cv) Of Dcin are
larger than one meter, and while the Min {ecu.cr} and Min {ecm-cv}
formulations improved only the eccentricity that was to be minimized,

only the combined formulation managed to improve both eccentricities.
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Figure 8.2: Test example 8.1 - Architectural constraints of a typical storey

In order to assess the structural performance of the optimum designs,
nonlinear time-historey analyses are performed for the records from Table
8.4. Table 8.7 contains the maximum and minimum values of the top
diaphragm rotation for each hazard level. It can be seen that the
maximum rotation of the diaphragm, for all three hazard levels, is
encountered for design Dgi,. On the other hand, in frequent (50/50) and
occasional (10/50) hazard levels, design Dg, behaves better, while in rare
(2/50) hazard levels it is design Dcomp that has the minimum torsional
response. As far as the rare hazard level is concerned, between Dci,, Dgcr
and Dg., it is the latter that has the minimum rotation. The performance
of designs Dg. and Dg., in the three hazard levels is in accordance with the
findings of Paulay [16,17], Tso and Myslimaj [31] reported for one-storey

structures.

In Table 8.8, the optimum designs are compared with respect to the initial
limit state and total life-cycle costs. Through this comparison it can be

seen that D¢, is the worst design in terms of life-cycle cost irrespective of
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the drift limits considered. The best design in terms of total life-cycle cost,
though, depends on the drift limits used for calculating the limit state
cost. When HAZUS [25] drift limits are employed designs Dg, and Dg,
perform equally well too, while design Dcomp is the best optimum design.
On the other hand, when the drift limits given by Ghobarah [26] are used
for the calculation of the limit state cost then Dg. is the best design. This
is due to the type of the architectural constraints imposed and the
irregular plan view, the three formulations related with the minimization
of eccentricities (Min {ecuw-ck}, Min {ecm-cv}and combined) converging to
optimum designs having shear-walls in both directions. On the other hand
Dcin has the minimum cross-sections, thus the maximum drifts obtained
for each hazard level for D¢, are much greater than those of the other

three optimum designs.

The results of the last part of the comparative study, are shown in Table
8.9, where fragility analysis is performed for the slight, moderate,
extensive and complete limit states. The four damage states are defined
according to HAZUS for low rise buildings for the moderate code design
level. More specifically, the probabilities of exceeding slight, moderate,
extensive and complete limit states (defined according to HAZUS) are
given in Table 8.9. In particular, for the case of the slight and moderate
limit states the probabilities of violation, calculated for D¢y, are one order
of magnitude larger than those of Dg.,. While for the extensive limit state,
the probabilities of violation calculated for Dcomp iS 0ne order of magnitude
less than those of Dg. and Dg., and two orders less than those for Dgin. In
the case of the complete limit state the probabilities calculated are less

than 10% for all designs.
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Figure 8.3:. Test example 8.2 - Architectural constraints of a typical storey

The second test example, shown in Figure 8.3, is a three-storey 3D frame
where the height of each storey is 3 meters, while the plan layout of the
columns/shear walls is the same for both storeys. The following 10 design
variables have been used corresponding to 8 topology and 2 active sizing
design variables. In Figure 8.3 both architectural constraints (AC;
rectangles and AC, points) are presented for all columns/shear walls.
Similarly to the first example designs fulfil the requirements of EC2 and
EC8 design codes. Table 8.11 depicts the cross-sectional dimensions of
the four optimum designs along with the corresponding eccentricities. The
observations regarding the eccentricities are similar to those of the first
example, where the combined formulation managed to improve both
eccentricities. Table 8.12 contains the maximum and minimum values of
the top diaphragm rotation for each hazard level obtained for the records
from Table 8.4. It can be seen that the results are in exact accordance

with the findings of Paulay [16,17], Tso and Myslimaj [31] reported for
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one-storey structures, i.e. among all designs for the frequent and
occasional hazard levels Dg. has the minimum rotation while in the rare

hazard level it is design Dgy, that has the best performance.

Table 8.13 depicts the initial limit state and total life-cycle costs of the
four optimum designs. Similarly to the first test example D¢, is the worst
design in terms of the life-cycle cost irrespective of the drift limits
considered, on the other hand Dcomp is the best design for both groups of
drift limits. Moreover the performance of Dg is almost the same with that
of Dgin for both groups of drift limits. This is due to the fact that no
formulation concluded to optimum designs having shear-walls. Moreover,
the probabilities of exceeding slight, moderate, extensive and complete
limit states (defined according to HAZUS) are given in Tables 8.14 while
the observations are similar to those obtained for the total life-cycle cost
from Table 8.13.

Conclusions

In this work, various structural optimum design formulations are assessed
with respect to the minimum torsional response of RC buildings in three
hazard levels (frequent, occasional and rare) as well as through life-cycle
cost and fragility analyses. An optimizer based on evolutionary algorithms
has been implemented for the solution of the optimization problems. From

the present study the following conclusions can be drawn:

The results reported by Paulay [16,17], Tso and Myslimaj [31], that the
rigidity center eccentricity is important mainly when the structural system
behaves linearly, while when the structure starts to behave nonlinearly
the strength center eccentricity becomes more important to deal with, are
verified, in a more rigorous and generalized framework provided by
structural optimization procedures where a number of recommendations
for designing RC buildings are incorporated. Moreover, these findings
reported for single storey RC structures in the past by the two researchers

are extended in multi-storey RC buildings.

The second finding is related to the most appropriate design criterion for

reducing the torsional response. The proposed combined formulation,
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where both ecw.ck and ecw.cv €ccentricities are minimized, is the optimum
design formulation that converges to designs having equally well
response, in terms of rotation of the top diaphragm, in frequent,
occasional and rare hazard levels. Moreover this design formulation shows
the better performance with respect to the total life-cycle cost and limit

state probabilities of exceedance.

TABLES

Table 8.6: Test example 8.1 - Optimum designs obtained through the

formulations examined

DComb DEcr DEcv DCin
g ecm-cr=9.01cm ecm-cr=0.04cm ecm-cr=150.2cm ecm-cr=179.6cm
g ecm-cv=12.7cm ecm-cv=99.7cm ecm-cv=4.26cm ecm-cv=118.3cm
o dim, dim, dim, dim, dim, dim, dimy dim,
C1 40 30 150 30 30 30 30 30
C2 30 130 30 90 30 150 30 30
C3 30 110 30 130 30 170 30 30
C4 40 30 150 30 70 30 30 30
C5 30 150 30 140 30 150 30 40

Table 8.7: Test example 8.1 - Maximum and minimum values of the torsional

response in three hazard levels

Hazard Level

Design philosophy 50/50 10/50 2/50

max (10°  min (10°  max(10® min(10° max (10®  min (107

rad) rad) rad) rad) rad) rad)

Dcomb 0.505 -0.351 1.43 -1.20 4.46 -4.42
Decer 0.254 -0.293 0.953 -1.28 5.26 -5.05
Deev 1.51 -1.40 2.46 -2.33 3.50 -5.05
Dcin 1.69 -1.34 7.90 -7.91 13.90 -13.40

Table 8.8:. Test example 8.1 - Comparison of the designs with respect to the cost

DComb DEcr DEcv DCin
Cin (in € 1,000) 49.23 52.80 51.24 43.81

Rog
T2 C/Ch 0.41 0.81 0.82 3.88
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Cror(in € 1,000) 69.56 95.92 93.21 213.93

=

§ — C.s/Cin 7.19 3.65 13.07 29.18
o ()

o &,

=

O Crot(in € 1,000) 403.31 245.61 721.32 1322.33

Table 8.9: Test example 8.1 - The probability of exceeding the four limit states

%
Limit state Dcomb Decr Decy Dcin
Slight 1.67E+01 7.11E+00 4.22E+01 7.83E+01
Moderate 2.80E-01 1.22E+00 2.08E+00 3.02E+01
Extensive 7.20E-04 8.79E-03 5.90E-03 7.67E-02
Complete 1.44E-07 4.33E-06 2.50E-06 9.24E-05

Table 8.10: Test example 8.1 - The probability of exceeding the four limit states

(%)Table 1

Limit state Dcomb Deer Decy Dcin
Slight 1.67E+01 7.11E+00 4.22E+01 7.83E+01
Moderate 2.80E-01 1.22E+00 2.08E+00 3.02E+01
Extensive 7.20E-04 8.79E-03 5.90E-03 7.67E-02
Complete 1.44E-07 4.33E-06 2.50E-06 9.24E-05
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Table 8.11: Test example 8.2 - Optimum designs obtained through the

formulations examined

DComb DEcr DEcv DCin
g ecm-cr=8.51cm ecm-cr=7.54cm ecm-cr=150.3cm €cm-cr=236.8cm
% ecm-cv=14.9cm ecm-cv=310.1cm ecm-cv=10.6cm ecm-cv=527.4cm
o dim, dim, dim, dim, dim, dim, dim, dim,
C1l 65 65 55 45 30 70 30 50
C2 55 50 55 40 45 50 35 70
C3 65 70 70 50 50 70 30 70
C4 70 60 50 45 50 40 70 70
C5 70 55 50 30 30 65 40 70
C6 50 70 70 40 60 70 35 50
C7 65 40 50 40 75 40 35 30
C8 40 50 30 35 30 35 30 35

Table 8.12: Test example 8.2 - Maximum and minimum values of the torsional

response in three hazard levels

Hazard Level

Design philosophy 50/50 10/50 2/50
max (10°  min(10° max(10® min(10° max (10®  min (10°
rad) rad) rad) rad) rad) rad)
Dcomb 0.815 -1.07 2.97 -3.28 4.39 -3.27
Decr 0.731 -0.609 1.34 -0.987 5.19 -3.35
Decy 1.26 -1.18 3.53 -3.55 3.56 -4.10
Dcin 3.01 -3.56 8.28 -8.11 9.31 -11.20

Table 8.13: Test example 8.2 - Comparison of the designs with respect to the

cost
DComb DEcr DEcv DCin

Cin(in € 1,000) 464.97 471.65 485.10 413.85
8 = CLs/Cin 5.30 10.85 7.53 12.89
¥
I

Crot(in € 1,000) 2928.42 5590.37 4138.88 5749.96
=
g —_ CLs/Cin 17.25 21.14 16.46 24.85
8 &
<
© Crot(in € 1,000) 8485.03 10442.47 8470.46 10700.06
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Table 8.14: Test example 8.2 - The probability of exceeding the four limit states
%

Limit state Dcomb Deer Decv Dcin
Slight 9.14E+01 9.57E+01 9.33E+01 9.71E+01
Moderate 6.64E+01 7.69E+01 7.02E+01 8.21E+01
Extensive 1.63E+01 3.67E+01 1.77E+01 4.63E+01
Complete 2.25E-03 7.61E-01 1.02E-01 1.66E+00

9.2 Base shear torque examples

In this section of the study two models are performed in order to evaluate
the behavior of optimized one-storey systems for the proposed
methodology. Each model has been optimized for the following different
objective functions: cost, static eccentricity e.., strength eccentricity e.,,
ratio and nonlinear ratio. The design variable considered is the column
cross section. For every one of the objective functions above the model
has been resolved according to constraints based on EAK and EKOS for
the first case and Performance-Based Seismic Design for the second case
(additionally to EAK and EKOS). Every example is examined through the
design models below: Model_cost_ec, Model_cr_ec, Model_cv_ec,
Model_rot_ec, Model_cost_nl, Model_cr_nl, Model_cv_nl, Model_rot_nl
and Model_nl_nl, where the first component refers to the objective

function and the second to the applied regulations.

The models designed based on EAK and EKOS are analyzed through the
Modal Dynamic Analysis _ec, while those according to Performance-Based
Seismic Design are analyzed through the Nonlinear Dynamic Procedure
_nl, which are described in a previous section of the study (Design
Procedures). The analysis above is carried out through the StereoSTATIKA
commercial package (for the linear analysis) and the Opensees software

framework (for the nonlinear analysis).
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The optimization process is based on Evolution Strategies as described in
a previous section. The optimization algorithm was written by

Papadrakakis, Lagaros and Bakas.

9.2.1 Description of Model 1

A one-storey RC building is used for the study. The layout of the first
model is shown in Figure 7.1, while the east and the south views are
shown in Figure 8.4., 8.5, 8.6, and the 1-1 Section in Figure 8.7.
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Figure 8.4 Modell layout of Modell
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Figure 8.5 The East view of Modell
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Figure 8.6 The South view of Modell
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Figure 8.7 The 1-1 Section of Modell

In all test cases the following material properties have been considered:

Concrete:

Concrete modulus of elasticity: E.=27.5 GPa

Concrete compressive strength at 28 days: f.=25000 kPa
Reinforcing steel:

Steel modulus of elasticity: Es=210 GPa

Steel yield strength: f,=600000 kPa
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The materials above correspond to the concrete class C20/25 (nominal
cylindrical strength of 20 MPa) and steel class S500 (nominal yield stress
of 500 MPa), while the slab thickness is equal to 13 cm.

The optimized layouts for the different designs procedures are presented
below (Figures 8.8-8.16):
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Figure 8.8 Optimized layout through Modell cost ec design procedure
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Figure 8.9 Optimized layout through Modell cost nl design procedure
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Figure 8.10 Optimized layout through Modell cr ec design procedure
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Figure 8.11 Optimized layout through Modell cr nl design procedure
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Figure 8.12 Optimized layout through Modell cv _ec design procedure
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Figure 8.13 Optimized layout through Modell cv_nl design procedure

Ce 30/30 Bl 25/50 C7 35/40
(e}
Ip]
N
Ip]
QU]
™~
m
O
ip}
N
C6 30/30 0
™
m
(a»)
Ip]
~N
Ip]
[qu]
NS
m
Cl 30/30 BS P5/50 C4 40/30

Figure 8.14 Optimized layout through Modell rot ec design procedure

213



Ce 40/30 Bl 25/50 C7 40/40

()
Iy
RN
o)
a
N~
m
i
RN
Coe 30/3 0
o
m
()
e}
~
o)
a
ol
m
Cl 30/35 BS P5/50 C4 50/30

Figure 8.15 Optimized layout through Modell rot nl design procedure
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Figure 8.16 Optimized layout through Modell nl nl design procedure
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Aiming at comparing various procedures in order to reduce the torsional
effect, nine design procedures are compared. The model was subjected to
two earthquake time historeys for every hazard level - C2_frtn and
CM_riod in 50in50 level, CC_tcul01 and CC_tcul02 in 10in50 level,
VL_pich and VL valu in 2in50 level.

For the first and the second design models (model_cost_ec,

model_cost_nl) the objective function is the initial cost:

C=Cy="CeontCst +Crap (8.2)

where C = C;y: the initial cost of a new structure
C.on: the concrete cost

C,:: the cost of the steel of reinforcement
Ciqp-the laboratory cost

For the third and the fourth design models (model_cr_ec, model_cr_nl)

the objective function is the eccentricity of the center of rigidity:

ecr = (cem — Xcr)? + Vem — Yer)? (8.3)

where xcy, yeu: the coordinates of the center of mass
Xcr, Yer+ the coordinates of the center of rigidity

For the fifth and the sixth design models (model_cv_ec, model_cv_nl) the

objective function is the eccentricity of the center of rigidity:

ecr =+ (xem — Xcv)? + Vem — Yer)? (8.4)

where xcy, yeu: the coordinates of the center of mass
Xcv, Yov - the coordinates of the strength center

The difference between the models above with the same objective
function is the behavioral constraints and the analysis procedure. The _ec
design models are constrained by EAK and EKOS and analyzed with a
modal analysis method. The _nl design models are designed in compliance

with PBD and analyzed with a non-linear dynamic analysis.

215



For the seventh, eighth and the ninth design models (model_rot_ec,

model_rot_nl, model_nl_nl) the objective function is the ratio of torsion:

-+ Y= [VKL| =T, VKij
ROTij = T (8.5)

where n: the number of elements in a floor direction (x or y)
i: the corresponding shear force of the element
j: the direction of the earthquake motion

For the first two design models the ROT is calculated for shear forces
result from modal dynamic analysis but the constraints are different at
_ec model EAK and EKOS are applied and at _ nl model PBD is performed.
For the third design model the ROT is calculated for shear forces result

from non-linear dynamic analysis and PBD process is applied.

In Table 8.15 below the results of optimization for Modell (using 9

different design models) are depicted.

Table 8.15 Comparison between the initial values of the objective functions and

the results of the optimization procedure for all the design models

Initial values Final values Variation Percentage

Design Models|  cost | eer |eev| rot nl cost | ecr|ecv|rot| nl eereev | rot [ nl
Modell costec| 331207 | 377 | 211 | 179 |21264267| 284730 | 097 | 0,10 |00 -TA27 | 95,04 | -84,291-1,00E400
Model1 cr ec 3’0 3| 210 17 | 64dE+263 | 287640 | 042 | 116 {007| 012 |-1315 44,96 | -95,%4 |-1,00E+00

ModelLover | 358514 | 377 [250| 178 | 000E+00 | 313007 | 116 |00 02 - - 8787 0,00E+00
ModelL rot ec | 331207 | 377 | 211 | 178 |[775E4269| 286572 | 0,09 | 026 | 0,02 - - -1,00E+00
ModelLninl | 3076% | 386 | 062 | 178 | 639400 | 286353 | 386 | 255|036
Modell cost nl { 331207 | 377 | 211| 178 |[727262| 284730 | 097 | 010 | Q10 -1,00E+00
ModelL cr nl B0 P3| 21 L7 | 72ER62) DBILA | 008 | 141|003 -1,00E+00
Modell v nl | 358514 | 377 | 250 178 | Q006400 | 312208 | 051 [003 012 000 |-12%2|- 93,18 | 0,00E+00
Model1 rot nl B0 37T L) L | 55365 28001 | 004 | 118|004 004 [-109 - -1,00E+00
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In Figures 8.17- 8.25 below the time historeys of torsional moment and

base shear in the x and y direction are presented for the three hazard
levels for each design procedure.
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Figure 8.19 Modell cr _ec base shear and torque time histories for the three
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Figure 8.25 Modell nl nl base shear and torque time histories for the three

hazard levels in x and y directions
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In order to compare the various formulations of the optimization problem
with reference to their performance against torsional effect, the envelopes
of the base shear and torque time histories are developed. These

envelopes are presented below so as to be able to reach any conclusions.
(Figures 8.26-8.28)

200
| 150
156
|
Tae
—_ - -cost_ec
£ i
= = cost_nl
= -
- cr_ec
g
H] cr_nl
g —— cv_ec
E—SJO 300 400
2 cv_nl
4
2 rot_ec
rot_nl
S N S b nl_nl
T
~
~3
150
208
Base Shear Vx (kN)
200
4
150 =
106
—_ ---cost_ec
£
Z cost_nl
=
-
- or_ec
g
£ cr_nl
g — - — ov_ec
=-250 -200 -150 200 250
2 cv_nl
]
2 . e rot_ec
A o rot_nl
T e -
I . p L - S S nl_nl
108
158
200

Base Shear Vy (kN)

Figure 8.26 The envelope of the BST time histories for the occasional earthquake

hazard level (50in50) in x and y directions
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In the occasional earthquake hazard level (50in50-Figure 8.27) in both X
and y directions the design models rot_nl and cr_ec appear to perform
better than the other design procedures. In particular cr_ec is increased
by 136% in comparison with rot_nl. The design models cost_nl and cv_ec
performed worst with their deviation from rot-nl reaching to almost 600%
(638% for cost_nl, 582% for cv_ec).

As far as the rare earthquake hazard level (10in50-Figure 8.28) is
concerned, the design models cr_ec and rot_nl behave better than other
design procedures. Especially, rot_nl appears to have increased by 11% in
the x direction and 50% in the y direction. The worst performance was
observed by cost_nl and cost_ec, which burden the structure more by

almost 350% in the x direction and 435% in the y direction.

Last in the maximum considered event (2in50-Figure 8.29) hazard level,
the design model cr_ec again behaves better than rot_nl by 50% in both x
and y directions, but are still the most well-performed design procedures.
With a percentage increase of 300% and 270% from cr_ec respectively,

cv_ec and cv_nl performed worst of all design models.

9.2.2 Description of Model 2

A one-storey RC building is used for the study. The layout of the second
model is shown in Figure 8.29, while the south and the east views are
shown in Figure 8.30, 8.31, and the 1-1 Section in Figure 8.32.
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Figure 8.30 The South view of Model2
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Figure 8.32 The 1-1 Section of Model2

In all test cases the following material properties have been considered:
Concrete:

Concrete modulus of elasticity: E.=27.5 GPa

Concrete compressive strength at 28 days: f.=25000 kPa

Reinforcing steel:

Steel modulus of elasticity: Es=210 GPa

Steel yield strength: f,=600000 kPa

The materials above correspond to the concrete class C20/25 (nominal
cylindrical strength of 20 MPa) and steel class S500 (nominal yield stress

of 500 MPa), while the slab thickness is equal to 13 cm.

The optimized layouts (8.33-8.41) for the different designs procedures

are presented below:
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Figure 8.41 Optimized layout through Model2 rot nl design procedure

Aiming at comparing various procedures in order to reduce the torsional
effect, nine design procedures are compared. The model was subjected to
two earthquake time historeys for every hazard level - C2_frtn and
CM_riod in 50in50 level, CC_tcul01 and CC_tcul02 in 10in50 level,
VL_pich and VL valu in 2in50 level.

For the first and the second design models (model_cost_ec,

model_cost_nl) the objective function is the initial cost:

C=Cn="Ceon+t Cst +Cap (8.6)

where C = C;y: the initial cost of a new structure
C.on: the concrete cost

C,:: the cost of the steel of reinforcement
Ciqp-the laboratory cost

For the third and the fourth design models (model_cr_ec, model_cr_nl)

the objective function is the eccentricity of the center of rigidity:
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ecr = \/(xCM —xcr)? + Vem — Yer)? (8.7)

where x.y, ycu: the coordinates of the center of mass
Xcr, Yer+ the coordinates of the center of rigidity

For the fifth and the sixth design models (model_cv_ec, model_cv_nl) the

objective function is the eccentricity of the center of rigidity:

ecr =+ (eem — Xcv)? + Vem — Yer)? (8.8)

where x.y, ycu: the coordinates of the center of mass
Xcv, Yev - the coordinates of the strength center

The difference between the models with the same objective function
above is the behavioral constraints and the analysis procedure. The _ec
design models are constrained by EAK and EKOS and analyzed with a
modal analysis method. The _nl design models are designed in compliance

with PBD and analyzed with a non-linear dynamic analysis.

For the seventh, eighth and the ninth design models (model_rot_ec,

model_rot_nl, model_nl_nl) the objective function is the ratio of torsion:

.

where n: the number of elements in a floor direction (x or y)
i: the corresponding shear force of the element
j: the direction of the earthquake motion

For the rot_ec and rot_nl design models the ROT is calculated for shear
forces result from modal dynamic analysis but the constraints are different
at _ec model EAK and EKOS are applied and at _ nl model PBD is
performed. For the third design model the ROT is calculated for shear

forces result from non-linear dynamic analysis and PBD process is applied.

In Table 8.16 below the results of optimization for Modell (using 9

different design models) are depicted.
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Table 8.16 Comparison between the initial values of the objective functions and

the results of the optimization procedure for all the design models

Initial

Final

Variation Percentage

Design Models

cost

e_er

etV

rot

nl

cost

e_Cr

etV

rot

nl

cost

Model2 cost et

848088

1%

4,63

0%

202,06

7026,64

045

045

005

7026,64

Model2 cr ec

ATI8T

0,00

211

0,02

1341

1236,01

003

L0

0,02

003

e_r

etV

rot

nl

50,39

%,15

BT

Model2 v ec

inn

4%

34

148

00

T874,38

010

002

003

0,00

1415

9750

Model2 ot ec

8430,88

4%

4,63

1%

180,84

125807

0,4

067

002

0,02

14

55,13

4353

B4

10,02

55,99

Model2 nl nl

89,37

0,00

18

148

BT

7152,04

L

0,58

0,36

78

5,39

)

68,19 -

Model2 cost nl

§430,88

49

483

0,99

202,06

103,26

103

04

031

003,26

Model2 or nl

840,88

49

483

0,99

202,06

18321

003

040

00

003

-08,02

00

3366,%9

Model2 cv nl

1,0

1%

34

18

0,00

3%

033

003

0,10

0,00

15,9 -

Model2 rot nl

8430,38

1%

4,63

09

720

JELAL

0,02

12

002

0,02

15,4

95,65

9,31

9%

0,00
53,99

In Figures 8.42-8.50 below the time historeys of torsional moment and

base shear in the x and y direction are presented for the three hazard

levels for each design procedure.
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Figure 8.48 Model2 nl nl base shear and torque time historeys for the three

hazard levels in x and y directions
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In order to compare the various formulations of the optimization problem
with reference to their performance against torsional effect, the envelopes
of the base shear and torque time histories are developed. These

envelopes are presented below so as to be able to reach any conclusions.
(Figures 8.51-8.53)
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Figure 8.51 The envelope of the BST time histories for the occasional earthquake

hazard level (50in50) in x and y directions
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In the occasional earthquake hazard level (50in50-Figure 8.51) in both X
and y directions the design models cr_ec and rot_ec appear to perform
better than the other design procedures. In particular rot_ec is increased
by 18% in comparison with cr_ec. The design models cv_nl and rot_nl

performed worst with their deviation from cr-ec reaching to almost 150%.

As far as the rare earthquake hazard level (10in50-Figure 8.52) is
concerned, the desigh models rot_ec and cr_nl behave better than other
design procedures. Especially, cr_nl appears to have increased by 50% in
the x direction and 45% in the y direction. The worst performance was
observed by cost_nl and cost_ec, which burden the structure more by

almost 142% in the x direction and 125% in the y direction.

Last in the maximum considered event (2in50- Figure 8.53) hazard level,
the design model rot_ec behaves better than cv_nl by 42% in the x
direction and 25% in the y direction, but are still the most well-performed
design procedures. With a percentage increase of 103% and 82% from
rot_ec respectively, cr_ec and rot_nl performed worst of all design

models.
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10ROT: a new design and
evaluation criterion of the

torsional effect on buildings

10.1Introduction

The effect of torsion in reinforced concrete buildings was the subject of
intensive investigation by many researchers. The reason is that many
buildings suffer extensive damage after strong earthquake motions, due
to their eccentric arrangement in the floor plan of the vertical resisting
elements. Despite many attempt to propose design and/or evaluation
criteria, a widely accepted criterion dealing with the effects in both the
elastic and inelastic region as well as for multi-storey buildings is lacking

from the corresponding literature.

In this study, we investigate the response of buildings exhibiting torsional
phenomena and provide a criterion which can be a useful tool for
assessing and designing a structure against torsion. The results show that
structures with low values of the proposed criterion develop low values of

base torque.

However, the edge displacements can increase by up to three times if the
system is symmetrical [2]. Additional seismic inelastic deformation caused
by structural asymmetry, Earthquake Engineering & Structural Dynamics,
Vol 19, Is 2 pp. 243-258 , 1990.

Additional ductility demands on elements and additional edge
displacements are taken as response parameters of interest in optimizing
the strength distribution. An approximate expression to estimate the
additional edge displacements due to structural asymmetry is presented.
[3] Lateral strength distribution specification to limit additional inelastic
deformation of torsionally unbalanced structures, Engineering Structures ,
Vol 14, Is 4 pp. 263-277, 1992.
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10.2Formulation

Vk+2
vk I o Vk+n
CcM CR

Vl><+ 1

Vbase

In the above figure, a generalized floor plan is shown where shear walls
and the corresponding shear forces acting are depicted. The shear forces

acting on the lateral resisting elements satisfy the following expression:

n n
2 Vkij| # Z Vkij
k=1 k=1

where:n = the number of elements in a floor direction (x or y),
i = the corresponding shear force of the element,
and j = the direction of the earthquake motion

Especially for the above floor plan with a seismic action in the y direction:

n n
2 [Vkxy| # 2 Vkxy =0
k=1 k=1

and

n n
2 [Vkyy| # Z Vkyy = Vbase
k=1 k=1

The floor torsion is usually computed from the elements’ shear forces
while the elements’ torsional moments are neglected. This is a widely
accepted assumption without being supported by a mathematical
formulation. In this section a formulation is proposed for the torsional
criterion which affects the torsional effect on the buildings. The value of
the ROT can be related to the best seismic performance against torsion.

This ratio has a general application in both the elastic and inelastic seismic
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response of the structure. A simple example showing the computation of

the Ratio Of Torsion ROT follows.

CcM CR

Vbase

The total value of ROT for the above building is:

ROT = X1 %07 ;=) ROTij

L. _1|VEkij|—ax*) -, Vki
where ROTij = 2=l V170 ey Vi)
k=1 Vkij

and

n = the number of elements in a floor direction (x or y)
i = the corresponding shear force of the element
j = the direction of the earthquake motion

anda=0ifi¥jora=1Iifi=]j

Furthermore, the single storey building of Figure 9.1 is selected for

demonstrating the ROT computation in an elastic and inelastic region

following the non-linear time historey procedure.
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Figure 9.1: Geometry of the floor plan

As we can see from the following, we can calculate the: ROTxy =
33.4*2/82 = 0,81 = 81%. That means for this simple structure the effect
of the Y-Y seismic force (perpendicular to the floor eccentricity) is an 81%
amplification of the floor’s base shear force. So, if the ROT is minimum the
structure has the minimum shear forces and thus the minimum resistance
demands. If we perform a more accurate non-linear time historey analysis
for this structure the ROT is very different. For six seismic records (three
in each performance level: 50/50, 10/50, 2/50) the maximum ROT is
2.87. That means that the structure’s shear demands is increased by
287% because of torsion. In this way, we believe that ROT is a very clear
and accurate measure of a structure’s torsional effect on the lateral

resisting elements.

10.3Numerical Examples

In this study three test examples are examined. In all test examples the
following material properties have been considered: concrete C20/25 with
modulus of elasticity Ec=30GPa and characteristic compressive cylinder
strength fi= 20MPa, longitudinal and transverse steel reinforcement
B500C with modulus of elasticity Es=210GPa and characteristic yield
strength f,,s=500MPa. The earthquake spectrum that has been used in
the numerical study has the following characteristics: A=0.16g, ground
type B and behavior factor q=3.0 according to EC8 [14]. The cross section
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of the beams is 25x50 cm?, while the cross section of the columns varies
in each example. For all test examples, a number of different designs
have been considered. The designs vary with reference to the cross
sections and the longitudinal reinforcement of the columns but all have

the same beams and plan layout.

In the description of the test examples the following terminology has been
adopted. Symmetric stands for the structure that has symmetric stiffness
and strength along the vertical elements for the x and y axis. “cv_A",
“cv_B”, “cv_C"” stands for designs that are symmetric with reference to
the stiffness but not symmetric with respect to the strength. Design “A”
has the largest strength eccentricity, while design “*C” has the lowest one.
Furthermore, “ecc_cr” stands for the design with stiffness eccentricity and
“ecc_cr_cv” stands for the design that has the center of strength and
center of resistance at opposite sides of the center of mass as suggested
by Tso [2]. The performance of the various designs is assessed for
different seismic hazard levels with reference to their structural behavior,
associated with storey drifts, shear forces of the columns, base shear and
roof diaphragm rotation. For this purpose a number of nonlinear analyses
have been carried out employing artificial earthquake motions that belong
to the 2%, 10% and 50% hazard levels.

10.3.1 Test example 9.1

The first test example, shown in Figure 9.2, is a one-storey 3D building.
For this test example, six designs are studied. The symmetric with respect
to both x and y directions, three designs having strength eccentricity, one
symmetric design (with stiffness and strength eccentricity equal to zero)
and one design with strength and stiffness eccentricity having the center
of rigidity and the center of strength at opposite sides corresponding to
the center of mass. The symmetric and the strength eccentricity designs

have the same column cross sections.
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Figure 9.2: Plan layout of the first floor

The results show that although, all six designs have the same total elastic
stiffness, the column’s drifts are not the same especially for the 2/50
hazard level. This is more evident along the x direction, where the
structures are not symmetric and rotational displacements and shear
forces are developed to the columns in y and x directions. This
phenomenon has been described also by Llera and Chopra [1]. It is
important to underline that although the designs have the same stiffness,
the structure’s drifts differ significantly. Furthermore, despite the fact that
seismic motion is applied only in the y direction, the vertical elements
develop drifts in both x and y directions (see Figure 9.3, 9.4 for all hazard
levels).
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Figure 9.3: Column drifts of each design in y direction, for each hazard level
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Figure 9.4: Column drifts of each design in x direction, for each hazard level

Figure 9.3 depicts the interstorey drifts in the y direction at the top of all
columns for the three hazard levels considered. As expected the response
of all four designs with the same stiffness coincide for the low hazard level
(50/50) while for the higher hazard levels a variation of the drifts’ values
are encountered due to the change of the columns’ capacity. It should be
noted that the larger the strength eccentricity is, the larger the induced

drifts compared to the symmetric designs.
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Figure 9.4 depicts the interstorey drift values along the x direction which
is perpendicular to the direction of the seismic excitation. Although the
seismic excitation is applied only along the y direction significant drift
values are encountered in the x direction for almost all the desighs except
for the symmetric one. This is due to the fact that the other designs are
not symmetric in terms of stiffness and eccentricity with reference to both

directions.
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Figure 9.5: Column Local Y Shear Forces of each design for each hazard level

The same conclusion can be drawn for columns shear forces. As observed
in Figures 9.5 and 9.6, the internal shear forces for each column varies,
especially for the 2/50 hazard level although the total forces and the
structure’s stiffness are the same. Furthermore, the columns develop
shear forces along the x direction, while the seismic excitation is applied
along the y direction. The worst design is the one with a stiffness
eccentricity that develops three to five times larger shear forces from the
symmetric one especially in the elastic range (i.e. 50/50 and 10/50 hazard

levels).

For the 10% hazard level of Figures 9.5 and 9.6 the column shear forces
are depicted for each hazard level by the two directions. Although it was
expected that no shear forces would develop along the x direction,

significant shear forces are encountered for all designs for the 2/50 hazard
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level, while the ecc_cr design has the worst performance developing shear

forces almost one order of magnitude larger than the other designs.
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Figure 9.6: Column Local X Shear Forces of each design for each hazard level

Examining the three designs with strength eccentricity, it can be seen that
in the elastic range (hazard level 50%), they have almost the same
internal shear forces as the symmetric design. In the inelastic range
however (hazard level 10% and 2 %), a considerable increase of shear
forces in x and y directions is observed. This is because the concrete
starts to behave inelastically and the strength eccentricity plays a more
significant role. This occurrence has been predicted by ROT as that the
maximum shear forces are encountered for the design with the maximum

eccentricity (see Figure 9.11).

It is very important to understand that for this simple structure none of
the five torsional optimum designs - according to the three basic design
philosophies against torsion - can predict minimum vales for each hazard
level. Especially, as seen in Figures 9.5 and 9.6 for the three designs with
center of strength eccentricity, in the elastic range the columns shear
forces are almost equal to the symmetric design, but for the 2/50 hazard
level, the shear forces become bigger relatively to the strength
eccentricity. Similarly for the design with stiffness eccentricity, and

especially for the columns that are in the stiff edge, the shear forces in x
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and y direction are significant, although the structure is symmetric with

reference to strength.
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Figure 9.7: Structure’s Base Torque of each design for each hazard level
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Figure 9.8: Structure’s Base Shear X of each design for each hazard level

Similar conclusions can be drawn for Figures 9.8-9.10 where the base
shear and roof diaphragm rotation for all three hazard levels are depicted.
From Figures 9.7-9.10 in conjunction with Figures 9.5, 9.6 important
findings can be extracted. The base shear in the x and y direction, the
base torque and the 8., follow the rule of the eccentricity concept in the
elastic and inelastic range. This means that, with respect to strength
eccentricity, these quantities are bigger for the collapse prevention hazard
level. On the other hand, the corresponding quantities, with respect to the
design with the stiffness eccentricity, are bigger in the elastic range. The
resulting shear forces do not follow this rule, because we can see very big

shear forces in ecc_cr for all hazard levels with an important increase for
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the 10/50 hazard level of the ecc_cv design. On the contrary the proposed
ROT criterion has predicted satisfactorily the structural behavior. Finally, it

will be observed that the design according to [2] gives the worse results

in terms of all quantities measuring the structural response.
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As we can see in Figure 9.11, the ratio of torsion varies between almost
zero (for the symmetric design) to 0.62 (for the design with stiffness
eccentricity for the 2/50 hazard level). In this figure, the performance of
the six designs is evaluated using the proposed criterion, ratio of torsion.
ROT formulation is based on internal shear forces for each hazard level. It
can be observed that the designs with high values of ROT correspond to
high values of the elements’ internal shear forces in the elastic and
inelastic stage (see Figures 9.5 and 9.6). On the contrary, no other
criterion proposed in the literature, can predict the performance of
structures with torsional rotations. This is a proof that ROT is a general
criterion for the design and the evaluation of the torsional behavior of

irregular structures. This finding will be applied to the following examples.

10.3.2 Test example 2
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Figure 9.12: Plan layout of the first floor
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Figure 9.13: Ratio of Torsion of each design for each hazard level
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In this test example, we have three designs. The first is the symmetric,
the second the one with stiffness eccentricity and the last with strength
eccentricity but stiffness symmetric. We can see that the symmetric and
ecc_cr designs have about zero rot and the ecc_cv design very bigger in
the class of unit which means that we will have about 100% increase in

the internal shear forces of the columns.

Hazard Level50% in 50 years
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Figure 9.14: Column drifts of each design in x direction, for operational hazard

level

In Figure 9.14 an important difference between the structure’s drifts
although the stiffness is the same can be seen. This has been predicted by
rot and its correspondence between the three designs and the symmetric
and ecc_cv ones. The same can be seen in Figure 9.15 for the shear

forces of the structure.

Hazard Level 50% in 50 years

16.06 = ... symmetric
14.0
L A /

oo | N/
8.0 e @ CC_CV / \ /

6.0 // \ //

e NN NS SL N\

0.0 - : S et

coll col2 col3 cold4 col5 colé col7 col8 col9 coll@ colll coll2

Element

Figure 9.15: Column Shears of each design in x direction, for operational hazard

level
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Figure 9.16. Column Shears of each design in x direction, for operational hazard
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Figure 9.17: Column Shears of each design in x direction, for operational hazard

level

From Figures 9.16 to 9.19 it can be seen that the ecc_cv design has a
very big base torque in the elastic and inelastic stage. So, the minimum
ecc_cv criterion is not reliable. The same can be said for the ecc_cr
design. This design has a much larger base torque in the 2% stage
although it is strength symmetric. On the other hand, rot had predicted

these conclusions as we can see from Figure 9.13.
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Figure 9.18: Column Shears of each design in x direction, for operational hazard level

268



0.0
0.0 /
0.0 /
/ eeeeee symmetric

0.0

/ — ©CC_CI
0.0
0.0 / m— @CC_CV

- e

0.0 S T

eroof

50% 10% 2%
Hazard level (in 50 years)

Figure 9.19: Column Shears of each design in x direction, for operational hazard

level
10.3.3Test example 3
K11 35/100 55 25/50 K640/40 56 25/50 K14 30/100
]
o 3 o
3 2 z
S 5 S g
B © s @ 33
K5 40/150["] K10 40/40 | | |
[o] s
N 511 25/50 5122550 | g 30/150
o o o
© © ©
S g 8 & <g
N~ [2] 524 S
o] Ze} e} w
51 25/50 K9 40/40 | 52 25/50
K12 35/100 Lol
6.000 I 4,000 K1330/100

Figure 9.20: Plan layout of the first floor

269



Ratio of Torsion

0.6

— QCC_CV

0.5 A\

0.4 N\

0.3 / AN

- 7 N\

0.2 \

0.1 rereveeseserinen N

0.0 ' E—
50% 10% 2%

Hazard Level (in 50 years)

ecc_cr

°°°°°° symmetric

Figure 9.21: Ratio of torsion of each design for each hazard level

In this test example, we have three designs for the same structure, (i) the

strength eccentricity one named ecc_cv with zero stiffness eccentricity,

(ii) the stiffness eccentricity named ecc_cr with zero strength eccentricity

and (iii) the symmetric one. As seen in Figure 9.21, the ecc_cr design

gives a better ratio of torsion than the symmetric one. Figure 9.22 shows

the internal forces of the center column in all floors. It is obvious that

ratio of torsion had predicted that the bigger shears will be at the ecc_cv

design, followed by the symmetric and last the ecc_cr design.
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Figure 9.22: Column Shears of each design in x direction, for operational hazard

level
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This is another case where neither the minimum cr eccentricity nor the
minimum cv eccentricity and both minimum can predict the design with

the less structure’s internal forces due to torsion.

10.3.4 Conclusions

The first principal conclusion that all design engineers must have in mind
is that although the seismic force is applied in the YY direction, the
elements’ internal shear forces are also in the x and y direction. This
means that in the x direction the elements must have substantial shear
strength such that in the case of zero or minimum rot can be about zero.
This is in accordance with a false belief of many designers that the
structure’s base torsion causes torsional moments in the vertical resisting
elements. On the contrary, base torque in eccentric structures induces
additional shear forces meaning additional ductility and strength demands

for the structure and of course additional cost.

In this study the test structures are designed according to the major
design criteria for eccentric buildings in the current literature: i.e.
mimimum rigidity eccentricity, minimum strength eccentricity and
opposite location between center of rigidity and center of strength
according to the mass center. As depicted previously, no criterion can be
conducted to designs with optimum torsional behavior meaning low
element shear forces. This is taken in consideration in simple and more

complex structures too.

On the contrary, rot can predict torsional damage and additional shear
forces of the element and if the stiffness’s are constant it can predict drifts
and also ductility demands. This applies to all test examples and many
more that we have analyzed. We believe that rot describes with great
accuracy the problem of torsion in a simple mathematical formula that can
be used from the design engineer and for research purposes as well. The
contribution of this study is that rot consists a general design and
evaluation criterion for irregular buildings that can be used for linear and
non-linear analyses, for one storey and several storey buildings and for
simple and real structures as well. So, it can be said that rot is a more

general index for structural behavior.
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11 Contribution of the thesis and

future work

In this study, various structural optimum design formulations are
assessed, with respect to the minimum torsional seismic response of RC
buildings, for three hazard levels (frequent, occasional and rare) as well
as through life-cycle cost and fragility analyses. An optimizer based on
evolutionary algorithms has been implemented for the solution of the
design optimization problems. From the present study the following

conclusions can be drawn:

It was verified for multi-storey buildings with irregularity in plan that the
rigidity center eccentricity is important mainly when the structural system
behaves linearly, while for nonlinear behavior the strength’s center
eccentricity becomes more important. The conclusion is based on a more
rigorous and generalized framework provided by structural optimization
procedures where a number of recommendations for designing RC
buildings are incorporated. The results are in accordance with the works of
Paulay [16,17], Tso and Myslimaj [31], which were based on observations

of the performance of one-storey buildings.

The second finding is related to the most appropriate design criterion for
reducing the torsional response. The proposed combined formulation,
where both ecw.ck and ecmcy eccentricities are minimized, leads to
optimum designs having an equally well response, in terms of rotation of
the top diaphragm, for frequent, occasional and rare hazard levels.
Moreover this design formulation exhibits the better performance with
respect to the total life-cycle cost and limit state probabilities of

exceedance.

The influence of a large eccentricity of the rigidity center in relation to the
mass center is very important for the seismic response of buildings. In

this study Evolution Strategies have been implemented for the
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minimization of the distance between the mass center and the rigidity
center of each floor layout of the building’s vertical structural elements.
The proposed desigh methodology is a two-stage procedure leading to the
coincidence of the mass and rigidity centers for each storey layout and
achieving the fulfilment of the EC2 and EC8 requirements. The
minimization of the distance between the mass center and the rigidity
center leads to a significant reduction of the torsional strain on the vertical
elements of the structure and thus, implicitly leading to a cost-effective
design of these elements. The beneficial effect of this kind of optimized
layout arrangements of the columns and shear walls is directly observed
on the cross sectional and transverse reinforcement requirements for the
vertical elements of the structural systems. Evolution Strategies have
proved to be a robust and efficient tool for an economically design

optimization of seismic resistant reinforced concrete 3D frames.

The first principal conclusion that all design engineers must have in mind
is that although the seismic force is applied in the YY direction, the
elements’ internal shear forces are also in the x and y direction. This
means that in the x direction the elements must have substantial shear
strength such that in the case of zero or minimum rot can be about zero.
This is in accordance with a false belief of many designers that the
structure’s base torsion causes torsional moments in the vertical resisting
elements. On the contrary, base torque in eccentric structures induces
additional shear forces meaning additional ductility and strength demands

for the structure and of course additional cost.

In this study the test structures are designed according to the major
design criteria for eccentric buildings in the current literature: i.e.
mimimum rigidity eccentricity, minimum strength eccentricity and
opposite location between center of rigidity and center of strength
according to the mass center. As depicted previously, no criterion can be
conducted to designs with optimum torsional behavior meaning low
element shear forces. This is taken into consideration in simple and more

complex structures too.
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On the contrary, rot can predict torsional damage and additional shear
forces of the element and if the stiffness’s are constant it can predict drifts
and also ductility demands. This applies to all test examples and many
more that we have analyzed. We believe that rot describes with great
accuracy the problem of torsion in a simple mathematical formula that can
be used from the design engineer and for research purposes as well. The
contribution of this study is that rot consists a general design and
evaluation criterion for irregular buildings that can be used for linear and
non-linear analyses, for one-storey and several storey buildings and for
simple and real structures as well. So, we can say that rot is a more

general index for structural behavior.

These conclusions can be extended in many research fields. First of all we
could perform more test examples in order to verify the results in one-
storey and especially in multi-storey buildings. Also, we can enhance the
constitutive model of the materials in order to have more accurate
analyses as well as more accurate conclusions. Another addition to the
method could be the implementation of the foundation’s influence on the
system’s response and the structure’s behavior. And last we can perform
the ROT method on buildings damaged by strength earthquakes and for

the retrofit procedure.
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