EOvikd MetoopBLo NoAuteyveio
YxoAn MoAwTikwyv Mnxavikwv

National Technical University of Athens
School of Civil Engineering

Authwpatikn Epyacia
ANTQNIOY MAPIA - MNAOYMAKH MAPIA

EruBAEnovTeg :
Ka®nyntng I. Nkalétag
Ap. D. Kapudakng
Ert. Kab. I. Avaoctaocomnoulog

APIOMHTIKH KAI NEIPAMATIKH AIEPEYNHZH KAINOTOMOY
2Y2THMATOZ AY2KAMWIAZ KAI ANMOZBEZHZ
INSTED — FUSEIS
ME OEQPHZH AAAHAENIAPAZHZ EAADOY2-KATAZKEYHZ

8 & & 8

NUMERICAL AND EXPERIMENTAL ANALYSIS OF AN INNOVATIVE
STIFFNESS AND ENERGY DISSIPATION SYSTEM
INSTED — FUSEIS
CONSIDERING SOIL-STRUCTURE INTERACTION

Diploma Thesis
ANTONIOU MARIA - PLOUMAKI MARIA

Supervised by :
Professor G.Gazetas
Dr. Ph. Karydakis

Ass. Prof. I. Anastasopoulos
AOHNA MAPTIOZ 2013 ATHENS MARCH 2013






Euxapiotieg

OAokAnpwvovtacg ™ dutAwuatikn uoc epyacia, viwdouue Badia tnv avaykn va UXOPLOTHOOUUE

Touc avdpwrouc tou ouveéBadav otn emnitevén Tou oTdYoU AUTOU.

Apxika, Ga Ueédaue va euyaptotrioovue Jepua tov kadnyntn . Tkaléta kat tov Ap. @.
Kapubakn,yia tnv eukaipia mou uoc Edwoav va cuvepyaotoUue uali toug. Htav tiun Uag mouv touc
OUVOVAOTPOQNKOUE KATA TA XPOVIX TwV omoudwVv Uac. ETUTAEov, eKTILOUUE LOLAITEPO TO YEYOVOC
ot otnpiéav amo tv apxn tv béa autnc ¢ SumAwUatiknG kat ouveBaAav kaBoploTikd oTtnv

enituxn ouvepyaoia Twv SU0 ToOUEWV, EWTEYVIKOU Katl AOUOOTATIKOU.

18taitepec euyaplotiec opeidovus otov enikovpo kadnyntn . Avaotacomnoulo, yia tv eEQLPETIKN
ouvepyaoia mou avartuéous pali tov Touc TEAsutaiou¢ unves. H moAutiun kadodnynon, ot
urtodeibelc kal N AUEPLOTN CUUTOPACTHON TOU HTAV KAJOPLOTIKEC Yla TNV ETITUXN OAOKANpwaon

QUTNC TNG EPYaOLOC.

Quotka, b Ga uropouvoaue va unv euxaplotioovue depua tov Ap. BaoiAn Apdoo yia tnv moAutiun
ouuBoAn tou otn Siefaywyn Twv mepauatwy odAdd kat yla Tic oUUBOUAEC MOU UaC TApPEIXE.
BeBaiwg, euyaplotouue oAU kat oAa ta unmodowuta UEAN tou Epyaotnpiou Edapounyavikng mou
uacg otriptéav evepya kata tn SLAPKELA TNE Epyaciac authc. ZNUAVTIKO pOAO yLa TNV EKTTOVNON TWV
ElpoUATWY SLASPAUATIOE CUPETTATA KoL TO epyaotriplo MetaAldikwv Kataokevuwv Kot ta UEAN
TOU. JUYKEKPLUEVQA, OpEIAoUUE Eva UEYAAD euxaploTw oTtoV K. STtéAlo Katoatoidn yia tn onuavtikn

Bon¥ela mou uag napeiye.

Ertiong, da 9éAaue va euxaplotioouue 0Aouc TouG PIAOUC UOG yLa TNV AVEKTIUNTN CUUTOPAOTAON
TOUG 0A0 auTo To Slaotnua.

OAokAnpwvovrtac, viwBoUUE TNV aQVAyKn VoL EUXAPLOTHOOUE TIEPLOCOTEPO art’ OAOUGC TLC OLKOYEVELEC

Hac yLa tnv SLopkn otipLén mou Lo TapPEXOUV.






ANAAYTIKH & IIEIPAMATIKH AIEPEYNHXH KAINOTOMOY XYXTHMATOX
AYXKAMWIAZX KAI AIIOXBEXHX
INSTED - FUSEIS
ME GEQPHXH AAAHAEIIAPAXHY EAA®OYX-KATAXKEYHX

[NIEPIAHWH

Baowkn bea:

To avtikelpevo NG mapoloas SUTAWUOTIKAG epyociog eivat n Slepelivnon TNG OELOULKAC
ouuneplPopAC €VOG KOWVOTOHOU ocuotnuatog Suokappiog kal amoppodnong evépyelag o€
noAvwpoda KTipla, po Wéa tou Kabnyntn k. lwavvn Bayla, mou PeEAETAONKE apxLkA Ao ToV K.

Qaidwva Kapudakn.

ApYLKN tpooéyyLon:

MéxpL Twpa, N cuVNBLOUEVN TIPAKTLKN YL TNV EMITEVEN TNG AMALTOUEVNC OVTOXNG Kol Suokapiog
€vavtl opl{ovtiwv Goptiwv oTIC LETAAALKEG KOL TIG KATOOKEUEC OO OKUPOdepa ival eite mAaiola
Lkava va apaidBouv pomn otouc KOpBoug toug (mAaiola pormrc), gite toywpata Suokaplog, eite
ocvotuata Staywviwv pafdwv (xlaoti olvdeopol duokaudiag), HE 1N XWPLS EKKEVTPOTNTA.
AapBavovtag ur’ oYn Tto TIAEOVEKTAHUATA KOl TA HELOVEKTAMOTA KABE TETOLOU OUGCTHMATOC,
e€etaletal éva véo, ou amoteAeital amd SUo LoXUpoUG KATAKOPUPOUE 0TUAOUG cuVEEOUEVOUG KOO’

U og pe oplovtieg SokoUG (MAGOTIHA OTOLXELQ) - 0TV ouaia pia katakopudn Sokog Vierendeel.

To OuykekpLUEVOo elval €va Kawvotopo olotnua duokappiag kot amoppodnong EeVEPYELAG,
OUVOTTTIKA KaAoUpevo otn ouvéxela INSTED (INnovative STiffness and Energy Dissipation system).
ALaBETEL TA XAPAKTNPLOTIKA EVOG TolXwHatog Suokaupiog aAlAd pe mpooBeta mAeovektiuata. Ad’
€VOG, €XEL TNV KavOoTnTa amoppodnong HEYAANG MOCOTNTAG EVEPYELOG MECW TWV TAACTIKWVY
TIAPOAUOPPWOEWV TWV TIAACTILWY HEAWV (opLlovtiwy dokwv) kat ad’ etépou, ed’ doov amattnBet
HETA amod pio HEYAAN CELOULKN KATAmovnaon, TNV EUKOAL ETILOKEUNG ) KaL TTAP)POUC QVTLKATACTOONG
TWV HEAWV autwv. To cUoTNUA AUTO €XeL HEAETNOEL yla PETAAALKEG KATAOKEVEG OAAA N edapuoyn

TOU BploKkeTal OKOUA O MPWLUO oTAd!LO.

H nelpapatikny tou Slepevvnon Eekivnoe oto Epyaotriplo MetaAAikwy Kataokeuwv tou EMI, émou

EKTIOVAONKAV OTATIKEG LOVOTOVLKEG KOl OVOKUKALKEG GOPTIOELG OE TIPAYUATIKNG KALHLAKAG LOVTEAQ,



hue Baon 6Vo SlodopeTikd TPWTOKOAAA GOPTIONG. AUTI) CUCXETIOTNKE OTN OUVEXELD KOl ME

OVAAOYEG 1N YPOAUULKEC AVOAUOELG.

And ta melpapara oautd efakplBwbnke OTL n avtiotaon ota opwloviia ¢optia Kol ol
TIAOOTLKOTIOLOELG  Katd T Oldpkela TG ¢GOPTIONG OUYKEVIPWVOVTOL OE GOUYKEKPLUEVO
TPOETIAEYUEVA OTOLXELO KaLl B€oelg, SnAadn oTig opl{dvtieg SokoUC, TPOCTATEVOVTAG T UTIOAOLTTA
otolxeia amo Swappon. EmutAéov, To cuotnua anoppodnong evépyelag (ot oplloviieg dokol) bev
OUMMETEXEL oTNV TapaAafn Twv Katakopudwv doptiwv Sladopomolwvtag £ToL TO OTOLXELX TOU
dopéa pe Baon tnv KUpLa Astoupyia Toug. EMOPEVWG, TO MPOTEWVOUEVO CUOTNHO TTOPOUGCLAlEL
ONUOVTIKA TIAEOVEKTNUATA, ONMwWG €£ilval n wkavotnta anoppodPpnong ONUAVIIKAG TOCOTNTAG
EVEPYELOG, TIAPAAANAQ HUE TNV EUXEPELO QVILKOTAOTOONG TWV TIAXOTIKOTOLNOEVTWY OTOoLXElWV

epooov auta dev amoteAoUV HEPOG TOU PEPOVTOG OPYOVIOUOU (OMWCE TT.X. TO UTTOCTUAWMOTA).

YKOTOC TNC SUTAWUOTLKIC:

Quoikd, n dlepelvnon NG cupnepLPopPAC EVOG TETOLOU CUOTHMOTOG Sev Ba umopoloe va pnv
nepthapBavel SUVOUIKEG avaAUOELC Kol Ttepapata, omou Ba dawvotav fekabapa n TAACTIUN
ouumEePLPOPA TOU KAl N TTPOCTACL TNG KATAOKEUNG, oTnV omoia Oa tornobetouvtav cav evioxuon.
AutO NTav kol Tto KUPLO £pyo TNG OSUTAWMATIKAG MOC epyaciag. lNpokelpévou, HAALOTA, Ta
anoteAéopata va gival 660 To Suvatov TILo PEAALOTIKA, EMLOLWEAUE VA EVIAEOUE TO TIPOTELWVOEVO
oUOTNUO, TOOO OVAAUTIKA OCO KOl TELPOUATIKA, O £val UTAPXOV MOVTEAO Tplwpodou KTipiou

(kAlpakag 1:10), TOU AVTLOTOLXEL OE TTPAYHUATIKI TPLWPODN KATACKEUN.

H &lapBpwon tng SutAwpatikng gpyaciag xwpiletal oe Vo pépn: To pépog A’ mePAAUPBAVEL TIG
0pLOUNTIKEG avaAUOELG, TTOU €ylvav oTov KwoLka Abaqus, woTe va SlepeuvnBel apxLkd avaAUTIKA TO
T(POTELVOHEVO GUOTNUA EVIOXUONG. ITN CUVEXELA (LEPOG B’) CUYKEVTPWVOVTAL TOL AIMOTEAECHLATO OO
TO OTATIKA Kol SuVapLKA TElpapata ou ekmovionkav oto Epyactrplo Edadounyavikig tov EMIM

KaBwW¢ KaL KATIOLEG AVTUTPOOWTIEVTIKEG AVOAUCELG TWV TIELPAUATWY QUTWV.



A’ MEPOX

To avoAuTikO UEPOC QUTAG TNG epyaciag meplapPfdavel tplodlaotateg aplOUNTIKEC OVAAUOELS

TIETEPACUEVWV OTOLXELWV OTO IPOYpapa Abaqus, OL OTIOLEC TTPOCOUOLWVOUV TN CUUTEPLPOPA:

v' tou ocuotipotog INSTED, oUudpwvo pe TtV SLATAEA TOU OTO TIELPAMATO TIPOYHOTIKAG
KAlpakag, mou gixav die€axOet oto Epyaotriplo MetaAAikwyv Kataokeuwy,

V' Tou Tpwpodou KTipiou, og KAipaka povtélou (1:10)

v\ Tou eVIOYXUHEVOU KTLpiou péow tou ouotrpatog INSTED kot

v\ TOU EVIOYXUMEVOU KTIpiou péow evOC Tolywpatog Suokappiog.

YKOTOG £lval, HEOW TWV AVOAUCEWVY, VO CUYKPLOEL N OELOULKA AITOKPLON TOU EVIOXUMEVOU KTLPLOU UE
EKELVN TOU OPXLKOU ([N EVIOXUUEVOU) Kal Vo EEETACTOUV OL ETILITAEOV SUVOTOTNTEC TOU EVIOXUUEVOU.
TOoO TO MPWTOTUTIO 000 KAl TO EVIOXUMEVO UTtOBAAAOVTAL OTNV 8la OElpd EAANVIKWY CELOUWV
HETpLAC €viaong, n omola eixe xpnolpomolnBel kal KATA TNV TEPAUATIKA Tou Slepelvnon
(Movaotnpakt 1999, Aiyto 1995, KaAapatoa 1986, Asukada 2003). MAAOTA TO EVIOXUHEVO
umoBaM\etal kol ot Oleyépoelg Loxupotepng €vtaong (Rinaldi, Jma, Takatori). Méow autwv
emBePatwvetal n Lkavotnta Tou cuotipatog INSTED va amoppodd OnNUAVILKI) TTOCOTNTA EVEPYELOG
KOTA TNV OVAKUKALKY $opTion AOyw TNG HEYAANG TAAOCTIUOTNTOC TIoU SLaBETEL. AUTO E€XEL WG
QTTOTEAECUA, N EVIOXUUEVN KOTOOKEUN VO ETURLWVEL LETA Ao LOLAITEPA LOXUPECG OELOULKEG SOV OELG
(ue emTayvvoelg MOAU HeyaAUTEPEG QMO TN ETUTAXUVON OXESLAOMOU TOU GUOTHUATOG EVioXUONG)
KOl LAALOTOL OTTOKTWVTOG ETUTPENMTEG MOPAUOPPWOELG. AVTIOETWC, TO MPWTOTUTIO KTiplo aduvartel va
avtane€ENBeL akOUN KAl OTOUG HETPLOC EVIACEWCG EAANVIKOUC CELOMOUG Kol QOTOXEL TEAIKA OTO
OELOMO TNG AEUKASAC PE UNXAVIOUO “hoAakol opodou” (MAACTLKOTOLINGN TWV UTTOCTUAWUATWY TOU

Looyeiou).

ITn OUVEXELQ N oUykpLon tou cucotriuatog INSTED pe to toixwpa Sduokaupiag amodeikviel Tnv
UTIEPOX TOU TIPWTOU TUTIOU eviocxuong, T000 o€ eminedo mapapopdwoewWV TNG KATOOKEUAG 000 Kal
oe eminmedo EMIOKEUNG KOL EMOVAXPNOLUOMOINONG. ZUYKEKPLUEVA, TO Tolxwpa OSuokaupiag
TLOPOUCLATEL APKETA UIKPOTEPN TMAACTIUOTNTA Kal Sduvatotnta emavadopds, HE AmMOTEAECUA va

KaTappEEL 0To oelopd Tou Takatori o€ avtiBeon pe to INSTED.



B’ MEPOX

AdoU €xoupe OAOKANPWOEL TIC OPXLKEG OPLOUNTIKEC OVAAUOELS, TIPOXWPAUE OTNV TIELPOMOTLKN
Slepelivnon, mou amoteAeital TG00 amd OTATIKA 000 Kal oMo SUVAULKA TElpApOTO. T OTOTLKA
TElpApATA TMEPAOUBAVOUV LOVOTOVLKEG KOl OVAKUKALKEG POPTIOELG KAl TPAYUOTOMOLOUVTAL LE TN
BonBela evog euPolou mou emPBalel petakivnon oto SeUtEpo Opodo TNG TOAKTWUEVNG
KATOLOKEUNG, TIPOCOLOLWVOVTOC TPLYWVLKH KATavour HeTakivnong. Oco yia ta SUVAULKA TIELPAUOTA,
TO GUOLKO POVTEAD TNG UTIO KALHOKA KOTOOKEUNG TomoBEeTe(Tal TTAVW OE €val OTPWUO AUUOU, TIOU
Slapopdwvetal xpnolpomowwviag €vo KatdAAnAo cuotnua StaBpoxng tg Appou. Me auto tov
TPOmo peletatal n aAAnAenidpaon tou cuotiuartog edadouc-Oepeliwonc-avwdouns. MaAlota to
LLOVTEAO TOU EVIOXUUEVOU KTlpiou Sokipaletal, HeTaBaAAovTag tnv avtoxn tou kat tn duockappio
TOU, £TOL WOTE VA EMITUXOUME TNV €MBUMOUPEVN OXEON QAVTIOXNG Kol Suokaupiag KATAOKEUNG-
evioxuonc Kal va peAeTriooupe ta amoteAéopata tne aAAnAenidpaong e6adpouc-kataokeunc. Q¢
OELOULKEG OLEYEPOELG, XPNOLUOTIOLOUUE TIPAYUATIKA EmITaxuvoloypadiuata TokiANg &vtaong

(eAAnvikoug oelopouc, tou Northridge otig HMA, kat tou Kobe otnv lanmwvia).

AopBavovtag umoyn ta katvouplo dedopéva Tou TELPANATOG, 6oov adopd to cuotnua INSTED,
OTIWG TLG LOLOTNTEC TWV UALKWVY KOTOLOKEUNC, TIPOXWPAE OE KATIOLEG AVILIPOCWITE UTIKEG AVAAUCELG,
TIOU OKOTO KUplwG €XOUV TNV TPOCOUOLWON TNG MEPAUATIKAG Sldataéng 6co To Suvatov TLo
PEAALOTIKA. MEOW QUTWV TwV avaAUCEWV yivetal Mo EekaBapn n Asltoupyia TNG KATAOKEUNG OE

oAAnAemtidpaon pe to £6adog BepeAiwong.

Y€ TEAIKO OTASLO PEAETAUE MELPOAUATIKA TO cuotnua INSTED, autovouo, Xwpig TN CUUUETOXA TNG
UTTOAOLTING KOTAOKEUNG, OAAA He edapupoyn NG avrtiotowng palag otnv kopudn tou. H
Slopdpdwon autol Tou UOVOBABULOU CUCTAUATOC LG ETITPETEL VA EEETACOUE HEUOVWUEVA TN
OELOUIKN TOUu ocuumeplpopd, avefdptnta amd TUXOV ETUPPOEC TNG KATOOKEUNG. Mo tn emiteuén
autol Ttou okomol emBEAoOUUE oTo clvotnua TN iSla xpovolotopia Celopwy, OMWG KAl OTA

TiPONYoU LEVA SUVAULKA TTELPAUATA, KATAARYOVTAC O€ TTOAU XPrOLUOL CULMEPACLATAL.









Table of contents

INTRODUCTION

1. Earthquake Design Of STrUCTUIES .............oooiiiiiiieie e e s e e e e enees 3
1.1 Typical reSiSTANCE SYSEEMS ...eiiiiiiiie ittt e e st e e e s s sba e e e e s aeeeessabaeeesnsseeeesnnns 3

2. Proposal of this thesis: INSTED-FUSEIS SYStemM ............coiiiiiiiiiiiiiiiee e eieeee e sreee s sevee e saeee s 5
2.1 Main Structure Of The ThESIS ....uuvieiii et e e e st e e e e e e e arraaeeeeeeeeas 5

FIQUIES......cccooooeeieeeeee ettt e e ettt e e e e e e e e bttt e e e e e e e ss s abb e e e eeeeesesa s aateaaaeaeessansasseaaaaeeeesesnnnsnssnanens 7

PART A'

CHAPTER A.1

1.1 The INSTED — FUSEIS SYSE@M.......ccociiiiiiiiiiiieiiiee sttt et e s sate e st ae e st e e saae e sabaeesabaeesabaeenanees 15
00 00 O [0 YUY I o [Ty T o SRR 16

1.2 Numerical Simulation of the real-scale experimental model setup ..........ccc.ccooevnrienneeiiennennn, 17

1.3 Performance of the numerical model ...............cooiiiii i 17
300 T8 W 1 o AV =T o VY] ] = ST SUUUPRRS 17
1.3.2 Comparison between the experiment and the numerical analyses.......cccccceeecciieieeeeennennns 18

o 1 =23 PPPPPRt 19

CHAPTER A.2

2.1 The original BUIIAING.........ccoooiiiii e s sre e e s 35
2.1.1 The eXperimeNntal SEEUP ..occcvrveeiee ettt e e e e et e e e e e eeesatbrreeeeeeessennntrerereeeeenas 35

2.2 Numerical Simulation of the experimental SEtUP..........ccceeevviiiiiiiiiiii e 36

2.3 Performance of the numerical model ..............cocoiiriiiiiiiiiiie e 37
D2 T N o VT T ) V= ol =L o [ YU SRR 37
2.3.2 Dynamic Testing of the building — Comparison to the experiments .........cccccceeiieciciiiieenenennn. 37

FIGUIES......cccoooaeieieeee ettt ettt e e e e e s sttt e e e e e e s e s bbbt e e e eeeeesaaanbbaaeeeeessesassbbaaaaeeeessanasranaeens 39



CHAPTER A.3

3.1 Weakness of the original building and need for retrofit................ccooeiiiiii i, 53
3.2 Proposal of retrofit via the INSTED system — Numerical Simulation ..............ccc..cccoevvnnvvnennecnn. 53
3.2.1 Designing the INSTED SYStEM......uuiiiiiiiiee ettt e e st e e s s e e e s areeeesnanees 53
3.2.2 Numerical simulation of the retrofitted Setup.......ccccoveiiieiieiiie 55
3.3 PUSROVEI TESTINEG .....ooiiiiiiiiiiiee e et e e et e e s st e e e e s bbeeeesnabeeeessnstaeesensseeeens 56
N0 Y oo o T Lol =T ] - PP PPPP 57
3.4.1 Performance under moderate seismic shaking .........cceeiiieiiiiiiieii e, 57
3.4.2 Performance under strong seismic ShakiNg.......cccuvviiieeiii i 58
o 1 =23 PP PPPPPPRt 61
CHAPTER A.4
4.1 Need for retrofit — Previous attempt with an RCshearwall.................cccoooiiiiiiiininin e, 97
4.1.1 Experimental setup of the RC shear Wall ...........oooiiiiiiiiiie e 97
4.1.2 Performance under moderate and strong seismic shaking........cccoveeeeeieiiiciiiiieeeee e, 98
4.2 Numerical Simulation of the building retrofitted viathe RCwall...............coccvvrreeieiiiniinnn, 98
4.3 Comparison between numerical and experimental results ................cccccoeeveiiiiiieeiee e, 99
N VT oo =T T oY= SRR 99
4.3.2 DYNAMIC SHAKING ... . e e e e e e e e et e e e e e e e e s esnnrereeeeeaeeeennnnnes 100
4.4 Comparison between the RC wall and the INSTED system on a numerical basis .................... 101
FIGUIES......cccoooiieeeee ettt ettt et e e e e ettt et e e e e e s ettt et e e e e e e seaaa bbb teeeaeesesaaassbbaeeaaeeeseaanrenaaeas 103

CONCLUSIONS OF PART A ...ttt ba e s e ba s e e s sabn s 131



PART B'

CHAPTER B.1

L1 EXPErimENtal SEEUP .......uuuiiiiii e nnnan 139

1.2 Experiment Preparation and Instrumentation ...............ccco oo 140

R 3 o T T [ ¥ PSP PPRPP 142
1.3.1 Loading protocols of the horizontal pushover tests ........cccccveeeeiiiieeeccciiee e, 142
1.3.2 SEISMIC MOTIONS eeiiiiiieiiiiitetee ettt e ettt e e e e e e e sttt e e e e e s e s sabebbeeeeeeeeseannrreaeeeeassans 143

1.4 Description of the experiments —ReSUILS ................cocoiiiii e 143
1.4.1 Experiment No. 1 (SETUP I): Horizontal Pushover Test - Dyog = 4MM ...ovveeeeiiiieeeeciiieeeeneee. 143
1.4.2 Experiment No. 2 (SETUP 1): Dynamic Test — Dyog = 4MM .......eeeeecveeeeeecieeeeeciieeeeecveee e 145
1.4.3 Experiment No. 3 (SETUP II): Horizontal Pushover Test — D;og=3.2MM ..ccccuvvveeecirieeeennneen. 146
1.4.4 Experiment No. 4 (SETUP IlI): Dynamic Test — D;og=3.2MM ........uvvveeeecieeeeeiieeeeecieee e 147
1.4.5 Experiment No. 5 (SETUP Ill): Dynamic Test — Dyog = 3.2MM .......uvvveeeeciieeeeiieeeeeciee e 149
1.4.6 SETUP T1VS. SETUP Tl .evvieiiiieiiieesiee ettt stee et e et eesiae e staeestaeesaaeesssaeesssaeesasaessaneesnssenas 150

o 1 =23t 153

CHAPTER B.2

2.1 Numerical Simulation of the Retrofitted Building ............ccc.coovviiiiiiieiiiiiieee e, 203
2.2 Pushover Tests to the Retrofitted Building...............cccovrieiiiiiiiiiiii e, 204
D A R Y=Y U o TN PSRRI 204
2.2.2 SEEUP Ll et e et e e e et e e e e e ta e e e e e e tbe e e e e e areeaeaaaaaeeeeaaaraeeeeaanteeeeeasraeeaannns 204
2.2.2.1 Setup Il = ANalysis With SOl .......cceiiii i e e e eaees 205

2.3 Dynamic Tests to the Retrofitted Building..............cccoooiviiiiinii e, 206
PR T8 B Y=Y VT N TR 1 - | | S 209

FIQUIES.........oooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeesssesasesesssssssssssesssssesesssesssssasasesssssesssesssssssesssesssssesssssssssssssnsssnrernnnnns 211



CHAPTER B.3

BLLINErOAUCHION ... ... s 239
3.2 EXperimental SEtUP ..., 239
3.3 Experiment preparation and Instrumentation ...............cccccoiviiiiiiiiin 240
3.4 Imposed SEISMIC IMIOTIONS ..........cooocuiiiiiiiiiee e e e s e sbee e e s s sba e e e e sbaeeeesnaseees 240
BLD RESUILS......oeeii e s s 240

3.5.1. Performance under moderate seismic Shaking .......ccccccuvreiiiiiiei e e 240

3.5.2. Performance under strong seismic Shaking .........ccccceeeiiiiiiiciiiie e 241
L T 7 = U RPTR 243
CONCLUSIONS OF PART B ...ttt ettt ettt ettt e s e e st e e s bt e e sanee s saneessnneeennneean 263
REFEIENCES ...ttt ettt e e bt e e bt e e e bt e e s bte e s bt e e s bt e e sabeeeeabeeeeaneeenas 267
Appendix A

Appendix B



Introduction

SCOPE OF THE THESIS






1. Earthquake Design of Structures

Due to the lack of knowledge and experience, but also due to the limited existing data of seismic
records worldwide, earthquake hazard was greatly underestimated in the past. However, this
perception altered after some great earthquakes (such as the Kobe earthquake in Japan, 1995),
which resulted to the collapse of many buildings and severe damage of others. Existing buildings
proved unable to withstand seismic excitations of such great amplitude and the need for careful
seismic design of structures arose. Of course, the alternative of increasing a building’ strength with
regard to the amplitude of the seismic records is not always the case, since this leads to a huge
increase of the acceleration and velocity that the structure develops, therefore, to greater
displacements. Consequently, this design method does not always result in safer design. This
realization led to the development of a new seismic design methodology, which mainly aims at
controlling earthquake damage rather than avoiding it (ductility and capacity design). Ductility
design ensures that critical structural members can sustain loads that exceed their capacity,
without collapsing, and capacity design aims at guiding failures to less important structural
members (beams instead of columns) and to non-brittle mechanisms (bending instead of shearing)

[Park & Paulay, 1976].

However, most of the existing structures have been designed according to older seismic codes, thus
do not comply with the aforementioned newer seismic design model. For example, in Greece,
about 85% of the building stocks date before 1985 and therefore lack adequate ductility and
capacity design. Such structures are vulnerable even to relatively small seismic motions and
develop brittle failure mechanisms (Figure 1.1), a fact that was also clearly proved during the M 5.9
earthquake near Athens in 1999; the earthquake led to 145 fatalities due to collapse of 100
buildings and damage beyond repair to 13000 buildings [Papadopoulos et al., 2000]. Hence, the
need for reinforcement in terms of strength, stiffness or ductility appears imperative for this kind of

structures.

1.1 Typical resistance systems

The ductility and capacity design aims at increasing the stiffness and strength of a structure and is
being implemented in various ways. As far as concrete structures are concerned, shear resistance
walls (Figure 1.2a) are a usual type of seismic retrofit. In regard to steel structures, this design

methodology is established through the introduction of some typical horizontal resistance systems,



such as moment-resisting frames and anti-diagonal bracings, with or without eccentricity (Figure
1.2 b,c,d). Each one of these systems has its own advantages and disadvantages in regards to

seismic response:

Moment resisting frames (Figure 1.2b) are the most flexible among the aforementioned systems
and therefore perform in a ductile manner, dissipating energy through the creation of plastic hinges
at the edges of their beams. It has been proved, though, that under strong seismic shaking, these
systems do not always work as desired. The horizontal beams can demonstrate sufficient strength,
thus rigid beam-column connections are inevitably charged with the whole amount of seismic
energy and shear cracks are created. Since these connections are designed to undertake both
horizontal and vertical loading it becomes quite difficult to repair any damage, without disturbing

the normal operation of the building.

Frames using anti-diagonal bracings without eccentricity (Figure 1.2c) as a horizontal resistance
system are much stronger and stiffer than moment-resisting frames, so less sensitive towards large
displacements, but less ductile. For bracings of type (X), energy dissipation takes place through
yielding of the tensile diagonal, which is designed to be weaker than the rest of the structural
members, hence is the first to reach its yield stress during a seismic motion, while the rest of the
structure remains elastic. The system is not designed to bear any vertical loading, therefore is
easier to repair after a serious damage. For bracings of type (V) or (A), the compression diagonal
needs to participate in the bearing of seismic loading and therefore becomes the critical member of
the system, due to its brittle type of failure (buckling). Hence, these kinds of systems cannot be
used for energy dissipation design (g=1.5). Of course, they still have the advantage of resisting only
to horizontal seismic loads, offering ease of replacement after damage, without affecting the rest of

the structure, which bears the vertical loads.

Finally, the anti-diagonal bracings with eccentricity (Figure 1.2d) dissipate seismic energy through
plastification of the link beam, which is deliberately designed to be the weakest member of the
system. This type of horizontal resistance systems combine some advantages of the previous ones,
since they are stronger and stiffer than moment - resisting frames, but also more ductile than anti-
diagonal bracings without eccentricity. Nevertheless, they are quite difficult to repair, as the link

beam is not easily accessible and is also part of the vertical loading bearing mechanism.



2. Proposal of this thesis: INSTED-FUSEIS system

The aforementioned design methodology of retrofitting structures with stiffer systems surely
establishes the concentration of seismic force on these systems. Our aim, though, is to move one
step further into the earthquake design of structures, by investigating the seismic performance of
considerably ductile structural systems. The proposal of this thesis is to examine a system that,
apart from the necessary stiffness and strength, will mainly display great ductility. This means that
this system will be, of course, stiffer and stronger than the existing structure, but at the same time,
very ductile, establishing that the structure will be able to deform and dissipate large amounts of
energy, without collapsing. Actually, this parameter appears to be equally significant with the

previous ones.

The INnovative STiffness and Energy Dissipation (INSTED) system (Figure 1.2e) is a recent novelty
that corresponds to the proposed, but a not yet established design methodology (since the existing
laws do not allow behaviour factor values larger than g=4). The system consists of two strong
columns, closely positioned, articulated at the base and joined together with horizontal beams in a
relatively tight arrangement; it is practically a vertical vierendeel beam. Combining the advantages
of the previously mentioned systems, in terms of stiffness and strength, it can be theoretically used
both as a horizontal resistance system for newly built structures or as reinforcement for existing
buildings. Indeed, it has already been studied for steel structures, though, not yet implemented in
reality. The object of investigation, in this thesis, is the possibility of introducing the INSTED - FUSEIS

system in a concrete structure, as a means of retrofit under seismic loading.

2.1 Main Structure of the Thesis

The INSTED system has already been tested under real scale pushover tests in the Steel Structures
Laboratory of NTUA [Karydakis, 2011]. The scope of this thesis is to examine, both numerically and
experimentally, the seismic performance of an existing building, retrofitted with the INSTED system,
taking also account of the effects of soil structure interaction (SSl). For this purpose, a scaled-down
model of an idealised 3-storey structure (Figure 1.3) is considered [Nonika Antonaki, 2012] for both
the numerical and experimental program. The numerical analyses constitute Part A and the

experimental program is compiled in Part B.



Part A: Before testing the physical model of the retrofitted structure in the shaking table of the
Laboratory of Soil Mechanics of NTUA, a number of numerical dynamic analyses are conducted
(ABAQUS). Firstly, the real-scale experiments (conducted in the Steel Structures Laboratory) of the
INSTED system alone are simulated in order to result to a correct numerical model of this
retrofitting system. Afterwards, a numerical model of the original building is made (Figure 1.4), in
which the INSTED system will be introduced on next step. Also, the proposed retrofit is compared

to another one, that of an RC shear wall, in order to result to the most effective one.

More specifically, the numerical analyses include simulation - in model scale — of:
v’ the original building
v the retrofitted building, after the attachment of the INSTED system and
v the retrofitted building, after the attachment of an RC shear wall.

The numerical models of the original building and the retrofitted one, with the RC wall, are
compared to the experimental results, derived from the already completed experiments in the
shaking table of the Laboratory of Soil Mechanics [N.Antonaki, 2012]. At the same time,
comparisons are made, in numerical terms, between the performance of the original and the
retrofitted building (with the INSTED system), in order to ascertain the contribution of the INSTED
system in the structure’s seismic behaviour. Finally, the performance of the building with both

kinds of retrofit (with the RC wall and the INSTED system) is compared.

Part B: The final step is that of the experimental program, conducted in the Laboratory of Soil
Mechanics of NTUA. This includes monotonic and cyclic pushover tests, as well as shaking table
testing. Various model configurations are tested, varying the strength of the INSTED retrofit, in
order to result to the optimum design of this system. The pushover tests are conducted with the
pushover apparatus, utilizing a loading protocol, similar to the one utilized in the pushover tests of
the INSTED system alone, in the Steel Structures Laboratory. As for the dynamic tests of the
building, the entire soil-foundation-structure system is modeled, placing the physical model of the
building on top of a sand stratum, prepared using a carefully-calibrated sand raining system. A
variety of real records of varying intensity (from earthquakes in Greece, Northridge US, and Kobe)

are used as seismic excitation.
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Figure 1.1 Brittle failures in structures as appears after earthquakes.



Need for Retrofit

(a) Shear wall (b) Moment resisting frame

..."" R F}"E ! .":-..- S

(c) Anti-diagonal bracings (d) Anti-diagonal bracings with
without eccentricity eccentricity
- s =
i | s

/
L L
LL1J

R A

(e) INSTED system

T T . T
F L - 4
.! .! - T:-: .-..! s l._.llﬂ_.

Figure 1.2 Usual types of horizontal resistance systems used for retrofit against
horizontal loading and the proposed retrofitting system..



Original building

3m

3m

6m 4m
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Figure 1.4 Schematic illustration of real scale frame and the proposed retroffited one.
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CHAPTER A.1

PERFORMANCE OF THE INSTED
ON ANALYTICAL APPROACH -
COMPARISON WITH THE EXPERIMENTS






1.1 The INSTED system

The Innovative Stiffness and Energy Dissipation (INSTED) system examined in our thesis is
constituted of two strong columns, closely positioned, articulated at the base and joined together
with horizontal beams in a relatively tight arrangement; it is practically a vertical vierendeel beam.
The columns of the INSTED system are designed to remain elastic during seismic loading (rotate
around the hinge) while potential failure is guided to the horizontal beams, where energy

dissipation takes place through the plastic hinges that are formed.

When the acceleration amplitude of a seismic motion is lower than the design acceleration, the
horizontal beams are designed to remain elastic and within limits of serviceability. But, when the
seismic motions exceed this yield limit, these beams (fuse elements) dissipate energy by creating
plastic hinges. Their strength is considerably smaller than the one of the columns, which means that
the basic principle of capacity design is followed — failure is guided to less important structural
members and non-brittle failure mechanisms are developed (bending instead of shearing). The
length, number and type of section of these fuse elements (expendable beams) actually determine
the strength and stiffness of the whole system. As long as the stiffness of the rest of the structure
(in the case of moment resisting frames) is smaller than the one of the INSTED system, the damage

is localized on the INSTED system and the rest of the structure remains elastic.

The horizontal elements can be beams of any section, like I-beams or hollow sections, or solid rods
or bars (Figure 1.2). In order to avoid the creation of plastic hinges near the beam — column
connection, these expandable beams were initially located at the middle of the span, with the use
of receptacle beams welded to the columns, considerably stronger than the connecting elements
(Figure 1.4). The receptacle beams also remain elastic, restraining the creation of plastic hinges in
the expandable middle section. Therefore, it becomes clear that the more the expandable
horizontal beams are moved away from the columns, by increasing the length of the receptacle
beams that remain elastic, the bending moment developed is smaller and so is the cross-section
needed (Figure 1.4). On the other hand, because of the larger relative vertical displacement, more
plasticity is required from the fuse elements. Additionally, considerable axial force is developed,

increasing the stiffness and strength of the INSTED system.

Due to the great ductility expected from the horizontal beams, the material that is preferred is

steel, due to its hardening after yield. In fact, mild steel (S235) is preferred, since this ensures
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quicker yield of the retrofitting system, along with ductility and stiffness. This ductile behaviour of
the system enables us to design with very a high behaviour factor (q), which means that we result
to a smaller design acceleration, therefore, reduced moments and cross-sections (economic
design). Of course, the fact that we do not expect large strength from our system could result in
failure under static loading. However, this is not the case under dynamic motions. In fact, the cyclic
behaviour of an earthquake is what guarantees its safety, since the ductility limits of the system are
not easily overcome. Any static loading of similar acceleration amplitude would result to ultimate

failure.

Besides the fact that this system is able to resist under strong seismic motions, it appears also that
a structure that includes this system will be functional again after some intervention. Since the
expendable connecting elements, to which the damage is localized, do not participate in the dead
load bearing mechanism, it is quite easy and cheap to replace or repair them, after a strong
earthquake. Therefore, this system may be an introduction to sustainable design. Taking all the
above into consideration, we may conclude that this system resembles a shear resistance wall, but
has the additional advantages of (a) being able to dissipate a larger amount of energy, through
plastic deformation of the horizontal beams and (b) being easily repaired or replaced, if needed,

after a strong earthquake.

1.1.1 Optimum design

After the series of real-scale experiments that took place in the Steel Structures Laboratory of
NTUA, it became clear that the optimum design of the INSTED system should include solid rods or
bars as fuse elements (Figure 1.5a), since these elements have the obvious advantage of length
adjustment, which is crucial for parts of the system that are meant to be replaced or repaired.
Between those two options, rods are easier to machine than rectangular bars, as are the supporting
edges of the receptacle beams, rounded to prevent local damage from fatigue (Figure 1.6). In the
case of rods, ring slots are easily constructed, leading to the formation of plastic hinges away from
the supports and allowing for a long plastic zone with high plasticity and progressive section
plastification. Therefore, the final design proposal (Figure 1.10) of the INSTED system [Karydakis et
al, 2011] includes a rod as the connecting element, between two strengthened vertical columns that

remain elastic, length adjusting screws at both ends and weakened crossection away from the



supports [Figure 2]. This setup, conclusively, is the one that we will adopt for the analytical and

experimental work made in our thesis.

1.2 Numerical Simulation of the real-scale experimental model setup

In order to have a right model of the structure as a whole, it is important that we result in a
corresponding, to the experiments, analytical behaviour of the INSTED system itself. This is the
reason why we simulated in Abaqus the experimental setup used for the pushover tests in the Steel

Structure Laboratory (Figure 1.1). (The initial geometry was firstly created in Ansys.)

The structural members of the setup, i.e. the columns, receptacle beams and fuse elements of the
INSTED system (Figure 1.7), as well as the steel frame, were simulated by 3-dimensional, 2-node
linear beam elements (B31). The extensometer, used to measure the relative vertical displacements
(Figure 1.8) of the receptacle beams, was simulated by a 3-dimensional stress/displacement truss
element (T3D2) which had a negligible thickness, so as not to affect the measurements. The
existence of an identical steel frame normal to the first one (Figure 1.3), guaranteeing the stability
of the setup, was also taken into account by the constraint of the out-of-plane displacement of the
nodes. Additionally, the diaphragmatic function of the storey plates was established with the

kinematic conjunction of the nodes on top and base of the INSTED system.

Intending to describe the non-linear behaviour of the B31 members, we used the multi-yield
elastic-plastic stress-strain curve that derived from the tensile strength test, conducted in the Steel
Structure Laboratory of NTUA (Figure 1.11). As for the extensometer, an elastic constitutive model

with the nominal steel Young’s modulus was adopted (Figure 1.15).

1.3 Performance of the numerical model

1.3.1 Pushover testing

The push-over displacement was imposed at the base of the right column of the INSTED system.
The loading protocol used consisted of a number of steps, in groups of three, each one imposing
cyclic displacements on an increasing range (Figure 1.12). The final level of the loading
implemented in each series of analyses differed, due to the fact that the setup could not reach the

maximum displacement imposed (Figure 1.13). The factor that defined the loading magnitude was



the relative vertical displacement (Av), which needed to be the independent variable in the
analysis, and was measured by the extensometers in each experiment (Figure 1.5b). Therefore the
loading was calculated according to the one measured by the extensometers, and the maximum

the setup would undertake if we imposed 150mm displacement (4% interstorey drift).

The image of the deformed INSTED system, with one or five fuse elements, after the end of the
loading, is depicted in the following figures (Figure 1.14). The results of the analyses, in terms of
system strength and vertical displacement (Av) (Figure 1.15), as well as the experimental
measurements, are also compiled in the set of figures at the end of chapter 2, for each type of the

connecting elements of the INSTED system.

1.3.2 Comparison between the experiment and the numerical analyses

Having already obtained the results from the real-scale pushover experiments conducted in the
Steel Structures Laboratory, we come to compare them with the numerical simulation ones. The
graphs, exported from each case, much resemble the experimental ones at first sight, considering

the uncertainties and flaws an experiment may include.

With a more detailed look, we can deduce that the analytical initial stiffness as well as the ultimate
strength of the system is in good agreement with the measured data in most cases, especially in the
first circles. Experimentally, the gradual strength degradation of the system is attributed to the non-
linear steel behaviour, which cannot be realistically simulated in Abaqus, due to the way the
program manages with it. This is the reason why the steel curve we imported in the analysis

reached the ultimate stress yield, but did not include the descending branch after hardening.

As for the experiments that included rods as fuse elements [Figure 2], the initial stiffness and the
form of the graph near the horizontal axis present slight differences compared to the analyses. It is
a fact, indeed, that the experimental setup encases lots of imperfections due to the number of
connections needed. These connections were not so rigid, as assumed in the analyses, resulting to a
reduced real stiffness of the system. Additionally, the small gaps that inevitably existed around the
rod enlarged as the rods deformed during the cyclic loading. When the rod detached the beam, it
was subjected to no bending due to the gap, therefore, allowed deformation under no resisting
force. The inability of the numerical analyses to simulate this factor justifies the deviations between

the analyses and the experiments.
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Figure 1.1 Axonometric design of the experimental setup.

Figure 1.2 Typical cross sections of the fuse elements used in the real-scale experiments.
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Figure 1.4 Deformed shape of the experimental setup during the pushover testing.
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Figure 1.6 Detailed design of the most efficient type of fuse elements
(INERD beams - RODS ®33)



Figure 1.7 Experimental setup of the INSTED system (photograph from the Steel
Structures Laboratory, NTUA).

Figure 1.8 Photograph of the device measuring relative vertical displacements
(extensometer).



OPTIMUM DESIGN OF THE FUSE ELEMENTS

(a)

(b)

Figure 1.9 Design moment capacity values depending on the type of fuse element and
thus the position where the plastic hinge is formed (analyses with Sofistik software). The
superiority of setup (b) in terms of required moment capacity is obvious.
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Figure 1.10 Final design proposal for the fuse elements of the INSTED system.



TENSILE STRENGTH TEST IN THE STEEL STRUCTURES LABORATORY
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Figure 1.11 (a) Photograph of the IPE 100 specimen during the tensile strength test at the

Steel Structures Laboratory of NTUA and (b) Tensile stress — strain curve derived from the
respective test.
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Figure 1.12 The time history displacement protocol used in the numerical analysis.
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1 IPE 100 78

5 IPE 100 92
5 SHS 80/5 118

1 ROD 33 99

5 ROD 33 95

Figure 1.13 Maximum displacement imposed on each test.



PUSHOVERS - NUMERICAL ANALYSES

Figure 1.14 Deformed shape of the experimental setup in Abaqus (5 fuse elements).

Av

Figure 1.15 Measurement of the extensometer placed on the INSTED system.
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Figure 1.16 Resisting force of the INSTED system in accordance to the relative vertical
displacement of the rod.



— Analyses

— Experiment

5 SHS 80/5 150

//l//’// dA / 7 /
N7
80 60 £//ab ]l o JTHIR 14
AT
(7~ i W

60 80

Force (kN)

U

-150 -

Av (mm)

1 ROD33

,44//14/
i

7. it
” ) 2
v

ZZ7/ I ) 1 T

= - :“ jﬁ% //

f
-60

Force (kN)

Figure 1.17 Resisting force of the INSTED system in accordance to the relative vertical
displacement of the rod.



Analyses

Experiment

150

5 ROD33

60

-60

(Ny) 32104

Figure 1.18 Resisting force of the INSTED system in accordance to the relative vertical

displacement of the rod.






CHAPTER A.2

PERFORMANCE OF THE ORIGINAL BUILDING ON
ANALYTICAL AND EXPERIMENTAL APPROACH -

COMPARISON






2.1 The original building

The under study building is a a typical 3 — storey building of Southern Europe, designed and
constructed during the 70’s . The structure does not comply with capacity design principles and is
prone to collapse with a mechanism resembling a “soft” storey. A representative “slice” of the
building had been modelled [Ageliki Rodogianni, 2011], corresponding to the 1/3 of the whole
structure. The square columns of the prototype are 25 cm in width, while the beams have a 25 cm x
50 cm (width x height) cross section. The construction materials of the building were reinforced
concrete, with a nominal strength of 25 MPa, and smooth reinforced steel bars of nominal strength
equal to 320 MPa. The foundation consists of square surface foundations of width B = 1.5 m,
considered realistic for competent soil. The bending moment of the members of the building was

calculated using these values and corresponding safety factors.

2.1.1 The experimental setup

The reduced-scale model has been designed with a scale factor N = 10 and tested in the shaking
table of the Laboratory of Soil Mechanics of NTUA [Nonika Antonaki, 2012]. This physical model
(Figure 2.1) consists of two identical 3-storey frames, connected together through evenly
distributed steel plates. These plates are used to represent the mass of each storey, which is equal
to 22tn, in real scale [Aggeliki Rodogianni, 2011]. Consequently, the total mass of each frame is
equal to 66kg in model scale. The bearing elements (columns and beams) are made of compact

aluminum plates that are connected together as in a moment-resisting frame.

The dimensions of the bearing elements were calculated so as to comply with the stiffness of the
real structure [Gibson, 1997]. However, it is practically impossible to model stiffness correctly and
achieve the desired (scaled-down) bending moment capacity of the structural members at the
same time. This is the reason why each beam-column connection was modeled with custom-built
artificial plastic hinges (Figure 2.1), whereas the rest of the structure was intended to behave
elastic. The ultimate bending moment of each plastic hinge was calibrated through adjustment of
the applied torque. The calibration of each assembly was performed through static and slow-cyclic
pushover testing, utilizing a screw-jack pushover apparatus. As for the foundation, it consists of
square surface footings of 0.15m width (in model scale), a much realistic value for competent soil

and the corresponding safety factors.



After the structural members were put together, the building was placed onto the soil inside the
sandbox, in order carry out the experiments. The soil-structure system was subjected to a sequence
of moderate seismic motions [ MNSA-Athens 1999, Aegion-1995, Kalamata-1986, Lefkada-2003 ]
due to the fact that it was found incapable of surviving stronger ones. The motions were imposed at
the base of the sandbox and a number of instruments were used to measure the accelerations and

displacements on every storey.

The building finally collapsed after it was submitted to the record of Lefkada, having already
accumulated deformations by the previously induced seismic records of Aegion and Kalamata. The
failure mechanism was that of a soft storey formed in the base floor. After the abrupt increase in

displacement of the first storey, the upper ones followed, resulting to total failure.

2.2 Numerical Simulation of the experimental setup

It cannot be doubted that the numerical model of the original building had to be tested alone,
before the introduction of the INSTED system in this, in order to ensure that its behavior

corresponds to the real one.

The geometry of the building was first modeled in Ansys. The cross-sections and properties of all
elements were defined straight in Abaqus, along with the whole geometry. All elements were
simulated by 3-dimensional, 2-node linear beam elements (B31The column — beam connections
were modeled as intersections of rigid elements (their Young’s modulus was 10 times the
aluminum one, reassuring that they do not deform), connected at their ends to smaller ones that
simulated the artificial plastic hinges. Both had the cross-section of the structural member that

ended up to the connection.

As far as the constitutive models are concerned, a linear elastic one was applied in the structural
(beams and columns) and rigid members, while a bilinear elastic-plastic law was utilized for the
plastic elements. The vyield stress derived from the calibration of the plastic hinges, so that the

ultimate scaled bending moment of the real building is reached.



2.3 Performance of the numerical model

2.3.1 Pushover testing

Before subjecting the numerical model to dynamic loading, we had to validate its strength,
according to the original [Aggeliki Rodogianni, 2011]. This had to be verified through a static
pushover testing. In order to succeed a triangular displacement distribution by height, according to
the first displacement eigenvalue, each storey was connected, on the left, to a horizontal spring.
Thereafter the edges of these springs were rigidly connected to a node, on which the displacement
was imposed. The above springs had all different stiffness coefficients (K1=10kN/m, K2=20kN/m,

K3=30kN/m), so that the above triangular eigenmode is established.

The data we needed in order to estimate the strength of the building were the resisting force of the
whole structure and its horizontal displacement. The combination of those two values would
determine the displacement were the plastic elements (rods) yield, as well as the maximum force
that this building resists. After this point, the diagram acquires a much smaller gradient, equal to
the one of the after-yield gradient of the rods in the stress-strain diagram. The yielding force of the
original building turned out to be 0.08kN (Figure 2.1), which resembles much to that of the real one
[Aggeliki Rodogianni, 2011]. Also, the yield acceleration that this corresponds to is the ratio of the
above resisting force to the total mass of the building. Therefore, the original building appears to

yield in:

4y 008
Y=066 9

2.3.2 Dynamic Testing of the building - Comparison to the experiments

In the first sequence of dynamic analyses, the soil was not taken into account. However, this case is
not unrealistic, since the footings used in the experiment had a big safety factor (FS=14) and the
sand was dense enough (Dr = 93%). Therefore, the base of the model could be considered as fixed.
After defining the kinematic boundaries of our model, we proceeded to the seismic motions.
Naturally, we used the same seismic record sequence as in the experiment, so that similarity in the
loading conditions is established and the right comparisons are made. The excitation, which was

imported to the numerical model, derived from the acceleration measured by the accelerometers



that were placed in the middle of the sand stratum, so as to ensure that the soil nonlinearity and

seismic amplification is taken into account.

The comparison between the computed and measured results has been initially conducted in terms
of interstorey drifts. All acceleration and drift time-histories, for every record imposed, are
compiled at the end of Chapter A.2. Taking a look at the first three records, where the interstorey
drifts are generally negligible with a maximum value of 2.5mm (Figures 2.5, 2.8 & 2.11), we can
infer that the analysis simulates the experiment quite correctly. Also when the residual drifts on
storey level come in comparison (Figure 2.17), we can indicate some deviations in the response
between the analytical and experimental model, but these are generally insignificant, considering

their amplitude.

The collapse of the building numerically comes, as expected, when it is being imposed to the record
of Lefkada (2003). As for the model with the fixed base, the failure mechanism resembles the one
observed in the experiment, since the first storey gains significant displacements, before the others
start drifting away. This can be clearly seen from the response of the numerical model in terms of
interstorey drifts, which has a great similitude with the one observed in the experiment. What the
numerical model fails to capture is the drift amplitude of the experiment. Actually this unlikeness is
fictitious since the physical model was not let to collapse, even though it was bound to, due to the
aluminum bars that were placed vertically at both sides. A more realistic view is obtained when the

residual drifts are compared, since they practically coincide (Figure 2.15).

The analysis where the base of the structure was simulated with springs gives the same results as
the fixed one, as it can be inferred from the interstorey drifts’ time histories, during the seismic
record of Lefkada (2003). We simulated three springs for each base, one horizontal, one vertical
and one rotational. The horizontal and vertical springs were considered linear and very stff. As for
the rotational one, this was calibrated according to pushover tests of the footings used in the

experiments; therefore, it had a non-linear behavior.

Conclusively, we may deduce that the above evidence consist a verification that the numerical
model of the original building is correct, therefore, we may proceed to the next step, which is the

introduction of the INSTED system to it.
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Figure 2.1. Deformed shape of the retrofitted structure after the pushover testing.
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CHAPTER A.3

RETROFITTED BUILDING VIA THE INSTED SYSTEM -
COMPARISON TO THE ORIGINAL ON A NUMERICAL
BASIS






3.1 Weakness of the original building and need for retrofit

The original building has already been subjected to a sequence of moderate intensity Greek seismic
motions, in order to test its seismic performance. Figures 3.9 and 3.10 depict the initial and
deformed shape of the structure, just before the collapse at the last record of Lefkada 2003. It is
obvious that displacements are much larger in the first storey and that plastic deformation is
localized in the first floor columns. Having already accumulated permanent plastic deformations
from the previous seismic motions, the building fails to sustain the record of Lefkada and collapses
by creating a soft — storey failure mechanism in the first floor. Hence, the original building is unable
to withstand seismic records of moderate intensity and the need for reinforcement becomes a
necessity. The proposed way of retrofit is via the Innovative STiffness and Energy Dissipation

system.

Having verified the correct response of the original building’s numerical model, we can move on to
the addition of the INSTED system in order to test the dynamic behavior of the retrofitted model.
The structure is firstly subjected to seismic records of small and moderate intensity (Mnsa, Aegion,
Kalamata, Lefkada) and afterwards to motions of high intensity (Sakarya, Rinaldi, Jma, Takatori), so

that the superiority of this type of retrofit is verified.

3.2 Proposal of retrofit via the INSTED system - Numerical Simulation

3.2.1 Designing the INSTED system

The INSTED system consists of two strong vertical columns, closely positioned and joined together
with horizontal expandable solid rods. The columns remain elastic during seismic loading and
failure is guided to the horizontal fuse elements, where energy dissipation takes place and plastic
hinges are formed. The system is introduced in the center of the building’s facade along the height
of the middle column and towards the larger span. Its dimensions, i.e. the cross — sections required
for the horizontal rods, are defined according to the considered earthquake design acceleration.

The respective acceleration value is estimated according to the following formula:

Ané Bo
Qy(T) =vy1 T =0.135g,

assuming the following parameters:



e A=0.16g

e (=35

e y;=1.00
o [B,=25
e 06=1.00

e (=3%, n=1.183
The columns of the INSTED system have to be stiff and strong, in order to remain elastic during
seismic loading and guide potential failure to the expandable horizontal rods. Considering the
properties of the scaled—down model (the dimension of the frame columns, materials, etc), we

result to a 7.5cm x 2cm aluminum cross-section for each column (Appendix A).

The horizontal rods are the only structural members consisting of steel, so that no conversions —in
terms of stiffness and strength — to equivalent cross-sections are made. Thus, mild steel S235 (with
a yield point at f, = 235 MPa) is selected for them. We begin by assuming a number of rods equal to
3 for each frame — thus one at the level of each storey. The inertial force imposed on the structure,

according to the earthquake design acceleration, is equal to:
Vep = O4(T) x M = 0,097 (kN),
since the mass of the new building is estimated = 72kg.

Taking into account the first eigenmode of the 3-storey-building (simplified spectral method), the

inertial forces at the level of each storey are calculated equal to:

mi zi
F1=Vgp X — =0.016 kN
Xmjzj

mi zi

F2 = Vep X — =0.032 kN
Xmjzj

mi zi

F3 = Vgp X — = 0.049 kN
Xmjzj

The required plastic moment M and thus the required diameter for each solid rod are derived
from the formula given in Eqg.1. [Karydakis, 2011] and the results are presented in the following

table.



e P,, shear force at the level of each storey
e b =0.15m, axial distance between the INSTED columns
e h=0.30m, storey height

o |=0.025 m, the rods’ effective length

Table.1 Bending moment capacity My and required cross-sections for the rods of each storey.

M, (kNm) D (cm)
1* storey 0.00243 0.40
2" storey 0.00203 0.37
3" storey 0.00122 0.31

For similarity reasons and ease of construction, we decided to use the same cross-section for all
three rods of the INSTED system. Thus, based on the largest required diameter, we resulted in d =

4.0 mm.

3.2.2 Numerical simulation of the retrofitted setup

Every component of the INSTED system is simulated by 3-dimensional, 2-node linear beam
elements (B31) in Abaqus software. The vertical columns are hinged to the ground, a type of
connection that permits rotation. In this way, they are prevented from bending and remain elastic,
while potential plastic deformation is delimited to the horizontal rods. The columns’ behavior
corresponds to a linear elastic constitutive law. The rods are placed centrically between the
columns, thus in the middle of their axial distance (b = 0.15 m). Since they are responsible for the
dissipation of seismic energy, an elastic-plastic constitutive law is assigned to them. The yield point

introduced in the model is fy = 235 MPa, thus the nominal yield stress of S235 mild steel. The



retrofitted setup is examined according to two different elastic — plastic constitutive laws for the
horizontal expandable elements, so as to result in the most realistic approach for their behavior.
These laws display the same values of yield stress, ultimate stress and yield strain. However, the
first one (Constitutive Model 1) consists of a bilinear stress — strain curve for the steel, without
taking into account the curve’s descending branch (thus considers non - declining ultimate stress
equal to fu = 360 Mpa), while the second one (Constitutive Model 2) is closer to reality, consisting
of a stress — strain curve with strength degradation after the rods’ plastic strain reaches the value of

20% (Figure 3.14).

In order to connect the columns’ centroid with the ends of each rod, horizontal rigid beams are
used in the numerical simulation (B31 elements); these beams correspond to a linear elastic
constitutive model with a Young modulus 10 times greater than the aluminum one; in this way,
common deformation between the column’s centroid and the edge of the rod is ensured.
Moreover, the connection of the INSTED system to the frame’s middle columns takes place at the
level of each storey, in a way that rotation is allowed. Specifically, each connection is formed by
two linear springs of great stiffness - a horizontal and a vertical one — through which the building’s
strain is being transferred to the horizontal resistance system. For this purpose, elements of type
SPRING2 are used. In addition, in order to simulate the diaphragm function of storey plates that
would exist in a real structure, three horizontal laminas are placed on the INSTED system at the
height of each floor, connecting its columns together. Every lamina — column connection is hinged,
so that the development of bending moment at these points is prevented; thus, it is simulated by
two linear stiff springs - a horizontal and a vertical one (SPRING2 elements). The addition of these
bars aims to maintain the distance between the INSTED columns fixed, ensuring that they display
uniform horizontal displacements. The laminas have a cross — section of 2.0 cm x 0.3 cm and a

linear elastic constitutive model is assigned to them.

3.3 Pushover Testing

Before testing the retrofitted building’s dynamic response, we firstly submitted the numerical
model to static horizontal loading, in order to verify that the dimensioning of the retrofit
corresponds to the initial design and the aiming yield acceleration. Therefore, we imposed a

horizontal force on each storey of the building, according to the first triangular eigenmode.



Specifically, we imposed 1,2 & 3 kN on the first, second and third storey respectively and observed
the structure’s deformation. As it was expected, the structure acquired a uniform displacement
towards the direction of the imposed force (Figure 3.1). The combination of total drift at the top of
the building and shear resisting force at the base is depicted on Figure 3.2. The area where the
curve’s gradient changes, depicts the structure’s yield point and the respective horizontal
displacement at that time. This force appears to be equal to 0.26 kN, therefore the building’s yield

acceleration is equal to:

This acceleration is naturally greater than the one the INSTED system was designed for, but yet
logical, since now both the original frame and the retrofit contribute to the total resisting force

(Figure 3.3).

3.4 Dynamic Testing

3.4.1 Performance under moderate seismic shaking

The retrofitted frame is expected to display an increase in strength and ductility compared to the
original one, as well as a more uniform lateral deformation. The INSTED system acts as a kinematic
constraint; therefore, it should lead to a more uniform damage distribution in all three storeys and

prohibit the development of a soft — storey collapse mechanism at the first floor.

In order to compare the performance of the retrofitted building with the one of the original
structure (Figure 3.4), we subject it to the same sequence of seismic records (MNSA, Aegion,
Kalamata, Lefkada) - Table 1 - and expect it to withstand them, without collapsing. The numerical
model used for this comparison is the one including a bilinear elastic — plastic constitutive law for
the rods (Constitutive Model 1), since the four Greek seismic records are of small or moderate
amplitude, thus the limit of 20% in plastic strain values is not expected to be reached. Therefore,

the approach is good enough.



The initial and deformed shape of the retrofitted structure, after being submitted to the record of
Lefkada, is displayed in Figures 3.10 and 3.12. It is clear that the strengthened building can now
sustain the imposed seismic load and that deformations along the height of the building have been
homogenized. The frame basically “follows” the displacement of the INSTED system, which columns
rotate like a rigid body, allowing the horizontal rods to deform and dissipate energy. Thus, the

creation of a soft-storey collapse mechanism at the base storey is prevented.

More specifically, as depicted in the interstorey drift and drift ratio diagrams of Figures 3.5 — 3.7,
the residual drifts for each storey of the retrofitted building after every seismic motion practically
coincide. This means that the desired uniform distribution of stiffness and strength is achieved for
the structure. In addition, comparison of these diagrams with the ones of the original building
demonstrates that the building’s performance has been highly improved after the retrofit. Indeed,
the seismic motions of MINSA, Aegion and Kalamata lead the building to a maximum drift ratio of
0.2% for each storey. However, the actual success of the retrofit becomes apparent at the record of
Lefkada, where the retrofitted structure displays an impressive performance (Figure 3.8). While the
original building accumulates large deformations and finally collapses, the retrofitted one displays
negligible interstorey drifts (Figure 3.13). Specifically, at the end of the record, it appears to have
acquired a residual interstorey drift ratio of only 0.8%. Consequently, the retrofitted structure
suffers no damage from earthquakes of moderate intensity; thus, we proceed to the examination of

its behavior under records of greater amplitude.

3.4.2 Performance under strong seismic shaking - Constitutive Model 1 vs.

Constitutive Model 2

The retrofitted structure is subjected to a series of strong seismic motions, in order to examine the
limits of its strength and ductility. The sequence of motions is displayed in Table 4.2 and the results
are demonstrated in terms of interstorey drifts and drift ratios in the following diagrams (Figures
3.16 — 3.38). Both numerical setups of Constitutive Models 1 and 2 are being examined here,
because of the expected large values in plastic strain; in this way, we are able to compare and

contrast their seismic performance.

As shown in Figure 3.39, which is derived from the numerical analyses, the system’s fuse elements

undertake the imposed seismic load, leaving the rest of the structural members undamaged. Once



their bending moment capacity (M, = 0.0025 kNm) is reached, they enter the plastic zone and
display ductile behavior, through plastic deformation and dissipation of energy. The hysteresis
loops of the moment — curvature diagrams of the rods (Figure 3.40) are quite indicative of this

behavior.

One can observe that residual interstorey drifts do not exceed the value of 3.0 mm (Constitutive
model 1) or 3.8mm (Constitutive model 2) for the record of Lefkada (Figure 3.18), which is the
strongest seismic motion implemented at the previous step of analysis. For the Greek seismic
records imposed, the difference between the two Constitutive models in terms of interstorey drifts
does not exceed the value of 0.8mm (in the record of Lefkada). Thus, it is considered negligible; the
models practically behave the same. This seems logical, since motions of such moderate amplitude

do not lead to the development of large plastic strain values.

The comparison becomes much more interesting, when the retrofitted building is subjected to high
intensity seismic records, such as the ones of Rinaldi, JIMA and Takatori. These motions display
maximum accelerations that well exceed the earthquake design acceleration of the system, thus
the horizontal fuse elements are expected to enter the plastic zone and develop large permanent
deformations. The model corresponding to the Constitutive Model 1 does not seem to suffer from
any significant damage during these extremely severe seismic records. The interstorey drifts and
drift ratios for Takatori record do not exceed the values of 6.5 mm and 2.2% (Figures 3.36). The
respective time histories for the records of Rinaldi and Jma are even smaller (Figure 3.30, 3.33).
According to this Constitutive model (no strength degradation), we can conclude that the proposed
system displays considerable horizontal resistance and ductility under severe seismic shaking, thus

preventing the building not only from collapsing, but also from significant deformations.

However, this not the case for the model to which the Constitutive model 2 is assigned. During the
records of Jma and Takatori, the retrofitted building displays significant residual interstorey drifts,
with values of 10mm and 9mm respectively (or 3.2% and 3% in terms of interstorey drift ratio)
(Figures 3.33, 3.36), whereas during the record of Rinaldi and due to the record’s strong reverse
pulse (between 2.5 and 3.5 sec), the building acquires residual interstorey drifts of 13mm (Figure
3.30). Such displacement is translated into a drift ratio value of 4.3%, thus slightly bigger than the
one permitted by the seismic codes (4%). Therefore, according to this numerical model, which

seems more suitable for our study, the retrofitted structure suffers from significant deformations



during seismic motions of great amplitude, however it manages to survive without collapsing,

which is very impressing.

As far as the force of the retrofitted building is concerned, we can deduce, from the respective
force time histories or force - total drift curves (especially the ones regarding the three latter
earthquakes), that the retrofitted structure displays significant values of shear force after yield,
much higher than the ones expected according to the pushover testing, which resulted in yield
force equal to = 0.26 kN for the whole building. This may be partially attributed to the effect of
hysteretic damping, which provides the structure with an additional horizontal resisting force
(Fgamping = cu, c: damping coefficient, u: velocity). Since the proposed system is able of dissipating
such large amounts of energy, with the rods being able to deform and reset their shape without
failing until great values of plastic stain are reached, it is possible that this phenomenon affects the
building’s response to a greater extent than expected. Moreover, the rod’s capability of elongating
and undertaking axial forces is definitely a parameter to be taken into account for the increased
values in the building’s horizontal resistance. The pair of axial forces developed at the ends of each
rod leads to the creation of an additional resisting moment, thus to the increase of the system’s

total resistance.

In terms of comparison between the two aforementioned models, the retrofitted setup of
Constitutive Model 2 appears to develop slightly smaller values of resisting force in general,
compared to the one of Constitutive Model 1. The most important difference, though, lies in the
shear force time histories and force — total drift curves of Rinaldi, Jma and Takatori. The
Constitutive Model 1 leads to stable resisting force during all seismic motions, while the Constitutive
Model 2 displays the realistic degradation in strength after the plastic strain exceeds the value of

20%.

At the end of Chapter A.3, cumulative displacements of the building are displayed, for all seismic
motions, in order to acquire a profound insight into our system’s capacity and of the difference

lying among the two Constitutive models that are utilized (Figures 3.41, 3.42).
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Figure 3.1 Deformed shape of the retrofitted structure after the pushover testing.
Plastification at the edges of the rods is visible.
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Figure 3.4 Models of the original and retrofitted buildings.

Seismic Records

Moderate intensity seismic

records

MNSA (Athens 1999)
Aegion (1995)
Kalamata (1986)
Lefkada (2003)

Table 1 List of moderate intensity seismic records applied to the original and
retrofitted building.
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Figure 3.5 Comparison of the original and retrofitted building in terms of interstorey
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Figure 3.6 Comparison of the original and retrofitted building in terms of interstorey
drifts and drift ratios for the Aegion record.
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Figure 3.9 Initial shape of the original building.
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Figure 3.10 Deformed shape of the original building just before failure at the record
of Lefkada.
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Figure 3.11 Initial shape of the retrofitted building.
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Figure 3.12 Deformed shape of the retrofitted building after the record of
Lefkada. The structure did not experience any failure.
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Retrofitted building (INSTED-FUSEIS system)
Numerical Analyses — Dynamic Tests

Seismic Records

Moderate intensity seismic
records

MNSA (Athens 1999)
Lefkada (2003)
Aegion (1995)

Kalamata (1986)
Sakarya (Kocaeli 1999)

Strong seismic records

JMA (Kobe 1995)
Rinaldi (Northridge 1994)
Takatori (Kobe 1995)

Table 2 List of seismic records applied in the retrofitted building in order to examine its
performance under moderate & strong seismic shaking.
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Figure 3.14 Elastic spectra of the imposed seismic excitations and the constitutive
laws assigned to the fuse elements (rods) in the numerical dynamic analyses.
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Figure 3.17 Force and acceleration with regard to the total drift of the building (MNSA).
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Figure 3.19 Total Resisting force’s time history of the structure (Lefkada).
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Figure 3.21 Time histories of Interstorey drifts and drift ratios of the retrofitted
building (Aegion).
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Figure 3.22 Total Resisting force’s time history of the structure (Aegion).
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Figure 3.23 Force and acceleration with regard to the total drift of the building (Aegion).
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Figure 3.24 Time histories of Interstorey drifts and drift ratios of the retrofitted
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Figure 3.25 Total Resisting force’s time history of the structure (Kalamata).
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Figure 3.26 Force and acceleration with regard to the total drift of the building (Kalamata).
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Figure 3.28 Total Resisting force’s time history of the structure (Sakarya).
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Figure 3.29 Force and acceleration with regard to the total drift of the building (Sakarya).
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Figure 3.30 Time histories of Interstorey drifts and drift ratios of the retrofitted
building (Jma).
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Figure 3.31 Total Resisting force’s time history of the structure (Jma).
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Figure 3.32 Force and acceleration with regard to the total drift of the building (Jma).
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Figure 3.34 Total Resisting force’s time history of the structure (Rinaldi).
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Figure 3.35 Force and acceleration with regard to the total drift of the building (Rinaldi).



TAKATORI (1995)

——  Constitutive law 1
——  Constitutive law 2

10 ~
5 - T
Drift 0 v WA
(mm) 1 20 30
-5 -
-10 -
4 -
2 i AA"' 'A
Drift
ratio ’ ( 1 2I0 3Io
%))
-4 -
Time (sec)
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Figure 3.37 Total Resisting force’s time history of the structure (Takatori).
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Figure 3.38 Force and acceleration with regard to the total drift of the building (Takatori).
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Figure 3.39 Deformed shape of the retrofitted building after the Takatori record.
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RETROFITTED BUILDING VIA RC WALL -
NUMERICAL ANALYSES vs EXPERIMENTS
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NUMERICAL COMPARISON:
RC WALL vs INSTED SYSTEM






4.1 Need for retrofit - Previous attempt with an RC shear wall

It has been shown, both numerically and experimentally, that the original structure collapses during
the seismic motion of Lefkada 2003, since this record exceeds its capacity. In fact, the building has
already accumulated deformations from the previously induced seismic records of Aegion and
Kalamata, which encourage its later failure. Therefore, the original (un-retrofitted) structure is
insufficient in terms of strength and ductility, being unable to survive even seismic motions of
(relatively) moderate intensity. This conclusion is not only consistent with the SPEAR test results,
confirming the equivalence of the reduced-scale model tested herein, but also compares well with
reality: many such buildings experienced major damage or collapse during the aforementioned (M
= 6) earthquakes in Greece. Therefore, a retrofit is considered necessary, in order to increase its

seismic resistance and safety margins against collapse.

4.1.1 Experimental setup of the RC shear wall

The first kind of retrofit that was proposed was that of an RC shear wall [Nonika Antonaki, 2012].
The equivalent of this wall was designed and introduced in the experimental setup of the original
building and a number of experiments followed. The shear wall had been designed according to
Greek regulations (KAN.EPE.) and then scaled down to a cross-section of 0.15m x 0.20m for the
experiment. It was connected to the building along the middle column with the eccentricity
towards the larger span of the frame. It was modeled by a stiff aluminum plate, rigidly connected
on each floor, and equipped with an artificial plastic hinge at its base. The original footing of the
central column was increased to B=0.6m in width (in model scale) by rigidly connecting additional

aluminum plates at both of its edges.

The way the building was placed onto the sandbox, and excited afterwards, was the same as in the
case of the original. The records that were used as excitation for the retrofitted building were both
those used for the original, and some stronger ones as well. The four latter records exceed
substantially the design limits of the RC shear wall and were applied in order to explore the margins

of safety of such a retrofit.



4.1.2 Performance under moderate and strong seismic shaking

Since the retrofit via the RC wall was supposed to have a yielding design acceleration of ®;=0.20g
(assuming design coefficient A=0.24g and behavior factor q=3), the structure was expected to
sustain seismic motions of greater magnitude by responding in a more ductile manner than the
original building. Besides from the increase in strength and ductility, the addition of the shear wall
would homogenize the lateral deformation of the structure (acting as a kinematic constraint),
leading to a more uniform damage distribution in all three storeys and prohibiting the development

of a soft-storey collapse mechanism.

Indeed, the response of the retrofitted building to the first sequence of moderate seismic records
was really satisfactory, since the deformed shape of the building followed the displacement of the
shear wall, preventing brittle soft storey collapse. Also in terms of drifts, these were significantly
decreased compared to the original building. In fact, the strengthened frame not only sustains the
motion that causes the original structure to collapse, but also responds with a residual value of drift

ratio no more than 0.3% (in the last record of Kalamata).

Besides from the moderate seismic motions, some high intensity seismic records were imposed on
the strengthened building, so as to investigate its durability. The first strong seismic record to be
applied is the JMA record from Kobe (1995), with a maximum value of acceleration equal to 0.82g
(PGA = 0.9g, as measured in a small depth). As is shown in Figure 4.21, the structure reaches a
maximum residual drift of 10mm. Therefore, it suffers from significant damage even though it does
not collapse. Then the record of Rinaldi with a,., = 0.84g (PGA = 1g) from the earthquake of
Northridge (1994) is simulated and imposed on the model. The response is satisfactory (Figures
4.14 — 4.15) but the structure has already accumulated deformation and finally collapses during the
very strong record of Takatori (Kobe, 1995) with a maximum acceleration of 0.61g (PGA = 0.95 g)

and several cycles.

4.2 Numerical Simulation of the building retrofitted via the RC wall

The numerical model of the RC shear wall was embodied in the already existing model of the
original frame. The shear wall was simulated by 3-dimensional, 2-node linear beam elements (B31),
and was placed eccentrically to the middle column, as in the experimental setup. Since the wall was

connected to the middle column on its right side, we had to join its centroid with the junction site



by rigid beams (B31), whose Young’s modulus was 10 times the aluminum one, in order to ensure
that these deform alike. Subsequently the connection of these beams with the middle column was
established through springs, simulating the rigidity accomplished experimentally. At last, the
artificial plastic hinge formed at the bottom of the shear wall was simulated by a plastic element
(likewise those of the original frame), whose vertical deformation was controlled by a vertical

spring, so that it does not fall apart.

As far as the constitutive models are concerned, a linear elastic one was assigned to the shear wall
and rigid beams, while a bilinear elastic-plastic law was used for the plastic element of the wall. The
yield stress that was imported derived from the calibration of the wall’s plastic hinge. However, it
was impossible, during the pushover tests, to reach the ultimate bending moment of the real scale
shear wall (My=0.071kNm in model scale), hence a decreased one was used for both the
experiment and the analysis (Mp=0.05kNm in model scale). It should be mentioned here, that the
final stress — strain curve assigned to the wall’s plastic element does not include a descending
branch after failure; thus, decrease in the wall’s strength capacity won’t be visible in the results of

the following analyses.

At first, we imposed a pushover testing to the retrofitted numerical model, in order to test its
strength and afterwards we subjected the model to dynamic loading. In all these tests, soil was not
taken into account, since the fixed base simulates well enough the base of the model, considering
the conventional footings and dense sand. The acceleration time-history imposed was not the
shaking table’s, but the one measured by the accelerometers at the soil surface, so that the

amplification due to the soil is taken into account.

4.3 Comparison between numerical and experimental results

4.3.1 Pushover testing

The pushover testing was conducted in order to examine the capacity of the structure. Contrary to
the original building, this one would respond in a uniform way, regardless of the point that load or
displacement is applied. The original pushover experiment was conducted utilizing the pushover

apparatus of the Soil Mechanics Laboratory of NTUA. This apparatus imposed displacement on the



middle of the RC shear wall and the resisting force was exported. The numerical pushover test was

imposed in the same way to the retrofitted frame, with the RC wall.

Figure 4.3 depicts the force of the frame in accordance to the displacement on the top of the
physical model. Consequently, the acceleration amplitude that each frame could withstand is the
ratio of the maximum measured resisting force to the total mass of the structure. Each frame of the
building with the RC wall was found to weigh 0.72kN and have a vyield force equal to 0.24kN,

therefore, its yield acceleration is equal to:

_Fy 024kN

M- 07zkN - 0339

Ay

4.3.2 Dynamic shaking

The comparison between the numerical and experimental results is conducted in terms of
interstorey drifts, for each record imposed. The resemblance of the graphs is really satisfactory,
since the greatest difference does not exceed the value of 1Imm, with the exception of Lefkada
record (Figure 4.9), where the deviation is a little higher. Especially in the last four records, the
similarity is quite impressive. In the case of Takatori record the experimental and numerical drift
time-history are almost identical until the second the physical model meets the stopper device,
preventing collapse, while the numerical one continuously accumulates deformation (Figure 4.27).
The above conclusions can be reached even easier if we cast an eye over the residual drifts. The
basic contrast of the retrofitted structure to the original one, as appeared in both numerical and
experimental results, is that the deformation of the building is homogenized, preventing formation

of a plastic “side sway” storey mechanism.

Conclusively, we may infer that the simulation responds to the experimental evidence, letting us
proceed with the above model of the RC wall versus the one of the INSTED system on a numerical

basis.



4.4 Comparison between the RC wall and the INSTED system on a numerical
basis

The comparison between these two types of retrofit is conducted in terms of strength during the
pushover testing of each retrofitted structure, as well as in terms of interstorey and residual drifts
during dynamic loading. Before the evaluation of results, it should be mentioned that the
constitutive models assigned to the energy dissipating members of each kind of retrofit are
different. The bi-linear elastic — plastic law used for the plastic element of the RC shear wall does
not include a descending branch, thus no decrease in the wall’s ultimate strength is expected. On
the other hand, in the numerical model of the retrofitted - via the INSTED system — structure, the
rods are assigned to a stress — strain curve which displays a gradual decrease in strength, after the

plastic strain exceeds the value of 20%.

At first sight, we may say that both alternatives generate homogeneous interstorey drifts, since
lateral deformation of the structure becomes almost uniform. However, in order to gain a better
insight into what differentiates the above systems, we compare the two kinds of retrofit in terms of

residual drifts, which seem to display a greater decrease in the case of the INSTED system.

Among the moderate intensity Greek seismic records, the motion of Kalamata is the only one
where the INSTED system displays greater values of interstorey drifts compared to the RC wall. Still,
this fact cannot be considered as representative, since the residual interstorey drifts acquired after
Kalamata record are negligible for both kinds of retrofit (= Omm for the RC wall and = Imm for the
INSTED system). Obviously, both systems’ seismic performance during the Greek earthquakes is

considered as very satisfactory.

The supremacy of the INSTED system becomes obvious mostly in the last three records of Rinaldi,
Jma and Takatori. The proposed system is flexible and very ductile, thus able to “follow” the
imposed pulses, by deforming and dissipating energy, without collapsing. In the records of Jma and
Takatori, it displays residual interstorey drift values of 10mm and 9mm respectively (Figures 4.36
and 4.38), but does not exceed the value of 4% in terms of residual interstorey drift ratio (=3.2%
and 3% for Jma and Takatori respectively). During the record of Rinaldi, the retrofitted - via the
INSTED system - building suffers from significant deformation (Figure 4.37), acquiring residual
interstorey drifts of 13mm (thus, an interstorey drift ratio equal to 4.3%). This percentage surpasses

the usual allowed value of 4%, but the building is not led to failure. On the other hand, the



retrofitted - via the RC wall - structure accumulates large deformations through these extreme
seismic motions and finally collapses during the Takatori record, behaving in a much stiffer and

less ductile manner (Figures 4.38 - 4.39).

It has to be noted that the RC wall was initially designed according to the yield design acceleration
of @4 = 0.20g and reinforced even more afterwards, according to the minimum acceptable limits
that Greek regulations set. On the other hand, the INSTED system was designed according to the
yield design acceleration of @4 = 0.135g. Of course, we kept in mind that the system’s significant
ductility would enable it to withstand seismic motions of much greater amplitude compared to its
theoretical design acceleration, therefore we did not exceed this value. More specifically, the
columns (force-controlled members) were designed to remain elastic, while the horizontal rods
(deformation-controlled members) would respond in a non-linear way, providing ductility and
resulting to significantly higher horizontal resistance during dynamic loading than the one the

system was designed for.

Of course, the pushover tests present similar strength levels between the two types of retrofit, thus
yield strength equal to 0.13kN per frame for the INSTED system and 0.24kN per frame for the RC
wall. The actual superiority of the INSTED system, though, is obvious during seismic loading. Indeed,
the seismic capacity of the INSTED system turns out to be greater than the one of the RC wall,
explaining its sustainability during strong motions which the RC wall fails to resist, such as the

record of Takatori.
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15T KIND OF RETROFIT: RC SHEAR WALL

COMPARISON BETWEEN THE EXPERIMENT AND
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Figure 4.1 Technical drawing of the building retrofitted with the RC shear wall.
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Figure 4.2 Deformed shape of the retrofitted structure after the pushover testing.
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Figure 4.3 The force of the retrofitted model in accordance to the displacement on
top of the structure, as derived from the pushover test in Abaqus.
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experiment results for the record of Aegion (Retrofitted building).
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Figure 4.15 Comparison of interstorey drifts between the Abaqus analysis and the
experiment results for the record of Kalamata (Retrofitted building).
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Figure 4.18 Comparison of interstorey drifts between the Abaqus analysis and the
experiment results for the record of Sakarya (Retrofitted building).
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Figure 4.21 Comparison of interstorey drifts between the Abaqus analysis and the
experiment results for the record of Jma (Retrofitted building).
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Figure 4.24 Comparison of interstorey drifts between the Abaqus analysis and the
experiment results for the record of Rinaldi (Retrofitted building).
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Figure 4.27 Comparison of interstorey drifts between the Abaqus analysis and the
experiment results for the record of Takatori (Retrofitted building).



... a better look

50 -
40 A
d1-analysis
30 1 —— d2-analysis
Drift | —— d3-analysis
(mm) 20
dl-exp
10 A
d2-exp
0 or v — d3-exp
'10 T T 1
0 5 10 15
t (sec)
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experiment results for the record of Takatori (Retrofitted building).
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Figure 4.31 Comparison of the 34 floor interstorey drift and drift ratio between the
RC wall and the INSTED system for the record of MNSA (Numerical results).
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Figure 4.32 Comparison of the 3 floor interstorey drift and drift ratio between the RC
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Figure 4.33 Comparison of the 3 floor interstorey drift and drift ratio between the RC
wall and the INSTED system for the record of Aegion (Numerical results).
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Figure 4.34 Comparison of the 3™ floor interstorey drift and drift ratio between the RC
wall and the INSTED system for the record of Kalamata (Numerical results).
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Figure 4.35 Comparison of the 3 floor interstorey drift and drift ratio between the RC
wall and the INSTED system for the record of Sakarya (Numerical results).
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wall and the INSTED system for the record of Jma (Numerical results).
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Figure 4.38 Comparison of the 3 floor interstorey drift and drift ratio between the RC
wall and the INSTED system for the record of Takatori (Numerical results).
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CONCLUSIONS OF PART A

The numerical simulation of the INSTED - FUSEIS system alone, at first, and of the original building, in
the next step, proved to be very satisfactory. Therefore, we proceeded to the combination of the two
numerical models in order to conclude to the desired result, which is the simulation of the building
with the retrofit that is proposed in this Thesis, the INSTED — FUSEIS system. The retrofitted building is
subjected to horizontal pushover tests and dynamic loadng that the original had failed to withstand
and subsequently compared to the original. From these tests, we are able to examine the actual
dynamic performance of the INSTED system, along with the response of the structure equipped with
this means of seismic retrofit. Additionally, a comparison of the INSTED — FUSEIS system with another
way of retrofit - that of an RC shear wall - allows us to estimate the advantages of each system and

finally result in the superiority of the first.
Original vs Retrofitted building (INSTED- FUSEIS system)

e The retrofitted building displays uniform deformation, due to the existence of the INSTED system,
whose columns rotate like a rigid body, thus homogenizing and distributing the displacement to all
stories. In this way, the formation of a soft-story collapse mechanism (brittle type of failure),
which led the original building to failure, is avoided.

e The total drifts of the building after the retrofit (INSTED) are negligible for the seismic records of
moderate intensity and quite satisfactory for the severe seismic motions of Rinaldi, Jma and
Takatori. According to the results of the most realistic constitutive model utilized (the one with the
descending branch), the structure displays greater deformation during the seismic record of
Rinaldi, where it cumulates a total drift of 38 mm (hence 4.2%) but is not led to failure. On the
contrary, the original building collapses already since the record of Lefkada, thus, no comparison is
worth mentioning. The success of the INSTED system, as a means of retrofit, lies on two reasons:

v' The strength of the retrofitted structure is greater in comparison to the original one,

therefore, it can withstand motions of greater amplitude.



v' But beyond that, the most important benefit of this system is its great ductility, thanks to the
fuse elements that are being used. These elements are made of mild steel, a material by
nature displaying ductile behavior with hardening properties after yield, therefore, enabling
the whole structure to deform and resist, under stable force, without collapsing. Under
consecutive counter belts pulses, the horizontal rods demonstrate an ease in deforming
and resetting their shape, without reaching failure; thus dissipation of large amounts of
energy takes place while plastic hinges are formed at the rod ends. This behavior definitely
gives the system an edge in dynamic motions. Of course, this is not the case for the original
concrete building, which is designed out of the capacity and ductility design principles that
Greek regulations now pose. Its capability of deformation after yield is negligible and, thus,

fatal damage to the base floor columns seems unavoidable.

Retrofit via the INSTED system vs Retrofit via the RC shear wall

Both types of retrofit achieved uniform deformation of the structure during horizontal loading,
static or dynamic. However, the INSTED system results in much decreased total drifts of the
building, compared to the RC shear wall. Indeed, the RC shear wall fails to withstand the motion of
Takatori and finally the building collapses, whereas the alternative of the INSTED system as means
of retrofit seems to be ideal, since the building’s total drift after this particular record is equal to
26mm (2.9% drift ratio < 4%).

The fact that the building retrofitted via the RC wall displays greater yield force than the one
retrofitted with the INSTED system (1.8 times greater) proves to be insufficient in terms of safety
against some seismic motions. The elements that make the seismic performance of the INSTED
system outbalance that of the RC shear wall are the following:

v" The INSTED system displays a much more ductile behavior compared to the RC wall, thus,
allows greater deformation before failure. This is due to the different material properties
between the two kinds of retrofit; the fuse elements of the INSTED system are made of mild
steel, which displays hardening after yield, whereas the shear wall is made of reinforced
concrete, which has limited ductility. Thus, the rods are able to dissipate large amounts of

energy, by reaching significant values of permanent deformation without failing, while the



inability of reinforced concrete to respond in a ductile manner prejudices the shear wall’s
earlier failure.

Regarding the RC wall, the greatest bending moment is displayed at its base; thus, this is the
point where formation of the potential plastic hinge is expected. Hence, in order for the wall
to display adequate moment capacity, the dimensioning is made according to the base
action moment, resulting to a cross-section of large dimensions. On the contrary, the stiff
columns of the INSTED system guide the seismic force to the horizontal rods, by means of
moments at their edges, which are significantly smaller than those at the base of the RC wall.
This is due to the set-up adopted — the rods are placed in the middle of the system’s span
and equally distributed along the height of the structure. Therefore, the moment capacity
and cross-sections required are decreased. Conclusively, the INSTED system appears to be
more economical than the RC wall. Additionally, the small cross-section of the rods makes
them more flexible than the RC wall, therefore, capable of altering moment values from
positive to negative and reverse, which turns out to be really advantageous during cyclic
loading.

Due to fact that the potential plastic hinge of the RC shear wall is formed at the base, any
visit for repair to the damaged site is practically impossible. Therefore, even if the building
has survived after a strong seismic motion, it is no longer within the limits of serviceability.
For the shear wall to be replaced, the structure’s normal operation should be interrupted for
some time. On the other hand, the fuse elements of the INSTED system do not participate in
the dead load bearing mechanism, so they can be easily removed and replaced or repaired
after a strong earthquake. At the same time, the columns of the INSTED system respond only
elastic thus experience no damage. This is a great advantage of this system, since the
structure is able of operating normally and at the same time being repaired after a strong

earthquake.
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CHAPTER B.1

RETROFITTED BUILDING WITH THE INSTED SYSTEM -
PUSHOVER AND DYNAMIC TESTS






1.1 Experimental Setup
1.1.1 Model

As already mentioned, the scaled-down model building consists of two identical 3-storey frames,
connected together through evenly distributed steel plates, which are used to represent the mass
of each storey (Figure 1.1). The bearing elements (columns and beams) are made of compact
aluminum plates that are connected together as in a moment-resisting frame. In order to simulate
the performance of the retrofitted structure, the equivalent of the INSTED system is added in the

middle of each frame, along the height of the middle column (Figure 6.2).

The system’s columns are modeled by two stiff aluminum plates, with a 0.75m x 0.02m cross
section. Both of them are articulated at the base of the building, on an aluminum footing with a
0.60m x 0.02m cross section (Figure 1.3). The system’s right column is articulately connected to the
3-storey frame at the level of each floor. The horizontal fuse elements are made of steel, with
circular cross section and nominal yield stress equal to fy = 347 Mpa (Figure 1.5c). The steel’s
tensile stress-strain curve is determined through the conduct of tensile strength tests to a ©®8
specimen, in the Steel Structures Laboratory (Figure 1.5a &b). The rods’ diameter varies between
two different values (D=3.2mm and D=4mm), depending on the experiment conducted. Finally, in
order to simulate the diaphragmatic function of the storey plates, three horizontal bars with a 0.02

m x 0.003m cross section are placed on the INSTED system at the level of each store (Figure 1.3b).
1.1.2 Sandbox

The sandbox, on which the model was placed for the experiments, is of internal dimensions 1.48m x
0.78m x 0.645m (Figure 1.8). The two larger sides of the box are transparent, for better observation
of the experimental procedure, and they consist of a combination of Plexiglas and glass. Plexiglas is
placed on the outside in order to achieve rigidity and durability, while glass is placed on the inside

so as to minimize friction and simultaneously avoid scratching the Plexiglas.

1.1.3 Sand Raining System

The soil of the sandbox consists of dry “Longstone” sand, a very fine industrially-produced uniform
guartz sand having a mean grain size dsp=0.15mm [Anastasopoulos et al, 2010]. In the series of

experiments conducted, the soil deposit has a depth of about 50 cm. In order to ensure a certain



sand density and its repeatability in every experiment, the Laboratory’s sand raining system is used
(Figure 1.7a). Through this system, it is possible to choose and audit the mechanical characteristics
of the soil. This procedure is called sand pluviation. In order to achieve the desired density, the
height measured from the bottom of the sandbox, the aperture of the device and the velocity of
the soil hopper are defined. The suitable values for these three parameters are selected according
to Figure 1.7b, which summarizes the results of an experimental series conducted to calibrate this
device [Anastasopoulos et al, 2010]. Finally, it should be mentioned that for all the experiments

conducted in our thesis, a dense sand of Dr=93% was used.

1.1.4 Push-over Apparatus

The push-over apparatus, used to apply horizontal displacements during the static and slow-cycling
pushover tests, consists of a servomotor joined to a screw-jack actuator (Figure 1.10). The
servomotor is controlled by a computer, where the desired displacement, acceleration and velocity
can be selected. A device capable of measuring the applied load (load cell) is connected at the edge

of the actuator.

1.1.5 Shaking table

The shaking table of the Laboratory of Soil Mechanics of NTUA is of dimensions 1.3m x 1.3m and is
capable of applying any type of excitation, including actual records (Figure 1.9). It is able to shake
up to 2000kg with a maximum acceleration of 1.6g and it is of one degree of freedom (longitudinal).
The maximum displacement of the table is +/- 75mm and the maximum velocity > 1.2m/sec. It is
connected to a data acquisition system and is controlled by an external digital system. The results

of each experiment are collected and saved in the computer that controls the shaking table.

1.2 Experiment Preparation and Instrumentation

Before every experiment, the model’s members are being aligned, so that the columns are vertical
and the beams are horizontal. The first floor’s middle column is removed before the INSTED system
is added to the frame, so as not to provide unrealistic compressive or tensile strength, as the

system deforms.

For the dynamic experiments, the shaking table is calibrated for a 1:10 scale and the sandbox is

placed on it, with the sand being layered in it using the sand raining system. Afterwards, the model



building is placed into the sandbox with the help of a crane bridge. In order to avoid significant
deformations of the structure during this procedure, aluminum bars of small thickness are used as
crosswise connectors of opposite joints. The model building is carefully installed on the soil with the
use of four mechanical jacks and special care is taken during the installation, so as not to disturb
the soil surface. After this, electronic spirit levels are used to ensure that the building is placed
horizontally on the soil surface - without any initial inclination - and that the columns are vertical.
Finally, in order to avoid possible overturn of the model during the experiments, vertical bars were

placed at the larger sides of the sandbox as restraining measures.

For the pushover experiments, the sandbox is placed next to the pushover apparatus and the model
building is again installed in it. However, in this case the soil-structure interaction does not concern
us, since the purpose of these experiments is to deduce the actual strength of the retrofitted
building by imposing horizontal displacement on it. Thus, the only utility of the sandbox is to
operate as a base for the building, so that the building can reach the desired height. In that way, we
are able to connect the screw jack actuator at the level of the second storey, where the
displacements are to be imposed. Since the structure’s base can be considered as fixed in these
tests, the model building is not directly placed on the soil. Two aluminum bars with a 0.09m x
0.09m cross section are placed in the middle of the sandbox, parallel to its long dimension, with a
certain distance between them. Each frame’s footings are then rigidly connected to each one of
these bars, with the use of six more aluminum beams; the beams are placed perpendicularly on the
edges of each footing and connected rigidly to the aforementioned bars. In addition, the 0.09m x
0.09m aluminum bars are also rigidly connected to the smaller sides of the sandbox, in order to

avoid sliding during the experiment (Figure 1.11).

In order to measure accelerations and displacements, a number of instruments are used. The
horizontal in-plane acceleration is measured by accelerometers on every storey, as well as in a
small depth from the soil surface. The horizontal in-plane displacements of each storey, as well as
the sliding of the central footing are measured by wired displacement transducers. The horizontal
displacements of the three floors are processed so as to calculate each storey’s inter-storey drift,
while the footing’s sliding is measured in order to be deducted from the displacements of each
storey. In addition, one wired displacement transducer is located on each INSTED system, in order
to measure the vertical displacement of the rods. For the dynamic experiments, two wired

displacement transducers are also used for each footing of the first frame to measure the vertical



displacement of each side of the footing. These measurements can be processed for the calculation
of the in-plane rotation and the settlement of each footing. However, in our case, the structure
footings are designed conventionally, thus to remain elastic and avoid notable residual rotation or
displacement after a strong earthquake. In addition, the sand in the box is of high density (Dr=93%),
hence no large settlements and rotations of the footings are expected. The data from all the
instruments are gathered through cables and saved in the record system of the Laboratory.
Additionally, visual data are obtained using high definition cameras, recording both the response of
the whole structure and the response of the horizontal rods from a closer view. The exact

instrumentation for the dynamic and pushover experiments is shown in Figure 1.12 (a & b).

1.3 Loading

For our thesis, a total number of five experiments considering the retrofitted model building were
conducted: two horizontal pushover tests and three dynamic tests. The whole series of
experiments, along with their characteristics, are displayed in Tables 1.1 and 1.2. The type of

loading imposed in both the pushover and the dynamic experiments is explained below.
1.3.1 Loading protocols of the horizontal pushover tests

Normally, the proper way of conducting a horizontal pushover to the retrofitted model building is
by imposing load or displacement at the level of each storey, following the rules of triangular
distribution. However, the pushover apparatus of the Laboratory is able of imposing displacement
only on one point; thus, in order to achieve an equivalent result we implemented concentrated
displacement at the level of the second floor, where the centroid of the triangular distribution is

considered to be.

The first horizontal pushover experiment (Drod=4mm) includes two types of loading: (a) a 1-cycle
pushover until a total drift ratio of 5% is reached at the level of the second floor and (b) a slow —
cyclic pushover with the displacement being gradually increased in every circle, until failure. For the
second pushover test (Drod=3.2mm), only the slow-cyclic loading protocol is used. The exact form of
the loading protocols is depicted in Figure 1.14. In both experiments, displacements are being
imposed with a velocity of 0.4mm/sec and the test results are gathered in the record system of the

Laboratory. Due to the position of the wired displacement transducers, positive values of



displacement are recorded when the setup moves towards the pushover apparatus, while negative

values of displacement are recorded when it moves away from it.

1.3.2 Seismic motions

The experimental models are subjected to dynamic testing in the shaking table of the Laboratory of
NTUA, using real seismic records as base excitation. Since the models’ scale factor is equal to 1:10,
the imposed excitations are also scaled down according to respective scaling laws. In the four
dynamic tests conducted, a total number of five actual seismic records — both moderate and strong
ones - are used, but the imposed sequence differs between the experiments. For moderate seismic
excitation of the experimental setups, two Greek records are selected: the record of MNSA (from
the 1999 Athens earthquake) and the only record from the 2003 Lefkada earthquake. The record of
MNSA reaches a maximum acceleration of amax=0.51g, but due to its high frequency it is not
considered as a severe one. The record of Lefkada, with maximum acceleration of amax=0.43g, is a
strong seismic shaking of long duration, consisting of several cycles with significant acceleration.
For strong seismic excitation, three extremely strong seismic motions are selected, in order to
examine the systems’ performance over the worst possible scenarios: the record of Rinaldi (from
the 1994 Northridge earthquake) with maximum acceleration of amax=0.84g and the records of Jma
(amax=0.82g) and Takatori (amax=0.61g), from the devastating 1995 Kobe earthquake. The last one is
considered as the most severe of them all, displaying high values of acceleration in a wide range of
frequencies. The five seismic records and their elastic spectral accelerations are depicted in Figure

1.15.

1.4 Description of the experiments - Results

In the ensuing, the procedure and most important results of every experiment are presented. A

more detailed presentation of each experiment’s results is made in APPENDIX B.

1.4.1 Experiment No. 1 (SETUP I): Horizontal Pushover Test - Drod = 4mm

For the first experiment, the setup of the INSTED system is based on the numerical calculations and
analyses that have been previously conducted in Abaqus. According to these calculations, if each
INSTED system consists of three horizontal fuse elements, an earthquake design acceleration of

M4(T)=0.135g combined with an f,=235 Mpa steel nominal yield stress, demand 4.0mm rod



diameter. Hence, we resulted in a setup where each INSTED system consists of three rods of
d=4.0mm. Hollow rods of external diameter equal to d = 8mm are placed at the edges of each d =
4mm rod, in order to lead the formation of plastic hinges away from the supports, where the
developed bending moment is greater. In this way, the rod’s effective length becomes equal to I =
2.5mm. However, this setup does not ensure that local damage due to fatigue will not affect the
system’s performance, since at the ends of the effective length the rod’s cross section displays an

abrupt change.

As far as the 1-cycle pushover test is concerned, we should mention that the loading protocol was
not implemented until the end, since the screw connecting the pushover apparatus’ actuator to the
building’s second floor proved unable to sustain the constantly increasing load up to the
displacement of 30mm. Thus, when the displacement reached the value of +23mm, the setup
stopped working properly and the values of applied load started decreasing. At that point, the test
was stopped, the screw was replaced with one of greater strength and the building was brought

back to its initial position, for the slow-cyclic pushover test to follow.
Results

As one can observe from the Load — Vertical displacement curve of the 1-cycle pushover test
(Figure 1.16a), the retrofitted model reaches a total strength of 1.5kN, while yielding takes place at
approximately 1.2kN (or 0.8g in terms of acceleration, as depicted in Figure 1.16b). The vertical
displacement of the rods is measured equal to 1.5mm at the yielding point and approximately equal

to 5.2mm at the end of the monotonic pushover test.

As far as the slow — cyclic pushover test is concerned, one can easily observe from the Load — Time
curve depicted in Figure 1.18 that at the beginning of the test, thus for t = 0, the applied load does
not equal to zero but instead holds a value of about 1kN; the model seems to have obtained a
residual deformation from the previous monotonic pushover test, even though it was afterwards
brought back to its initial position. In addition, the curve is obviously not symmetric — in terms of
load - around the time axis, something that can also be attributed to this previously acquired
deformation. When the building is pushed to the left, there is a gradual increase of load, until the
structure reaches its total strength (equal to 1.4kN) in the 10" cycle, for an imposed displacement

of 20mm. On the contrary, when the building is pushed to the right, the increase in load does not



follow the same pattern; the model reaches the value of 1.4kN almost immediately and continues
deforming under stable load. This behavior seems rational, since the horizontal rods have already
reached their yielding point in this direction from the previous monotonic test, thus very small

values of displacement are now required in order to enter the plastic zone.

In Figures 1.17 (a & b), where the Load — Vertical displacement and Acceleration — Vertical
displacement curves derived from the slow — cyclic pushover test are displayed, one can notice by
the diagrams’ loops that significant dissipation of energy is taking place, through the plastic
deformation of the system’s horizontal rods. During the 12" and 13™ cycle of loading, the imposed
load (corresponding to displacement values of 30mm & 40mm respectively) seems to exceed the
structure’s strength limits, thus the rods are led to failure and the respective degradation in

strength is visible.

1.4.2 Experiment No. 2 (SETUP I): Dynamic Test — Droa = 4mm

In the second experiment, SETUP | is tested on the shaking table of the Laboratory of Soil
Mechanics. For the dynamic tests, the building is placed into the sandbox with its base not being
fixed to the ground, thus any potential Soil — Structure Interaction is taken into account. Since the
retrofitted structure developed such a significant strength in the respective pushover test, we
decided to impose a sequence of strong seismic records on the model, in order to examine its
behavior during extreme shaking scenarios: Rinaldi (Northridge 1994), Jma (Kobe 1995) and
Takatori (Kobe 1995).

Results

The deformed shape of the building at the end of the test is depicted in Figure 1.22. Clearly, the
INSTED system is proved strong enough to sustain the implemented seismic motions, without any
significant deformation of the rods. The residual vertical displacement of rods after each motion is
considered negligible; even after the record of Takatori it is practically equal to zero (Figure 1.23b).
As displayed in the respective Force —vertical displacement curve of Figure 1.23c,, the system by no
means reaches its yielding point (Fyield=1.2kN), thus the horizontal fuse elements remain elastic
despite the severity of the seismic records imposed. However, the main philosophy of the INSTED

system is to yield relatively quickly and then dissipate energy through the plastic deformation of its



fuse elements, leaving the rest of the structure into the limits of elasticity. Elastic behavior of the
rods during such strong excitations means that the retrofitting setup is over-designed, thus the
value of 4.0mm for the rods’ diameter is significantly larger than the one required for earthquake
design acceleration of ®d(T)=0.135g. This behavior is justified, if we consider that the actual
strength of the rods turned out to be greater (fy = 347MPa) than the one that they were initially
designed for (fy = 235MPa).

During the experiment, the INSTED system footing displays significant sliding (= 4cm), as depicted in
Figure 1.24c for the Takatori record. However, the building’s footings are not connected together
with tie beams, hence, the column footings do not seem to follow the same trend. They display
much smaller horizontal displacement, thus the first floor columns acquire the deformed shape
depicted in Figure 1.22. The time histories of storey drifts and drift ratios that are displayed in
Figures 1.24a and 1.24b surely prove that the retrofitting system actually minimized the total storey
drifts, but the objective of the experiment is not achieved, since the INSTED system did not perform

as desired.

1.4.3 Experiment No. 3 (SETUP II): Horizontal Pushover Test — Droa= 3.2mm

After the previous experiments, it became clear that we needed to examine a scenario involving
rods of smaller diameter. Taking into consideration the actual yield point of the steel rods used as
fuse elements (measured equal to fy = 347 MPa), we resulted in SETUP II: in this setup, the INSTED
system consists of three d=3.2 mm rods. The rods’ cross section is equal to 8mm near the supports
and weakened away from them, resulting in effective length of leff = 20mm (Figure 6.25). This
format is surely more suitable for the fuse elements, since weakening from d=8mm to d=3.2mm is

gradual, thus no local damage due to fatigue is expected to happen.

In this test, only one type of loading is imposed on the retrofitted building: slow — cycling horizontal

pushover of 10 cycles, with maximum displacement of 20mm in the last cycle.
Results

The structure reaches a total strength of 0.90 kN, while yielding takes place at approximately 0.7
kN, as depicted in the Load — Vertical displacement curve of Figure 1.25a. Translating force into

acceleration, the vyielding and maximum pseudostatical acceleration of the retrofitted model



building result in 0.49g and 0.63g respectively (Figure 1.25b). In addition, relative vertical
displacement of the rods is measured approximately equal to 1.3mm and 4.2mm at yielding point

and at the end of the test respectively.

1.4.4 Experiment No. 4 (SETUP II): Dynamic Test - Droa= 3.2mm

In this experiment, SETUP Il is tested on the shaking table, with the same sequence of strong
seismic records that was also implemented on SETUP I: Rinaldi (Northridge 1994), Jma (Kobe 1995)
and Takatori (Kobe 1995). Tie beams with fixed edges are now added between each frame’s
footings, in order to prevent differential horizontal displacement of the footings and avoid large

deformation of the first floor columns that was observed in the 2™ experiment.

Results

As expected, the INSTED system acts as a kinematic constraint, homogenizing the lateral
deformation of the structure and leading to more uniform damage distribution in all three storeys.
Due to the retrofit, the structure now follows the displacement of the INSTED system, which is
much stronger than the building’s columns. The development of a soft — storey collapse mechanism
in the first floor, thus the failure mechanism that the original building displays under moderate
seismic records, is prevented. Again, the structure displays significant strength, even under the
extremely strong shaking scenarios of Rinaldi, Jma and Takatori. As displayed in the photographs of
Figures 1.29a and 1.29b, it does not seem to suffer from severe deformations after the records of
Rinaldi and Takatori. Indeed, residual interstorey drifts are measured approximately equal to 5mm
(with drift ratio = 2%) and Omm (with drift ratio = 0%) for the records of Rinaldi and Takatori
respectively. The horizontal fuse elements enter the plastic zone, displaying though very small
residual vertical displacement for the Rinaldi record (=3mm) and practically zero (=0mm) for
Takatori. In this experiment, the retrofitted model reaches its yield point (Fyield=0.7kN) and the
INSTED system displays plastic behavior, but is still far away from failure. The desired dissipation of
energy takes place and is visible in the hysteresis loops of the respective Force — vertical
displacement curves of Figures 1.30c and 1.32c. Especially in the curve of Rinaldi record, plastic
deformation after the record’s strongest pulse (between 2.5 and 3.5 sec in the time history

acceleration) is clear.



The addition of fixed tie beams at the building’s footings did prevent differential horizontal
displacements, as expected. The INSTED system’s footing displays some sliding, though smaller than
in the dynamic experiment of SETUP I, but now the column footings follow its displacement, thus
no deformation of the first floor columns, due to differential displacement of footings, is observed.
After the strong pulse of Rinaldi record, the central footing obtains a residual displacement of
25mm (Figure 1.31c), while in the record of Takatori, it slides up to 25mm, but then returns back to
its initial position, hence displaying zero residual sliding (Figure 1.33c). On the contrary, for the
dynamic test of SETUP |, residual horizontal displacement of the central footing after the record of

Takatori was measured equal to 40mm.

Since the INSTED system performed so well during the imposed sequence of strong seismic motions
and practically did not suffer any damage, the need to test it to the limits arose. In order to lead it
to failure, the system’s strength should be decreased by gradually reducing the number of fuse
elements. The record of Takatori was implemented on every new weakened setup, original or
amplified by the factor 1.4. The list of applied seismic motions and the description of the altered

setups is displayed in Table 1.5.

As one can observe from the time history of vertical displacements and the Force — Vertical
displacements curve (Figures 1.34 and 1.35 respectively), the initial retrofitted building (Setup II),
when subjected to the record of Takatori, displays significantly greater strength than Setup lla
(consisting of 2 rods) and Setup llb (consisting of 1 rod). The two latter ones, seems to behave
similarly, reaching almost the same values of maximum strength and vertical rod displacement.
However, none of the weakened setups is led to failure, despite the reduction of the system’s
strength and the considerable vertical rod displacements of Setups lla and Ilb. Hence, we moved on
to examine the extreme scenario of imposing the Takatori record -amplified by a 1.4 factor- to the
setup consisting of 1 rod (Setup IIb). As clearly depicted in Figure 1.36, the structure proves capable
of undertaking values of shear force quite bigger than those receiving during the original Takatori
record, even though the fuse element did exceed the yielding point in both motions. In fact, the
total strength reached by the structure during the amplified motion of Takatori is comparable to
the one measured for the initial Setup Il (= 0.65kN), which consisted of three rods. It should be
mentioned that, at the amplified record of Takatori, Setup Ilb did reach failure and one can clearly

see the formation of plastic hinges at the ends of the rod’s effective length in Figure 1.38.



The aforementioned measurements led to the following conclusion regarding the building’s
performance: The addition of fixed tie beams enforced uniform displacement of the footings, thus
the building’s columns were bound to follow this trend. Meanwhile, the INSTED system was able to
undertake great values of seismic load and rotate, with the rest of the structure following. Due to a
technical defect though, the building’s artificial plastic hinges were unable to rotate any further
over a specific large value. With the junctions unable to rotate and the footings connected
together, the building’s columns were not allowed to move independently, attributing thus
unrealistic stiffness and strength to the structure. This fact became obvious when the retrofitted
Setup llb, consisting of only one rod, displayed an inexplicably great strength at the amplified
record of Takatori, compared to its developed resistance during the actual Takatori record (Figure
1.36). Conclusively, the addition of fixed tie beams between the footings was considered

unsuccessful in the case of this experimental setup.

1.4.5 Experiment No. 5 (SETUP III): Dynamic Test — Droa= 3.2mm

Trying to diminish the defects of the previous tests, we resulted in Setup Ill for Experiment No. 5: in
this setup, the INSTED system consists of only one rod, in order to display stiffness and strength
equivalent to the buildings seismic design requirements. The sequence of seismic motions imposed
on the retrofitted structure consists of five records: two Greek moderate ones (MNSA, Athens 1999
& Lefkada 2003) and three strong ones (Rinaldi 1994, Jma 1995 & Takatori 1995), in ascending
order. The reason for imposing the Greek records to our model is to verify that the proposed
retrofit behaves well under moderate seismic motions, which the original building would not

withstand (such as the Lefkada 2003 record).

Fixed tie beams are again added between the frame footings (until the record of Jma), in order to
prevent deformation of the first floor columns and are removed before the last two strong motions,

to ensure that jamming of junctions will be avoided.
Results

As expected, the retrofitted building displays an excellent behavior during the moderate records of
MNSA and Lefkada. Not only does it not experience failure during Lefkada 2003 record, but as
depicted in Figure 1.40b, its deformation is insignificant. The measured data come to verify this

conclusion. The structure reaches a maximum shear force of = 0.15 — 0.20 kN, while the residual



vertical displacement of rods is equal to Av = Imm (Figures 1.42c and 1.42b respectively).
Additionally, residual interstorey drifts do not exceed the value of 2mm or 0.5% in terms of
interstorey drift ratio (Figures 1.43a and 1.43b). Sliding of the central footing is negligible after the

record of Lefkada (= 0.5mm).

Moving on to the strong shaking scenario of Rinaldi, the building also demonstrates very good
behavior. During the record’s strong pulse (between 2.5 and 3.5 sec), the structure reaches a
maximum force of 0.6 kN (Figure 1.44c) and the horizontal rods enter the plastic zone,
accumulating residual vertical displacement of Av = 5 mm (Figure 1.44b). The anticipated
dissipation of energy takes place, and one can observe the hysteresis loop forming in the respective
Force — Vertical displacement curve of Figure 1.44c. Residual interstorey drifts are measured equal
to 10mm or 3% in terms of drift ratio and it is obvious from Figures 1.45a and 1.45b that the INSTED
system has indeed led to a uniform distribution of damage, by homogenizing drifts in all three

storeys. The central footing’s sliding is again insignificant (= 0.8mm).

Finally, the structure manages to resist failure even after the last record — the extreme seismic
motion of Takatori. Despite its apparent deformation (Figure 1.41b), - which is surely exacerbated
by the removal of tie beams after the record of Rinaldi - residual interstorey drifts do not exceed
the value of 15mm or 5% in terms of drift ratio. In addition, the horizontal fuse elements do enter
the plastic zone and display ductile behaviour, by obtaining a residual vertical displacement of
7mm; clearly, though, they are not led to failure. The maximum force reached by the retrofitted

setup is approximately equal to 0.5 kN (Figure 1.46c).

Beyond doubt, the fact that Setup lll resisted all of the implemented motions, without collapsing is
impressive, but does not come along with the calculated predictions for the retrofitted model’s
total strength. Despite the removal of tie beams during the last two motions, it might be the case
that the building’s junctions stopped rotating freely from earlier on, leading to an increase of the

system’s resistance and thus, to the non-failure situation after the Takatori record.

1.4.6 SETUP Il vs. SETUP III

In order to get a more complete understanding of the INSTED system’s dynamic behavior, a
comparison between the performance of Setup Il (retrofitted by a 3-rod INSTED system) and Setup

[l (retrofitted by a 1-rod INSTED system) is made, for the record of Rinaldi. During this record, both



setups are equipped with tie beams at the base and have a d = 3.2mm rod diameter, thus the
comparison is made under the same terms. Also, the artificial plastic hinges have not jammed until
the record of Rinaldi, therefore, the strength of the system is exclusively attributed to the design of

the INSTED system, rather than to any fictitious resistance of the building.

As depicted in Figures 1.49a and 1.49b, both model structures exceed the limits of elasticity and
behave in a ductile manner, displaying permanent rod deformations translated into measured
relative vertical displacements. Setup Il reaches a maximum force of 0.85 kN (or 0.6g in terms of
acceleration), while Setup Ill reaches a maximum value of 0.6 kN (or 0.4g in terms of acceleration).
As one can also observe in the 3™ floor acceleration time history (Figure 1.50b), Setup Il develops
indeed slightly greater acceleration values (of about 0.2g) compared to the ones developed by
Setup lllI; this behavior is expected, since Setup Il is a structural system of greater stiffness and

horizontal resistance.

As far as the vertical rod displacement is concerned, Setup Il displays a residual value of 3mm after
the record’s strong pulse, while Setup Il seems to respond quite more intensely: at the beginning
of the pulse it displays a displacement of Av = 8 mm and then acquires a residual value of Av = 5mm
towards the opposite direction (Figure 1.50c). At this point, the horizontal fuse elements of Setup llI
apparently experience a more severe deformation and are challenged - to a greater extent - to
behave in a ductile manner. Finally, in terms of 3" floor interstorey drifts, Setup Il reaches a
residual interstorey drift ratio of 1.5 %, while Setup lll displays twice this value, thus = 3% (Figure

1.50a).

Undoubtedly, between the two Setups lies an obvious difference in strength, which is also apparent
in the values of residual interstorey drifts, vertical rod displacements and accelerations. Setup lll is
proved weaker, leading the building and the rods to more severe deformations. However, someone
would wonder whether this difference in strength is actually corresponding to the one expected.
The main goal of our retrofitting proposal was to equip the original building with a horizontal
resistance system that would be able to undertake the majority of seismic loading and localize the
damage to its horizontal fuse elements. Thus, the building of Setup Il (3 rods per frame) should be
expected to display approximately 3 times greater strength than the one of Setup Ill (1 rod per
frame). This estimation goes well with the analytical calculations of the horizontal resistance

developed by the INSTED systems of each experimental setup (Table 1.) However, the assumption



was not verified by the experiments, where we witnessed the retrofitted building of Setup Il being
able to sustain even the extreme shaking scenario of Takatori and display significant resistance

values - much higher than the 1/3 of those developed by Setup II.

In order to obtain a deeper understanding of the possible defects of the experimental setups, which
might have led to the aforementioned deviations from the expected results, an additional series of
analyses is conducted. In these analyses, the retrofitted model building is simulated with its exact
material and technical properties and then submitted to the same type of loading that was used in
the experimental series. Comparison of the analytical and experimental results follows in the next

chapter.
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(a)

(b)

Figure 1.1 (a) Schematic illustration of the original frame and (b) photograph of the
experimental setup of the original frame.



(a)

(b)

Figure 1.2 (a) Schematic illustration of the retrofitted frame and (b) photograph of
the experimental setup of the retrofitted frame.
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(a) Typical cross sections of the INSTED columns.
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(b) Plan and typical crossection of the bars placed to
simulate the diaphragmatic function of storey plates.

(c) Plan & facade of the INSTED foundation.

Figure 1.3 The INSTED system, its foundation & its parts as designed
according to the regulations.

Figure 1.4 Typical geometry of the horizontal rods used in the experiments.
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Figure 1.5 (a) & (b) Photographs of the tensile strength test of the ®8 specimen,
conducted in the Steel Structures Laboratory and (c) the respective tensile stress —
strain curve derived from the test.



(b)

Figure 1.6 (a) & (b) Photographs of the test conducted on the ®8 specimen, in order
to determine the rod’ s actual elastic modulus.
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Figure 1.7 (a) Photograph of the sand raining system (b) Summary of pluviation
results: relative density Dr versus pluviation height, raining speed and opening
aperture size.



Figure 1.8 Photograph and schematic illustration of the sandbox used in the experiments.

Figure 1.9 Photograph of the Laboratory’s shaking table.



Figure 1.10 Photograph of the pushover apparatus.
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Figure 1.11 Photograph of the experimental setup for the pushover experiments.
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Figure 1.12 (a) Schematic illustration of the instrumentation of the model during the
pushover tests (b) Schematic illustration of the instrumentation of the model during
the dynamic experiments.



Figure 1.13 Photographs of the wired displacement transducers (up) and
accelerometers (down) used in the experiments.



Table 1.1. List of Horizontal Pushover Experiments.

Description of Experiment

Model Exp. INSTED system Soil Type of Loading
Rods per frame D (mm)

Retrofitted

Building 1 3 4.0 - Slow Cyclic
(SETUP 1)
Retrofitted

Building 3 3 3.2 - Slow Cyclic
(SETUP 11)

Table 1.2. List of Dynamic Experiments.

Description of Experiment

Model Exp. INSTED system Soil Excitation

Rods per frame D (mm)

Retrofitted
Building 2 3 4.0 Dense Sand  Strong Seismic
(SETUP 1)

Retrofitted
Building 4 3 3.2 Dense Sand  Strong Seismic
(SETUP 1)

Retrofitted
Building 5 1 3.2 Dense Sand
(SETUP I11)

Moderate &
Strong Seismic




Horizontal Pushover Tests — Loading Protocols
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Figure 1.14 Loading protocols of the 1-cycle & slow - cycling pushover tests. In the
slow-cycling pushover test of Drod = 3.2mm, the loading procedure ended at cycle no. 10

Time (sec)

(for imposed displacement equal to Ax = 20mm).
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Figure 1.15 The five real seismic records used in the experimental series and their elastic
spectral accelerations.



Table 1.3

Calculated horizontal shear force undertaken by the INSTED system of
each experimental setup

Total shear f; »  F- ZM X b
otal shear force =
PYh X leff
3
Rod bending moment 4 Mpl= Wpl X fy = 3 Xfy
SETUP I
" Lyg=2.5cm * h=30cm " b=15cm
= N =3 rods = D=0.4cm = f, =347 MPa

M, = 0.0037 kNm
Per frame: F=0.44 kN
Total: F=0.88 kN

SETUP II
" Ls=2.0cm * h=30cm " b=15cm
= N =3 rods = D=0.32cm -fy=347MPa

M, =0.0019 kNm
Per frame: F=0.28 kN
Total: F=0.56 kN

SETUP Il
" Ls=2.0cm * h=30cm " b=15cm
= N=1rod = D=0.32cm -fy=347MPa

M, = 0.0019 kNm
Per frame: F=0.095 kN
Total: F=0.19 kN




EXPERIMENT No. 1
Horizontal Pushover Test
Drod = 4mm
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Figure 1.16 Load — vertical displacement and Acceleration — vertical displacement
curves derived from the 1-cycle pushover test of the retrofitted frame (The dashed
branch is not a result of measured data, but it is formed that way because the building is
considered to behave symmetrically).
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Figure 1.17 Load — vertical displacement and Acceleration — vertical displacement
curves derived from the slow-cyclic pushover test of the retrofitted frame.
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Figure 1.18 Load — Time curve derived from the slow - cyclic pushover test of the
retrofitted frame.
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Figure 1.19 Comparison of the monotonic and slow — cyclic pushover tests in terms of
strength and ductility.



Fyield (KN)  Fmax (kN) ayield (g) amax (g)

D=4mm 1.20 1.50 0.83 1.0

Table 1.4 Results of the 1%t Horizontal Pushover Test. By translating load into
acceleration, an estimation of the system’s pseudostatical yielding & maximum
acceleration is made.

Figure 1.20 Photograph of the deformed shape of the retrofitted building at the end of
the slow — cyclic pushover test and detail of the horizontal rods after their failure.



EXPERIMENT No. 2
Retrofitted building (SETUP I)
Dynamic Test

List of applied seismic records.

Strong Seismic Records

Rinaldi (Northridge 1994)
JMA (Kobe 1995)
Takatori (Kobe 1995)

Drod =4mm
No. of rods = 3

Dense Sand
Dr=93%

Figure 1.21 Schematic illustration of SETUP I.



Figure 1.22 Photograph of the deformed shape of the model building after the record of
Takatori — Detail of the horizontal rods.
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Figure 1.23 (a) Takatori record (b) Time history of the vertical displacement of rods
and (c) Total shear force — vertical displacement curve for the Takatori record,
compared with the one derived from the respective pushover test.
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Figure 1.24 Time-histories of (a) the drifts at the level of the 15t and 3™ floor, (b) the
respective drift ratios and (c) the sliding of the central footing, for the Takatori record.



EXPERIMENT No. 3
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Drod=3.2mm
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Figure 1.25 Load — vertical displacement and Acceleration — vertical displacement
curves derived from the slow - cyclic pushover test of the retrofitted frame (SETUP II).
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Figure 1.26 Load — Time curve derived from the slow - cyclic pushover test of the

retrofitted frame (SETUP II).

Figure 1.27 Photograph of the rod specimen and its deformed shape after loading.

Table 1.4 Results of the 2" Horizontal Pushover Test (SETUP ).

Fyield (kKN)  Fmax(kN) ayield (g) amax (g)

D=

3.2mm 0.70 0.90 0.49 0.63




EXPERIMENT No. 4
Retrofitted building (SETUP II)
Dynamic Test

List of applied seismic records.

Strong Seismic Records

Rinaldi (Northridge 1994)
JMA (Kobe 1995)
Takatori (Kobe 1995)

Drod = 3.2 mm
No. of rods = 3

Dense Sand
Dr=93%

Figure 1.28 Schematic illustration of SETUP II.



(b)

Figure 1.29 Deformed shape of the retrofitted building (a) after the record of Rinaldi
and (b) after the record of Takatori.
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Figure 1.30 (a) Rinaldi record (b) Time history of the vertical displacement of rods and
(c) Total shear force — vertical displacement curve for the Rinaldi record, compared
with the one derived from the respective pushover test.
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Figure 1.31 Time-histories of (a) the interstorey drifts at the level of each storey, (b)
the respective drift ratios and (c) the sliding of the central footing, for the Rinaldi
record.
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Figure 1.32 (a) Takatori record (b) Time history of the vertical displacement of rods
and (c) Total shear force — vertical displacement curve for the Takatori record,
compared with the one derived from the respective pushover test.
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Figure 1.33 Time-histories of (a) the interstorey drifts at the level of each storey, (b)
the respective drift ratios and (c) the sliding of the central footing, for the Takatori

record.



EXPERIMENT No. 4

Table 1.5 List of altered models of the retrofitted SETUP Il and the imposed excitations.

Description of Setup

Model Exp. INSTED system Soil Excitation
Rods per frame D (mm)
Retrofitted
Building 4 2 3.2 Dense Sand Takatori
(SETUP lla)
Retrofitted
Building 4 1 3.2 Dense Sand Takatori
(SETUP lIb)
Retrofitted
Building 4 1 3.2 Dense Sand Takatorix 1.4
(SETUP IIb)
12 - = 1rod
2 rods
3 rods
6 -

Av (mm)

Time (sec)

Figure 1.34 Comparison of the vertical rod displacement time histories during the

Takatori record for setups Il, lla and llb.
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Figure 1.35 Comparison of strength in terms of Shear force — Vertical rod
displacement curves for setups Il, lla and I1b, during the Takatori record.
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Figure 1.36 Comparison of strength for setup Ilb (1 rod), for two different excitations:
the original Takatori record and the Takatori record amplified by a 1.4 factor.
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(Setup I1b)
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Figure 1.38 Photograph of the rod’s deformed shape after Setup Ilb is led to failure,
during the amplified record of Takatori. The formation of plastic hinges at the end of
the effective length is obvious.



EXPERIMENT No. 5
Retrofitted building (SETUP Ill)
Dynamic Test

List of applied seismic records.

Moderate Seismic Records

MNSA (Athens 1999)
Lefkada (2003)

Strong Seismic Records

Rinaldi (Northridge 1994)
JMA (Kobe 1995)
Takatori (Kobe 1995)

Drod = 3.2 mm
No. of rods =2 1

Figure 1.39 Schematic illustration of SETUP IlI.



Figure 1.40 (a) Initial shape of the retrofitted building and (b) deformed shape of
Setup IIl after the moderate seismic record of Lefkada.




(b)

Figure 1.41 Deformed shape of the retrofitted building (a) after the record of Rinaldi
and (b) after the high intensity record of Takatori.
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Figure 1.42 (a) Lefkada record (b) Time history of the vertical displacement of rods
and (c) Total shear force — vertical displacement curve for the moderate Lefkada 2003
record.
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Figure 1.43 Time-histories of (a) the interstorey drifts at the level of each storey, (b)
the respective drift ratios and (c) the sliding of the central footing, for the moderate
Lefkada 2003 record.
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Figure 1.44 (a) Rinaldi record (b) Time history of the vertical displacement of rods and
(c) Total shear force — vertical displacement curve for the Rinaldi record.
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Figure 1.45 Time-histories of (a) the interstorey drifts at the level of each storey, (b)
the respective drift ratios and (c) the sliding of the central footing, for the Rinaldi
record.
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Figure 1.46 (a) Takatori record (b) Time history of the vertical displacement of rods
and (c) Total shear force — vertical displacement curve for the Takatori record.
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Figure 1.47 Time-histories of (a) the interstorey drifts at the level of each storey, (b)

the respective drift ratios and (c) the sliding of the central footing, for the Takatori

record.



Figure 1.48 Deformed shape of the rod after the record of Takatori. One can observe
the residual vertical rod displacement (measured equal to Avres = 7mm) and that no
formation of plastic hinges took place.
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Figure 1.49 Comparison of Setup Il and Setup Il in terms of (a) Force — vertical rod
displacement and (b) Acceleration — vertical rod displacement curves, for the record
of Rinaldi.
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Figure 1.50 Comparison of Setup Il and Setup Il in terms of (a) 37 storey interstorey
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CHAPTER B.2

RETROFITTED BUILDING WITH THE INSTED SYSTEM
- NUMERICAL ANALYSES vs EXPERIMENTS






2.1 Numerical Simulation of the Retrofitted Building

After having completed the experiments, we moved on to the numerical simulation of the retrofitted
building, with the INSTED system. The ultimate goal is to create a numerical model that would respond

just like the experimental physical one.

The initial idea of the model remains the same, as far as the design methodology is concerned. The
original frame, indeed, is the same that was used in former analyses. The elements that were changed
were the ones referring to the INSTED system, since the experimental materials differed in some way
from those originally applied in the analyses. For example, the steel properties of the rods that were
used in the experimental setup were not the nominal ones. In order to introduce the real constitutive
law of these elements in the numerical analyses, we conducted a series of tensile strength tests. The
stress-strain curve that was exported from these tests appears in Chapter B.1. Also the effective length
as well as the diameter of the rods varied in each experiment, since the procedure of reducing its
diameter encases imperfections and uncertainties. Therefore, each numerical analysis included the

corresponding properties of the rods.

During the experimental procedure, it was noticed that the retrofitted model building (including all
three Setups) displayed significantly greater strength compared to the one expected — even though the
calculation of the system’s horizontal resistance was made using the rods’ actual properties. Knowing
that the spigots used to form the hinges at the base of the INSTED system were placed in a very tight
arrangement, we were led to the conclusion that the hinges might not have responded in the desired
way; they did not allow free rotation of the system, on the contrary, they displayed moment resistance
until a certain value of rotation. For this reason, we altered the existing numerical model of the
retrofitted building in Abaqus, by adding three springs at the base of each INSTED system’s columns: a
horizontal, a vertical and a rotational one (simulated by elements of type SPRING2). The first two
springs were designed as linear, elastic and very stiff in order to prohibit vertical and horizontal
displacements, while the rotational was designed as non-linear. Specifically, a moment - rotation curve
was introduced in order to determine the ultimate bending capacity of the rotational spring. This curve
differed in accordance to the strength of the structure, since a greater force was needed for the

columns to bend, when the structure appeared greater resistance.



2.2 Pushover Tests to the Retrofitted Building

2.2.1 Setup 1

The first pushover test included rods, which had a diameter of 4mm and an effective length of 25mm
(effective length is the distance between the predefined plastic hinges, according to the reduction of
its cross-section). The curve, depicting the relation between the strength and the displacement of the
structure, which derived from the pushover test, appears in Figure 2.1. This is also compared to the
one exported from the cyclic pushover testing of the experiment. The two curves resemble in terms of

strength, however, the stiffness is significantly different.

This deviation can be explained by the fact that the connections of the experimental setup are less
rigid than in the analyses; on the contrary, they include gaps, which may justify the reduced stiffness of
the model. Indeed, as the displacement increases, the experimental curve becomes stiffer, indicating
that the connections attach to each other, leaving no more free space between them, therefore
resembling more to the numerical curve. Also, the experimental pushover test was conducted in a way
that the setup was not rigidly fixed on base. The connections of the aluminum bars, which were used
as base for the building (Chapter 6.2 Experiment Preparation and Instrumentation), encased also gaps,
which reduced the actual initial stiffness of the structure. Additionally, the fact that these bars were
placed upon the sandbox, instead of a rigid base, a minor rotation of the setup was allowed, making

the system more flexible than it was actually.

Taking all the above into consideration, we may infer that the numerical model on a -totally- fixed base
represents sufficiently the experimental one, allowing us to continue with the seismic excitation of it,

so as to compare with the Experiment No 2.

2.2.2 Setup II

The second pushover test included rods with a diameter of 3.2mm and an effective length of 2mm. The
constitutive law and dimensions of these fuse elements were introduced in the numerical analyses and
the pushover horizontal loading was imposed. The curve, depicting the relation between the strength

and the displacement of the structure, which derived from the pushover test, appears in Figure 2.1.



This is also compared to the one exported from the cyclic pushover testing of the experiment. The two
curves much resemble in terms of strength, however, a satisfactory approach of the system’s stiffness
is not achieved. The explanation for this deviation follows the same pattern as the one given above for
Setup |. Consequently, we may proceed to the dynamic loading of this setup, as well, on a numerical

basis, so as to compare it with Experiment No 3.

2.2.2.1 Setup II - Analysis with Soil

In our endeavor to simulate the system’s actual stiffness, as exported from the experimental pushover
test of Setup I, we conducted a number of analyses, where the structure was placed upon soil. We
simulated the half of the sandbox, utilizing the properties of the dense sand that was used in the
experiments. Generally the soil was finely-meshed, using the finer discretization for the upper layer of
the soil (the upper 15cm, 30% of the total height). The elements of this discretization were square

C3D8 (defined by 8 nodes) with a cross-section of 1.5x1.5cm (Figure 2.2.).

The constitutive law that we utilized for the soil was the hardening one. The curve that depicts the
elastic modulus in relation to the depth is shown in Figure 2.3. The friction angle that we imported to
this curve was $=45°. Afterwards, we defined the boundaries of the sandbox, restricting the sides
parallel to the building from moving towards the out-of-plane direction, the lateral ones from moving
towards the direction of the pushover and considering the box’s base as fixed. The footings were
connected with some rigid elements, simulating their ‘fixed’ connection during the experiment. The
springs that were utilized in the former analyses (fixed base), simulating the bending capacity of the
base of the INSTED, were replaced with a plastic hinge, whose strength was calibrated in a way that

would resemble that of the rotational spring.

The pushover loading (Figure 2.4) was imposed in all three stories considering a triangular eigenmode.
The curve that derived from the pushover testing, depicting the relation between the resisting force of
the structure and the total horizontal drift of the building, appears in Figure 2.5. This is also compared
to the one exported from the cyclic pushover testing of the experiment. As we can see, the stiffness of
the structure which is placed on soil resembles the experiment in a better way. On the other hand, the

strength of the structure is not managed. The greater strength that the experimental setup displays



can be justified from the fact that the structure’s base was not allowed to move horizontally during the

experiment, while the numerical model appeared to slide.

Concluding, we may infer that the real stiffness of the experimental setup, according to the pushover
test, is managed when the model is placed on dense sand, which is considered very dense and its
strength is managed when the footings cannot slide, that is when the building’s base is fixed (Figure

2.6).

2.3 Dynamic Tests to the Retrofitted Building

The methodology that we utilized in our numerical analyses for seismic motions differed from the one
used in the pushover static analyses. The reason, of course, was the fact that the experimental seismic
motions were imposed on the soil-foundation-structure system, while the pushover tests were
imposed on the fixed structure. Therefore, we had to take the non-linear behavior of the soil into
account. At first step, we did not simulate the sandbox numerically, however, we did simulate the
sliding of the footings that took place during the seismic loading. The fixed base would not correspond

to a realistic response of the structure during the seismic records imposed.

The original design of the superstructure, including the INSTED system, remains the same as before. As
far as the base is concerned, this is no longer fixed, due to the above reason. Instead, three extra nodes
are defined, in the same place where the base nodes existed, and connected to the old ones with gap
elements (GAPUNI), which allow sliding of the superstructure, relative to the friction coefficient. This
coefficient is not the same for all base nodes, but each one is assigned with a different one, since the
sliding that took place does not refer to the soil properties, rather, to an equivalent one that simulates
the shear failure of each footing. The shear capacity of each footing is calibrated according to some
vertical pushdown and horizontal pushover tests that had been previously conducted in the Soil
Mechanics Laboratory (Papadopoulos Efthymios, 2011 & Nonika Antonaki, 2011) and to some
theoretical values (Loli Marianna, 2012), which had derived from the Meyerhof equation and the

Butterfield & Gottardi envelope.



Side Footings (B=0.15m, L=0.15m)

At first, the vertical bearing capacity of these footings is calculated, according to the equation of

Meyerhof’s formula for the bearing capacity of rectangular footings.:

N =enxtan¢:~x 1+Slnfp
a 1— sin @
v o Na—1

c
tan ¢

N, =(N,—1) x tan L4

s;=1+03x5/,

s,=1-02x5/
Oup = CXN X5, +¥ XDy XN, X5, +05 Xy XN, XB X5,

where y=1.6kN/m? ¢ equals zero for sand and ¢ is approximately equal to 44° in this case
[Anastasopoulos, Kokkali, Tsatsis, 2011]. The vertical load of the left and right footing, when they are
part of the structure, considering the one frame, is equal to 0.20 and 0.10kN respectively. Therefore,

the vertical factor of safety for these footings can be calculated as the ratio:

The Butterfield & Gottardi envelope provide graphs relating the moment and horizontal load, in terms
of several safety factors. According to those derived for the two side footings we can find that the

ultimate moment is My; = 0.067kNm and M = 0.042kNm for the left and right footing respectively.



Since the side columns of the building deform like a cantilever, thus its hinge is formed on half of the

1% story height, therefore the ultimate horizontal load would be equal to:

Ml.l
h/2

Qu =

Taking all the above into account, we are now able to find the theoretical ultimate horizontal load for
each footing, in the case of combined moment and horizontal push, as it is actually in the case of a

seismic motion. The box below summarizes the values that have derived from the above procedure.

BxB=(15x15cm)
(kN/kNm) left right
N 0.20 0.10
Nu (¢ = 44) 4.6 4.6
Mu 0.01 0.0063
Qu 0.067 0.042

Central Footing (B=0.15m, L=0.60m)

As regards this bigger footing, the experiments that have been conducted in the Soil Mechanics
Laboratory, in the case of the RC shear wall, provide sufficient results. The wall was assumed to bear
approximately 50% of total mass of the structure, which is 0.33kN for the one frame. The percentage is
similar to the one that the central footing is bearing in the case of the INSTED system (0.4 out of

0.72kN — 55%), therefore, the ultimate horizontal load can be utilized for our case as well.

Like before, the vertical bearing capacity of this footing is calculated from the Meyerhof equation
(Nu=18.27kN) and its vertical factor of safety is calculated equal to FSv=55. In this case, however, the
ultimate horizontal load was measured experimentally (Nonika Antonaki, 2012). The system that was
tested consisted of both retrofitting walls for balancing purposes. The mass - inducing steel plates were
evenly distributed between the three storeys. The walls were rigidly connected with the steel plates

and the artificial plastic hinges at the base of the walls were prevented from rotating, thus creating a



rigid block. The model was placed on dense sand as previously described. The horizontal displacement
was applied by the pushover apparatus close to the center of mass of the model, below the second
storey. Six wired displacement transducers were used to measure the displacement that was imposed,
the settlements of both footings and the sliding of the system. A load cell was attached to the

pushover apparatus and measured the reaction force throughout the test (Figure 2.7).

Due to the large bending capacity of the soil — foundation system, it developed a failure mechanism
through sliding long before reaching soil failure. The Figure 2.8 depicts the measured horizontal load
with regard to the horizontal displacement on top and Figure 2.9 depicts the calculated bending
moment, at the base of the footing, with regard to the rotation angle of the footing, considering M=Qh
(h=0.62m). The ultimate force is Qu=0.27kN for both frames. For all cases, the friction coefficient is

equal to:

The box below depicts the friction coefficients for all footings, with regard to its own way of

calculation:

left central right
! 0.34 0.34 0.42

2.3.1 Setup I, I1 & I1I

The numerical model of the retrofitted building is excited by some representative seismic records that
were used in the relative experiments in order to examine the correspondence of the numerical
analyses to the experiments. The results exported from the analyses are in terms of acceleration time
histories on each story level as well as in terms of the total force and total horizontal drift time
histories (Figures 2.10 - 2.30). All these graphs are compared to those measured from the experiments,

as shown in the figures at the end of chapter 7. Also, the force of the system with regard to the



horizontal displacement depicts the ductility of the system, as well as the capacity of it to dissipate

large amounts of energy.

It is obvious that the time histories of accelerations and resisting force of the system resemble a lot
those exported from the experiments. Naturally, the total drift time histories are not identical, due to
the uncertainties and flaws of the experiment, as they are concluded in the end of Part B. However, the
residual drift that the numerical model displays, in most seismic motions, are very satisfactory when
compared to those measured in the experiments. Therefore, we may conclude that the numerical

model is correct, since it responds similarly to the experiments.
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Figure 2.1 The resisting force according to the total horizontal displacement on top of
the structure for both Setups (I & I1).
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Figure 2.2. Photo from Abaqus of the numerical model (Setup II).
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Figure 2.3 The constitutive law used for the sand and a photo from Abaqus depicting the

stresses on soil.
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Figure 2.4 Photo from Abaqus after the pushover test.
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Figure 2.6 The resisting force according to the total horizontal displacement on top of the
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CHAPTER B.3

SEISMIC RESPONSE OF A 1-DOF MODEL STRUCTURE
CONSISTING OF THE INSTED SYSTEM






3.1 Introduction

The series of experiments, regarding the retrofitted model building, encased drawbacks that did
not allow complete understanding of the INSTED system’s dynamic performance. The original
model building, due to its properties and the way it was manufactured, displayed certain
incompatibilities respecting the design requirements of our retrofitting system. The inability of the
artificial hinges to rotate limitlessly, for example, was a problem that could not be solved. Thus, the
need arose to examine the seismic response of the INSTED system alone, free of any interference

with the building’s behavior and properties or any potential soil - structure interaction (Figure 3.1).

3.2 Experimental Setup

The adopted model is a 1-DOF structure system consisting of the INSTED system, loaded on top with
concentrated mass of m = 185 kg (Figure 3.2). In real scale, the model structure simulates a 1-storey
structure of 4.5 m height and m = 23 tn at the storey level, thus a scale of 1:5 is considered for the

experiment (Table 3.2).

The exact experimental setup includes two horizontal resistance systems (the ones utilized as a
retrofit for the 3-storey model building), placed in opposite position and connected together with
two @14 steel rods. The loading mass consists of two 45,3cm x 40,1cm steel plates, supported
regionally by four UPN 140 beams. Anti-diagonal bracings made of steel tape are used in the out-of-
plane direction, in order to ensure that buckling in this direction will be prevented. The system’s
columns are connected through hinges with the footing, which is made of aluminum and has
dimensions of 0.60m x 0.15m x 0.02m. In this experiment, the ®12 spigots used to form the hinge
at the base of the INSTED columns are replaced with M12 screws, in order to achieve a less tight
arrangement and avoid the creation of a moment resisting connection; in this way one of the main
problems of the previously conducted tests is solved. Finally, in accordance to the mass and
geometry of the model structure, each INSTED system is equipped with one d = 6mm rod, placed in

the middle of its height (Table 3.3)



3.3 Experiment preparation and Instrumentation

Before the experiment, the shaking table is calibrated for a 1:5 scale. The sandbox is not placed on
the shaking table, since the structure’s base is considered as fixed for this test. Thus, the effects of
soil — structure interaction are not taken into consideration and the interest focuses on the seismic
performance of the superstructure. The model’s footings are placed in opposite positions on the
shaking table and are connected rigidly with it. With the help of the crane bridge, the concentrated
mass is moved upon the shaking table and along with the system’s columns is being installed into
the right position. After that, spirit levels are used to ensure that the columns are vertical and the

mass horizontal.

In order to measure the horizontal in-plane displacement at the mass level, as well as the relative
vertical displacement of rods, three wired displacement transducers are being used. For the
placement of the transducer measuring horizontal displacements, a frame consisting of three
aluminum bars was installed around the model structure. Additionally, the horizontal in-plane
acceleration is measured by two accelerometers at the mass level, one placed in the middle and
one at the right back corner of the mass component. The exact instrumentation for the experiment

is shown in Figure 3.3.

3.4 Imposed Seismic Motions

Similarly to the previous dynamic experiments, the imposed seismic motions are real records,
scaled-down according to the respective scaling laws, so as to correspond to the model’s 1:5 scaling
factor (Table 3.1). In order to have a more complete picture, we subjected the model structure to
both moderate and strong seismic shaking, thus we resulted in this familiar motion sequence:
MNSA — Athens 1999, Lefkada 2003, Rinaldi — Northridge 1994, Jma — Kobe 1995 and Takatori -
Kobe 1995.

3.5 Results

3.5.1. Performance under moderate seismic shaking

The 1-DOF model structure demonstrates excellent behavior during the moderate intensity Greek

seismic motions, displaying negligible residual drifts. As depicted in Figures 3.5 (a &b) and 3.6



(a&b), practically zero (=0) residual horizontal displacement is measured at the top of the structure
for the record of MNSA, while only 5mm are recorded for Lefkada 2003 (0% and 0.6% respectively
in terms of storey drift ratio) (Figure 3.8b). The INSTED system does not appear to suffer from
significant strain, since the relative vertical displacement measured on the rods is also very small;
equal to Omm and Imm for the records of MNSA (Figure 3.6c) and Lefkada (Figure 3.8c)
respectively. The maximum acceleration the 1 — DOF structure reaches during these motions is

measured equal to 0.28g, in the record of Lefkada.

3.5.2. Performance under strong seismic shaking

Since the structure performed so well during moderate seismic shaking, it is afterwards challenged
to demonstrate its sustainability during the extremely strong seismic records of Rinaldi, Jma and

Takatori (Figure 3.4).

The first motion applied to the 1 DOF system is that of Rinaldi (with amax = 0.84g). The model
withstands the imposed record, displaying though significant deformation and acquiring a residual
drift equal to 40mm (or 4% in terms of drift ratio) (Figure 3.10a). The residual vertical rod
displacement is measured equal to 6.5mm (Figure 3.10c), proving that the fuse elements of the
INSTED system entered the plastic zone, in order to dissipate the required amounts of seismic
energy. As depicted in Figure 3.9 (b), during the record’s strong pulse the structure reaches an
acceleration of about 0.85g at the mass level. Then, the structure is submitted to the record of Ima
(with amax = 0.82g), which also manages to sustain; again large values of residual drift (30mm) and
vertical rod displacement are developed (5.5mm) and the maximum measured acceleration value
at the mass level is equal to 0.7g. (Figures 3.11 -3.12 (a,b,c)) However, its response is considered
quite satisfactory, considering the severity of the record imposed. Finally, the 1 — DOF model
structure is subjected to the Takatori record, with amax = 0.61g. Having accumulated significant
permanent deformation from the previous records, the system collapses during this motion,
displaying a residual vertical rod displacement equal to 23.5mm (Figure 3.14 c, Figure 3.15). The
maximum value of acceleration measured on top was almost 1g (Figure 3.13 c). One can easily
observe, from the photo displayed in Figure 3.16, that the right column of the INSTED system has
reached the critical value of rotation at the base (¢crit = 8 degrees) and cannot rotate any further.
The value of ¢crit corresponds to a storey drift equal to 140mm at the top of the structure (or 14%

in terms of interstorey drift), hence the system is considered to have experienced failure.
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1-DOF MODEL STRUCTURE
Dynamic Test

Table 3.1 List of applied seismic records.

Moderate Seismic Records

MNSA (Athens 1999)
Lefkada (2003)

Strong Seismic Records

Rinaldi (Northridge 1994)
JMA (Kobe 1995)
Takatori (Kobe 1995)

Figure 3.1 Schematic illustration of the 1-DOF structural system.
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Figure 3.3 Schematic illustration of the model structure’s instrumentation.



1g scaling factor Centrifuge scaling

Quantity to be prototype to model  factor prototype

scaled ratio to model ratio
Displacement N N
Time (dynamic) NO-> N
Velocity NO-5 1
Acceleration 1 N1
Force p*N3 N2
Energy, moment p*N* N3
Moment of inertia N> N4
Frequency N-0-> N-1

Table 3.2 Scaling factors for 1g and centrifuge modeling.

Calculated horizontal shear force undertaken by the
1 — DOF model structure

N
Horizontal yield ) Z 2X b
force per system h X leff
n=1
3
Rod moment capacity  » Mpl= Wpl X fy = 3 X fy
= leff=3.0cm "= h=90cm = b=15cm
= N=1rod = D=0.6cm = fy =347 MPa

Mpl =0.0125 kNm

Force per system: F=0.14 kN

Total yield force: F= 0.28 kN
Total yield acceleration: Ay = 0.14g

Table 3.3



Figure 3.4 Initial and deformed shape of the 1-DOF structure system after the record of
Takatori.
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Figure 3.5 Time histories of (a) the acceleration used as base excitation, (b) the
acceleration measured at the mass level and (c) the structure’s horizontal resistance.
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Figure 3.15 Photograph of the deformed shape of the horizontal rod after the
Takatori record. The rods did not experience fracture; however, there are signs that
plastic hinge formation is about to begin at their ends.

Figure 3.16 Photograph of the INSTED system columns reaching the critical rotation
value (¢crit= 8 degrees), during the record of Takatori. The 1-DOF structure did not
withstand the severity of this motion.









CONCLUSIONS OF PART B

Experimental model of the building retrofitted with the INSTED — FUSEIS system

The aim of this experimental program is to examine the performance of the INSTED - FUSEIS system

as means of retrofit to an existing concrete structure. The fact that the proposed system was for

the first time tested experimentally in combination with a stiff, concrete structure made things

quite complicated. Therefore, our study faced several practical problems and modeling defects. The

main technical problems faced during the experimental series are the following:

The hinges at the base of the INSTED - FUSEIS system did not perform as desired; they
displayed significant moment resistance until a certain value of rotation, thus preventing
initial free rotation of the system and resulting to unrealistic increase of the system’s
stiffness and strength. The problem stemmed from the fact that the ®12 spigots used to
form the hinges were not manufactured with the required tolerances, resulting to a very
tight arrangement.

Due to their shape, the column — beam connections of the original building were unable to
rotate limitlessly; over a specific large value they prevented rotation of the building’s
members, attributing “fictitious” resistance to the structure. This is the reason why the
building responded with such a great resistance during the 3 Experiment (Setup Il - 1rod of
D=3.2mm), even though 2 of the rods had been removed.

Since the aim of the INSTED system is to localize strain and failure at the expandable
horizontal elements, mild steel (S235) is preferred for the rods. Thus, initial calculations for
the design of the experimental model were made according to the nominal yield stress of
S235 steel. However, due to the scaling factor (1:10) of the experimental setups, the
required rod diameter was really small and it was hard to find such dimensions made of mild
steel in the market. Indeed, the ®8 rods selected to form the fuse elements of the
experiments, although prescribed as S235, they displayed - after tensile testing — a yield
point at f, = 347 MPa and ultimate strength equal to f, = 436 Mpa. In addition, the rods’
cross section, due to technical problems, could not be weakened to values smaller than

3mm. Thus, in order to achieve an equivalent design, the initial diameter that had been



decided equal to 4mm considering fy = 235Mpa, resulted to be smaller (3.2mm), taking

account of the increased yield stress of our specimens (fy = 347MPa).

Despite the aforementioned modeling imperfections, the results of this experimental study led to

useful conclusions. In general:

v" As observed from previously conducted experiments [N. Antonaki, 2012], but also from the
numerical analyses conducted in the first part of this dissertation, the original building
cannot withstand motions of moderate intensity and displays a soft—storey collapse
mechanism when subjected to the record of Lefkada 2003. The addition of the INSTED —
FUSEIS system to the building apparently increases the structure’s strength and ductility,
since the retrofitted model is capable of sustaining very strong seismic records (such as those
of Rinaldi, Jma and Takatori) without collapsing. The system acts as a kinematic constraint,
homogenizing interstorey drifts and leading to a more uniform damage distribution to all
three storeys. The seismic energy undertaken by the system is being dissipated as expected,

through plastic deformation of the horizontal rods, which display very ductile behavior.

v" The addition of fixed tie beams at the foundation is considered necessary, in order to avoid
differential displacement of footings and consequently the severe deformation of the first
floor columns that was observed during Experiment No.2. However, in the case of our
experimental model, the addition of tie beams led to misleading results, due to the technical
defect of the column—beam connections. During strong seismic records, when the
retrofitted model concentrates great values of shear force, the uniform displacement of
footings, combined with the unavoidable jamming of the artificial plastic hinges, caused the

development of unrealistically great values of stiffness and strength to the structure.

v" Until now, the INSTED — FUSEIS system was considered as an innovative alternative towards
conventional horizontal resistance systems for the seismic design of newly built steel
structures but had never been used as additional reinforcement to an old structure. The
original model building used in this experimental study, simulates a real — scale concrete
structure, designed in the 70’s according to obsolete seismic codes. Hence, it has great
stiffness but quite small strength. Such design indicates that, even during a moderate

seismic motion, the building’s members will attract significant amount of shear force and



easily yield, thus accumulate serious permanent deformations. This kind of behavior
certainly rises questioning about the design procedure that should be followed when the
INSTED - FUSEIS system is combined with such stiff structures, in order to achieve good
performance under seismic shaking. \deally, the proposed system should be a lot stiffer
than the rest of the structure, so as to undertake the whole amount of the imposed seismic
loading and delimit potential failure to its fuse elements, leaving the other structural
members within the limits of elasticity. Meanwhile, the horizontal rods should be able to
reach the yield point rather quickly, so as to dissipate the desired amounts of seismic
energy. When the INSTED — FUSEIS system is used as seismic reinforcement for steel
structures, the flexibility of this kind of structures as well as the material homogeneity
between the system and the rest of the structural members, make determination of the

system’s proper stiffness and strength simpler.

However, when the proposed system is combined with stiff, concrete structures, a much
more careful design is needed. The system and the retrofitted structure should, by no
means, undertake the same values of seismic force. The INSTED — FUSEIS system should be
stiffer than the rest of the structure, in order to undertake the majority of seismic load, but
at the same time should not display unreasonably high values of strength, so as to ensure
that the fuse elements will reach their yield point before the other structural members do.
Taking into account that both the strength and stiffness of the system depend on its fuse
elements, optimum design requires careful calculation of the system’s horizontal rods:
proper number and rod diameter should be selected, so that the system results in the
correct combination of stiffness and strength. Certainly, the choice of mild steel fuse
elements would help towards the right direction, since it would not affect the system’s

stiffness but would guarantee quicker plastification of the rods.



Experimental model of the INSTED — FUSEIS (1-DOF) system

The examination of the INSTED — FUSEIS system as part of a 1-DOF system led to more
unambiguous results for the system’s dynamic performance, as this experiment was free of the
previous technical defects. The system displayed excellent behavior during motions of moderate
intensity (MNSA and Lefkada 2003), as expected. However, the most impressive fact is that it
managed to sustain the severe records of Rinaldi and Jma without collapsing, although it suffered
from significant deformations. The system’s horizontal rods resisted the imposed seismic loading,
through plastic deformation and dissipation of large amounts of energy, before failure at the record
of Takatori. The dynamic performance of the system during this experiment is clearly indicative of

the importance of ductile behavior in seismic design.
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Figure 1. Technical drawing of original model building.
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Figure 2. Technical drawing of model columns.
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Figure 3. Technical drawing of model beams.
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Figure 4. Technical drawing of model beams.
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Figure 5. Technical drawing of beam — column connection.
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Figure 11. Technical drawing of retrofitted model building.
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Figure 12. Technical drawing of the INSTED system.
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Figure 16. Technical drawing of the INSTED right column (Frame B).
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I. Horizontal Pushover Tests
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Figure 1. Load — Displacement curves derived from the monotonic pushover test of the

retrofitted frame (The dashed branch is not a result of measured data; it is considered to
be identical with the measured curve though, due to the building’s symmetric behavior).
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Figure 11. Results of the Horizontal Pushover Tests conducted for the retrofitted
model. By translating the yielding force and maximum strength into acceleration, an
estimation of the system’s pseudostatical yielding & maximum acceleration is made.
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Figure 12. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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respective drift ratios and (g) the total shear force the retrofitted structure receives .
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curves derived from the 1%t horizontal pushover test.
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Figure 15. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 17. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical displacement curves compared to the respective monotonic
curves derived from the 1%t horizontal pushover test.
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acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 19. Time histories of (e) the drifts at the level of the 15t and 3™ storey, (f) the
respective drift ratios and (g) the total shear force the retrofitted structure receives .
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curves derived from the 1%t horizontal pushover test.
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Figure 21. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 22. Time histories of (e) interstorey drifts at the level of each storey, (f) the
respective drift ratios and (g) the total shear force the retrofitted structure receives .
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Figure 23. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical displacement curves compared to the respective curves
derived from the 2" horizontal pushover test.
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Figure 24. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
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Figure 25. Time histories of (e) interstorey drifts at the level of each storey, (f) the
respective drift ratios and (g) the total shear force the retrofitted structure receives .
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Figure 26. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical displacement curves compared to the respective curves
derived from the 2" horizontal pushover test.
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Figure 27. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 28. Time histories of (e) interstorey drifts at the level of each storey, (f) the
respective drift ratios and (g) the total shear force the retrofitted structure receives .
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Figure 29. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical displacement curves compared to the respective curves
derived from the 2" horizontal pushover test.
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Dynamic Test

List of applied seismic records.

Moderate Seismic Records

MNSA (Athens 1999)
Lefkada (2003)

Strong Seismic Records

Rinaldi (Northridge 1994)
JMA (Kobe 1995)
Takatori (Kobe 1995)

Dense Sand
Dr=93%

No. of rods per frame 2> 1
D=3.2mm
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Figure 30. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.



— 15t Storey

— 2" Storey

3rd Storey
2 -
Nt *
s ,
v & .
s& i o .
SR ! ”/“}'P-wm“:ln%“ o s e
= T : .l Uigda
-1 A |
-2 T T 1 (e)
0 5 10 15
0.8 H
—_—
)
§°~:— 0.4 -
Ss
tc (s ]
g x 0 1
v
£5
-0.4 A
_08 T T ! (f)
0 5 10 15
1 -
0.5 1
=
x 0 -
w
-0.5 1
-1 T T ! (g)
0 5 10 15
Time (sec)

Figure 31. Time histories of (e) interstorey drifts at the level of each storey, (f) the
respective drift ratios and (g) the total shear force the retrofitted structure receives .
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Figure 32. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical rod displacement curves.
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Figure 33. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 34. Time histories of (e) interstorey drifts at the level of each storey, (f) the

respective drift ratios and (g) the total shear force the retrofitted structure receives .



- Shaking table

0.4 (a)

F(N) 00

-04 T T T
-5 -2.5 0 2.5 5

Vertical Displacement of rods (mm)

04 (b)

0.2 ~

A(g) o0

-0.4 T T T
-5 -2.5 0 2.5 5

Vertical Displacement of rods (mm)

Figure 35. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical rod displacement curves.
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Figure 36. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 37. Time histories of (e) interstorey drifts at the level of each storey, (f) the
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Figure 38. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical rod displacement curves.
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Figure 39. Time histories of (a) the acceleration used as bedrock excitation, (b) the

acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 40. Time histories of (e) interstorey drifts at the level of each storey, (f) the

respective drift ratios and (g) the total shear force the retrofitted structure receives .
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Figure 41. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical rod displacement curves.
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Figure 42. Time histories of (a) the acceleration used as bedrock excitation, (b) the
acceleration measured in a small depth from the soil surface, (c) the accelerations
measured at storey levels and (d) the vertical displacement of the rods.
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Figure 43. Time histories of (e) interstorey drifts at the level of each storey, (f) the
respective drift ratios and (g) the total shear force the retrofitted structure receives .
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Figure 44. (a) Total shear force — relative vertical displacement of rods and (b)
acceleration — vertical rod displacement curves.
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