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Me enipUAaEN navTog SIKAIWPATOG

AnayopeUeTal n avTiypa®r, anobnkeuon Ot apyeio MANPogopIwyv, diavour, avanapaywyn,
METAppaon n peradoon TnG napoloac epyaciac, €€ OAOKANpoU 1 TUAMATOC AUTAC, Yid
£UNOPIKO OKOMO, UNO onoladnnoTe HopPr Kal e OMOIOdAMNOTE PECO EMIKOIVOVIAG, NAEKTPOVIKO
N MNXavIKO, XWpPIiC Tnv nponyoUUevn €yypapn adeld Tou ouyypaged. Emimpénsral n
avanapaywyn, anoBrnkeuon kal diavouny vyia okond Pn KepOOOKOMIKO, €KMAIDEUTIKAC I
EPEUVNTIKAC QUONG, und Tnv npolndBson va avaQEépeTal n nnyn NPOEAEUCNC Kal va
dlatnpeital To napdv pnvupa. Epwtiuata nou agopolv OTn XPNon TnNG €pyaciac yia
KEPOOOKOMIKO OKOMO MpENEl va aneublvovTal Npog To ouyypagEd.

H €ykpion Tng diIdakTopikng dIaTpIBnG and Tnv AvwTtatn ZXoAn TMoMTIKov Mnxavikwv Tou
EBvikoU MeTooBiou MoAuTexveiou Sev UNodNAWVEl anodoxn TWV ANOYEWV TOU OUYYPAPEWG
(N. 5343/1932, ApBpo 202).
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Nothing exists except atoms and empty space; everything else is opinion.

(Democritus)
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Abstract

The present dissertation intends to convey the overall situation of steel storage pallet
racking systems that are placed in areas of high seismicity. The seismic design of
racks reaches nowadays a high level of reliability, but the theoretical background
around that is not abundant. Thus, this dissertation comes to judge some provisions of
the modern European norms and to note significant proposals for the amendment of

the racks’ seismic response.

The first chapter is a rough presentation of the racking systems that are not yet
commonly known to all engineers, stating at the same time the existing research that
is referring to the different specialties and peculiarities of such systems as well as to

an efficient design against earthquake loading.

The second chapter presents the application of nonlinear static analyses, known as
Pushover, to racking systems. The aim of this work is to predict and evaluate the
seismic response of the systems. Nine real case studies, provided by the industrial
partners of the European research program SEISRACKS2, are simulated in a
conventional manner. Then, capacity curves for all the systems and for both main
directions of the system are produced, calculating the available ductility of the
systems and as a result proposing appropriate values of the behavior factor that could

be used for this kind of configurations.



The third chapter is moving towards more reliable and advanced methods. Nonlinear
dynamic analyses are performed for the developed models applying the methodology
of FEMA p695 that is based on the Incremental Dynamic Analysis. Two of the
models of the previous chapter are subjected to nonlinear dynamic analyses in the
down aisle direction and four of them to the cross aisle direction. The objective of the
chapter is once again to evaluate the used values of the behavior factor during the
design procedure and to figure out the dynamic racks’ behavior that is not yet

extensively numerically investigated.

The fourth chapter has a different point of view. It focuses locally on the seismic
design of the pallet beams investigating the interaction between pallet and pallet
beams. During an earthquake the pallet beams face severe horizontal forces that are in
this dissertation analytically determined, differently to the provisions of the
corresponding norm. This norm considers that the examined interaction could have
also a positive effect on the bending of the pallet beams and their buckling length out-
of-plane; however, it is found that these specific provisions of the norm are deemed to

be neither realistic nor conservative.

The fifth chapter states the main conclusions of this thesis and notes some ideas for

further investigation and future research.

At the end of the thesis, in Appendix, experimental results that took place at the rest
universities of the SEISRACKS2 project are used to calibrate the numerical models of

the previous main chapters of the dissertation.
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EOviké Metoopro morvteyveio

Xyoi Hotik®@v Mnyoavikov

Epyoaotipro Metoarkov Kotaokevmv

Awaxtopikn oatpifn Kovotavtivov I1. Adapdkov
«AprOUNTIKY SLEPEVVI|GT] TOV GEIGUIKOV OPAGE®V KOL TG GELGULKIG
CUUTEPLPOPAS RETAAMKAV BLOpnyavIK®OV paeiovy

EmPrénov: Ioavvng Bayoc, Katnyntg EMII

Iepiinyn

H mapodoa Sdaktopikn SwtpiPn exmovibnke pe okomd vo. SlEPELVIGEL Kol Vo
eENYNoEL TNV TPEYOLGO EPELVNTIKY KOATAGTOOT TOV PAPIOV OTOONKEVLONG TUAETMOV
oL €ivan TomofeTNUEVO GE GEIGUOYEVEIC TEPLOYES. AV KOl O GYEOOCUOG CVTOV TOV
€ldovg KataokeL®V givol TAEOV G€ apKeETE VYNAO eminedo, to BewpnTikd VOPadpo
tov glvar mepopopévo. ‘Etol m mapovca dwrpiPr] Epyeton va eetdost Ko va
EVTOTIGEL TO TPOPANUOTO TOV KOTOCKELVAV OVTMOV, OAAL KOl TV OVIIGTO®V

LGYLOVTOV EVPOTOIKAOV KOVOVIGLLAOV.

210 TPMOTO KEPAAOLO YIVETOL 1O TOPOVGIONGT) TOV UETOAMK®DOV POPLOV, 0POV QVTH OEV
glvor  akOpa  gupvTOTO  YVOOTA OTNV  KOWVOTNTO TOV  UNYOVIKOV.  AKOUO,
TaPOLGIALOVTOL O WLTEPATNTEG TOVS Kol To TPOPANUOTA TTOL £XOVV EVIOTIGTEL £1G

onuepa, péoa amd v o1ebvn Pifioypapia.

To devtepo KePAAaO TEPLYPAPEL TV SlodKaGior TOL TPEMEL Vo aKoAovOnBel yio
JLEVEPYELDL OTATIKAOV VIEPOONTIKOV avoAldcev o petodlkd papla. Evvéa paela
OV GYESNOTNKOAY OTO TANIGI0 TOL gpeguvnTkoy mpoypdupatoc SEISRACKS2
mpocopolwvovtal Kol eEetdlovtol pe v mapanave pEBodo mote va extiundel n
OLVOMKT TAAGTILOTNTO TTOL O100ETOVY. ATTMTEPOG GKOTOG Elvat vaL Yivel pia eKTipmon
TOU GUVTEAECTI] GLUTEPLPOPAG 7OV dvvatol va ypnowomomndel pe Pdon Tig

PEAAICTIKEG TIUEG TTOV TPOKVTTOLY OO OPLOUNTIKEG OVOAVGELC.



210 TpiT0 KEPAAOIO O OKOMOG TAPUUEVEL 1| EDPECT] TOL KATAAANAOL GUVIEAEGTH
OCLUTEPIPOPAS Yo TETOOV €I00VG KOTUOKEVES, YPNOLOTOIOVTAG OUMS SUVOUIKES
avaAvcel mov Bempodvian onpepa mepiocdTepo afldmoteg. o v emitevén ToL
oT1OYoV aVToL Ypnoomoteitan 1 péBodog mov meprypdoet o FEMA p695 kot 1 6mota

Bacileton otnv duvapik eravéntikn péBodo (Incremental Dynamic Analysis).

To Tétapto KEPAAAO OPNVEL TV GUVOAIKY] GEIGUIKT] CUUTEPLPOPH TOV POPIDOV Kot
€oTlalEl OTIC OPAGEIS MOV OVOTTVCGOVTOL €L TOV OOKMV KOTA TN OLUPKELL UI0G
oeIoKNG O1éyepons. Me aopun T S10TAEELS TOL KOVOVIGHOU oL Bedpel OTL
petald TOV TOAETOV KOl TOV  OOKMV VIAPYEL OAANAEmidpacm AOY® NG
avVOTTUVOCOUEVNG TPPNG, LToAoyilovTal , SPOPETIKG amd OTL GTOV KOVOVIGUO, Ol
péylotec optlovTieg OLVAUEIS OV OVATTOGOOVTOL OTIG O00KOVUG OTOV Ol TOAETEG
oAcBaivouv. Axduo, ovtiBeta otig mpoPAEYEl; TOL KAvOVIoUOV, HE YpNoM
aplOuTIKOV HOVTEL®V ovumepaivetor 6Tt 1 Vmapén TOV TOAETOV OEV TPOCOEPEL
TAPN SPPAYLOTIKY] AEITOVPYLd 0T0 cvotnua. 'Etol 1o uinkog Avyiopod tov doKdv
KOl 1] KOUYN OV OVOTTUGOETOL OTIS OOKOVUG €KTOG TOVL EMIMEOOV TOVLS, TPEMEL VO
vroAoyifoviat Ywpig TV ¥PNON UEIOTIKAOV CUVIEAESTAOV, OKOUO KOl GE TEPIMTMOON

VTOPENG TOAETOV.

210 TEUMTO KEPAAALO YIVETOL [0 TEPIANTTIKY TOPOVGIOCT] TOV GUUTEPACUATOV TNG

TapoVcos SoTpiPng Kot Topatifevton KAmoleg TPOTAGELS Y10 TEPOUTEP® EPEVVAL.

Y10 téhog mapotifetor vmoépvnuo, Omov mapovotdletor 1 Pabpovounon TV
aplunNTIK®V povtélmv, mov ypnowomombnkav otnv dwtpPn, HE xprHon TV
TEPOUATIKOV OTOTEAEGUATMOV TOL EAAPOV HEPOG KATA TNV SIUPKELD TOV EPEVLVITIKOD

npoypappatog SEISRACKS?2 ota dhda cuvepyaldUeva TOVETIGTI L.
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Exteviic EAAnvucn Mepiknym 3

1. Ewayoyn

1.1 Ewoayoy

Me Vv T4podo TV YPovVAV Kol TNV avVATTLEN TOV paELOV amodnKevoNs, ot amodnKeg
AVOYKAOTNKOY VO, EPEVPOVV AVGELS TOV VO £ivarl amdAvTa GLUPATEG OTIC AVAYKEG TNG
EKAOTOTE TEPLOOOV KOl TOV EKAGTOTE TPOTOVT®V. H apyikn 10€a NTov piot KotaoKeLn
TOV VO UTOPOVCE VO TPOSAPUOLETOL, G€ OA T EMIMEDD EVKOAN KOL YP1YOPQ Y1 VOl
e€ummpetoet TIg SPOPETIKEG avaykeg mov poékvumtav. H Avon avtr propodvce va
emtevytel HOVO HE UETOAAKA GTOLXEWL EVKOAO OMOGTAOUEVE KOl ETAVOGUVOECTLLL.
"Etot katéAnge n LOpON TOV paPLOV QVTOV VO ATOTEAEITE OO PLETAAAMKO AETTOTOYOL
OTOYELL KOl GUVOESEIS HEADV He YATLOVG, AmOPEVYOVTOS TIG TOADTAOKESG KOYAMMTES
ouvdéceElc. AQOV TO GYNUO KOl 1 HOPPY] TOV HETOAAIKOV OUTOV CLGTNUATOV
otabepomombnke, 1 Propnyoavio TAPAYOYNG PAPLOV GAPYICE VO, AVATTOCCETOL Kot Ot
ePELVNTEG OTIS apyéS Tov 200V aldVa GPYLGOV VO LEAETOVV TO pAPlo. omobnKeLoNg
ooV KOVOVIKEG UETOAMKEG KoTookeVEG. TToAAEG ydpec pdMota, peETaEy GAA®V, Ot
HITA, ot svpomnaikéc yopeg oAAd wor n Néa ZnAavoia, n Kwda xor n loanovia,
aVERTVEAY OPKETE TNV €PELVA TOVG TAVM OTOV TOUEN OVTOV, ONUOGIELOVTOG
KOVOVICLOUG pe toug omoiovg Ba émpeme tor pdoa avtd va oyedidlovtatl. Ot
kavoviopol avtoil pBav BePaimg 0yt 1060 vopig 660 Yia TIG CLUPATIKESG KATACKEVES,
napd povo otnv dekaetio Tov 1970.

H Ewova 1 mtapovoidlet o cuvinon d1dtasn evog paplov amobfkevonc.

Pallet

Down aisle direction

Ewova 1 I'evuci] doyn cvetipatog fropnyavidy poeiov

1.2 KoTookevaoTIKES IOLULTEPOTNTES TOV PUPLOV

Ta Buounyovikd paelo eivor koTookevég ol omoieg HOAlovV OPKETA HE KTIPLOKES
UETAAMKEG KOTOOKEVES, TAPOAD QVTA £Y0VV TOAAES WO1UTEPOHTNTEG TOGO OGOV APOPA

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV



4 Exteviig EAAnvucn Tlepiinym

TNV GTATIKN KOl OUVOUKT CUUTEPLPOPA TOVG, OGO KOl GTOV TPOTO HOVIEAOTOINGNG
TOVG.

M tpdTn W1outepdTTO £lvarn To YeYovog OTL To Kivntd @optia. amotelovv to peilov
@optio NG Kataokevwngs, £0g Kot 90%. To yeyovog 0Tl 0 PopEag TPEMEL VO TAPALLEVEL
€0KOAOL LETOTPEYILOG GE L0 SLOPOPETIKY YEMUETPIO, OVAAOYO UE TIS OVAYKES TNG
amofnkng, odnyel oe eLaEPEG S1OTOUES KOl EVKOUTTEG OMAEG GUVOECELS, YEYOVOS TO
01010 001yl cLYVA G TOAD EVKOUTTEG KOTAGKEVEC.

‘Eva dAA0 yopaKTNpIoTIKO TV poeldv €ivol 0 TPOTOG LE TOV OMOl0 KOAOLVTOL VO
avarapouv ta opilovtal, Kupimg oelopukd, @optio. Avtd yiveton eite péo® g
TAOCIOTAG Artovpyiag Tov Qopéa, €ite HECO YOOTI CLVOEGU®Y duoKOUYiNG. XTnV
TPMOTN TEPIMTMOON Ol KATAGKEVES elvar eEPETIKE EDKAUTTEG [UE AMOTEALEGHO OKPOiES
OVOLEVOUEVEC LETATOTIOELS, EVA OTNV 0e0TEPN MEPIMT®MON Ol YLOoTL GHVOEGHOL
tomofeTOVVTOL OTNV  TAATY NG KOTOOKELNG, ONUIOLPYDVTOG L0 GNLOVTIKN
EKKEVTPOTNTA KO ETOUEVMG CTPETTIKT OTTOKPION TNG KOTOTKEVNC.

v eykdpowo oevbvvon TG KoTaokeLvng To Olaymvia pEAN eivor Kot ovtd
ouvoedepéva e amhés ouvoéaels, cuvnBomg pe évav amdkd koyAlo. Koat’ eméktaon
onpovpyeitor o YoAdpwon ot cLVOEST, N Oomolo GE APOPTIGTN KOTAGTOCN
BeopnTikd Eyer undevikn dvokapyio péyxpt o KoyAlog va eoptiotel ko vo €pbetl og
EMOPN LLE TNV AVTLTO TOV GLVOEOUEVOV LUEADV.

Axopa por 101ouTepOTNTO TOV PAPLOV €lvVOl 1 TN TOL GULVTEAECTY] 1CO0OVVAUNG
andcPeons. H andofeon mov gppavilel n katackevy o€ o ToAdvimon e sivot
ocuvéptnomn Oyt Hovo amd v id1o TNV KaTaoKeLT), 0G0 Kol amd To Tapdv Qoptio, TO
€l00g TV ToAETOV, TO €100¢ TV amodnKevUEVOV TPOTOVTOV K.0. AkoAovB®VTOS TOV
KOVOVIGUO 0 GLUVTEAEGTNG OmOGBEoNC ivol TOPOUOI0G LE L0 LETAAMKY KATOGKEL.

Téhog Ba mpémer va avagepbel 0Tl 01 dokol TV paEudV TOL £ival &V SLVAUEL TO
wyvpd ototyeiol TS KATaoKELTG amotelovv gvaicOnta péAN ta omoia @optilovtan
oToV Gve TEANO TOVG HEc® NG TPPNG peta&d maArétag kot dokov. H @dption avtn
npokarel oTpéyYn GTIG d0KOVG Ot omoles efvanl oTPeNTIKA gvaicOnTEG SLUTOUES Kot OL
omoieg Oxov Ppebel va aotoyobv AdY® VTG TG EKKEVTPNS POPTIOTG.

1.3 Bipnmoypa@ikn avagopa

Ol TpdTEG CLVTOVICUEVEG TTPOoTAOELES Yo Epguva YOP® amd TO. PAPLO oiveTOl Vol
yiveton wpwv 1o 1970 6mov exdidetan Kot 0 TP®TOG GYETIKOS Kavoviopuds. Ocov apopd
OUMC TNV CEIGUIKN amOKPIoN TOV PaPldV HOAG oTIS apyEg NG dekaetiog Tov 1980
dnuootevovtat ol TpadTeg epyacieg twv Brown 1983 [1] Chen and Scholl (1980) [2],
[3]. Tnv mepiodo ekeivn kol Alyo vopitepa ONUOGIEHOVTOL EPYUGIES Y10l AETTOTOLYES
dwatopég and tovg Pekoz and Winter 1969 [4] , Pekoz (1973) [5]. (1975) [6], (1986)
[7] (1988) [8] ot omoieg gvvooVV TNV TEPAUTEP® EPELVO TAV®O GTOV AVYIGUO TOV
AETTOTOLYEG SATOUDY TOV SOKMV KO TOV VIOGTUAMUATOV €VOG paplod. Ot Hancock
[9] (1985), Baldassino (1999) [10], o Lewis (1991) [15] xou Davies (1992) [16]
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aoYoAMONKaV o1 GLVEYELW HE TNV €VOTADE OAOKANP®Y PaPIOV OV £3MCE TO
EVOLGLLOL Y10l TTO AETTTOUEPT] EpELVA TNG KADOAMKNG GLUUTEPLPOPAS EVOC POPLOV.

¥t ovvéyewa o Markazi (1997) [18], Sleczka xoi Kozlowski (2007) [19] kot ot
Baldassino et al. [20] aoyolobvtor pe TOV YOPAKTNPIOUO KoL THV GUUTEPLPOPE TOV
NUAKOUTTOV cLUVOEcEMY d0KOV-VTOGTVAMUOTOG Kot ot Bajaria (2009) [21] wou
Abdel-Jaber (2005) [22] kévouv avT) TV EQAPLOYN OTIS GUVOECELS TV PAPLOV.
Apyotepa kol oto mAaiclo gpevvnTikedv mpoypappdtov ™ EE, SEISRACKS and
SEISRACKS?2 (2007) [23], (2014) [24] dievpOvovTal Ta GOUTEPAGUOTA YOP® amtd TV
CEIOUIKN amoKpon TV paguov. [lopddAnia pe avtd to TPOyplupate o
Castiglioni(2008) [25], (2016) [26] kot o1 Hua and Rasmussen (2010) [27], Gilbert
kot Rasmussen (2009) [28] mpaypatonoincav ToAAd TEPAUATE TOCO GE UELOVOUEVHL
HEAN TNG KATOOKELNS OGO KOl Y10, TOV TPOGOIOPIGUO TOV GUVTEAESTN TPPNG HETAED
dokov kot Tarétac. Ot Rao et al. (2004) [29], Sajja et al. (2006) [30], (2008) [31] xa
ot Gilbert et al. (2012) [32] perémoav 0 STUNTIKY) GUUTEPIPOPA TNG EYKAPCLOG
devbuvong oV paPudV Kol MG oVTH EMNPEALEL TNV GLVOAIKY] OOKPIGY] TOV
ovotiuotog. Ot Godley and Beale (2008) [33] pehétnoav pe moto tpdmo n xordpwon
TOV JWyOVIOV HEADV NG eykapotlag devluvvong emmpedlel v omdkpion Tov
ovotiuotog. O Beattie (2001) [34] mapovctdlel katappedoels Kot 0oToyieg papidY
Kotd TV ogiopo tov Canterbury ko ot Crosier et al. (2010) [35] kévet po avtiotoym
napovcioomn yo tov oetopd tov Darfield kot ot dvo ot Néa Znhavdio. Apyodtepo o
Bournas et al. (2014) [36] mepryphpel TIC aoTO)iES POELOV and TOV GEIGUO GTNV
Emilia Romagna tg ItaAiag, evdd o Plantes (2012) [37] xdver pio avackonnon
SAPOP®V OGTOYLDOV KOl KATAPPELGEMY TETOLOL £100VE KATUGKELMV.

O1 Adamakos and Vayas (2014) [38] onpoocicvcav pio omd T TpMTEG EPYAGIES Yia
TNV GEIGHUIKY] OTOKPIOT] PAPIOV KOl TOG OVTE TPETEL VO LOVTEAOTOLOVVTOL Y10l L0 TTLO
pealiotikn TpoPreyn g cvumeppopds. Or Adamakos et al. (2014) [39], Degee kat
Denoel (2007) [40] xax Degee et al. (2011) [41] peretodv TV SLVOUIKT GLUTEPIPOPA
tov papuov kot ot Degee and Denoel (2009) [42] dnpooiebovy o TpdTn £pyocio
oyETIKG e TNV aAAnAenidpaon maAétac-katackevng. Ot Adamakos et al. (2018) [43]
TOPOVGIALOVV EKTEVOGS 1O EpYaCia TAV® 6To 1010 BEpa.

1.4 Xxomog Avatpipnig

YKxomdg avTNg TG dtaTpiPng elval va avadei&el Ta TpoPANUOTA Kot TIG 1O10UTEPOTNTES
TOV Brounyavikov paeudv Kot vo mpoteivel véeg nebodovg poviehomoinomng 1 Kot vEeg
KOVOVIOTIKEG TTPOTACELS. ATMTEPOG oKOMOG tvan va extiunBel av o oyedacudg mov
npoteivetal and TOvg S10POPOVS KOVOVIGHOVS Kol WOINTEPMG OO TOV ELVPOTOIKO
kavoviopd EN16812 eivon emapknc. ITo cuykekpyéva, 0 GUVIELECTNG CLUTEPIPOPAS
7oV YpNoonoteital onv Tpaén Ba eEetaotel kot Bo oyolaotel pe Bdon apOuntikd
OmOTEAECUATO OO OTATIKEG OAAG kot Svvapikés avaivoews. Téhog efetaleton
EKTEVMDG 1 OAANAETIOPOON TOV TOAETOV HE TO QEPOV GUCTNUO KOl WS OVTN
emnpedlel Ta GEICUIKA YOPOKTNPLOTIKA TOV PAPLOV OAANL KOl TO EVTOTIKA HEYED TV
LEADV TOVG,.
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6 Exteviig EAAnvucn Tlepiinym

2. XTOTIKEC UM YPOLLUIKEC avAADCELS
LETOAAKAOV papl®dV VIO 0pLLOVTIESG
GEIOUIKES OVVAUELS

2.1 Ewoayoyn

AlGQopeg PEAETEG KOl ONUOGIEVGELS £XOVV TOPOVGLAGEL AOTOYIEG Kl KOTAPPEVGELS
POPLOV HETE omd £€vo. GEIGUIKO YEYOVOS. Yotepa omd 1oYvpY| GEGUIKN OOvVNo,
peyébovg 6.5 Pabuov Piyxtep, mov élaPe yopa omv Ilatpa otic 08.06.2008
petpnOnkay €00QIKEG €mMTOYOVOEIS Ol OMOIEC NTOV YOUNAOTEPES OO TIG TUUEG
oxeOOGHOD. ZOUPOVO OUMG HE TO (QAGHO TG OLYKEKPUEVNS dOVNOoNG, Ot
EMTOYVVOELG TTOV AVOTTUYONKOV 08 KATAGKEVES pe 1tomepiodo kovtd oto 1.1S Mrav
™m¢ ta&emc tov 0.33g kar ot omoieg Mrav mepimov to 80% NG TIUAG GYESAGHOV.
Kotaokevég 0mmg ta pdota mov Bempodvtar oyetikd dKaumto Kol Topovstalovy
WO0TEPIOO0VG GE ALTIV TNV TEPLOYT| VTEGTNGAV OPKETEG 0oTOYiec. Ot aotoyieg ovtég
napovctaloviar oty Ewkdva 2 kot cuvoyilovtar otic €€NG:

a) TOmKOG Avylopdg Kot Kot' eméKTaoT KUHOMKOC ALYIGHOS TOV SoydVIOV
LEADV NG £YKAPTLAG d1eHBLVONG

b) ektevels MAAOTIKEG TOPAUOPPDOEC TNG GLVOECUOAOYIOG TOV SloyOVimV
LEADY TOL GLGTNUATOG SVGKOUYING TNG EMUKOVS dtevBuveng

C) Aotoyio TG GLYKOAANGNG TOV EMUEPOVS SLOTOUMY OV SOLUOPPOVOVY TIG
d0KOVG £0POOTC TV TAAETAOV.

d) ZovOhym avtoyag oty mepoyn tov  yatlov ¢ ovvoeong  O0KOV-
VTOGTLAMUOTOG

e) Exrteveic TAOTIKEG TOPAUOPPDOELS TOV TAPATAVE® CUVIEGEMV.
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Ewova 2 Aotoyieg petd amé tov oewopod g Ilarpag otig 08.06.2008

Me apopun TiG aoTOYlEG OVTEC Kol OTA TANIGLO TOL EPELVNTIKOD TPOYPAULOTOS
SEISRACKS2 éywvav avaldcelg o€ TPAYLOTIKEG KOTOOKEVEG To Oedouéva TV
omoimV Ta TOPELYAY 01 GUUUETEYOVGEG GTO EPELVNTIKO TPAOYPOLLLLO. ETOLPELES.

2.2 H gpappoyn TV pn YPOPHIKOV CTATIKAOV

OVOAVGEOV Y10 fropnyovikd pago,
AV Kot 01 GUYYPOVOL KOVOVIGHOT Y1 TIG GUUPATIKES KATOOKEVES £X0VV LIOOETNOEL TIg
yvootéc ¢ Pushover ovalboelg €d® kot TOAAG ypdvVio Kol TEPLYPAPOLV
KOVOTIOMTIKG TOV TPOTO EPAPLOYNS THG LeBAS0V, OGOV aPOopd GTO LETOAAIKA papLo
to dféopa dedopéva eivor edmn. Onwg emonuoaivovy kot ot kavoviopoi FEM

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV
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10.02.02 ka1 FEM 10.02.08 ta mepdpoto Kot to TEPURaTKa dedopéva etvat oyeddv
OVOYKOLOL Y10 TOV YOPAKTNPIOUO TNG OKPPOVG CUUTEPIPOPAS TOV LEADY EVOC POPLOV.

[Ma v mpaypotomoinomn aplfunTik®v avaldcemv ypetaletor apytkd vo kabopiotovv
eCapyne ot Bécelg OTOL OVOUEVOVTOL Ol OOTOYIEG KOl EMOUEVMS Ol TANCTIKEG
apBpaoelc. Avtéc pe PBaon v eumepio, v PipAoypapio kot v Topatnpnon
TEPAPATIKOV dEO0UEVOV KOl AGTOYIOV opilovtatl va eivar oTig B€ce1c mTov @aivovton
pe kokkwvo oty Ewéva 3. [To cvuykekpuéva ot mhaotikég apbpmacelg opilovral yia
Vo TEPLYPAYOLV TNV aotoyio TG ohvoeons 60KOU VTOGTLADUATOS, TNV ACTOYI0 TOV
VTOGTVAMUOTOG TAV® KOl KATO OO TNV TPOAVAPEPOUEVT] GUVIEDT, KOl TNV 0GTOYi0
™m¢ Paonc otpiEng TV VTOoTVA®UATOV. EXTdC avtdv TV TAAGTIKOV apbpdoemv
opifovtat ot KATAAANAEG TAAGTIKES OPBPADGELS Yol TAL SLOyDVIOL LEAT TOV GUGTNLOTOG
dvokopyiog TOGO Yyl TNV EMPNKN OGO KOl Yy TNV gyKdpoia devbuven. Zmv
napovca eact ot dokol Bewpeitor OTL TAPAUEVOLY EAAGTUKEG.

e Oleg T1g avaAvoelg Aappdvovtar VTOYN To PUVOUEVA dEVLTEPOS TAEEMS, YVMOOTA (G
P-Delta.
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Ewova 3 IIBavéig 0Eoe1g aveLaoTIKIG GOUTEPLPOPAS
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2.3 Tomoloyieg v eEétaon

2.3.1 T'eopetpio TOV KOTACKELOV

O efetalldpevec KATOOKELEG €ivol HOVIEAN TOV TOPEYOV Ol KOTOOKELAGTPLES
etoupeieg tov mpoypappotog SEISRACKS2. Avtég avapépovian wg IP-A, IP-B, IP-C
and IP-D. Auwrifevtor ovvolikd 9 kotaokevéc-poviéda. Ilévie  mAoGLOKEG
Kkataokevég (L4) kot 3 katackevég e ypron xoti cuethpatog svokapyiog L1, L2
kot L3. Ztnv gykdpoia dievbuvon OAeC Ol KATAGKEVES eival S1opopeTIKES Hetalh Tovg
(Q1-Q9). O katackevég eaivovtal oty Ewova 4 kot v Ewodva 5. To mhdtog g
eykapotog mrevpdg kopaivetor peta&d 1.0 ko 1.1p. To pnkog tov kdbe patvopaTog
oTNV EMUNKT d1e0Bvvo givon Tepimov 2.7, Kot to Hyog kaOe emmédov glvan mepimov
2.0p.

Ovopa

M Aoyl
popéa oppoloyia

L1

L2
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Ewoéva 4 Tororoyio cvotnudTmv oty dtepnkn oevbvoven

Y
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Ql Q2 Q3 Q4 Q5 Q6 Q7 Q8

Ewoéva 5 Tomoloyia cvotnudtmv otny eykdpoia oievbuvvon

TAVAVAVANEN
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O oVVTEAESTNG CLUTEPIPOPAS TTOL YPNCLOTOMONKE Yo TIC KaTaokevEG etvan 1.5 €mg
2 ko Yoo Tig 0V0 OeVBVVOELS, EVD GE KATOLEG TEPIMTMOELS O GLVIEAEGTNG &ivor
SpopeTIkOg Yo kéBe devBuvon. Ot TpoTevopeEVES TIEG OO TOV KOVOVIOUO &lval
TOAD  UEYOADTEPEG, YEYOVOG TOL HOpTLPE TNV EAAEWYN oavTtomemoidnong kot
EUTMIGTOGVVIG TOV HEAETNTAOV OTEVAVTL GTOV KOVOVIGUO.
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2.3.2 AVELUGTIKES 1010TITES

Ed® Ba mpémer va toviotel 011 0 0pog TAACTIKY GpBpwon oty Tapodoa epyacio
YPNOWOTOIEITOL Yl VO TEPIYPAYEL TNV  OVEAOCTIK]  GULUTEPLPOPH TV
SLUUPBOAAOEVOV PEADY KOl Ol KOTA AEEN TNV TAAGTIKOTTOINGT KAmolo PEAOLS. AvTd
oopPaivel yati to péAN g koTookevng eivor  ovvnBwg  AemTOTOlOL KO
KOTATACOOVTOL 6TV Kotnyopia dtatopdmv 3 1 4 kot dev givarl og Béom va avartiEovv
ToL TAOGTIKG TOVG YapoakTNPloTikd. Kdamolo €idog tomikod 1 Ko kaBoAkod Avyiopov
elval mo KPIoLOC Kol VTN 1] CLUTEPLPOPA KAAEITOL VO TEPTYPOAPEL LLE TN YPNON LU0
16000VOUNG TAAGTIKNG ApOpmong KaTd TNV HovieAomoinon g Kataokevnc. Ot mnyég
TAUGTILOTN TG/ OVEAUGTIKOTNTOG TMV EMUEPOVS LEADY TEPTYPAPETOL TOPAKATO.

Méhog [Inyn avelaotikdOTNTOG Tomog

apbpoong
YHvdeon  dokov- | actoyio TnG 00okov 6To onueio g ovvdeong, | Pomnc-otpopng
VTOGTLAMUOTOG actoyia Tng cvyKOAANOMG, acToyio TV

yatlov Kot g dvtuyag yOpw amd Tig omég
TOVG VITOGTVAMDLLALTOG,.

Bdon ompiéng TOTIKOG AVYIoUOG SLTOUNG, OGTOYIO TNG Pommg-otpoeng
KOYM®OTNG GUVIEOTG LE TO £00LPOG
YmnootoAdpato TOTIKOG 1)/ Kot KaBokd Avyopog (cuvnbmg | Pomg-otpoenc
OTPENTOKAUTTIKOC)
Awryovia péan AVYIGHOG TOL HEAOVG, dtoppon TNG SlToUnG, | AEOVIKNG
aotoyio TG KOYMMOTNG GUVOESTG. dvvaunc-
HETOTOTIONG

MMivaxag 1 IInyn aveLaoTIKOTNTA Y10 TO. S1AQPOPa. PEAT EVOS TUTTLKOD PaOLOD

2.3.2.1 X1vo£o1 00KOV-VTOGTVAMDNOTOS

Ta dedopéva Yoo ToV 0pIopd TV TAASTIKOV apbpmdcemv Pacilovtal ota TopaKaTo
TEPALATIKA ATOTEAEGLOTOL.

5 | ‘
4

- |

¥

Moment (KNm)

-0.15 -.l\ -0.05 G/
N

s

3
3

4
‘ 4

Rot-ation (rad)
Ewova 6 Awoypappoto pomis-6TPoPiS Yo S1PopES GVVOEGHOAOYIES O0KOV-
VTOGTVAMDNOTOG
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2.3.2.2 Bdon otipiéng
AvtioToye mewpapatikd dedopéva xpriotpomomOnkay yio my Boon otfipiing Tov
VTOGTUAMUATOV.

a

A

Moment (kNm)

Rotation (rad)

Ewova 7 Awaypappate ponfic-oTpoeis yia dtdgpopes Paong otypring

2323 Ymootviopoto

Ocov agopd oTic TAUCTIKEG apOPOCES TOV VTOCTLAMUATOV aVTEG opioTnKay UE
XPNON OPOUNTIKAOV OTOTEAEGUATOV AGY® EAAEWYNG TEPUUATIKOV SOTAEEDV Kot
amotelecpudtomv. Ot S10TOUEC TOL EKACTOTE POELOV, TPOGOUOIDONKAV UE GTOlKElN
KeAOPOVG oto Aoylopkd ABAQUS kot pe pnkog 2, 660 dnAadr| Kot to Dyog TV
vrooTVA®pPATeV. Ot avaAdboelg yoo kabe HEAOG Q@OPOVV OE YEMUETPIKAOG UM
YPOUKEG avaADGES pe un ypoppkomta viAkov. H Ewdva 8 mapovcialer éva
TUTIKO HOVTELO avaAbcemv Kot 1) Ewova 9 éva tumkd mapoyBEv ddypaptpa ko tnv
YPOULKOTOINOT TOV MOOTE va £ival GLUPATO LE TO AOYIGUKO.

Ewéva 8 Deformed shape of a numerically tested upright

_ 6
£
< N\
c
@
; / \
] 2
= 2 ~——
s}
-0.6 -0.4 -0.2 0.2 0.4 0.6 0.8
k. 2
\\ 4/
\J Rotation(rad)
6
——Linearized Curve =——FEM Curve
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Ewdéva 9 Moment-rotation curve for a typical upright

Eivor yvooto 6t yia To VITOGTUADUOTO YPNCILOTOI0VVTOL TAUCTIKES apOPMCELS TOV
AopBavouy vtoyn v oAANAETIOpaoT POTNE Kot aEOoVIKNG dOVOUNC. ZTnV TEPInTmOOoN
TOV POPLOV TO VTOCTUAMUATOE OgV 0KOAOVOOVV TOV KAUGGIKO VOUO aAANAETIOpOoNG
Qo MG AETTOTOLYO HEAN 0GTOYOVV Vopitepa amd (TOTKSO) AVYIGUO LLE ATOTEAEGO O
vopog aAAnAenidpaong va givatl YPopUUKos, apov 1 S10TOUN TAPUUEVEL GTNV EAUGTIKN
nepoyn. To xpumplo aAAnlemidpoong oty mepintwon ovt) tovtiletor pe To
KPLTNPL0 EVOTADELNG TOL HEAOVS EVOVTL SLOEOVIKNG POTNG KOl TOVTOYPOVIG AEOVIKNG
dvVaUNG, OTMC OVTOC OIVETOL GTOV ELPOKMIKA. 3.

NEd + ky'My Ed 4 k" MzEd
Ymin Aeft-fyVnp  Xpp Wetty-fy/Yvg Wettz2 Ty Yy

(2-1)

2.3.2.4 Awyovio péin

[Topopolo pe oo pHEAN TOV VIOGTLAOUATOV, TA OYy®VIO HEAN TOV KOTOGKELMV
mpocopot@voviot oplduntikd pe 1o Aoylopkd ABAQUS pe oxomd va mapayBodv
PEOAMOTIKG OTOTEAECUATO YIOL TO VOUO GCULUTEPIPOPAS TOV daydviwv peAdv. H
CLUUTEPLPOPE TV HEADV oVTOV opileTar ®G o TAAoTIKY GpBpwon aEovikng
duvaunc- agovikng petatomonc. H ocvunepipopd tov pelov kobopiletor ond tov
unyovicpd actoyiog mov pmopet va gival gite o Avyiopdg tov pérovg, gite | actoyia
MG €kdoToTe cHVOEONS €iT€ 0 GLVOVAGUAC TOVS GE MEPIMTMOOT TOL Ol UNYOVIGHOT
actoyiog speavifovv mopaninoio goptia actoyiag. H Ewdva 10 xor n Ewova 11
delyvouv kamolo amd To aPOUNTIKA LOVTEAL TTOL XPNGUYLOTOMONKAY Yol TOV OPIGUO
TOV OVELAGTIKOV VOU®V GUUTEPLPOPAS KAOE PHEAOVC.

Ewova 10 Awoydvio pérog dratopg C a) kaBorkog Avyiepog (apiot.) B)
oOvOlyn avroyog (0€E.)

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV
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Ewova 11 Avayovio péhog KokMkig oratopn]g o) KaBolkog Avyiopdg (aprot.) P)
TOMKOG AYI6pog TG akpaiog Aemtopéperag Tov pérovg (0€E.)

2.3.3 EXtipnon ¢ un YPOUUIKIG OTOKPLONG

210 onueio avtd kot aEoD Ol OVEANCTIKEG CUUTEPUPOPES TOV UEADV TOV PAGIOV
€Youv TPoodoploTel £lte amd TEWPAUATIKE AnTOTEAEGLOTA €iTE HEC® APOUNTIKOV Un
YPOUUK®V AVOADGE®DVY, 01 9 KOTAGKEVEG- LovTéELD popTilovTal oTadtakd e opiovTio
QOPTIOT TPLYOVIKNG KATOVOUNG KOl TOVTOXPOV KOTAKOPLON TANPT GOPTIoN 0md To
Kivnté eoptio/moréteg péypt 1o onueio katdppevone. O okomdg eivar n dnpovpyio
SLYPOUUAT®V Y10, TNV TOGOTIKY EKTIUNON TNG OmOKPIONG TOV KAOE CLGTHUATOG. XTIC
emopeves ewkoveg mapoatifevror oheg poll o1 OTOKPIGEIS TOV KATOOKEVDV GE OPOLS
optlovtiag dHvaung- optlovTiog HETATOTIONG.

200 /
7

Base Shear (kN)

—

0 0.05 0.1 0.15 0.2 0.25
Top displacement (m)

Ewova 12 Kapmoleg amdkpiong yio 60 T0 GUGTIILOTO Y10, TV EYKAPOLL
oev0vvon

Awaxtopikn dwatpipry EMIT 2018 Kovotavtivog Adapdikog
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Ewova 13 Kapmiores amdkpiong yio 6Aa To GUGTILOTO Y10, TV OLOUKD
oev0vvon

Me v ypnon 1oV SaypoUUATOV oVT®OV YIVETOL oL EKTIUNGCT Y10l TOV GUVIEAEGTN
ovumeplpopds ¢ kébe kotackevns. ' v €0peon ToL OATIBEUEVOL GUVTEAEGTN
CLUTEPLPOPAS YPNOIUOTOLEITAL O OPIGHOG TOL OmWE 06Onke amd tov Uang (1992)
[49], evd efetdommkav kot ot opiopoi katd Irzidinia et al. (2012) [48], The
international building code [46] kot to The American building code [47]. Extog and
TOV GUVTEAECTY] GLUTEPLPOPAS LToAoyileTal avTOMNATO LE YPNOT TOV AOYIGUIKOV
SAP2000 ot ocvvieheotég emrelectikdTnTOog Kot 1o onpeio amoxpiong. [ tov
VIOAOYIOUO TOV G€ KADE KATAGKELT] YPNOUYLOTOLOVVTOL Ol OPICHOL TV EEI0MGEWV 2
og 6. Q¢ onueio emrelecTikOTTOG Oepeitor 1 amOPLYN KOTAPPELONG, APOL OEV
opiletal KATL S10POPETIKO ATO TOV KAVOVIGUO.

Ca=2,S'n 2
Cy=2.5-a,"S'n'T, 3)
VoY
Q_V, dy 4)
d
— gy = dmax 5
==, Q)
q=q," (6)

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV
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N ~

Load{kN)
\
\

=" \

/
/

dy d, Displacement(m)

e

Ewova 14 T'pappikomoinen pids Kapmding andkpiong

O ITivaxkog 2 mopabEtel GUYKEVIPOTIKAE TNV EKTILAUEVT ATOKPIOT] TOV KOTOUCKELMV
Yvumepaivetar OTL (oL ACEOANG T YlO. TOV GUVIEAECTN] GLUTEPLPOPES Yo TNV
emunkn devbuvon eivar 2 kot yio v gykdpota devbvvon 1.5. Ta cvetipate Tov
défetav ovoTNUO dSuoKaUyiog e ¥PNOT YLOOTI CLVOEGUMY 1N KOA®II®V EUEAVIGOV
HEYOADTEPOVG GLVTEAECTES GUUTEPLPOPAS, pe puéomn Tyun to 3,5. Tlapdia avtd OTmG
avaeépel o Beattie (2006) [50] n uéylotn mPOTEWVOUEVN TIUN VIO TOV GUVTEAEGTN
CLUTEPLPOPAS TNG eYKApSiag devbuvone mpémetl va eivar 1.25 evd yuo Ty emunkn
devBovvon dtav avtd dtkaoroyeitan TEWPAUATIKE PUTOPEL VoL TAPEL LEYOAVTEPES TUUES
oALG vo umv Eemepvdier v Tiun 3.5.

System/Zone | Direction | qo=p | q

A/High

Cross 147 | 1.2 | 1.76
A/Medium

Cross 172 1144 (248
B/High

Cross 154 (117181
B/Low

Cross 152 |11.30(1.98
C/High

Cross 123 | 24 |2.97
C/Medium

Awaxtopikn dwatpipry EMIT 2018 Kovotavtivog Adapdikog
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Cross 158 |1.38| 2.2

D/High

Cross 149 | 142|212
D/ Medium

Cross 1.29 |11.30( 1.68
D/Low

Cross 1.34 | 157|211

ITivakag 2 ZoyKevTpoTIKOg TIVOKAS TOV EKTIHAUEVOD GUVTELEGTT] GUUTEPLYPOPAS
Yo 0A0 TO. GLCTHNATO,

O IMivaxog 3 mapaBEtel TIG TYWES TOV GLVTEAEGTH] CLUTEPLPOPAS TMV KOTUACKEVDV
omwg ekTyundnkav omd TG avoADGES NG TAPOLGUS £PYOCiOg Kol TIUEG TOL
YPNOLOTOON KAV Y10, TOV GYESOTUO.

Zone/lP A B C D

Low Design - - 15 | 15 - - 2 15

Mediu Design 15 15

High Design

IMivakag 3 ZoyKeEvTpOTIKOG TIVOKAS TOV d100£G1HL0V KOl TOV TPOTEVOUEVOV
OUVTELEGTI] CUUTEPLPOPAS Y10 OAO TO GVGTINLOTA

2.3.4 Awypappata amokpiong Yo padupovounuéva

RovTELD TNG EYKAPOLOGS 01EV0VVONG
Ta 1010 povtéha Padpovoundnkay cOUE®VAE HE To OTOTEAEGLATO TOV TPOEKLYOV GTO
TOVETICTAUO TG A€yng O6mov mpaypoatomomonkay TEPAUATO TANPOVS KAILOKOG
ommv €ykapotla  Oevbuvorn TtV mpoovagepoueveov  povtédwv. Ta  mEpapoto
EKTEAESTNKOY  YOPIG KOTOKOPLPO QOPTIDL , EVAO OTNV  TOPOVCH  TAPAYPOPO
TPAYUATOTOMONKOV VEEG U YPOULKES AVOADGELS LE YPNOT KATAKOPLO®YV POPTI®V,
wote va ANeOel vTdYN TaL Kot TAL OVOUEVA OEVTEPOS TAENG.

O TIlivaxag 4 GUYKEVIPAVEL TOV GUVIEAECTN GLUTEPIPOPAS TV Pabpovounuévov
HOVTEL®V.

IP Seismic Zone | g factor Bracing type
IPA
IPB Medium/High | 1.8 D
IPC

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV
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Low 11 D

IPD
Medium 1.0 X

IMivakag 4 ZoyKevTpOTIKOG TIVOKAS TOV EKTIHAUEVOD GUVTELEGTI] GUUTEPLYPOPAS
ywo 0Aha faOpovopnpéve cvoTipaTe 6TV EYKAPOLO. H1E00vvoN
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3.  Avvauikn andKplon cueTNUATOV

3.1. Ewayoy

Avalntovog To eTOUEVO P YloL TNV EKTIUNGT TNG GEICHIKNG CUUTEPIPOPES TMV
poeudv, Kpivetar ®g okompo vo, gpappootel 1 pébodog Incremental Dynamic
Analysis, mpocapuocuévn ota 18witepa YopoKTNPIOTIKE Tov paeidv. H uébodog
nePLOUPAVEL TV TPOGOUOIMOT TOV KOTACKEV®V, TNV TOPAy®mYN NG TOavOTNTOC
KOTAPPEVOTNG TV KATACKEVMV KOL TNV TOGOTIKY| EKTIUNOT TNG cuUTEPLPopdg tovc. H
pebodoroyia epapudletal dnwe meptypdeetal 6To kavovioTikd keipevo FEMA 695.

3.2. Y K0mOg

O okomdg Tov KePaiaiov gival 1 TAPAYWYN TOV APYETLTOV LOVTEA®V TOV TEPLEYOLV
oA TaL PACIKA OPOKTNPLOTIKA TV VIO €EETACT KATACKELAOV KOl 1) 0EOAOYNON NG
ocoumeprpopds tovg. Ta povtéda mov omovpyndnkav, eival avtd to omola eiyav
dwbéoet o1 cvvepyaldpeveg etarpeieg Tov mpoypappatog SEISRACKS?2.

3.3. Ipocappoyn g pediéoov yro peTarka paero

Ta PAuate e pebddov mapovsidlovior 6to ddypappa pong oty Ewova 15. H
LOVTEAOTOINGN TV KATOCKELMOV E€ivol OUOlN LE OLTNV TOV TEPLYPAPNKE GTO
KEPAAOLO 2, He TNV O1POpd OTL £0® YpeLdlovTor dESOUEVO YO T CLUTEPIPOPE TWV
oLVOECEMV/ HEADV K.0. VIO avVOKLKAMLOUEV @OPTIoTN KOl Oxl UOVO VIO GTATIKO
LLOVOTOVIKO QopTio. AESOUEVH GEIGHIKMY OOVICEMV Elvatl EMioNG amapoitTnTa Kol 6TV
TapoVGa SLTPIPN YPNGILOTOOVVTOL Ol KOTOYPAPES TOV TPOTEIVOVTAL GOV PAGIKO GET
dovnoewv and 1o FEMA 695, xon mepihapfavel 22 katoaypoapés oe 2 devbuvoers.
YuvolKd 44 KaToypapEG O 0TOlEG TEPLEYOLV TNV ATAPOITI TN TOKIAOLOPOIN MGTE VO
€EETOGTOVV 01 KOTAGKEVEG VIO SAPOPETIKA GELGLUKA Y OPOKTIPLOTIKAL.

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV



20 Exteviig EAAnvucn Tlepiinym

Design

Model

N

Cross Aisle Down Aisle

Uprights
BEC
BP
Diagonals
Bracing

Non-linear

Properties

Design Spectra

v

Selecting

Maximum Damage
intestorey drift 9
Measure

Selecting Change the g-factor
Ground
Motions Drift

Displacement Recorders .
Sliding

Acceleration

Experiments

Selecting

scale factors

Run
Scaling the
ground

motions

Performance
Criteria
fulfilled

Evaluation of g-
factor

Fractile Fragility
Curves "l Curves

Post Processing IDA Curves

Ewova 15 Avaypappa poig g pedosov IDA ywa fropnyeavikd paora

3.4. IIpocopoimon KaTaoKELOV

H npocopoioon npaypatonoteiton 6to Aoyiopikd OPENSEES, Adym g duvatdttog
T0V va AdpuPdvel vIoOYN OPKETO VOTEPITIKG (QOIVOUEVO YPNCULOTOIDVTAS TO
KatdAnAa epyaieia tov Tpoypdppartos. Ta amotedéopata tov eivan eniong og tétola
HOPQY] TOL UTOPOVV LE YPTOT TPOYPAUUATICTIKOV epYOAEi®V va eneepyaoToV Kot
va apoayBovv ta emBountd amoteAéopoTa.

O e€etaldpeves KOTOOKEVEG €ival dVO TANICIOTEG KATOGKELES Yol TNV OLOUNKN
oevbuvon Kol TEGOEPEIS OIKTLMTEG KOTACKEVEG Yoo TNV €YKApoia devbvvon. Ta
povtéla eivor 010dtdoTaTO Ko Yoo avtdv Tov AOY0 amoppiptnKe TO €Y)XEipnuUo va
TPOGOUOIWOOVV 01 KATAUCKELEG OV O1EDETOV Y1OTL GLVOEGHOVG dVoKAUYiag. ZTnv
dopunkn d1evhuvvon dev TPOoGopoI®ONKAY Ol EMTAEOV 0VDO TAUIGIMTES KOTAGKEVEG TOV
vINPYOV SBEGLES, KOOMG TO TEPALOTA TOV TpaypoTonomOnkav oto TloAvteyveio
0V MAdvo, €dei&ov pio TANPOS yodupn COUTEPLPOPE LLE ATOTEAECLLO VO KPIVETOL U
oKOTUN 1 TEPETOIP® OlEPEVVNON TNG OVEAUCTIKNG Kol UETEANCTIKNG TOVG
GUUTEPLPOPALG.

3.4.1. ApOpunTiKd povréia

"Eva tomikd povtédo mov avortoyOnke mapovsialetor oty Ewovao 16

Awaxtopikn dwatpipry EMIT 2018 Kovotavtivog Adapdikog
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Ewova 16 Mopon aprtOuntikod povtérov

O1 KOTOOKEVEG LOVTEAOTOLOVVTOL LLE YPTIoN TOV EENG oTOYEI®V:

e Aoxkoi: Ehaotikd otoryeio dokmv

e  YmootvAopoto: Mn ypoppikd otoyele dokoh  pE PN YPOUUIKO VAKO
(Hysteretic Material)

e  Awyovia péAn: Mn ypoppukd ototyeio SIKTVOLATOG

e  Y0HVvOeon O0KOV-VTOGTLAMUATOS: MmN ypappikdg ehaoTikdg KOUPOg HE un
YPOLLLLKO DAKO

e Bdon vrootvAdpatog: Mn ypoppikos eAaoTikOG KOUPOS pE pn YPOUUIKO
VAKO

To un ypappukd vAkd mov ypnoionoteiton ovopdletor 6to Aoyloukd g Hysteretic
Material kot diver ™ dvvatdnTo va AaPel vIOYN APKETA VOTEPLTIKA PALVOUEVA.

3.4.2. YOVTELEGTNG 16000VOUN S aOoPeonc

H andéoPeon AauPdaveror veoyn pe ypron tov povrédov Rayleigh. O cuvtedeotc
amooPeong Aappaveror 3% 660 OAadn mpoteivel KOl O KOVOVIGUOS, TaPOTL
TEPOLOTIKA 0edOUEVAL £YoVV Oei&etl OTL 1 TN oVTN OgV EIvVOL OVTITPOCOTEVTIKY Y10l
Kapio amd TG 0vo devBuvoelg. Ot GLVTEAESTEC Yo TOV OPIGUHO TOV UNTPDOOL
amooPeonc kotd Rayleigh yivetor ywo kdbe poviédo pe ypron tov peyebov tov
TPOTOV d£6T0L0VCHV 1OOUOPPDV.

3.4.3. Emloyn celopik@v y€yovoTOV

Ta pdopata Tov emieypévov Kataypaeov eaivovtal otnv Ewdva 17 ce ovykpion
LE KATO10 TUTTIKA PAGUOTO CYEOIAGLOV TV VIO £EETOCT] POPLDV.

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV
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Spectral acceleration/{(g)

0 0.5 1 1.5 2 2.5 3 3.5 4
Period (s)

Ewoéva 17 Elaotika @acpoato TV 44 Kataypo@av (Eypopa) Kol Kamowo
EVOSIKTIKA QOAONOTO GYEOLIGHOV Y10 YOUN A KOl VYNAY] CEIGUIKOTNTA

3.4.4. Eneepyoocio amoTeEAEOPATOV

Ta amoteléopato TV SLVOUIKOV OLTOV OVOADGE®V €ivol SlaypapaTo To. omoia
ovopdlovtar IDA-Curves, the fractile-curves wou fragility curves. To mpdTo
Swypappo amotedeitor and 44 kapmoreg or omoieg mapovcidlovv TN PEYLOTN
amokplon g kataokevng (EDP, €00 péyiom yovio 6Tpopng vVosTUAGNIOTOS) Yid
éva dedopévo péyebog évtaong (IM, €0d emtdyvvon mpdTNG 1O1OR0PPNG). ATO TO
TPAOTO OAYPOULO TOPAYOVTOL Ol CTOTIOTIKES KAUTOAES amdkpiong ywo 16, 50 ko
64%. Télog mapdyetonr M KopmOAn mov divel v mbhovotnta KoTdppevLoNg TNG
KOTOOKELNG YO Mot OEQOUEVT] T NG EMTAYLVONG TNG TPOTNG deomOLoVcag
1O10LLOPPNG.

3.4.5. AMMNAETIO PG TUAETOS KOTOGKEVNG

[Tiotevetan 611 N OAANAETIOPOIOT) TOAETOG KO KATAGKELNG SUVATAL VO EXNPEAGEL TOGO
TOV 0YXEO0GHO OGO Kol TNV amdKPLoN EVOC GLGTNUATOG. ZVUP®Ve. pe Toug Gilbert et
al., (2011) n aAAnAenidpaocn avt dev emnpedlel T0 GUGTNA CNUAVTIKE, EPOGOV deV
vrapEel oAicOnon twv moietdv. H olicOnom Oswpeiton 611 aAAdler T
YOPOKTNPIOTIKA TNG KOTOOKELNG KOL AEITOVPYEL MG M0 GEICUIKN HOVOON Yo TNV
KOTOOKELN. XN Ok oevBuvon 1 oAloOnon oev Bewpeiton kpiown, Kabmg ot
TOAETEG £XOVV YEMUETPIKA TO TEPOMPLo Vo oAMcOncovv ywpig va mEcovy amd Tig
dokovg. Avtifétme, otnv gykdpota 0evBuvorn ot maAétec £yovv pkpd mEPODPLO
oAloOnong petd to omoio N maAéta odnyeiton oty mtdwon H oricOnon emiong pmopel
Vo EMNPEAGEL TNV AmoppOPNON EVEPYELNG OKOUO Kot TNV omdSPEc TG KOTOGKEVNC.
Mo va AdPovpe vroy”n v aAAnAenidpoon avtn, vrdpyovv 2 Pacikéc pébodot:
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e Mn TPOCOUOI®UEVT] OAANAETIOPACT] KOl €K TOV VOTEPMV eMEEEPYACIO TV
OTOTEAECUAT®V YO0 TNV EKTIUNGOT TG €mppong e (Xtatikd xpimplo
oAloOnong)

e Ilpocopoimon g GAANAETIOpAONG KOl KOTAYPOQON TNG CULUTEPLPOPAS OF
TPOYUATIKO ¥povo. (Avvapukd kpitiplo oAcOnong)

3.4.6. Y1aTké kpreijpro orhicOnong (NSC)

v péBodo avtr 0EV TPOGOUOIDVETOL AUESH N OAloONGN, OAAG KOTOYpAQETAL M
emrdyvvon Kabe opdeov kol yiveror GUYKPIOoN HE TO KPUNPlo OAlcOnong tov
kavoviopov. Otav n emrdyvvon eivon acci>u-g t0te VILAPYEL OAloOnon. H avdivon
Yy TV omoia petpnOnke Un amodektn TN g emtdyvvong Bempeitor 6TL 00MyNCE
0€ KOTAPPELOT, AoV dgv umopel vor Yivel ToGOTIKOG TPOGOIOPIoUOG TS 0AicOnoNC.
[Ma ™ cvykekpyévn avaivon 1 apyikn KOUTOAT TPOTOTOLEITAL 0TS PAIVETOL GTNV
Ewova 19 ko AapPdaver po optOuntikd ameipn T e amdKpiong Kot onpiovpyet
étol o oprlovria ypapun. H Ewova 18 deiyvel ypapikd mog yivetol 1 katopéTpnon
TOV EMTAYVVCEMY 0POPOV KOl O EVIOTIGHOG TOL onpeiov ohicOnong.

5

— Static Friction

4

|
l\l\l
. I

S0 I)EA{

Acceleration (m/s2)
4 o

0 5 10 15 20 25 30 35
Time (s)

Ewova 18 Kataypoa@éc g emtdyvvens opo@ov yio pio, 6uYKEKPLHEVI T ToV
ovvTeELEGTI] peYEOUVONG KL Y10 pid EVOEIKTIKI] GEIGUIKY] dOVIIoN

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV
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Ewova 19 Evoeiktiki KopmoAn axokpiong Aapfavovtas Kot pui To 6TaTiKo
KpuTi)pLo oAicOnong

3.4.7. Avvoiko kprripro orlicOnong (SL)

[Ipoonabdvtag va yiver n mpocopoimon g oAicOnong ko m emidpacn g oTo
CUOTNUO TTEPIGGOTEPO GUECEG KOl PEAMOTIKEG TPOTEIVETOL £vol LOVTEAO OOV TO
QoVOpEVO NG oAicOnong meptiapfavetol 6to apOuntikn tpocopoiowon. H moiéta
TPOGOUOIDVETOL GAV £V, TPOKTIKA AKOUTTO TANIGLO [E OTOLXEID EQPEOPAVOV GTNG
Baom tov (Flat slider bearing element). Ta octoyeia epedpdvov £xovv ) duvatdtTnT
va AdBovv vtoyn v dvoKapyio ToV PESPAVOL (OTNV TEPITTOGT QLTI TPAKTIKMG
dropmta), 0ALG Kot TNV TP TOL EPESPAVOL UEG® TOL GLVIEAEST TPIPNS. Me Tt0
oLGTNUO AVTO YIVETOL 1 KOTAYPAQT TNG LETAKIVIONG TOV KAT® GKPOL TNG TOAETOG
OALQ KOU M GYETIKN UETOTOMIONG TOV MG TPOS TNV 00KO otNPEng. e mepintmon
oAoOnomng n oyetikn petakivnomn moipvel TYES o1 omoieg EAEyyovTOL e enesepyacio
TOV OTOTEAECUATOV. € TEPIMTOGT TOV 1 CYETIKY UETOTOMION £ivon PLeyaAdTEPT OO
10 TEPOOPLO MOV €xEl o Oe@PNTIKOC GULUUETPIKA TOmOBeTnUEVN TOAETO, TOTE
Bempeiton avtopdtmwg g actoyio Kol SIVETAL OTNV CLYKEKPEVT ovaAvon o dmelpn
T yuoo v anokpion. H Ewéva 20 mapovcialel ypagikd to poviédo kot 1 Ewkdva
21 1t oyeTIKN UETATOMION TNG TUAETOS TOL KOTOYPAPNKE Yl L GEIGUIKY dOVNoN
Kot £vov cLVTEAESTN PEYEOLVONG Y10 OAEG TIC TOAETEG. TNV TEPIMTMON AT VoL LEV
VIApYEL OAMcONoT, 0ALL dev gival apKeTd HEYAAN DOOTE VO OONYNOEL OE TTMOGN TNG
noAétog. ‘Eva akOpo mAEOVEKTILO TOV TPOCOUOIOMATOS Eival OTL eviomileTon KO
kot pia mlavn avatponn g marétoc. H Ewova 22 delyver mv avtidpaon ot Pdon
TV TOAETOV KAOe opdeov. Otav 1 avtidpaon yivel apynTikn onpoivel 06Tt N ToALTo
AVOTPETETAL. ZTNV TOPOVCH EPYACIO 1 TOAETEG OIVOVTOL VO, TOAAVIEVOVTOL YOPIG
OUMG Vo avaTparmovV yio kapio amd TG eEeTalOUEVES ETITUYVVOELG.
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3.5. Amoteréopata

27

2V mTopdypaeo auT| TapoLGlalovTal EVOEIKTIKE KATOL0 ATOTEAEGUATO OO TIG 1N

YPUUUKES SUVAHIKEG AVAADGELC.

3.5.1. Awpnkng oevbovon
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3.5.2. Eyxkaporo o1e00vvon

Exteviig EAAnvucn Tlepiinym

Evdewktikd mapovsialoviot ta anoteAéspota pe v nEBodo tov otatkod kprrnpiov
KOl TOV OUVOULKOV Kpttnpiov oAicOnonc.

3.5.2.1. Ztatké kprriipro orhicOnong
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3.5.2.2. Avvapiko kpitijpro orlicOnong
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3.5.3. Extipnon andékpiong Tov pa@Lav

O emdpevol mivakes mapovslalovy TIC TIES TV SEIKTAV TOV EIGAYEL TO KAVOVIGTIKO
keipevo FEMA 695 yuo tnv extipmon g teMKNG SUVOUIKTG amdOKPLoNG TV
KOTOGKELDV.

1P Awpnkng owevdovven | Eykdapora d1ev0vvon Eykapowa d1evfvveon
(NSC) (SL)

| |

| | | 0290] 0515/1184] 0290] 0.400]0.920]
| |

MMivaxag 5 Tyég Tov dciktn CMR 7o Tig e€eTaldpeveg KOTAGKEVESG

IP-Direction ACMR Brot ACMR10% ACMR20%

A-Down
A-Cross 2.6 0.360 1.59 1.35

A-Cross SL
B-Down 1.76 0.500 1.90 1.52
B-Cross

B-Cross SL 141 0.390 1.65 1.39
C-Cross

C-Cross SL 1 0.461 1.80 1.47
D-Cross

D-Cross SL 2.02 0.461 1.80 1.47

IMivaxkag 6 Tyég deiktdv, katd FEMA 695

3.6. Younepaopoto

Ta efetacBévia ovomuato Ppédnkav va pnv elvar Wilaitepo TAGCTIHO  LE
OMOTEAECLO, Ol TIUEG TTOV YPNOIUOTOIOVV Ol HEAETNTEG YO TOV GYEOCUO TOVG, Ol
omoleg @oaivovionl apykd YOUNAEG ©E CULYKPION HE TIC TPOTEWOUEVEG OO TOV
Kavoviopo, va emPePordvovior. Me Ao Aoy vy v dtounkrn  devbuvon
mpotelveton 1 T 1.5, evd yio v eykdpown téc puéxpt 2.0. Ilap oA avtd
npoteivetal oe KAOe mePImT®MON 1 dlEVEPYELD IKAVOTIKOD GYESOGHOD OKOMOL KoL Yol
TIC GLYKEKPLUEVEC TIUEG TOV GUVTEAESTH GLUTEPLPOPAG TTOV 0dNyel oe Low dissipative
concept. Mg tov 1TpOmO aWTO Oewpeitor OTL 1 UETEAUCTIKY) GULUTEPLPOPA TOV
CLOTNUATOV UTOPEL VO ELPAVICTEL TEPLGGOTEPO TAAGTIUN KOl 6TIS OV0 d1eEvBVIVOELS.
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4.  AMnAenidopaon TOAETUG-KOTOUOKEVTC

4.1. Ewoayoym

To moapdv kepdrato acyoreital pe tpia dapopeTikd BEATO TOV APOPOVV TIG BOKOVGS
TOV POELOV Kol TNV OAANAETIOpOoT OV £XOVV QLTA U TIC TAAETEG TOL otnpilovtan
néve tovc. O okomdg eivar va eheyyBel av ot d1atdEelg Tov EVPOTATKOD KOVOVIGLOV
Yo To paeio givor KaTtdAAnieg yuo tov oyedacpd tov dokmv. Ta tpia Béuata mov
AVOADEL TO TAPOV KEPAAOLO EIVOL 01 SUVAELS TTOV OVATTOGGOVTOL GTIG OKOVG OTAV Ol
noAéteg @optiCovior pe oplovtieg OLVALELS, TOL GLVHOMC TPOKAAOVVTOL Omd
celopkd eoptia. Axopa e€etdlovtal o1 poméS KAUWYNG OV OVATTOGGOVTOL £EALTIOG
TOV QOPTIOV QVTMOV KOl TEAOG TO (UIVOLEVO TOV AVYIGHOV TMV 0OKMV GTNV 0cOevN
tovg OtevBuvon. H Ewdva 32 delyvel eikdveg aotoyiog Tmv 00K®V HETE amd CEIGHKO
veyovoc. Ot KOTOYEYPOUUEVEG EMTOYVVOELS NTOV TOPUTANGCIEG HEV OAAL Ot
UEYOADTEPES OO TIG TYES GYEOIAGHOV.

Ewkova 32 Ekéves a6T0Yi0G 00KAOV, NE EKTEVEIS TAUGTIKEG TOPULOPPMDCELS TPOG
70 eEMTEPIKO TG KUTAOKEVNG

4.2. OprLovTiES EYKAPOLES GELGUIKES OVVAUELS OOKDV

4.2.1 KavovieTikég owatacerg

Ot dwtdéelg tov kavoviotikoy keévov FEM 10.2.08 [25] v tov kavoviopov
EN16681 [26] eicdyovv Yoo TiG oplOVTIEG OLVAUELS TOV OOKMOV GTNV &YKAPGLo
devBvvon Tovg To Yeyovag OTL ol péytotr Ovvaun eivol o BAPOg TV TOAETOV
TOAOTAQGIOGUEVO LE TOV GULVIEAESTH] TPIPNG Kol TOAAATAAGLOGUEVO HE Evav
ovvtekeot) Cun = 1.5 0 omoiog ypnopomoteiton yio va kaAvyet Tig apepordtmreg oto
OUOTNUO. TN GLVEYELD OU®G TNG O TPIPng opiletarl pe S10POPETIKO TPOTO 1N PEYIOTN
OVOTTUGCOUEVT] OVVAUN OTIG HOKOVC.
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4.2.2. AvOAOTIKO povtéro

Oewpeiton po ToAéto Tov onpileTol GUUUETPIKE TV GE 2 S0KOVG KOl OCKEITE GTO
kévipo pdlog g poe adpavetokn oplovrio ovvaun H. Tivetor n Bemdpnon o611 N
oplovta dvvaun moaparoppdverar e&icov amd TIC dVO d0KOVS. AV M TOPASOYN
woyveL PuEYPLS 06Tov cvuPetl n oAlioBnon oe kamowa amd TIg dvo dokovc. H oAicOnon
Oumg ocvppaivel TpoTO TNV S0KO OOV €ival KOTAKOPLPO, ALYOTEPO (QOPTIGUEVT).
Avt givol ThvTo 1 €0OTEPIKN 00KOG GOUEMVA UE TNV KatedBuvorn mov deiyvel To
Bérog g opilovtiog dvvaung H. H dokdg avtn ovopdletor Front beam gvod 1 dAAn
elvail n rear beam. Ot SLVAELS TOV AVATTOGCOVTOL KOL 1) YEMUETPIO TOV GUGTHIATOG
eatveton ommv Ewdva 33. Aeod ovuPei m ohicOnom oty mpdtn 60kd TOTE M
oplovtia dvvaun cvveyiletr vo avéavetor aAld 1 emmAéov dHvaun mapaiopPdaverot
eEohokAnpov amd v micm dokd mov glvar mepiocdtepo eopticuévn. To abpoicua
TOV aVTIOPACEDY TOV dV0 O0KAOV glval TAvTa 160 e TV oplovtia eEmTepiKn dvvoun
H. Avvovrog éva chotpa eElomoemv Aappdvovtoag vedyn Tig ToPATave TopadoyES
vroAoyiCovtar ot péyloteg SVVANELS TOL UITOPoLV va avartuyBovv oe kabe dokd. O
UNYOVIGHOG TNG TPIPNG AEtTovpyel @G Lo GEIGUIKT UOVMOOT TTOL O&V EMTPEMEL OTNV
TAAETO VO POPTIOTEL TEPLETOTEPO OO TNV GTIYUT| TOV oAMcBaivel TANpOC.

v
e
Hi H:
< | b 4
rear beam i l ~front beam
M Vi _ V2
J' V/2 l\’jz
+ +
Lt

Ewova 33 Apdoseig ko avtidpdaceic maréTog vo opriovTia ykaporo. opTIoT

V-b-u

Hz = Sovzem @)
Or:
H1 _ V-b-'u 2b+5eu (4-8)

4(b-e'pn) (b+2e-w)

Awaxtopikn dwatpipry EMIT 2018 Kovotavtivog Adapdikog



Exteviic EAAnvucn Mepiknym 33

4.2.3. AprOunTii) povréio

[Na va emPePormbel to ovolvtikd povtédo 1ng mponyolduevng mopaypdpov,
dnpovpyeiton To maPoKAT® apBuNTIKO povtédo oto Aoyopuikd ABAQUS. H maAéta
elvar éva dxapmto copa, ot dokol amoTeAoVVTIOL amd GTotYEl0 KEADPOLG Kot 1) ETON
neta&d Tmv coudtov opiletal pécw otoyeginv eraeng pe kprrnpro tpipng Coulomb.
H Ewova 34 deiyver 10 aplBuntikd povtéro. o v emaAnbevon eiéyyovror 3
OLPOPETIKEG TTEPIMTAOGELS Yoo vo emPefoardost v emidpacn M un ddpopwv
apopéTpv. Ot TopAUeETPOL avTol eival 1 duokapyio TV SoK®OV, 1 06om g TaAéTog
Kot téhog 1o Papoc g morétac. o T mepumtdoelc avtéc eppaviCovior ta
dwypappota pe too amoteléopata mov e€fyncav and to aplBuntikd povtéda yio
SpopeS TYES TOL VYoLs Tov KEVTIPOV PBhpovg g marétas. To dyoc avtd Bempeitat
®G EKKEVTIPOTNTOL.

Ewova 34 Amoyn Tov aprtOpuntikod povrérov

3.5

\

N
N 0]

Sliding Force (kN)

.
/t

o
n

0 0.5 1 15
Eccentricity (m)
——o—Numerical HL —#—Numerical H2 —&—Eqg.8 Eq.12 ——EN15512
Ewova 35 Avvapn oricOnong Katd Tov KavoviGHO, TIS TPOTEIVOUEVES GYEGELS KL
T0 0PLOUNTIKO pHOVTELOD, Y10 OLAPOPES TIHES TOV VYOVS TOV KEVTPOU NALug TS
TOAETOG

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV



34 Exteviig EAAnvucn Tlepiinym

4.3. Kopatikéc pomég AOym opillovriov @optiov otnv
gyYKapoo oevdvvon

O xoavoviopog EN16681 eicdyel v amopeioon tov pommdv KAUYNS Yup® ond Tov
acBeviy aéova TV OoKMV, AOY® TNG TOOVNAG OPPOYLOTIKNG AglTovpyiog oL
npokaleiton amd v Vmapén tov taretdv. o va eheyyBel n ocvykekpiévn ddraén
avanTOGGOVTOL EMTALOV apOUNTIKG HOVTELD TTOV €£ETALOVV TIG GUYKEKPLUEVES POTIEG
UEAETAOVTOG TOAMATAES TAPOUETPOVG OGS TO TANOOC TV TaAeT®V, M Béon TV
TOAETOV, TO BAPOG TOV TAAETMOV, N EKKEVIPOTNTO TOV KEVIPOL UALOG TOV TOAETMV
kot TéAog Tov cvvtedeotn Tpifg. O Ilivaxog 7 deiyvel v Katnyoplonoincn tomv
QOPTICTIKOV Tepmtdcewv Ko o Ilivakag 8 Tig mepumtdoelg Kot T1g TWES TOV
TOPOUETPOV TOV YPTCLOTOMONKAV.

Theoretical
Case | Configuration Loading moment

E -aon

Mivakag 7 Mlepurtooceig @opTiong Kot Tipn 6 dcopnTikig ponng kapyne M*

No of case study | Friction coefficient u | Pallet Weight Qp | Eccentricity of mass e
1 0.1 4 0.9
2 0.1 4 0.625
3 0.1 4 0.35
4 0.1 8 0.9
5 0.1 8 0.625
6 0.1 8 0.35
7 0.1 12 0.9
8 0.1 12 0.625
9 0.1 12 0.35
10 0.3 4 0.9
11 0.3 4 0.625
12 0.3 4 0.35
13 0.3 8 0.9
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14 0.3 8 0.625
15 0.3 8 0.35
16 0.3 12 0.9

17 0.3 12 0.625
18 0.3 12 0.35
19 0.5 4 0.9

20 0.5 4 0.625
21 0.5 4 0.35
22 0.5 8 0.9

23 0.5 8 0.625
24 0.5 8 0.35
25 0.5 12 0.9

26 0.5 12 0.625
27 0.5 12 0.35

IMivaxag 8 Tyéc TV TapapiTPOV TOV YPNCLUOTOONKAV GTV TOPURETPLKY)
avdivon

Ta amoteléopato emPePordvovv Tn SEPAYUATIKY AELTOLPYIO KOU EMOUEVOS TNV
amopeimon TV pom®dv PUOVO TPV TNV, £6TM TOMIKY, OAlcOnom kdmowog amd Tig
TOAETEG.

4.4, Avyiopnog 00KMV EVTOS TOV EYKAPOLOV ETTEOOV

Me Bdaon ta 010 apBunticd povtédlo g mTPoNnyoOUEVNG TOPAYPAPOL YiveTOLl Lo
wpoondBeio va dSlomoTmBel av N HEPIKN SPPAYLATIKY] AEITOVPYIO TTOV TPOGPEPOLY
0l TOAETEG OTNV KOTOOKELT] WITOPEL Vo 00MNYNOEL TIG 00KOVG VO AVYiGOoVV pEe KATOow
amd TG OVAOTEPES OOHOPPES AVYICHOD Kot Ot UE TN HOpeN NG 0£6mOLOVCOG
Wopopens. Avtd Ba onuaive avtoOUATO 0VENGT TOL POPTIOL AVYIoHOD Kol peimon
OV UNKovg Avyiopov. Ot poptiotikég mepumtmoelg tov Ilivaxog 8 e&etalovion ko
€00 ko emmAéov ol meputdcelg A €og E e€etdlovton pe por pn peaMoTIKY| T TOV
ovvtereot) TpIPng, =100, dote vo eleyyBel po mepintwon mov ot maAéteg sivan
duvnTikd otepempéveg mveo otig dokovg. [a OAeg TG PEOMOTIKEG TIUES TOL
oLvteAeaT TPIPNG Kot Yio OAES TIG POPTICTIKEG TEPMTMGELS, Ol OOKOL AVyloaV e TV
HOPOY| TNG TPAOTNG WOOUOPPNE KOl Yoo TO avTicTtoryo @optio. H cvumepipopd tov
dokmv mapovstaletar oty Ewdva 36 kot Ewdva 37 oe 6povg a&ovikod ¢optiov-
petotomione. Bpébnke O6t1 10 @optio Avylopov NMTOV AVETNPEOGTO KOL TO GYNUQ
AVYIGHOV emiong.
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4.5. Xopnepaopota

Ot Kavoviopot vroekTioHV T1g 0ptlovTIEG SVVALELS TOV AVOTTOGGOVTOL GTIS OOKOVC.
H dmapén tov maketdv dev gival tkavn vo, SNUOVPYNCEL (ot TAPT SLOPPAYLLOTIKN
Aertovpyio 6TV KOTOOKELT KoL (O OTOTEAEGLO Ol OVOTTUGGOUEVEG POTEG OAAG KOl O
AYIoUOG TV SOKAOV PEVOLV OVETNPEOCTA.
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S.

Xvumepdopato & coupfoin dtaTpiPng

5.1. Xvumepdopota

Ta cvunepdopata cuvoyiloviar 6€ GVO OUASEC.

ZOUTEPAGLLATO Y10 TNV OTOKPLOT| TOV GUOTNUATOV:

a)
b)
c)
d)
e)
f)

9)

Movtéha papidv mov Pociloviol 6€ OVOUUCTIKG YOPAKTNPIGTIKE TOV UEADV
ToVC OeV givat kavd va TpoAEyovy TV amdKPIoT) TOV GLGTHUOTOG.

AxOpo Kol pn YpOoUUKES avaAvcels mov oev Paciloviol o TEWPAPATIKA
OEJOUEVO VIEPEKTLLOVY TNV PEPOLGA TKOVOTNTO TOV CLGTNUATOV

Mn ypoppikéc Svvopkés ovaAVcelg Ogiyvouv OTL 1 TAOCTILOTNTA TV
CLOTNUATOV Eivorl EEAPETIKA TEPLOPIGUEVT|

Ol TéG TOV GLVTEAEGTI] CUUTEPIPOPAS TTOV YPNGLLOTOOVVIOL GTNV TPAEN,
elvan pev younAdtepotl amd Tig TPOTEWVOUEVES, ALY EVOL PEAAMOTIKES.

YynAéG TYWES TOL GUVTEAEGTI GUUTEPLPOPAS SIKALOAOYOVVTOL KATOLES (POPEC,
AOY® NG VIEPAVTOYNG TOV GLGTNIATOG KOt OYL AOY® TNG TAAGTILOTNTOG TOV.
Emedn n vrepavtoyn avt) dev umopet vo mocotikonomBel, mpoteivetan £vog
€K VEOV OPIGUOG TOV GLVIEAESTY] CLUTEPLPOPAS. [ v mepintwon twv
PAPLOV.

H gpappoyn wavotikov oyedacpov Bempeitarl amapaitn yio vo odnynOei n
KOTOOKELT OE M EAEYYOUEVN] HOPON KOTAPPELONG TOL Ba OGEL v TEAEL
KOAVTEPEG TIUEG TAACTILOTNTOS GTNV KATOGKELT.

SOUTEPAGLLATO Y10 TOV GYESIACUO TV OOKMV TOL EKAGTOTE GUOGTNLOTOG!

a)

b)

c)

d)

O gupoOTAikdg KOVOVIGUOS TEPTYPAPEL EMUPKMG, OAAGL HE GTATIKO TPOTO TO
QovopEVO TG OAicONoMNC.

Ot Tipég TV 0OKOVUEVOV OLVAUE®V OTIS O00KOLG E&lval oLYVA OpKETH
HEYOADTEPES OO TIG AVTIGTOLXEG TTOV dTvOVTOL OTO TOV KOVOVIGO.

H ) tov dvvapeov avtav emnpedlovion and t 0€om tov kévipov PBdpovg
NG TOAETAG Kol TOV amoONnKELUEVOL TTPOTOVTOC, TO TAATOC TNG KOTAGKELTG, TO
BApog TV TOAETMV KOt TOV GUVTEAESTN TPIPNG.

Ot dwtdéelg Tov kavoviopov EN16681 vy amopsioon tov portdv Kapyng
YOp® and Tov achevr| Aova TV dokmv, dev emPefardOnkay.

Ov moAéteg epeaviCovv Ttomikn oAicOnon M kot wANPN oAicOnorm pe
OMOTEAECUO, VO, UMV UTOPOVV VO, TPOCOEPOLV  TANPN  OLOPPOYLATIKY
Aettovpyia.

To puMKog AYIGHOV TV 00KMV TPOTEIVETOL (GO HE TO YEMUETPIKO UNKOG TMV
doKMV.

Ap1Buntiky S1epelvnoT TOV GEICHIKAV OPAGEDV KOl TNG ATOKPLONG LETOAAKAV PLOPNYAVIKOV pOQLOV
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5.2. 1déeg Yo mepeTaipm® £pevva.

E@appoyn g npotevopevne pebodoroyiog yror SUVOUIKEG AVOADGELS OE TEPIOCGOTEP
povtéla-katookevéc. Eeappoyn tov  uebddwv oe  ocvotnuoto e GUOTNUX
dvokapyiag, Le xpnon TPLeOEcTUTOV aplOUNTIKOV LOVIEAMV.

[Ipotaon yw €vav KOVOTIKO Kavoviopd mov Bo pmopovse vo. OmodMGEL GTNV
KOTOOKELT KAADTEPT) OVEANCTIKT) CUUTEPIPOPAL.

[Teprypaen ™ oAANAemiOpaonG TOAETOC —O00KOV HE OLVOIKES OVOADGELS Yol VoL
emPBeParwbovv ot TIHEG TS PEYIOTNG £VTOONG TV d0KMOV ard oplovTia GpopTio eKTOG
EMIEOOV

Awaxtopikn dwatpipry EMIT 2018 Kovotavtivog Adapdikog
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Chapter 1 15

1. Introduction

1.1 History of steel storage pallet racking systems

Warehouses, in different forms, have been created as long as humans have had
agriculture. Settling down in one spot meant that humans could harvest food rather
than hunt for it. All this harvested food needs to be stored and so, humans have been
using warehouses for 15,000 years. Still, the warehouse as we know it today is a
recent invention and uses steel storage pallet racking systems. Pallet racking system is
a material handling storage aid system designed to store different materials, mainly,
on pallets. These pallets are placed on horizontal rows and multiple levels. The idea of
racking systems actually imitates that of the multistory residential buildings. The need
to accommodate a huge amount of goods due to the limitless development of the
modern societies, especially after the industrial revolution, was led to adopt the idea
of storing the goods in layers, one over the other, multiplying that way the available
storage area. Since the World War Il the most warehouses used these developing
systems, increasing the storage density and as a result the efficiency of the warehouse
and finally the profit from this business. The fact that many goods are really fragile,
or of value, generated the need not to store the goods directly in touch one over the
other, but safely on different levels and supported on stable beams. However, the
variety of the goods, their dimensions, their weight etc. forced manufacturers to
innovate new systems that could fully exploit the height of the storage systems. The
solution beyond this thought was a system that could be fully adjustable in few
minutes and that always comply the safety aspects. This flexibility in form of these
systems was feasible only by steel elements which would be produced later massively
by industry. Nowadays, these steel elements are completely industrialized by many
manufacturers who produce steel elements in general or even they are specialized
only on steel racks. As the amount and the value of the stored goods is increasing day
by day, more and more warehouses intend to optimize their systems and to expand
worldwide, in order to take advantage of all the developed and developing economies.
This expansionism of the big manufacturers drove them to face an intense competition

and a need to organize the way that a steel storage pallet rack is designed, studied,
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manufactured and used. In comparison to conventional structures which have started
to be investigated from the beginning of the 19" century, storage racks were been
developing without any systematic intention of research and study. The Americans
were the pioneers of this well-organized effort to investigate in depth the racking
systems, as they were called to face first the increased demand on storage goods at the
beginning of the 20™ century. Then, Europe, Australia and New Zealand initialized
their researches in order to contribute to this effort. The result of this systematic
research was the optimization of the racking systems and the increased interest of the
industrial world to invent, to improve and to finance new systems, which are getting
nowadays better and better. Today, this is a very interest research field and the

numerous research papers could prove it.

1.2 Types of racking systems

Although the idea beyond the function of the pallet racks is a common one, there are
different types of racks that present pros and cons, focusing on different parameters.
The most widely known type of rack is the selective one. It is a universal system for
direct access to each pallet of the rack, offering a complete control of the warehouse.
It is highly adjustable to almost any kind of palletized good as it could carry pallets of
different height and weight. The length and height of the system depends on the
warehouses’ characteristics, the available forklifts, etc. The main disadvantage is that
it requires manual process for the management of the stored products. Figure 1-1
displays a so called back-to-back selective rack with one-sided access to the pallets.
The term back to back rack is referred to two different racking systems which are

connected to each other to their rear side.

—

Figure 1-1 Selective type of rack
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Another common type of racks is the cantilever type. It is a special type which stores
the products on cantilever beams, offering free and direct access to all stored
products; their major advantage is the fact that it can allow the storage of goods on its
both sides. Figure 1-2a presents a cantilever rack with both-sided storage of goods and
a one-sided storage system as well. Their typical characteristic is the massive single

upright (highlighted with blue) that is repeated along the length of the system.

Figure 1-2 a) Cantilever type, b) Drive In Through type

The Drive-In or Drive-Through system is another very common option of the
warehouses. These racks can accept more than one pallet at the same row and column,
able to be used at First In- Last Out (FILO) and First In- First Out (FIFO) inventory
control systems as well. This system is based on the storage by accumulation
principle, which enables the highest use of available space in terms of either area or
height. The Drive-In and Drive-Through systems service the same operational way
with two different management systems: the drive-in system, with only one access
aisle, and the drive-through system, with access to the load from both sides of the
rack. Figure 1-2b shows such a system, whose disadvantage is the fact that not all the
pallets are directly accessible.

Another similar type of rack is the Push Back system. As a pallet is loaded from the
front, it pushes the pallet behind it back one position. The front pallet is removed
when unloading and the rear pallets automatically come forward to the front picking
position. This type of racks is ideal for easily accessible Last-In-First-Out (LIFO)

inventory management. Operators can store product from 2-5 pallets deep, with front-
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only loading from a single aisle, a fact that is the main disadvantage of this rack type.

An example of such a rack is shown in Figure 1-3a.

Figure 1-3 a) Push back type, b) Clad type

Though there are more different types of racks the last presented in this thesis is the
clad system. It seems to the selective type of racks, but it carries itself part of the
building that it is located in, like the ceiling, the side and roof cladding. Thus, the
racking structure supports not only the actual goods and the different building
elements but also the handling devices and external loads such as wind, snow, seismic
actions, etc. The maximum height of clad-rack buildings is limited by local standards
and by the reach height of stacker cranes or fork-lift trucks. Warehouses of more than

30m high can be built. Figure 1-3b shows a clad-rack during its construction.

All the previous figures present among others the similarities of the bearing structure
that compose the racking systems. The present dissertation will extensively
investigate the selective type of racks, as one of the most common types which are

met all over the warehouses of the world.
1.3 Components of racking systems

Conforming to the basic properties of the racking systems, which are the lightness and
adjustability, the components of such a system are not permanently fixed to each
other. The beams that support the pallets, so called pallet beams, are usually closed
sections composed by two facing welded channel sections. Figure 1-4a displays a
typical cross section of a pallet beam, composed of two thin walled sections the one

welded to each other. The pallet beams are single span beams, which obtain hooked
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connections at their ends, in order to be easily and quickly installed and uninstalled
when it is required. These hooked connections should be able to be connected on each
level of the racking system, being adjusted to the variable height of the palletized
goods; such connector is known as beam-end-connector and it is shown in Figure

1-4b. This special connection governs partially the behavior of a racking system by its

in-plane and out-of-plane stiffness as well as by its bending capacity.

Figure 1-4 a) Pallet beam’s cross section b) Beam end Connector

The pallet beams are supported directly on the columns of the rack via the beam end
connectors. The columns, commonly known as uprights, are composed of thin walled
steel sections with stiffeners and perforations. Two typical upright sections and

members are shown in Figure 1-5a and b.

Figure 1-5 Upright sections

a) with stiffened lips and b) Unstiffened lips
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The uprights stand on concrete slabs that are anyway the base of industrial buildings.
However, the uprights are not embedded in the concrete slabs but are anchored
through their base plates, as shown in Figure 1-6. The lower part of the uprights is
protected by a protective cover in order to reduce the risk of an accidental crash of the
forklifts and different staff of the warehouse with the column and the base plate as
well (Figure 1-6b).

- .

= e

Figure 1-6 a) Base plate connector, b) Protective cover of base plate

As warehouses commonly include more than one racking system, they organize the
racks parallel the one to each other, forming long aisles between them. The
longitudinal side of racking systems which is parallel to these aisles is known as
down-aisle direction, while the transverse side is called cross-aisle direction; this
topology is presented in Figure 1-7. Usually, the cross aisle direction is a narrow side
which connects the front and the rear longitudinal sides of the system; there are many
different configurations, but the most common one in practice is a conventional
bracing system. This bracing is made between two opposite uprights creating a planar
truss-like frame, so called upright-frame. The members connecting the two opposite
upright sections are the diagonals, which are usually composed of channel thin walled
sections or small circular hollow sections with special end-connectors. The main
characteristic of diagonals is the single bolt connections with the upright; the
diagonals govern definitively the behavior of the upright frames. A typical assembly
of the diagonals is presented in Figure 1-8; two channel sections back to back are
connected at the same point, characteristically, with a single bolt. This is a very

common assembly that forms an upright frame.
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Figure 1-7 General view of pallet racking systems
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Figure 1-8 Upright frame bracing detail

The bracing of the upright frames is not the only bracing met in a racking system. A
spine bracing is also used in cases of high horizontal loads, such as seismic loads.
Many racking systems are placed in regions of medium to high seismic zones for
which spine bracing seems to be almost necessary. Although there exist systems that
can withstand high seismic loads by frame action, the high flexibility of such racks
results in large deformations that are reduced, using a spine bracing system. A typical
bracing system is illustrated in Figure 1-9. It should be mentioned that the spine
bracing is always asymmetrically placed only on the rear side of the rack, since
otherwise loading and unloading of the pallets would be unfeasible.
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Figure 1-9 Spine Bracing in down aisle direction

Finally, a significant element of a racking system is the pallet, which loads the system
and is presented in Figure 1-10; there are many types of pallets, however in everyday
practice the presented one (Europallet) is the most commonly used. The palletized
goods rest over this wooden pallet and then they are placed all together on the pallet

beams.
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Figure 1-10 Europallet dimensions

1.4 Codes

Although normative documents arrived lately at the everyday practice, there were
organizations all over the world which produced guidelines and recommendations for
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racking systems, as these were developing rapidly day by day. More specifically, the
American organization Rack Manufacturers Institute (RMI) is an independent
incorporated trade association affiliated with the Material Handling Industry (MHI)
and it was established at 1964. This intended to provide useful information and
guidance for owners, users, designers, purchasers and/or specifiers of material
handling equipment or systems. In the opposite side of the Atlantic, the Europeans
had already established their own association known today as European Materials
Handling Federation (FEM) which the European Racking Federation (ERF) belongs
to. FEM has represented European manufacturers of material handling, lifting and
storage equipment since it was founded in 1953. FEM is a non-profit trade association
(AISBL under Belgian law) permanently based in Brussels to better represent its
members and their interests vis-a-vis the European institutions and European partners.
FEM membership currently consists of 13 National Committees from Member States
of the EU, as well as Switzerland and Turkey. They are the driving forces in
promoting a common vision for FEM industries and in maintaining the European
materials handling, lifting and storage industry’s position as leader on the world
market. The European industry has an annual turnover of around 45 billion euros. In
total, FEM represents more than 1,000 companies with about 160,000 employees,
covering around 80% of all eligible European companies. It thus accounts for more
than half of the world's total production. The associations above are considered one of
the biggest to this field and they have produced normative documents, guidelines and
worked examples, which are even adopted to other countries and continents. There is
a big sequel of normative documents, which begun as FEM guidelines, and after a try-
out period of application as Codes of practice, some of them hove become EN
standards. In this dissertation, the European documents are studied more extensively,
as it is intended to clarify their content and possibly amend them, in case that it is
required. Next, some normative documents from different countries and organizations

are epigrammatically presented.
European codes

» EN 15095: Power operated mobile racking and shelving, carousels and

storage lifts — safety Equipment

» EN 15512: Steel static storage systems — adjustable pallet racking systems —
principles for structural design FEM 10.2.02
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>

EN 15620: Steel static storage systems — adjustable pallet racking systems —
tolerances

deformations and clearances FEM 10.3.01

EN 15629: Steel static storage systems — specification of storage equpment
equipment FEM 10.2.03

EN 15635: Steel static storage systems — application and maintenance of

storage equipment FEM 10.2.04

EN 15878: Steel static storage systems — adjustable pallet racking systems —

terms and definitions

FEM10.2.05 Guidelines for working safely with trucks in pallet racking

installations.
FEM 10.2.06 The design of hand loaded static steel shelving systems
FEM 10.2.07 The design of drive in and drive through racking

EN16681 Steel static storage systems: Seismic design FEM 10.2.08
Recommendations for the design of static steel storage pallet racks under

seismic conditions
FEM 10.2.09 The design of cantilever racking
FEM 10.2.10 Rail dependent storage and retrieval systems- Interfaces

FEM 10.2.11 Rail dependent storage and retrieval systems — Consideration of
kinetic energy action due to a faulty operation in cross aisle direction, in
compliance with EN 528- part 1: Pallet racking

FEM 10.2.14 Warehouse Floors — Storage System Areas

American codes

>

>

>

ANSI MH16.1: 2012 Specification for the Design, Testing and Utilization of

Industrial Steel Storage Racks

Rack Manufacturers Institute (RMI) Specification for the Design Testing and
Utilization of Welded-Wire Rack Decking, ANSI 26.2-2007

FEMA 490 Seismic Considerations for Steel Storage Racks Located in Areas

Accessible to the Public
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» ANSI MH16.2-1984 (R1996). American National Standard for the Use of
Industrial and Commercial Steel Storage Racks: Manual of Safety Practices /

A Code of Safety Practices. American National Standards Institute, Inc. 10 p.

» Rack Manufacturing Institute. 1973. Warehouse Storage Racks — What Are
They? Building Standards, 5 p.

» RMI. 1990. Specification for the Design, Testing, and Utilization of Industrial
Steel Storage Racks. Rack Manufacturers Institute, Charlotte, NC.

» RMI. 2004. Testing Guidelines for Pallet Stacking Frames. Rack
Manufacturing Institute, Charlotte, NC, 4 p.

Australian codes
» AS4068: 1993 Flat pallets for materials handling
» AS4084: 2012 Steel storage racking

» AS4762: 2000 General purpose flat pallets, principal dimensions and

tolerances

The aforementioned codes are used in the everyday practice; however they cannot
stand on their own, as they must be complimented and referred to the general codes
such as the corresponding codes on design of steel structures, the actions on
structures, design of cold formed members, earthquake actions, etc. These could be
either the Eurocodes for Europe or the AISC norms for USA or the AS/NZS ones for
Australia and New Zealand. Here it should be noted that the Australian codes are
sometimes referred to the European norms in case of special measurements regarding

the racking systems.
1.5 Specialties and peculiarities of steel storage pallet racks

The racking systems generally follow the norms and the design’s philosophy of
normal buildings; however they remain by far different, with their own specialties and
peculiarities in their behavior and their numerical simulation. These specialties are

static and dynamic, global and local as well.

A first peculiarity of racks is the fact that their live loads (loads from the palletized
goods) are about 90% of the total loads. The self-weight is just a very small portion of
vertical loads, which are anyway the main loading situation of racks, while horizontal
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loads are secondary loads, resulted by eccentricities, imperfections and functional
processes. This is the reason that these structures are composed by light weight, cold
formed members with relative small dimensions. However, as the manufacturers were
interested to supply any warehouse in every country with their products, they should
face directly seismic loading which may impose large horizontal loads to the systems.
This means that the systems in regions of high seismicity should be capable to
withstand the seismic horizontal loads, either by frame action or bracing action, with
both options to present peculiarities.

Although the frame action is already known, the stiffness of the system in both down
and cross aisle direction is not yet clarified. The special beam end connectors are
neither fixed nor pinned connections, thus, their current stiffness should be known in
order to well predict the global response of the systems under horizontal loads.
Unfortunately, the behavior and the stiffness of these hooked connections are
governed by multiple parameters such as the thickness of the connected parts, the
shape of the hooks and the perforations, the size and the shape of the connected
sections, their stiffeners, even the looseness and the friction between the perforations
and the beam end connectors. Although there are many modern researches that have
already developed methods to calculate the static-monotonic stiffness and resistance
of these connectors, all of them refer to specific types and they are not applicable to
all types of connectors or even more to their behavior under cyclic loading.

The same peculiarity exists in respect to the horizontal response of the racks in cross
aisle direction. This behaves as a truss structure, but the diagonals are usually single-
bolt connected with high looseness and highly variable stiffness depending on the
details of the assembly, such as the geometry of the bracing system, the relative
position between two consecutive members, the cross section of the diagonals, the
connection’s detail, etc. Hence, the stiffness and even more the cyclic response of the

upright frames are not yet specified or categorized.

On the contrary, when designers decide for the use of spine bracing systems to resist
horizontal loads, these systems can only be eccentrically placed in order to get free
space for the forklifts to load and unload the palletized goods. This eccentricity
generates two different issues on the rack’s behavior. First, the eccentricity creates an
intensive torsion-behavior on the rack that is composed by open sections, really

vulnerable to torsion effects. Moreover, the spine bracing is placed on an external
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system, like a bracing tower, or external uprights which then are connected to the
main rack with special connectors. These connectors are usually weak and introduce
local stresses and phenomena to the main rack. The light-weight cold-formed open
sections of the uprights and the special beam end connectors and base plates are
highly influenced by these phenomena, including torsion, warping, distortional

buckling, etc.

Moreover, the aforementioned braced systems are not regular systems unlike the
unbraced ones that are commonly regular in elevation and in plan. The regular
unbraced racks are designed with conventional methods of analysis, as the response
spectrum analysis of 3D or spatial models, or even the simplified lateral force method,
described by the different codes. Despite the simplicity of the analysis method, the
definition of the oscillated mass of these systems is a significant trouble in the
earthquake design of racks. Since the self-weight of conventional structures is a very
big part of the total seismic mass, the possibility of an eccentrically loaded structure
in regard to the small live loads are covered by the use of accidental structural
eccentricities which are defined in the norms. On the contrary, the seismic mass of
racks is mainly composed of the pallets, whose existence and weight could be totally
probabilistic and accidental. In racking systems, the move of the center of mass for
different load cases could not be simply simulated with a percentage eccentricity of
the mass, since it is completely unknown where it lies on. Theoretically the designer
should examine the worst loading situation among the thousand different
combinations; in common practice only some of them are examined when applying

the provisions of normative documents.

Regarding the structural dynamic damping ratio which is defined to accomplish the
seismic design of a rack, it is unlikely to make even a realistic approximation for a
system whose dynamic characteristics depend on so many parameters. The amount of
goods, the type of pallets, the type of goods, the conditions of the pallet and of the
warehouse and many others, influence the total equivalent dynamic damping ratio of
the structure. At the end, the damping ratio is conventionally adopted as for a normal
steel structure in European norms, while in American codes it is made dependent also
on the intensity of the expected seismic motion. In a more realistic simulation, the fact
that the pallets are usually not fixed on the pallet beams may lead to the sliding of one

or more of them. This sliding is a mechanism of energy dissipation that influences the
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dynamic properties of the system. A severe amount of energy is absorbed by the
friction forces, a fact that could be helpful for the structure, but not for the goods
themselves. Engineers focus on the sliding of the pallets not only to define the
dynamic properties of the systems, but also to check whether a pallet falls down and

either it is destroyed, or it damages the structure, or even more it hurts humans.

An additional specialty of racks is their connections. Although these are different than
those for conventional structures, what is important is the fact that both beam end
connectors and base plates exhibit a different stiffness and resistance in the two main
directions. Both connections are fixed, with regard to the translational degrees of
freedom, but they are partially fixed for bending around their major axis, and simply
pinned for bending around the minor axis. Torsion is blocked, however warping is
free. What worth to be noticed, is that these connections have usually different
resistance in sagging and hogging bending and their cyclic behavior presents many
special phenomena of hysteresis. The most important ones are pinching and
degradation mainly due to the looseness of the bolted or hooked connections. In case
that the rack is loaded in both directions, instantly the connections are unloaded when
the forces alternate their direction and the structural tolerances are activated leading to
the loss of stiffness. This makes the prediction of the dynamic characteristics of a rack

extremely difficult.

From a local point of view, pallet beams present also peculiarities. These beams are
loaded on their upper flange; vertically, directly by the pallets and horizontally by the
friction forces between pallet and pallet beams. When these horizontal forces are
perpendicular to the beams, torsion develops in the beam and an out of plane bending
as well. These secondary effects result in the development of severe deformation for
such flexible members, which could affect the buckling resistance of pallet beams,
when they are simultaneously loaded in the longitudinal direction. These phenomena
belong to the research field of the interaction between pallets and racking system.
More specifically, the presence of the pallets could make buckling of the pallet beams
more likely, but on the other hand it could offer a diaphragm-like action between two
facing pallet beams. Although modern normative documents include provisions about
this interaction between pallets and pallet beams, the background of these provisions

is not abundant.
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1.6 State of the art

As mentioned before, one can observe that research about racking systems begun
early in order to be able to create norms on racks during the early 1970. However, one
of the first known papers in the international bibliography about the seismic design of
racks appears at the early 1980. In particular, Brown 1983 [1] presents a first
systematic seismic design procedure for racks, while Chen and Scholl (1980) [2], [3]
had already presented a research on the earthquake resistance of racks. All researches
about racking systems were by that time included in the topic of cold-formed steel
structures. Actually, research on cold formed structures and components was the
ancestor of the racking systems research. Pekoz and Winter 1969 [4] created the
strong background working on the torsional flexural buckling of cold formed steel
sections in order to begin an intense research attempt that helped in the development
of RMI, providing together significant papers about the design of steel storage pallet
racks (1973) [5]. Pekoz continued after that also by testing full scale racks and
individual components in Cornell University (1975) [6], investigating later also the
design of general cold formed steel members (1986) [7] and moreover the design of
perforated columns that are used in racking systems (1988) [8]. Next, Hancock [9]
(1985) published his research about distortional buckling of steel storage rack’s
columns, an attempt that be continued together with Baldassino (1999) [10].

In the meanwhile, the textbooks by Timoshenko and Goodier (1969) [11] on theory of
elasticity of Sokolnikoff (1983) [12] for the mathematical theory of elasticity, of
Salmon, Schenker and Johnston (1955) [13], for the moment-rotation characterization
and of Galambos (1960) [14] for the influence of the partial based fixity in the frame
instability were keys to initialize an international and systematic investigation on the
racking systems treating them as semi rigid, flexible, moment-resisting frames. Lewis
(1991) [15] and Davies (1992) [16] working on stability of racking systems founded a
new era for the global investigation of pallet racks, with Baldassino et al. (1998) [17]
to continue in the numerically simulation of racking systems comparing them to

experimental tests that have been performed.

With the development of the numerical tools and the computational power of modern
computers, semi rigid racking systems have been investigating by Markazi (1997)
[18], Sleczka and Kozlowski (2007) [19] and Baldassino et al. [20] to clarify finally
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the behavior of the rack’s connections and especially that of the beam to columns
semi-rigid connections. This kind of connections with semi-rigid behavior could
influence the overall stability of racks as frame structures. Bajaria (2009) [21] and
Abdel-Jaber (2005) [22] studied the stability of semi-rigid racking systems and how
these are practically and numerically influenced by the non-rigidity of their

connections.

At that time, a European coordinated research with the cooperation of many European
universities and industrial partners begun in order to review the outcome of the
previous researches and support the publication of the new European norms about the
seismic design of racking systems. These projects were accomplished under the
umbrella of the European Union and they were funded by RFCS (Research Fund for
Coal and Steel). The projects are known as SEISRACKS and SEISRACKS?2 and they
gave some interesting reports (2007) [23], (2014) [24] investigating and solving many
issues about the seismic design and the peculiarities of racks. Parallel to these
research projects their coordinator Castiglioni summarized some of the most practical
conclusions about the global seismic response of the racks as well as about the
interaction of the palletized goods to the overall behavior of the racks (2008) [25],
(2016) [26]. One of the most significant proposals of these projects was the
determination of the friction coefficient that develops between the pallets and the
pallet beams. Similar research was performed by Hua and Rasmussen (2010) [27] in
Australia, where Gilbert and Rasmussen (2009) [28] have already executed many

experiments on components of racking systems.

The reports from the above projects in Europe and Australia had also mentioned the
significance and the difficulty to determine the shear stiffness of the racks in the cross
aisle direction. Rao et al. (2004) [29], Sajja et al. (2006) [30], (2008) [31] and Gilbert
et al. (2012) [32] investigated the shear stiffness of the upright frames, what it is
affected from and how it affects the global behavior of the racks. One of the potential
influencing parameters was found to be the looseness of the bracing connections that
are composed of single bolts. This influence was examined extensively by Godley and
Beale (2008) [33] who pointed out the influence of this looseness not only in respect

to the shear stiffness but also to the final resistance of an upright frame.

Despite the numerous research projects and papers the everyday design practice

around racking systems is not yet completely conclusive and clear. The corresponding
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norms are up-to-date but the seismic design for such vulnerable structures is still
deemed weak. The evidence about is reports on damages after strong earthquake
events worldwide. Some of the most important reports are the one by Uma and
Beattie (2001) [34] that reported the damages during the Canterbury earthquake and
the one of Crosier et al. (2010) [35] that refer to the collapses of storage racks in
Darfield, both in New Zealand. Moreover, Bournas et al. (2014) [36] describe the
observed damages, among others, to racking systems after the Emilia Romagna
earthquake in Italy and Plantes (2012) [37] presents a summary of various collapses
and damages met on pallet racks. These undesirable collapses gave the motivation to
check the earthquake design of racking systems more deeply and specifically.
Adamakos and Vayas (2014) [38] published numerical analyses to predict and review
the seismic response of racking systems, focusing on the behavior factors that are
used to the everyday practice, while Adamakos et al. (2014) [39], Degee and Denoel
(2007) [40] and Degee et al. (2011) [41] presented an attempt to simulate the dynamic
response of the systems under real earthquake excitations. Degee and Denoel (2009)
[42] investigated also the influence of the pallet’s potential sliding to the dynamic
behavior of the racks; a likely phenomenon that could be dangerous for the goods and
the human life as well. Thus, this phenomenon that is able to modify the dynamic
characteristics of a rack and as a result its dynamic response was studied by many
researchers and it is clarified by Adamakos et al. (2017) [43] in a very recent paper

under publication.

Following the current research, modern norms that refer to racking systems are
updated systematically in order to be always realistic, adequate and efficient. The
objective is to offer a combination between theoretical knowledge and everyday

practice.

1.7 Dissertation’s goals

The present dissertation was partly supported by a research program of the European
Union, with the name SEISRACKS2. This project was funded in order to perform
research about the seismic behavior of steel storage pallet racking systems. This was
the motivation to investigate static or pseudo static phenomena for these structures, as

well as their dynamic-seismic behavior.
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More specifically, the dissertation is divided into two main parts; the first part
investigates the global behavior of the rack system, while the second part examined

local phenomena to clarify the interaction between pallets and pallet beams.

As far as the global behavior of the racks is concerned, the seismic response was
evaluated using a well-known numerical tool, the pushover analysis. The partners of
the research program provided plans and details of some conventional racking
systems in everyday practice that were designed according to the European norms.
These constituted 9 case studies, which at the end of the program were examined in
Full scale tests, giving the opportunity to compare the numerical results to
experimental ones. Taking this opportunity, this dissertation expands the field of its
research to the evaluation of the rack’s dynamic response, performing a probabilistic
analysis on the system’s collapse using more advanced and modern tools, such as the
Incremental Dynamic Analysis. The goal was to derive more general rules on the
ductility of these structures and to propose more realistic values for the behavior

factors g, used in Codes.

At the second part of the dissertation the racks are examined from a local point of
view. The objective is to look into the interaction between the pallets and the pallet
beams. First, the sliding phenomenon is attempted to be clarified, in order to provide a
safer design against this possibility. The forces that apply on the pallet beams before,
during and after the sliding effect are investigated and compared to the theoretical
ones, aiming to provide a stronger background to this not intensively investigated
field. Moreover this part of the thesis has the purpose to illuminate the accuracy of the
proposed procedure about buckling of the pallet beams with the simultaneous
existence of the pallets.

Finally, the thesis discusses experimental results performed by other universities, in
order to highlight the vulnerable points of racking systems, their failure mechanisms

and other important points.
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2.Static nonlinear response of steel storage
pallet racks under the horizontal components

of seismic actions

2.1 Introduction

Racks located in zones of middle to high seismicity face besides vertical loading from
the pallets, severe horizontal loads that result in additional bending moments. That
fact creates to the racks stability problems during strong ground motions, as they are
primarily designed to withstand vertical forces. Inspections in the USA [1] after
earthquakes detected minor damages to racks either because the earthquake was
lighter than the design one, or because the racks were not fully loaded. In contrast to
that optimistic scenario stand the observed performance of racks during the
earthquakes of Darfield (2010) and Lyttleton (2011) in New Zealand [2], [3], where
severe damages were recorded. In Greece, at 08.06.2008 a strong ground motion of
6.5R magnitude that took place in the Peloponnese, very close to the city of Patras
(Greece) [4], produced also several damages, although its maximum recorded ground
accelerations were between 0.09g and 0.17g, which are lower than the design
acceleration 0.24g of that region. However, according to the spectral values which are
depicted in Figure 2-1, the spectral acceleration in the long-period range was
comparable to the design one. For example, a structure with fundamental period 1.1s
was imposed to a spectral acceleration 0.33g that is ca. 80% of the design acceleration
for common ground conditions. This is why flexible systems like racking systems

developed extended failures.
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Figure 2-1 Spectrum of earthquake of Patras Greece, at 08.06.2008

The supervisor of the present thesis Prof. Vayas was called to inspect damages to
racking systems in this region, and he did the following observations:

a. Local buckling in combination with global buckling of the diagonal members
occurred in the cross aisle direction, weakening the bracing system in that
direction. (Figure 2-2a)

b. Extensive local plastic deformations and buckling of the eccentrically placed
spine bracing of the down aisle direction, leading to an insufficient bracing
system. (Figure 2-2b)

c. Failure of the welding between the two channel sections that compose the
pallet-beam section (Figure 2-2c). Hence, the initially closed section has been
transformed to an open section, losing its torsional rigidity and resulting in
torsional buckling of the beams. (Figure 2-2d)

d. Bearing failure of the uprights at the place of the hooked connections. (Figure
2-2Figure 2-2¢)

e. Large deformations at the hooks of the beam-to-upright connections, leading

to the reduction of the stiffness in down aisle direction. (Figure 2-2f)
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Figure 2-2 Observed damages after the earthquake of Patras at 08.06.2008
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These damages and/or sliding of the pallets and their potential fall might drive the
whole system to an entire collapse. In case of racking systems the consequences of a
global or local collapse is not only the loss of human’s life, which in case of
automatic operated systems is unlikely, but also the loss of the palletized goods that
may cost much more than the rack structure itself.

Designers and producers use common cross sections for the pallet beams and upright
sections and try to avoid bracing the racks in the down aisle direction, in order to offer
a lighter and more economical solution. Additionally, they take advantage, by using
the behavior factor g, of all the possible inelastic capacities of the system in order to
reduce the demanded seismic force and as a result to minimize the weight and the cost
of the structure. Since the codes are still quite general and the racking systems so
specially designed and produced by each specific producer, it is extremely difficult to
assess if the used values of the behavior factors for such systems are too low or even
too high. This is exactly the objective of this chapter of the present thesis; namely to
evaluate the earthquake performance of racking systems with use of nonlinear static
inelastic (nonlinear) analyses, the so called Pushover analyses. Participating in the
research project SEISRACKS2 was an ideal opportunity to simulate real case studies
from the everyday practice, been provided by the industrial partners of the project.

2.2 Pushover Analysis-A Brief State of the Art

The method of Pushover has begun from the early 1970 by Gulkan and Sozen (1974)
[5] and Saiidi and Sozen (1981) [6], who introduced the use of inelastic static analysis
in earthquake engineering, where a single degree of freedom system is derived to
represent equivalently the multi degree of freedom structure. Notwithstanding the
development of this method over the next decades, the pushover has no robust
theoretical background [7]. Advantages and disadvantages of this method are
extensively discussed by Kranwinkler and Seneviratna (1998) [8]. As those authors
noticed, in an ideal world there would be no debate about the proper method of
demand prediction and performance evaluation. Clearly, inelastic time history
predicts with sufficient reliability the forces and cumulative deformation demands in
every element of the structural system; that is the final “right” solution. However, the
simplicity of the pushover method, in comparison to the inelastic nonlinear dynamic

analyses, gives so many advantages to use it, especially if no abundant research

Doctoral Thesis Konstantinos Adamakos NTUA 2018



Chapter 2 41

background exists. On the same basis, Faella (1996) [9] compares the response of
three, six and nine storey buildings subjected to artificial and real earthquakes with
pushover analysis, and concludes that static analysis can, indeed, identify collapse
mechanisms and critical regions, yielding reasonable estimates for the interstorey
drifts.

Furthermore, considering that the objective is always to simulate the dynamic
response of the structure, another question that arises is whether the displacement or
the forces from a particular mode should be kept constant during a pushover analysis.
Conceptually, the dynamic analysis is inertia force-driven, hence the constant force
seems more appropriate, but storey forces in a dynamic analysis, even when one mode
is dominant, do not exhibit a constant multiplier. It is however clear that fixing the
displacement distribution may give seriously misleading results, notes Elnashai
(2001) [10]. Adopting the conclusion of Elnashai a constant force pattern will be used

to the present chapter to perform the nonlinear static inelastic analyses.

The question that is now arising is the distribution of the applied forces for the
forthcoming pushover analyses in racking systems. During the last years there are
many researchers among others Sasaki et al. (1998) [11] and Shakeri et al. (2007) [12]
that observed the role of the higher modes at the final qualitative and quantitative
results of the pushover analyses for the majority of the structures. Maniatakis et al.
[13] present the different existent methods of performing a pushover analysis taking
into account the influence of higher modes and compare them to the always realistic
nonlinear dynamic analyses. Goel and Chopra [14] present also guidelines for a modal
pushover analysis using more than the first significant eigenmode of the structure and
Antoniou and Pinho (2004) present a force-based [15] and displacement-based [16]
adaptive pushover analysis, comparing to the conventional one. However, not all the
commercial software packages are implemented with sophisticated algorithms and
tools in order to apply the aforementioned methods. Meanwhile, Aydinoglou [17]
points out that although the major drawback of Pushover in its current form lies in the
fact that it is essentially restricted with a single-mode response, the procedure can be
reliably applied to (only) two-dimensional response of low-rise building structures
regular in plan, where the seismic response is essentially governed by the first mode.
This is exactly the case of the racking systems. They are usually, low-rise structures
with a really dominant first eigenmode and regular in plan and in elevation, so that
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they usually are investigated with the use of 2D planar models. It is here, from now
on, assumed that the use of modal pushover analysis (in its known simple form) offers

sufficient reliability to apply this to the racking systems.
2.3 The Pushover Analysis method applied to racking systems

To perform nonlinear analysis at any structure the nonlinear behavior that governs
each element’s response should be explicitly defined. In case of conventional building
structures the American codes ATC-40 [18] and FEMA 356 [19] give an excellent
database and guidelines for the simulation of the inelastic behavior of almost every
element of the structure. Since the elements of racking systems are not conventional-
common elements, to determine an accurate behavior law for a member is practically

inconvenient and surely not yet extensively analyzed by the norms.

In particular, the current norms for regular and seismic design of steel structures in
Europe are regulated by EN1993 [20] (Eurocode 3), and EN 1998 [21] (Eurocode 8).
Since racks are not conventional normal building structures, the aforementioned codes
have limited applicability; thus, the Federation Europeen de la Manutation (FEM)
issued two more specialized documents to implement and support design procedures
for vertical loads, FEM 10.02.02 [22] and seismic loads, FEM 10.02.08 [23] in
racking systems. These documents, later known as EN15512 [24] and EN16681 [25],
respectively, are in complete conformity with the corresponding Eurocodes. Similar
documents have been issued by RMI [26], the corresponding organization in the USA,
and other countries with high seismic demands, like New Zeeland and Australia [27]
and China [28].

FEM 10.02.02 and later FEM 10.02.08 have a common major outcome; they
emphasize the necessity of experimental tests in order to determine the exact behavior
of any specific element/product of any producer. The results of these tests are directly
implemented in the static design of racks and they have been proven really helpful to

the seismic design as well.

For that reason, the use of experimental results is one way direction. In that manner,
using numerical, theoretical and experimental results the Pushover analysis helps to

study the seismic performance of racks and to evaluate to what extend the inelastic
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reserves of the system have been exploited. The direct use and contribution of codes

are apparently essential.

More specifically, a seismic design is performed according to EN16681 with the help
of linear analyses and the use of a behavior factor g by which the seismic forces are
reduced with that stems from the different sources of ductility and overstrength that
are presented in such type of structures. However, to determine the seismic design
forces assumptions concerning a lot of different parameters should be defined. Some
of them are the filling ratio R of the rack, the friction coefficient between pallet and
pallet beams, the damping ratio and the proper value of the behavior factor. The
importance of those parameters, the range of their allowable values, their common
values etc. were also examined in the scope of the project SEISRACKS and its
subsequent SEISRACKS2. The interesting results of those research projects have
been reported in [29] and [30] by the project’s author’s (among them the present
author and the supervisor of the thesis) and later by the coordinator Professor
Castiglioni in [31], [32].

Pallet racks are bearing systems that usually (not always) behave independently in
their down and cross aisle directions. Therefore EN16681 recommends values of the
behavior factor separately for the two different directions. The corresponding values
for the down aisle direction are presented in Table 2-1, according to the EN 1998-1-1.
Due to the fact that all components are made of thin-walled and cold-formed sections,
a low dissipative concept design is adopted, following a conservative way. Table 2-2
presents here the recommended values for specific but common/conventional bracing
systems of the upright frames (cross aisle direction). For non-conventional bracing

systems the g factor should be reduced

Design Concept Ductility Class Reference value of
q factor
Low dissipative structures Low qs1.5+2
Dissipative Structures Medium q<4
High q=4

Table 2-1 Maximum value of g factor in down aisle direction
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_ D-Braced
horizontal elements Braced
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Only active tension diagonals
o ) q=20 q=10 q=15
(low dissipative design concept)
Active Compression & Tension
diagonals q=20 q=10 q=15

(low dissipative design concept)

Table 2-2 Maximum value of g factor in cross aisle direction

In order to perform a nonlinear inelastic analysis the potential inelastic zones should
be predefined. The available inelasticity of any specific system differs from each
other, however herein a topological proposal of the potential inelastic zones is
proposed for common and conventional racking systems. Figure 2-3 shows the zones
that are selected as potentially inelastic for a typical configuration in the down aisle
and the cross aisle direction, as well as for a typical bracing system. In particular,
based on the results of the previous project SEISRACKS and on the damages that
were reported at the inspections-reports mentioned at the beginning of this chapter,
the potential inelasticity was found to be developed at the bracing members (spine
bracing & diagonals), the beam-to-upright connections (beam end connectors), the
base plates and the uprights ends.
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2.3.1 Sources of inelastic behavior

It should be noted that the profiles in racking systems are usually cold formed and/or
thin walled so that their plastic properties cannot develop. Thus, the term inelastic
from now on is referred either to the indeed plastic properties (yielding) of the
elements, if this is applicable, or (more likely) to an equivalent nonlinearity which is

resulted by local deformations or local buckling.
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Figure 2-3 Potential Inelastic zones of a typical racking system

The inelastic properties of each element are introduced to the software either with the
use of nonlinear spring elements, or directly with plastic hinges at the extremities of

the elements (for beam elements) or at their middle (for truss elements).

The principles of how to define the inelastic properties of any member is next

summarized for each potentially nonlinear element.
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2.3.1.1 Diagonals & Spine Bracing members

Diagonals and spine bracing members are truss elements and their plastic properties
are introduced with the use of axial hinges (axial force vs. axial displacement). A
diagonal member could fail either due to buckling (under compression) and/or yield
(under tension), or due to connection’s failure. Buckling occurs to diagonals of the
upright frames under axial forces and secondary bending moments due to potential
eccentricities of the special assemblies. Yield occurs when members under tension
reach their yield stress. The connection’s failure, usually these are bolted connections,
occurs when the forces on the connections exceed the bearing capacity of the
connected members and/or the shear strength of the bolts. Sometimes more than one
failure mechanisms coexist; as a result more complicated analysis is required to well-
describe the entire failure mechanism. Finally, there are connections’ details that are
not directly norm-described and so numerical analyses with finite elements software

are strongly recommended to derive the exact behavior of the assemblies.

2.3.1.2 Uprights

The uprights are usually subjected to biaxial bending moments and axial forces. Their
plastic properties are determined using the combined capacity of the member to
lateral-flexural buckling, and/ or the section’s capacity under axial force and biaxial
bending. The fact that the uprights consist of thin walled cold formed sections with
stiffeners and perforations along their whole length, makes the use of numerical
and/or experimental results a necessity. For a sufficient definition of the uprights’
inelastic behavior an interaction surface between axial force and biaxial bending
moment should be taken into account. To define the desired moment-curvature curve
of each element for any level of axial force and any combination My-Mz, nonlinear
numerical analyses are required. Usually the upright sections are classified as Class 3
or Class 4; that means that the upright members suffer from local or global buckling.
Therefore, the norm proposed formula for combined compression and biaxial bending
is strongly recommended to be introduced as an interaction surface. Each code

proposes this formula, in a slightly different form and uses different factors.
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2.3.1.3 Beam-end-connectors

As it is seen in Figure 2-1a and Figure 2-1f the beam end connectors are very special
connections, where a beam hangs on to the perforations of the upright. Although there
are multiple modern researchers, among others Ayhan and Schafer (2012) [33],
Sarawit and Pek6z (2003) [34], Gilbert and Rasmussen (2009) [35], Baldassino et al.
(2000) [36], Cardoso and Rasmussen (2016) [37] and Sleczka and Koztowski (2007)
[38], that attempt to define analytically the properties of those connections, the
experimental tests remain always more reliable, as the normative document
FEM10.2.02 also points out. Figure 2-4 shows such a typical moment vs. rotation
diagram derived from experiments executed in RWTH in the frame of SEISRACKS 2
[30] for different level of vertical pay-load. In case of fully loaded pallet-beams the
stiffness of the beam end connector is higher and that of the whole system too. This
means that the stiffness and the final bearing capacity of the connectors are directly
influenced by the level of the vertical loading. In case that a moment-rotation curve is
to be derived from an experimental procedure, care should be taken that the pay load
should correspond to the one that charges the beam end connector at the earthquake
combination. Another interesting point about the beam end connectors is the fact that
their behavior for sagging and hogging bending is not identical, due to the no-
symmetry of the assembly. This is seen in Figure 2-4, where the moment-rotation
curve is not symmetric. If possible, this should be taken into account at the definition

of the nonlinear behavior of the connectors.
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Figure 2-4 Experimental Moment-rotation curves for sagging and hogging bending of a beam-
end-connector
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2.3.1.4 Base Plates

The base plates are also special connections, whose capacity may not be determined
theoretically, but experimental results should be used to determine their inelastic
properties. Such results have shown that the pay load applied is significant for the
overall capacity and stiffness of the component test (similar to the beam end
connectors). The curves that are derived from experiments and are used to describe
the nonlinear behavior of the base plates assemblies should be correspond to tests that
were performed for vertical loads similar to those calculated by linear elastic analyses
for the earthquake combination.

2.3.1.5 Pallet beams

Theoretically pallet beams could also be potentially nonlinear sources for the system;
however, their bending capacity is that higher in comparison to that of the beam end
connectors, so that it could be neglected in order to simplify the model. Apparently,
this assumes a sufficient design of the beams in respect to the bending and torsion
capacity and the adequacy of the welding between the component-sections used for

the manufacturing of the typical hollow pallet-beam sections.

2.4 P-Delta Effect

P-delta effects have a known and significant influence to the overall behavior and
design of structures. Taking this into account, 2" order analysis is more accurate than
1% order analysis but it is sometimes complicated to apply it. Eurocode-3 indicates
when it is considered necessary to perform 2™ order analysis taking into consideration
P- delta effect and when it is allowed to neglect it. Linear buckling analysis on the
global structure has to be performed, to indicate whether or not it is necessary to
perform 2" order analysis. If the critical buckling factor is greater than 10, 2" order
effects may be neglected. Figure 2-5 presents and compares the resulted response
curves derived from two different models with and without 2" order effects. The two
models present different extreme values of the critical buckling factor ac, which is

defined as:

Ay, = (2-1)

cr
Frq
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where F is the critical buckling load for the fundamental buckling mode and Fgq4 the

design vertical load of the structure.
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Figure 2-5 Pushover curves with and without P-delta effects

As far as unbraced racking systems are concerned, it is clearly and strongly
recommended that P-Delta effects should be taken into consideration; otherwise the

results may be unreliable.

2.5 Investigated case studies

Investigating nine case studies, two different software packages were used to perform
pushover analyses. The commonly used software SAP2000 [39] was used to perform
global and final pushover analyses, while the ABAQUS [40] software was used to
perform more complicated analyses at local level of each member to define the exact
nonlinear laws for the upright sections and the diagonal members. As far as the beam
end connectors and the base plates are concerned, experimental results were used. The
procedure for each potentially inelastic member towards the global pushover analysis
is described further down.

2.5.1 Configurations

In the frame of SEISRACKS2 nine racks have been investigated, that were provided
by four different producers of the project. For confidentiality reasons the presented
data and results are usually dimensionless or general without revealing which one
belongs to whom. The different producers are denoted by the abbreviations IP-A, IP-
B, IP-C and IP-D. The different topologies of the provided racks are depicted in
Figure 2-6. Systems L1, L2 and L4 consist of six spans of 2.7m length and a total
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length of 16.2m, while system L3 consists of 10 spans of 2.7m. All the racks have
four levels, 2m each, and a total height about 8.2m. In the down aisle direction only
three racks are braced: L1, L2 and L3 (Figure 2-6). The topology L1 allocates bracing
in two different positions and it braces the two lower levels separately and the two
higher levels together. The topology L2 has also two bracing systems that brace each
level separately. The third braced topology, L3, uses a non-conventional bracing
system composed of eight non-prestressed cables (4+4 symmetrically placed)
connected to a central upright that stands behind the main rack. The rest bracing
systems are assembled together in a so called bracing tower that is eccentrically
connected (40-50cm) to the rear side of the main rack. The topology L4 represents the
six remaining unbraced racks; these have similar configurations with no bracing
system, although they are designed for low, medium or even high seismic zones. This
system works like a moment-resisting frame, while the braced racks considered

activate only the tension diagonals of their bracing system.
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Figure 2-6 Topology of the provided configurations for the down aisle direction

In cross aisle direction which has a width between 1m and 1.1m, the producers
provided several solutions for the bracing of the upright frame. The different
configurations are presented in Figure 2-7. Topology Q1 is used twice for

low/medium and medium/high seismic zones.
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Figure 2-7 Topology of the provided configurations for the cross aisle direction
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The examined systems were designed for low, medium and high seismic zones,
according to the provisions of FEM 10.02.08 or EN16681. Generally in cross aisle
direction the behavior factor that was selected is g=1.5. This value conforms to the
code rules for the system Q2, Q4, Q5, Q6 and Q7. For the systems Q1 and Q8 this
value is much lower than the maximum allowable one (for only tension diagonals, the

behavior factor could take the value of q=4).

In the down aisle direction according to Table 2-2 the behavior factor ranges from 1.5
to 2, applying FEM 10.02.08 for low dissipative concept. It is apparent the fact that
the producers use different values of the behavior factor for generally similar systems.
This shows the lack of confidence to use the relatively high values recommended by

the codes.

2.5.2 Inelastic Properties
2.5.2.1 Beam End Connector

The curves used for these connectors were derived by experiments that were
performed at the University of Aachen (RWTH, Aachen, Germany). Both monotonic
and cyclic tests were executed; however in this chapter only results from the

monotonic test will be presented.

The stiffness and the strength of each connector vary for each Industrial Partner (IP)
and each assembly. Thus, each IP provided independently the properties of his
connector, as derived from experimental tests. Figure 2-8 presents indicatively the
nonlinear properties of the used connectors, as initially provided by the IPs.
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Figure 2-8 Adopted moment-rotation curves for the beam end connectors for the different case
studies
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These nonlinear properties are introduced as a multi-linear inelastic link-element with
length equal to the half upright-width. This link element is free to rotate about the
minor axis of the pallet-beam and it has the translational degrees of freedom fixed.
The initial stiffness is used for the linear analyses, while the full moment-rotation

curve is used for the nonlinear Pushover analyses.

2.5.2.2 Base- Plates

Experimental results of the selected base-plate assemblies were provided by the
industrial partners for different levels of axial force. Since the average stiffness and
strength of these connections under different axial loads differ, the results that
selected to be used have been derived for levels of axial forces similar to the axial
forces that correspond to a fully loaded rack. Figure 2-9 presents the used moment-
rotation curves of the base plates for each IP. The inelastic properties were introduced

by using plastic hinges at the base point of the lower uprights.
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Figure 2-9 Adopted experimental moment-rotation curves for the base plate for the different case
studies

2.5.2.3 Uprights

The uprights o rack systems are usually made of class 3 or class 4 sections and are
sensitive to any kind of buckling (flexural, torsional, distortional, local). These
sections are not capable to develop plastic properties; however, buckling as a failure
mechanism may be introduced as an equivalent plastic hinge at the most vulnerable
column’s point, which is close to the beam-to-column connection as bending
moments are maximal in this region due to horizontal seismic loads. The required
properties are the yielding point, the ultimate point and the exact path before, between

and after them. This path is defined by the moment-rotation curve of the member.
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The exact definition of an equivalent plastic hinge for the uprights of a racking system
might be the trickiest part of this endeavor. Many researchers have applied a big effort
to clarify the capacity for such peculiar upright sections. The et al. (2004) [41] noted
that conventional 2D, even 3D beam element models of commercial software
packages cannot estimate properly the buckling load of an upright. Freitas et al.
(2005) [42] presented some numerical models of uprights, using shell and solid
elements in Finite Element Software. The outcome of these models in terms of
ultimate buckling load and buckling mode were in good agreement compared with
experimental results. This conclusion offered the confidence to use such numerical
models to predict the behavior of such members. Ungureanu and Dubina (2013) [43]
came to the conclusions that the ECBL method (Erosion of Critical Bifurcation Load
[44]) could sufficiently estimate the final buckling load of an upright member, taking
into account special imperfections for the examined member. Such imperfections or
the combination of these imperfections could be those of a global buckling mode, of a
distortional buckling mode, etc. Finally Koen (2008) [45] presented in his master
thesis an extended series of numerical and experimental results for upright members,
concluding that the numerical model (Finite Element) could be used for the
calculation of the upright’s design; however the actual capacity of such a member is
influenced by many parameters that are not deterministically defined. Such a typical
parameter is the existence of the diagonal bracing of the upright frames; as Koen
refers for a braced upright: “The capacity of the uprights using FEA is up to 50%
greater than the design strength predictions for the 3150mm long uprights. This
indicates that the discrete torsional restraint of the bracing has a significant effect on

the upright strength”.

Since, an accurate FEM analysis is required to provide the exact pre- and post-failure
behavior of these members, a nonlinear static analysis was performed for an upright
member of 2m height, constraining the translation along the major axis at the points
where diagonal members are connected to the upright. The one upright-end is pinned,
the opposite one is free to be translated longitudinally and both points are constrained
regarding torsion. An axial load is applied in a first step, and then in a second step a
horizontal load is applied and gradually increased, producing bending moment. Two
cases are examined here: a) the load is applied in such a horizontal direction that
produces bending around the major axis, and b) the load is applied in the other
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horizontal direction in order to produce bending around the minor axis. The objective
is to evaluate the final capacity and to produce moment-rotation curve of the member
which will be used subsequently as plastic-hinge properties in the global numerical
model, using software SAP2000.

The upright members are simulated by shell elements taking into account the exact
section-geometry (both radius and perforations), using an elastic-plastic material
behavior with the nominal yield stress of each member. Figure 2-10 presents a typical
numerical model, for an upright member implemented in the ABAQUS software.
Figure 2-11 shows the deformed shape of an upright at the end of the analysis while

Figure 2-12 shows the resulting moment-rotation curve for bending moments with

different sign.

Figure 2-10 Typical ABAQUS numerical model of upright

Figure 2-11 Deformed shape of a numerically tested upright
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Figure 2-12 Moment-rotation curve for a typical upright

The objective is to introduce an equivalent multi-linear moment-rotation law as
plastic hinge, in the global numerical model, using SAP 2000. All the different curves
for each direction were normalized and linearized to create a compatible curve with
the required one by SAP2000, as depicted in Figure 2-12.

The problem arising is that the upright’s “plastic hinges” are not uniquely described
by one moment rotations curve. This has a strong dependence on the axial force and
the bending moment of the other direction. This means that a three dimensional
interaction surface N-M,-My is required. Here the interaction formula of EN1993-1-1
for biaxial bending and coexistent axial force is used. The formula is shown in Eq.(2-

2) in a form that takes into account also the global stability of the member.

NEd n ky'My Ed i k," M, Eda

Yimin " Aeff: fy/ ™M LT 'Weff,y-fy/ v Weffz2 'fy/ ™

<1 (2-2)

The above relation represents all the interaction N-My surfaces; the one that
corresponds to uniaxial bending and compression is shown in Figure 2-13. The axes
of the diagram are dimensionless, dividing by Nprq that is the corresponding buckling

load against flexural buckling and My rg=Wet y fy/ (ym°ky).
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Figure 2-13 Interaction curve for axial force and bending moment

2.5.2.4 Diagonals
2.5.2.4.1 Channel Diagonals

Diagonals are represented by truss elements in the global numerical model and their
inelastic properties are introduced as axial plastic hinges. The yield strength of these
“plastic hinges” should be chosen as the smallest value among the buckling capacity
of the member, the yield strength of the cross section, the bolts’ shear strength and the
bearing resistance of the connection plates. However, these failure modes interact in
case of a ductile and/or hardening post-failure behavior of the diagonal. Thus, a
further numerical investigation is necessary in order to clarify the exact behavior of

the diagonals, including the unique members’ and connections’ characteristics.

Diagonal channel members are simulated in ABAQUS by shell elements investigating
initially the member’s buckling resistance. The load is applied on the web of the
channel section producing a secondary bending moment due to the connection’s
eccentricity. Analysis considering geometrical imperfections is performed using the
shape of the fundamental buckling mode, determined by a linear buckling analysis
and an imperfection magnitude according to EC3. Figure 2-14 shows the member’s

buckling mode under compression loading.
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Figure 2-14 Deformations of a diagonal member from channel section at ultimate loading,
ABAQUS simulation

Subsequently, the simulation of the bolted connection was performed with ABAQUS
software. A contact model is used with solid elements in order to be more realistic,
although the computation time needed and the model’s numerical instability make the
calculation much difficult. The expected local buckling, leads to the necessity to use a
great amount of solid elements, a problem that can be abbreviated by using half of the
model -taking advantage of the symmetry. The appropriate boundary conditions are
introduced to the half model, thus it is easier to increase the number of elements
around the connection’s hole. The load on the diagonal is applied via a displacement
control of the bolt. The model is loaded to both tension and compression. The results
show that bearing failure appears first independently to the load direction. Figure 2-15
presents the compression response of an isolated member, shown before, together

with the local response at its end for tension and compression (all in absolute values).

’ Displacement(mm

0 5 10 15 20
= Bearing Restistance under Compression Load

—Buckling of Member
Bearing Resistance under Tension Load

Figure 2-15 Response of the global member and its local ends to loading
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It may be seen that although the bearing resistance is highly ductile, this thin walled
channel members could not display this property fully as local buckling around the
hole occurs. Figure 2-16 shows the numerical model before loading and Figure 2-17
the failure modes for the two different load directions (tension and compression). It
may be seen for both load directions that local buckling of the web in front of the bolt
and due to bearing take place. The plastic hinge properties that were used in the
pushover analyses are produced by diagrams such as in Figure 2-15, when the exact
properties of the diagonals were known.

a) compression load b) tension load

Figure 2-17 Bearing failure and local buckling due to compression and tension loads
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2.5.2.4.2 CHS diagonal

The same advanced analyses were performed for another type of diagonal made by

circular hollow section, whose ends are formed with special turnbuckles. This specific

geometry under investigation is shown in Figure 2-18.

Figure 2-18 Numerical model for circular hollow section with turnbuckles used as diagonal
members in ABAQUS

This model is simulated in ABAQUS software, to determine the member’s
compression response and the connection’s strength. In Step-1, the member is studied
isolated without the turnbuckles and its deformed shape at the end of the analysis is
shown in Figure 2-19.

Figure 2-19 Buckling of an isolated diagonal members from CHS section
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At Step-2, the whole model including the turnbuckles is simulated, with two rigid pins
at the holes of the turnbuckles. Loading is introduced by displacing one pin while the
other one was kept fixed and so producing compression. Figure 2-20 shows buckling
of the turnbuckles and simultaneously circular-hole ovalization at maximum loading.

V=Y

WEEmB,
\Il‘}

a- Buckling at flatten ends b- Ovalization of pin hole

Figure 2-20 Local deformations of the beam ends at ultimate loading

The failure mode in compression for the selected CHS member is a coupled one,
between bearing resistance, global buckling of the member and buckling of the flatten
ends. Figure 2-21 shows load-displacement curves for the isolated member (Step-1)
and the complete diagonal including its ends (Step-2). Finally, the curve of the
completed diagonal which is more critical is introduced in SAP2000 as plastic hinges

property.
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Figure 2-21 Load displacement curves for simulation of the isolated CHS member and the whole
assembly
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2.6 Global analyses and behavior factors

After the inelastic properties of all members were defined, all nine studied rack
configurations were investigated by static nonlinear analysis in SAP 2000 software.
The analyses were performed in two different steps. In the first step the vertical loads
are applied in order to consider the stiffness of the deformed/loaded system as well as
the P-Delta effects that are important. The applied load corresponds to 3 pallets of
800kg pro compartment. Subsequently, in the second step a horizontal load is applied
that is gradually increased up to collapse of the system. The analyses are performed

separately for the down and the cross aisle direction.

The distribution of the horizontal forces over the height of the rack remains always a
questionable issue. Here, a load distribution following the fundamental mode-shape
was selected for the pushover analyses, considering that the first mode is highly
dominant for the unbraced racks (about 90% participating mass ratio) and simply

dominant for the braced one (about 65% participating mass ratio).

The result of such analyses is the capacity curves for each configuration. These curves
feature the base shear force vs. the horizontal top displacement of the rack and are
shown for all systems in Figure 2-22 and Figure 2-23 for the cross and the down aisle
direction, respectively. The different systems are designated with the use of letters
that represent the different producers and with the term low, medium or high that
indicates the seismic zone which the systems are designed for. No further information

is provided, due to confidentiality reasons.
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Figure 2-22 Pushover curves for all studied configurations in the cross aisle direction
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Figure 2-23 Pushover curves for all studied configurations in the down aisle direction

With the use of the capacity curves, the behavior factor of each system is estimated.
For this purpose the capacity curves are linearized according to Figure 2-24. The
system is idealized as bilinear (elastic-perfectly plastic system) defining the
characteristic points A, B and C that indicates the first significant failure of the
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system, the equivalent yield point of the system and the ultimate load point,
respectively. Then the behavior factor-g may be calculated. The definition of the
behavior factor troubles the researchers for many years. It is even harder because the
different international building codes use different definitions, looking that from
another point of view. The international building code [46] and the American building
code [47] use two different factors to introduce the energy dissipation capacity of a
system in the design procedure; in particular, the force modification factor and the
displacement modification factors are used. Irzidinia et al. (2012) [48] point out that
the different proposed method for derivation of the behavior factor fall into two main
categories; the European and the American one. Here one of the most known
American methods is adopted as proposed by Uang (1992) [49]. This method is
expressed by Eq. (2-7) as the product of ductility qo (Eqg. (2-6)) and overstrength
factor Q (Eq. (2-5)).

In order to estimate the demand imposed by the design earthquake, the performance
points for each structure and earthquake have to be determined as the section point
between the capacity curve and the elastic design spectrum. The relevant calculations
are made by SAP2000 on basis of the procedure described in ATC-40. The
parameters Ca (Eg. (2-3)) and Cy (Eq. (2-4)) that define the elastic spectrum are

determined from:

Ca=a,-S'n (2-3)
Cy=2.5-a,"SnT, (2-4)
_W_d ]
Q=3t=2 (2-5)

d
== max 2.6
==, (2-6)
q=q,"Q (2-7)
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Figure 2-24Linearization of a pushover curve

The ultimate point C is selected to represent the ultimate limit state collapse
prevention, as no other limit states are defined in the normative documents. In Figure
2-25 to Figure 2-33 all capacity curves (in blue) with the corresponding bilinear
idealized curves (in green), the first significant failure point (in purple) and the
performance point (in red) are presented. The position of the performance point
registers how the system would respond to the design earthquake. For example in
Figure 2-26 the performance point of system A for both directions stays under the first
significant yielding that means that the structure remains in the elastic region. On the
contrary, the performance point of System D in Figure 2-31la exceeds even the
maximum capacity point of the system. The first case could show that the system is
over-dimensioned, while the second one shows the opposite, namely that the system is
under-dimensioned. Furthermore with use of the capacity curves and of the
performance point the producer and/ or the user of the rack could decide if the

displacements of the system are acceptable for the design earthquake.
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Figure 2-25 System A, high seismic zone

b) Cross aisle

The ductility, the overstrength and the g- factor of each system are presented in Table

2-3to Table 2-11.

n Q q
Down 3.65 1.50 5.47
Cross 1.47 1.2 1.76

Table 2-3 Ductility, overstrength and g- factor for system A-high seismic zone
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Figure 2-26 System A, Medium Seismic Zone

b) cross aisle

n Q q
Down 1.45 1.52 2.22
Cross 1.72 1.44 2.48

Table 2-4 Ductility, Overstrength and g- factor for the case study A-Medium seismic zone
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Figure 2-27 System B, High Seismic Zone

b) cross aisle

n Q q
Down 1.25 2.06 2.58
Cross 1.54 1.17 1.81

Table 2-5 Ductility, Overstrength and g- factor for the case study B-high seismic zone
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Figure 2-28 System B, Low seismic zone

b) cross aisle

n Q q
Down 1.25 1.59 2.00
Cross 1.52 1.30 1.98

Table 2-6 Ductility, Overstrength and g- factor for the case study B-Low seismic zone
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Figure 2-29 System C, High seismic zone

b) cross aisle

n Q q
Down 1.24 3.27 4.07
Cross 1.23 2.4 2.97

Table 2-7 Ductility, Overstrength and g- factor for the case study C-high seismic zone
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Figure 2-30 System C, Medium seismic zone

b) cross aisle

n Q q
Down 1.90 2.90 5.51
Cross 1.58 1.38 2.2

Table 2-8 Ductility, Overstrength and g- factor for the case study C- Medium seismic zone
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Figure 2-31 System D, High seismic zone

b) cross aisle

n Q q
Down 2.34 1.59 3.72
Cross 1.49 1.42 2.12

Table 2-9 Ductility, Overstrength and g- factor for the case study D-high seismic zone
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Figure 2-32 System D, Medium seismic zone

b) cross aisle

n Q q
Down 1.75 1.86 3.27
Cross 1.29 1.30 1.68

Table 2-10 Ductility, Overstrength and g- factor for the case study D- Medium seismic zone
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Figure 2-33 System D, Low seismic zone

b) cross aisle

n Q q
Down 1.30 2.18 2.84
Cross 1.34 1.57 2.11

Table 2-11 Ductility, Overstrength and g- factor for the case study D- Low seismic zone

Table 2-12 summarizes the calculated behavior factors, the ductility and the
overstrength factors of each system. Considering the extreme differences between the
calculated values, it may be concluded that this definition of the g-factor is probably
not the most suitable for racking systems. It is seen that the overstrength in the down
aisle direction is on average higher than in cross aisle direction. A safe outcome
would be a behavior factor g=1.5 for the cross aisle direction and gq=2 for the down
aisle direction. One more difference could be seen between the braced and the
unbraced configurations at the down aisle direction. The braced models seem to have
higher ductility reserves, leading to a behavior factor of 3.5. Beattie (2006) [50]
however proposed a design guideline for steel storage racks where he suggested that
for both cross aisle and down aisle directions the maximum ductility used for design
should be 1.25. In down aisle direction, if the performance of the connections has
been investigated experimentally, the ductility could take higher values and in no

cases should it go beyond 3.0 except detailed studies suggest otherwise.

System/Zone | Direction | qo=p | Q q
A/High Down 3.65 | 1.50 | 5.47
Cross 147 |12 |1.76
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A/Medium Down 145 | 152 | 2.22
Cross 172 | 1.44 | 2.48
B/High Down 1.25 |2.06 | 2.58
Cross 154 | 117|181
B/Low Down 1.25 | 1.59 | 2.00
Cross 152 |1.30|1.98
C/High Down 1.24 | 3.27 | 4.07
Cross 123 |24 |297
C/Medium Down 190 | 290 | 551
Cross 158 | 138 |22
D/High Down 234 | 159 | 3.72
Cross 149 | 142|212
D/ Medium | Down 1.75 | 1.86 | 3.27
Cross 129 | 1.30 | 1.68
D/Low Down 130 | 2.18 | 2.84
Cross 134 | 157|211

Table 2-12 Summary of the estimated behavior fators

Table 2-13 presents a summary and comparison of the estimated (available) behavior

factors and the used ones during the design procedure. It is concluded that the

calculated values of the behavior factor with the adopted definition are higher, even

much higher than the used ones in everyday practice. However, the calculated

pushover curves and performance points allow an easy determination of the g-factor

by any modified definition of it.

Zone/IP A B C D
g-Factor | Down | Cross | Down | Cross | Down | Cross | Down | Cross
Low Design - - 1.5 1.5 |- - 2 1.5
Estimated | : 2 1.98 | - - 3.72 | 212
Medium | Design 15 15 ) ) 15 15 2 1.5
Estimated | 50 | 248 | - - 551 |22 |327 |168
High | Design |, 15 |2 15 |15 |15 |15 |15
Estimated | 5 | 176 | 258 | 181 | 407 |297 |372 | 212

Table 2-13 Comparison of the available and the used behavior factors
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2.7 Pushover curves for fully calibrated models in cross aisle

direction

In this section of this chapter numerical models in the cross aisle direction are
presented once again. These models differ from the previous ones, as they include just
one upright frame and not the whole racking system. These models are investigated
and presented separately because they are fully calibrated to experimental tests that
were performed at the University of Liege in the frame of the research project
SEISRACKS?2. Their configurations are identical to the ones presented in Figure 2-7
Topology of the provided configurations for the cross aisle direction. With a
calibration procedure that is described in Appendix A, the numerical models for these
configurations were calibrated in order to perform new Pushover analyses for real
assemblies that are more realistic compared to both experimental on partial
subassemblies and numerical ones on complete assemblies but lacking the material
properties. The current numerical investigations go beyond the experimental ones
since in the experiment tests of Liege gravity loads were not considered. Although
upright frames are not that flexible, P-Delta effects highly affect the final capacity of
the systems, as upright members are extremely vulnerable to compression forces, due

to the flexural and/or the distortional buckling.

The models are 2D models and the pushover analyses use the same loading protocol
with the full scale tests (triangular distribution over the height), which is very similar
to the fundamental mode-shape of the system. The results from these analyses are
presented for all systems from Figure 2-34 to Figure 2-40 in terms of Base Shear
force vs. Top displacement. The new curves have lower initial stiffness compared to
the experimental ones, due to the presence of the gravity loads due to pallet loading
and consequently due to higher P-delta effects. The symmetric configurations are
investigated only in one direction, while the non-symmetric configurations are
investigated for loading to both horizontal directions; the two directions are
differentiated by the positive and negative sign.
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Figure 2-37 Base Shear- Top displacement diagram for IP-C-Medium Seismicity
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Doctoral Thesis Konstantinos Adamakos NTUA 2018



Chapter 2 75
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Figure 2-40 Base Shear- Top displacement diagram for IP-D-Low Seismicity

Using the definition of the behavior factor q given by Eq. (2-7) the new derived
values for the upright frames are here presented. It is seen that the values differ from
the corresponding ones that have been derived using the theoretical and nominal data
provided by the industrial partners. Indeed, they differ in an extremely noticeable

manner.
IP Seismic Zone | q factor Bracing type
IPA Medium/High | 1.1
IPB Medium/High | 1.8 D
IPC High 2.2 X
Low 11 D
IPD High 1.2 D
Medium 1.0 X
Low 1.3 D

Table 2-14 Calculated g factor values for the fully loaded upright bracing systems of each IP

2.8 Conclusions

In this chapter nonlinear static pushover analyses were performed to study the seismic
response of real racking systems, braced or unbraced, designed for low or high
seismic zones, whose data were provided by the industrial partners of the
SEISRACKS?2 project. A first significant outcome is the development of procedures
which should be followed to perform pushover analyses for racking systems. This
includes a number of experimental and numerical investigations on isolated members

and/or subassemblies. In other words, herein is specified what kind of inelasticity
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should be taken into account, how one could define the exact inelastic properties of

each member and how one could annotate the results.

Nine configurations were investigated in order to determine their behavior factor. It
was found that the usual values that are used in the everyday practice for the behavior
factor are safe and sometimes conservative. However, very high values such as q=4
for braced racks in the down aisle direction, could not be verified. Moreover, the fully
calibrated models to the full scale tests on single upright frames that were performed
by University of Liege proved that in reality the available ductility for such systems is
not that high as calculated using only numerical results and nominal material
properties for the component elements. These fully calibrated models were of two
different types of bracing system, X bracing and D bracing. However, there was found
no indication that one system is more ductile than the other. The actual g factors as

derived from the calibrated numerical results were randomly distributed.

In other words, it was shown that the numerical models, even if the partial data about
their components is available, could not efficiently predict the real behavior of the

system.

However, the limits of the nonlinear inelastic static analyses to the racking systems
have to be noticed. Important phenomena like sliding of the pallets, the looseness of
the bolted and hooked connections, etc. can be investigated with the use of nonlinear

dynamic analyses.
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3.Collapse probability and check of the

behavior factor of racking systems

3.1 Introduction

Looking deeper into the new modern methods that assess the seismic performance of
structures, it is noticed that the nonlinear static analysis is a conservative deterministic
method. The new trend for evaluation of the seismic performance of structures is the
combination of dynamic nonlinear analyses and probabilistic theories. All these are
included in the frame of the Incremental Dynamic Analysis (IDA), developed by
Vamvatsikos and Cornell, 2002, [1]. Based on such analyses, ATC 63 [2], after the
compilation of FEMA p695 [3], proposes a process for the “Quantification of
Building Seismic Performance Factors”. The proposed process is similar to, but
distinct from the concept of IDA, as initially developed by Vamvatsikos and Cornell.
Examples of the proposed methodology are given by Deierlein et al., [4] and Haselton
et al. [5]. Following an overview of the assessment methodology, this chapter reviews
specific aspects related to a) modeling collapse assessment of structures by nonlinear
time-history analysis, b) development of collapse fragility curves, including
uncertainties, ¢) ground motion characteristics with adjustment for spectral shape
effects for collapse assessment, d) evaluation and acceptance criteria for archetype
racking system models. The current methodology is based on the minimum design
criteria proposed in ASCE/SEI 7 [6].

The principles of the new methodology have been introduced as early as 1977 by
Bertero [7]. The idea of the pushover analysis for scaling the lateral loading on the
structure till the collapse level passed also unforced to the dynamic analyses. Seismic
loading is also scaled continuously to the response from the early elastic region to the
entire collapse. This concept has been incorporated in the work of many researchers
(as cited by Vamvatiskos and Cornell), among others Luco and Cornell [8], Bazzuro
and Cornell [9], [10], Yun and Foutch [11], Mehanny and Deierlein [12], Dubina et
al. [13], De Matteis et al. [14], Nassae and Krawinkler [15], and Phsycharis et al. [16].
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3.2 Objective

The objective of this chapter is to apply the aforementioned methodology to the
special steel storage pallet racking systems. The first step is to develop the so-called
archetype models that reflect the general characteristic and general behavior of the
systems as well as the peculiarities that affect the seismic response and the collapse
capacity of such systems. Then some specific issues around the peculiarities of the
racking systems are clarified and described to propose guidelines for an IDA in
racking systems. The models that are investigated for that purpose are always real
case studies coming from the everyday practice and designed by industrial partners
according to the latest European norms, EN1998 [17], EN15512 [18] and EN16681
[19]. The final objective is to review the dynamic response and the design of these
selected systems and to evaluate whether the used behavior factors’ values were

correctly selected or not.

3.3 Step-by-Step Methodology for Steel Storage Pallet Racks

The current methodology is summarized in the next flow chart of Figure 3-1 that
presents all steps from the design procedure until the final evaluation of the seismic
performance of the system. The archetype models are supposed to be well designed
according to the actual norms and so the final designed systems are ready to be
subjected to numerical dynamic analyses. The methodology is strongly influenced by

many parameters that should be selected for each individual system.

As long as the system is already designed, the nonlinear properties of its component
members should be defined as described in chapter 2. The main difference here is that
the nonlinear behavior of the components should include also their behavior under
cyclic loading. One should focus on the peculiarities of each member, the general
experience, the literature and the experimental results that are necessary to build a

reliable model that would be capable to run properly nonlinear dynamic analyses.

Subsequently, the ground motions that will be used for the numerical analyses should
be selected. The selection should be appropriate to cover a big range of representative
ground motions that could lead the system to collapse and could be recorded at the
specific region that the rack is located to. Thus, the ground motions are depended on
the initially design spectrum, namely the soil type, the peak ground acceleration of the
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geographical area, the spectral acceleration at the dominant time periods of the
structure etc. The selection of the ground motion is a tricky part where many

researchers’ opinions contradict.

Finally, numerous nonlinear dynamic analyses are performed and their results are
visualized, forming different diagrams that characterize the seismic response of a
structure. These charts are formed by a post processing procedure whose outcome are
three diagrams that each one emerges from the previous one. These diagrams are the
so called IDA curves, the fractile curves and the fragility curves, which give
qualitative and quantitative information about the response of the structure. If this
information fulfills the performance criteria that are defined by FEMA p695, the
seismic design is evaluated. Finally, this method could be converted to an assessment

about the used behavior factor.
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Figure 3-1 Flow chart for the application of IDA
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3.4 Simulation of the investigated configurations

Since the IDA method requires numerous dynamic analyses, the use of commercial
software is not appropriate, as it does not offer many capabilities for the post
processing of results. Thus, the open source research software OPENSEES [20]
developed initially in Berkeley University and subsequently widely implemented in
researches appears as the most suitable. In this thesis pre- and post-processing took
place using self-developed tools in MATLAB that did the calculations rapidly,
providing automatic visual results. Moreover, the components of the racking systems
present very special hysteretic phenomena that may not easily be taken into account
with the conventional hysteretic models included in commercial software packages.

The examined configurations are two unbraced racking systems in down aisle
direction and four single upright frames in the cross aisle direction. The examined
models in the down aisle direction are based on the calibrated models; however they
consist of 6 bays and 4 levels and are identical to the configurations of previous
chapter 2. The reason that only two models are examined in the down aisle direction
is that the other unbraced racks did not exhibit experimentally any ductility and
additionally are extremely flexible (more than 4s dominant first period), a fact that is
approaching the limit of the method’s applicability. In the cross aisle direction the
systems were examined that exploited a minimum level of ductility according to the
experimental results and the nonlinear static analyses of the previous chapter. There
are two types of bracing systems for the upright frames; the X and the D bracing type;
two configurations of each type are included in the examined ones. The braced
models in down aisle direction were not included in this study due to the fact that they
request 3D models in order to consider also their torsional behavior. The application
of the method to racking systems is in a preliminary level, and so the complexity of

the 3D models was considered a parameter that would give no reliable results.

3.4.1 Numerical models

The developed models were composed of beam, truss and link elements. In particular,
the exact position of each element is depicted in Figure 3-2. For the down and the
cross aisle direction, beam elements are shown with black lines, truss elements with

red and link elements with purple.
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Figure 3-2 Simulated topology with different types of elements

Based on the results of chapter 2 that describes how the potential inelasticity sources
of the system can be simulated, structural elements of the system are represented as
following:

e Pallet Beams: Elastic beam elements

e Uprights: Nonlinear beam elements (defined by Hysteretic Material)

e Diagonals: Nonlinear truss Elements

e Beam-End-Connectors: nonlinear two-node Link Elements (defined by
Hysteretic Material)

e Base plates: nonlinear two-node Link Elements (defined by Hysteretic
Material)

Vertical loading of the system is introduced as concentrated loads and masses. For the
models in down aisle direction these are applied to 3 points along the pallet beams;
each point represents the middle of a pallet, on an assumption of three pallets/
compartment. For the models in cross aisle direction the masses/loads are applied on
the joints of the uprights that are on the level of the pallet beams. In this case, the
imposed masses correspond to the loads that are resulted by two consecutive fully

loaded compartments, on the in-between upright frame, see Figure 3-2.

The elastic and inelastic behavior of the potential nonlinear elements is introduced by
application of the Hysteretic Material provided in the Opensees library. This material

is used to construct a uniaxial multilinear hysteretic material object with pinching of
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force and deformation, damage due to ductility and energy dissipation, and degraded
unloading stiffness based on ductility. All these special phenomena are presented in
racking systems and this is another reason that Opensees was preferred against other
software packages. Each element is characterized by the skeleton curve and the

hysteretic parameters, as they are presented in Appendix A for all industrial partners.

3.4.2 Damping Ratio

The last parameter that has to be fixed before the IDA performance is the damping
parameter. A lot of questions arise about this parameter, e.g. how large is the
equivalent damping ratio, how it is taken into account, etc. The peculiar connections
of racks, the merchandize goods, the potential sliding of the pallets over the pallet
beams and numerous other parameters, led Chen et al.(1980) [21], [22] to perform
experiments on real racks in the shaking table of the Berkeley University. The
outcome was that for these specific systems the damping ratio was on average 5.7%
of the critical for the down aisle direction and just 1.3% of the corresponding critical
for the cross aisle direction. Similar conclusion extracted Brown (1983) [23] and
Filiatrault and Wanitkorku (2004) [24] also by shaking table tests. However, the
European codes propose a value of 3% for the damping ratio, similar to bolted steel
structures. Thus, this value was considered for the present models for both directions
using the Rayleigh damping model [25]. This provided a source of energy dissipation
in the nonlinear dynamic analyses that required for the IDA. The Rayleigh damping in
a finite element model consists of a mass-proportional and a stiffness-proportional

part, given by Eq. (3- 1).

[C] = am[M] + ak-[K] (3-1)

where ay and ax are constants with units of s and s, respectively, and [K] is the
linear stiffness matrix of the structure derived from the initial tangent stiffness of the
structure. The misuse of this damping encounters many problems, as Hall (2005) [26]

pointed out.

Thus, the matrix [C] consists of a mass-proportional term and a stiffness-proportional

term.
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The factors ay and ax are defined using appropriate values of damping for the
dominant eigenmodes of the linear system. Damping of a mode i is quantified by the
damping ratio &;; the ratio of the mode’s damping to the critical value [27]. If ay and
ax are known, &; can be found from Eq. (3- 2) and vice versa.

Eizz%iaM‘F%aK (3-2)
The inverse procedure is followed to estimate the factors ay and ax. The damping
factor for the first and second significant modes have been fixed to 3%, and so with
the expressions of & and &, one could define the values of these factors; where w; is
the natural frequency (rad/s) of mode i. Thus, ay and ax can be set to give any
damping ratio to any two modes. Other modes will receive default amounts of

damping that can be computed directly from Eq. (3- 2).

3.4.3 Selection of ground motions

The selection of the ground motion to perform the IDA is of major importance. An
extensive comparison of the different methods of selection is made by Katsanos et al.
[28]. Since the present thesis is one of the first attempts to apply IDA to racking
systems, it would be considered more reasonable not to complicate the whole
undertaking. Thus, the selected ground motions are those proposed by ATC-63, as the
set for Far Field Ground Motions. This set includes the accelerograms of 22
earthquake events. Each earthquake is described by two different accelerograms in the
two different horizontal directions, recorded at the same station. Accordingly the total
used ground motions are 44, which is considered a sufficient large number with
checked variability and reliability. This specific set of ground motions conforms to
some specific criteria regarding the seismic characteristics of the seismic events [29].

These are summarized as:

e Moment magnitude greater than 6.5

e Source to site distance greater than 10km

e PGA>0.2g and PGV>15cm/sec

e Soil shear wave velocity in upper 30m of soil greater than 180m/s. Note that
all the selected records are on C or D site (according to the ATC norm).

e Limit of two records from single seismic even
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e Lower bound of useable frequency range less than 0.25Hz in order to ensure
that the low frequency content was not removed by the ground motion filtering
procedure.

e Strike slip and thrust faults.

e No consideration of spectra shape

¢ No consideration of station housing, but PEER-NGA records were selected to

generally be “free-field”.

As FEMA p695 says, this ground motion record set includes a sufficient number of
records to permit evaluation of record-to-record (RTR) variability and calculation of
median collapse intensity. Large-magnitude events dominate collapse risk and
generally have longer durations of shaking, which is important for collapse evaluation
of nonlinear degrading models.

The primary function of the Far-Field record set is to provide a fully-defined set of
records for use in a consistent manner to evaluate collapse across all applicable
Seismic Design Categories located in any seismic region and founded on any soil site
classification. Actual earthquake records are used, in contrast to artificial or synthetic

records, to address a regional variation of ground motions.

Due to the limited number of very large earthquakes and the frequency ranges of
ground motion recording devices, the ground motion record sets are primarily
intended for buildings with natural (first-mode) periods less than or equal to 4
seconds. Thus, the record set is not necessarily appropriate for tall buildings or too

flexible structures with fundamental periods of vibration greater than 4 seconds.

Baker and Cornell (2006) [30] have noted that rare ground motions in the Western
United States, such as those corresponding to the MCE, have a distinctive spectral
shape that differs from the shape of the design spectrum used for structural design in
ASCE/SEI 7-05. In essence, the shape of the spectrum of rare ground motions is
peaked at the period of interest, and drops off more rapidly (and has less energy) at
periods that are longer or shorter than the period of interest. Where ground motion
intensities are defined based on the spectral acceleration at the first-mode period of a
structure and where structures have sufficient ductility to inelastically soften into

longer periods of vibration, this peaked spectral shape and more rapid drop at other
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periods causes rare records to be less damaging than would otherwise be expected
based on the shape of the standard design spectrum. The most direct approach to
account for spectral shape would be to select a unique set of ground motions that have
the appropriate shape for each site, hazard level, and structural period of interest.
This, however, is not feasible in a generalized procedure for assessing the collapse
performance of a class of structures with a range of possible configurations, located in
different geographic regions, with different soil site classifications. To remove this
conservative bias, simplified spectral shape factors, SSF, are used instead.

The selected ground motions are used in their original form as well as in a scaled
down or scaled up form. According to Haselton et al. [29], the ground motion set is
independent from the scaling procedure and, thus, any scaling method is applicable.
The method that is applied to this set follows the proposal by Kircher [31]. For
reasons of completeness, it should be cited the proposals of Ye and Wang [32] about
the methods of matching the selected ground motions, keeping at the same time the

proper energy content.

The spectra of the 44 used ground motions are shown in Figure 3-3; these are derived
from the original ground motions and for statistical reasons are no matched to the
specific design spectra of the different systems in order not to eliminate the original
Mmotions’ characteristics. Three typical design spectra for high, medium and low
seismic zones are included also in this figure (in black) to compare visually the
intensity of the selected ground motions with the expected ones by the norm. It is seen
that the mean spectra of the 44 ground motions are over the design spectra; however,
there are several cases where the spectral acceleration of an individual ground motion

for a specific period of the structure remains below the design spectra.
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Figure 3-3 Elastic Spectra for the 44 ground motions (colored) and some indicative EC8 design
spectra (black) for low and high seismic zones

3.4.4 Post-processing

Post processing is called the procedure, which one edits the recorded results with and
builds the results in a visual-graphical form. The final presented results are the IDA-
Curves, the fractile-curves and the fragility curves. The first ones are presented in a
diagram with 44 different lines, where each line represents the response of the
structure against one specific ground motion. The points of each line depict the
maximum developed damage measure (EDP) (here, interstorey drift among the 4
levels) of each rack for a specific level of the intensity measure (IM) (here, the
spectral acceleration S,(T1)). Thereafter, the fractile curves figure out the percentile
response of the structure. The selected percentile curves are referred to the 16, 50 and
84%. The meaning of these curves is that each point of a percentile curve, with
coordinates (EDP, IM), indicates that for a specific value of IM the structure
developed at least the corresponding value of the EDP for the given percentage of the
ground motions. The last step is the calculation of the Fragility curve. This curve
indicates the cumulative probability of collapse of the structure for any likely value of
the IM and is formed by points of IM vs. a given probability of collapse. This
probability is estimated counting the number of the presented flatlines for any level of
IM, out of 44 (the 44 different ground motions). The fragility curve was confirmed to

follow the analytical lognormal distribution.
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3.4.5 Intensity and Damage Measure

The different results of IDA used the terms of IM vs. DM. The exact definition of 1M
and DM is given by Vamvatsikos and Cornell [33]. The DM parameter is also known
as EDP meaning Engineering Demand Parameter and is used here.

A review for the different possible IM that one could select to representatively
describe the behavior of a system is made by authors of the University of Pavia in the
research program SYNER-G [34]. Steel storage racking systems are however not
included in this document and thus, the spectral acceleration S,(T;) commonly used
for conventional building structures is selected as a representative IM.

The selected EDP in that case is the maximum interstorey drift among the 4 levels of
the rack. In conventional building structures the EDP is an objective or subjective
criterion of response. Modern norms have introduced limit states for the response of
structures, like the Immediate Occupancy, Life Safety and Collapse Prevention limit
states. These are determined as a restriction on the maximum allowable value of the
interstorey drift (i.e. for flexure critical columns in EC8 the maximum allowable
interstorey drift is for 10 0.66%, for LF 2.17% and for CP 2.89%), The sources of
these limits are not always static, but also constructional, aesthetic or architectural. In
case of racks, there are not yet such limits. Thus, the only rational limit state is the
collapse prevention. This is translated into prevention of falling of the pallet, breaking
of the hooks of the beam-end-connectors (resulting in the falling of the beams),
buckling (global, torsional, distortional, etc.) of the uprights, etc.

It is apparent that all these limit states are either simulated in a numerical model or are
included in the so-called non-simulated collapse mechanisms. The first are directly
detected by the software during nonlinear dynamic analyses; the latter should be
introduced sometimes even manually to the final results. In the present study there are
two different simulated damages; the dynamic instability and the maximum allowable
rotation of the beam-end connectors, in case that the experiments of the provided
components showed such a limit, due to the breaking off of the beam-end-connectors
that subsequently resulted in fall of the pallet beams.

Furthermore, there is also a very significant collapse mechanism that conventionally
is assigned to the non-simulated damages, namely sliding of the pallets. The fact that

the pallets lie on the pallet beams results in an interaction between the rack and the
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pallets. In case that the pallets are fixed on the pallet-beams with the use of special

clips, this interaction could be neglected. In any other case, it should be investigated.

3.4.6 Interaction Pallets - Structure

It is believed that the interaction between pallets and pallet beams might influence
significantly the behavior of the whole rack. However, Gilbert et al., (2011) showed
that the numerical simulation of that interaction does not affect the final design of the
system in cross aisle direction [35], while it does slightly influence the design in down
aisle direction (about 4%) [36]. This conclusion is true under certain circumstances
that the friction coefficient between pallets and pallet beams of a drive-in racking
system is sufficient not to let the pallet free to slide. However, in case of conventional
racking systems the friction coefficient is not always high enough to protect the
pallets from sliding. As far as the seismic response of a racking system is concerned,
sliding could affect it changing the dynamic characteristics and subsequently the final
response of the system. In particular, the aforementioned potential sliding of pallets
could result in the fall of the pallets and damage of the rack, or injury of people that
are moving in the surrounding area. Previous seismic events and rack-collapses
showed that the fall of pallets is dangerous mostly for the cross aisle direction. In the
down aisle direction, the pallets could slide, move and change position without falling
down and without changing that much the inertial masses and properties of the
system. Thus, here it is preferred to neglect sliding of pallets in the down aisle
direction. However, in the cross aisle direction the overhang of the pallets amounts to
about 5cm outside the pallet beams and there are not enough margins for the pallet to
slide over. Moreover, friction forces between pallets and pallet beams develop and
transmit the seismic forces from the pallets center of mass to the racking system and
they might be a source of energy absorption, especially when the pallets slide,
intervening in the total damping of the system.

3.4.7 Non Simulated sliding Criterion (NSC)

There are two different methods for simulating the aforementioned interaction
(friction-sliding). The first one has no numerical impact, as it does not include directly
this interaction in the simulation; thus it is named Non Simulated Criterion (NSC).

The procedure is as follows: The acceleration at each pallet-level is recorded together
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with the displacement of each level and the reaction forces. Then, with the post-
processing procedure the recorded (absolute) acceleration is compared to the
theoretical acceleration that causes sliding of the pallet. This acceleration is
mentioned by numerous researchers, among others, Degee and Denoel [37], and
apparently by the norm EN16681. In particular, the sliding criterion is fulfilled when
acci>u-g that would mean that the pallet slides instantaneously; however this is not
translated directly to the fall of the pallet. It is very likely, that the pallet starts to slide
over the pallet beams and then it sticks again. Without the direct simulation of the
pallet it is not possible to quantify the range of the sliding and as a result to figure a
realistic failure criterion. Thus, conservatively, it is considered that when the
acceleration exceeds the value of the sliding acceleration (u-g), this is automatically a
collapse point and so an infinite value is given to the EDP, for the current ground
motion and scale factor. Graphically, the check of this criterion is illustrated in Figure
3-4. The different colored lines are the real-time recorded acceleration of each level
for a specific ground motion and different scale factors. The horizontal black lines
show the non-simulated limit state, for “static” sliding. Although, most of the lines
remain between the upper and lower limit, there are recorded accelerations to some
levels of the rack that indicate sliding of the pallet as the scale factor is increasing.
The ground motion and the scale factor that result in sliding of the pallet are recorded
and in that case the initial IDA curve of this ground motion is modified manually,
introducing an artificial flatline after the supposed sliding point. This modification is
presented for one ground motion in Figure 3-5. The initial line is highlighted as
“Original” and the modified one as “NSC”.
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Figure 3-4 Recorded acceleration to different levels of the structure for different scale factors of a
typical ground motion
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Figure 3-5 Typical IDA-curve with and without the NSC of the sliding effect

Although this procedure that considers the sliding effect with a non-simulated manner
is numerically fast, this could not be considered reliable enough. The criterion is
extremely conservative and the incremental dynamic analyses with scaled imposed
ground motions are not always compatible to this criterion. In case that the imposed
spectral acceleration is higher than the sliding acceleration, the dynamic analyses

above the corresponding scale factor are commonly senseless and the current criterion
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invalidates the whole method anymore. Thus, this method is not here applied, but only

stated for the sake of completeness.

3.4.8 Simulated sliding Criterion (SL)

Improving the numerical models for a more reliable analysis, the pallets are simulated
as a practically rigid frame (numerically extreme high stiffness values). This is the
second more detailed and promising method that has been roughly presented by
Adamakos et al. [38]. The masses are positioned in the corners of this rigid-frame and
rest on bearing elements provided by Opensees software (Flat slider bearing element).
What is important for a proper simulation of the friction is to assign appropriate
values to all the different parameters. The slider elements follow the Coulomb friction
model which is defined by the initial shear stiffness, the friction coefficient, the down-
and upward (axial) stiffness and the bending stiffness as presented schematically with
the corresponding parameters in Figure 3-6. In the following presented models the
initial shear stiffness and the axial stiffness are numerically infinite, the bending
stiffness numerically zero and the friction coefficient equal 0.375 that is a typical

value.

The bearing element should take into account, that the pallets are likely to overturn
(rocking effect). This means that one foot of the pallet moves away from the pallet
beam with regard to the gravity direction; thus when the pallet stays on the air has no
contact with the structure and as a result the axial stiffness becomes zero. This could
be better approached using a compression-only material, however against the
numerical cost of such a model a conventional one was used, introducing the need to
check whether the vertical reactions of the pallets on the beams remain always against

the gravity direction. Such a graphical check is presented in Figure 3-7.
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Figure 3-7 Recorded vertical reaction of a simulated pallet on the pallet beam

The vertical force is 12kN due to the self-weight of the pallets and it oscillates, since
the inertial seismic forces that are applied to the center of mass of the pallets are
eccentrically introduced. The aforementioned eccentricity is taken into account by
adjusting the height of the pallet’s sub-model to the center of mass of the
merchandized goods. Here, the selected value of the eccentricity is 75cm that
corresponds to a pallet of 1.5m height with uniform weight. It should be noted here
that for any case (any ground motions and any scale factor) the vertical force (similar
to those presented in Figure 3-7) did not exceed the zero line that would mean that the
pallet does not overturn. In an opposite case, an artificial flatline would be sketched
(by post-processing), since it is considered as a possible collapse mechanism of the

system.

Supposing that no overturning occurs and that the analysis is performed till the end of
the earthquake event, the final check that has to be done is that of sliding. The bearing
element is able to slide and this potential sliding is recorded during the time of the
ground motion. The advantage of this model is that the pallet is able to slide over the
pallet beams without discarding directly the dynamic response of the system for this
analysis (this specific ground motion and scale factor). Instead, a check is provided in
order to measure whether the likely sliding of the pallet has exceeded the overhang of
the pallet or not. If yes, it means that the pallet falls down and the system has been

practically and/or structurally collapsed. Figure 3-8 depicts such a graphical check for
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the range of sliding. The lines shown in the diagram correspond to all different
bearing elements of the four levels, for different scale factors of a typical ground
motion. It is here observed that there is indeed sliding of a pallet, however its
magnitude (relative displacement between the two nodes of the bearing element) is
only 0.17mm, much less than the 50mm that is a typical limit for a Europallet and the
specific geometry of the provided configurations. These 50mm have been derived
from the fact that the Europallet is 1200mm wide, while the pallet beams are in a
distance of 1100cm. Of course such a complicated and multiparametric model is
sensitive to the actual parameters of a specific system. In case of a narrower or wider
rack or in case of different pallet types (with another friction coefficient, or

dimensions) the criteria as well as the results may change.
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Figure 3-8 Relative displacement (sliding) of a simulated pallet

3.4.9 Performance Criteria

After all the previously described processes, the results of IDA can be built. These
results are referred to the IDA- curves, the fractile curves and the fragility curves.
From these diagrams, significant parameters of the methodology are calculated. The

objective is to define the structure’s collapse margin ratio (CMR) that is defined as:

CMR=Sc1/Sut (3-3)

where :

Scr is the spectral acceleration which corresponds to a probability of collapse 50%

and it is actually the level of IM which the 50% fractile curve presents its flatline for.
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Smrt is the spectral acceleration that corresponds to the maximum considered
earthquake (MCE) given in FEMA p695 by:

SMT:SMllTl, if T:>Ts

. (3-4)
Smt= Swis, If T1<Ts,
where:

T is the fundamental period

Swm Is the elastic acceleration of the MCE for 1sec in the elastic design spectrum

Ts is the transition period and

Swms s the acceleration of the MCE at the region of the constant accelerations.
According to FEMA p695 and ASCE 07-05 the maximum considered earthquake is
1.5 times the design level earthquake, namely the elastic design spectrum. In Europe,

where Eurocode 8 is applied, this simplified value of 1.5 is not applicable.

Considering that the MCE is defined as the earthquake that has 2% probability of

exceedance in 50 years, the mean annual frequency of exceedance (MAF) is given as:

A= MAF=K,S;! (3-5)

where:

ko and K; are factors that depend on the geographic region of interest and its

seismicity.

If one applies the Eq.(3- 5) for both the MCE and DLE (design level earthquake) and

divide the two expressions, it results in the next relation:

A10%-s0years __ Sa,DLE

e (3-6)

/12%—50years Sa,MCE

The MAF is 0.0021 for probability of 10% and 0.000404 for probability 2% in 50
years. Thus, the ratio of MAF for MCE over the one for DLE is constant and equal to

0.0021/0.000404=5.215. Finally, considering the generally proposed in Eurocode

value, K;=3 (Medium Seismic Zone), the ratio is given as:

SaMCE _ K/5 125 = 1.73 3-7)

Sa,DLE
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Next, the estimated CMR is modified in order to take into account the spectral shape
of any ground motion, using the parameter SSF, which is a tabulated parameter given
in FEMA p695. Then, the Adjusted Collapse Margin Ratio (ACMR) is calculated as:

ACMR=SSF-CMR (3-8)
Subsequently, the performance-criteria that are used to evaluate the seismic response
of an archetype or a performance group (a group that includes many similar and
representative archetype models) are checked. This is the final step of the procedure
described in the flow chart that was presented in Figure 3-1. These performance
criteria are presented extensively in FEMA p695, with all the possible parameters and

exceptions of any investigated system and they are fulfilled, if:

e The probability of collapse for MCE ground motion is approximately 10% or
less, on average across a performance group.

e The probability of collapse for MCE ground motion is approximately 20% or
less, for each index archetype within the performance group

e The average value of the adjusted collapse margin ratio for each performance
group exceeds ACMR 10y

e Individual values of adjusted collapse margin ratio for each index archetype

within a performance group exceed ACMR

If the above criteria, individually, or on average for a performance group, are fulfilled
the performance of the racking system is acceptable and therefore the g factor, used
during the design procedure is deemed to be appropriate. The appropriate values of
ACMRjq, are given in a tabulated format in FEMA p695, based on a total uncertainty

Bror. The definition of this total system’s collapse uncertainty is given as:

Bror = \/IBI%TR + Bbr + Bfp + Bips (3-9)
where:

BrTr IS the record-to-record collapse uncertainty
Bor is the design requirements collapse uncertainty
Brp is the test-data related collapse uncertainty and

Bmod is the modelling related collapse uncertainty.
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3.5 Results

In this paragraph the graphical results of the performed IDA are presented. These
results are presented for the down aisle and the cross aisle direction separately. For
the cross aisle direction the results are presented twice; once for the original models
and once for the modified models that include the simulated pallet-sub-model as
described in section 3.4.8. The results always display three diagrams: the IDA-curves,
the fractile curves and the fragility curves for each model with respect to the industrial

partner (IP).

3.5.1 Down aisle direction
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Figure 3-9 IDA Curves for IP-A
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3.5.2 Cross aisle direction

In this paragraph the results that concern the cross aisle direction are designated as
“No explicit sliding” for the numerical models that do not simulate explicitly the
sliding effect and as “Simulated Sliding”, for the advanced numerical models that

simulate explicitly this effect.
3.5.2.1 No explicit sliding

These results have been derived by the original models not taking the sliding into

consideration.
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3.5.2.2 Simulated Sliding

These results have been obtained by the method outlined in section 3.4.8.
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3.5.3 Influence of the friction coefficient

All the previous diagrams correspond to numerical models that include a friction
coefficient between the pallets and the pallet beams equal to 0.375. This is a value
proposed in EN16681 for normal conditions of the warehouse, the pallet itself and the
rack. However, for any reason the friction coefficient could take any other value.
Thus, it is perceptible that the actual value of the friction coefficient could modify the
results of the applied methodology. A typical example is here presented, for the case
of IP D. The IDA for this configuration in the cross aisle direction is examined again
for two different values of the friction coefficient, namely pu=0.2 and p=0.5.
Indicatively the mean curves in cross direction that correspond to the 50% fragility

curve are superimposed for the -non simulated criterion model- (NSC Models, section
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3.4.7), and the models that simulate the sliding effect (SL-Model, section 3.4.8), with
friction coefficient values of u=0.375, u=0.2 and pu=0.5. These results in Figure 3-38
show that the value of the friction coefficient 0.5 and 0.375 is high enough to not
allow sliding of the pallets before the structural failure and the collapse of the
structure. The mean curves for u=0.5 and pu=0.375 exceed the curve of the original
(NSC) model, as the directly simulated sliding effect gives more realistic and non-
conservative results, as the static equivalent criterion does. On the contrary, as the
friction coefficient takes lower values (i.e. u=0.2), the mean curve promote a lower

value of the mean spectral acceleration for which the system collapses.
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Figure 3-38 Mean (50%) fractile curves for different values of the friction coefficient and no
simulated sliding (NSS)

3.5.4 Evaluation of the behaviour factor

Here, all necessary parameters to evaluate the performance of the systems have been
calculated derived from the results of sections 3.5.1, 3.5.2.1 and 3.5.2.2. These
parameters are used to finally calculate the CMR that is calculated with the use of Eq.
(3- 3) and is presented in Table 3-1.

IP Down Aisle Cross aisle (Original) Cross aisle (SL)

Smr Scr CMR | Sur Ser CMR | Sur Ser CMR
A 0.027 0.120 | 2.963 0.052 0.115 | 1.474 0.052 0.120 | 1.538
B 0.039 | 0.150 | 2.538 0.100 0.200 | 1.333 0.100 0.200 | 1.333
C 0.290 0.515 | 1.184 0.290 0.400 | 0.920
D 0.054 0.170 | 2.099 0.054 0.155 | 1914

Table 3-1 Calculated values of the CMR for the different examined configurations
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The calculated values of CMR in the table above should be adjusted (ACMR), to take
into account the Record to Record uncertainties and the spectral shape, as well, that
affects the response of a system. This is done with the use of SSF and Eq.(3- 5). The
values of SSF are tabulated values in FEMA p695 and they are presented in Figure
3-39. The values of ACMR are presented for each IP and each system in Table 3-2

IP-Direction T nr SSF ACMR
A-Down 3.20 1.76 1.13 3.35
A-Cross 2.11 1.05 1.025 2.6
A-Cross SL 211 1.05 1.025 1.51
B-Down 241 1.90 1.142 1.76
B-Cross 2.02 1.16 1.06 1.41
B-Cross SL 2.00 1.16 1.06 141
C-Cross 1.05 1.59 1.085 1.28
C-Cross SL 1.10 1.59 1.085 1
D-Cross 1.56 1.12 1.057 2.22
D-Cross SL 1.50 1.12 1.057 2.02

Table 3-2 Calculated Values of ACMR for the different examined configurations

Here, the standard values of the adjusted collapse margin ratio (ACMR;q,) are given in
tabulated format as in FEM p695 and are presented in Figure 3-40. The values of the
calculated ACMR for each one of the investigated configurations are mentioned in
Table 3-3 next to the corresponding values of ACMRip, and ACMRyy, that
correspond to 10% and 20% collapse probability, respectively. The value of the total
collapse uncertainty is given according to Eq.(3- 9).

IP-Direction ACMR Bror ACMR10% ACMR20%
A-Down 3.35 0.500 1.90 1.52
A-Cross 2.6 0.360 1.59 1.35
A-Cross SL 1.51 0.335 1.54 1.32
B-Down 1.76 0.500 1.90 1.52
B-Cross 1.41 0.390 1.65 1.39
B-Cross SL 141 0.390 1.65 1.39
C-Cross 1.28 0.407 1.68 141
C-Cross SL 1 0.461 1.80 1.47
D-Cross 2.22 0.424 1.72 1.43
D-Cross SL 2.02 0.461 1.80 1.47

Table 3-3 Tabulated values for the Performance criteria
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The results of Table 3-3 indicate that just one configuration does not fulfill the
performance criterion described in 3.4.9. This is the case of IP-C in Cross aisle
direction. All other examined models could confirm the behavior factors they have
been designed for.

Period-Based Ductility, p;

=05 1.00 1.02 1.04 1.06 1.08 1.09 1.12 1.14
0.6 1.00 1.02 1.05 1.07 1.09 1.11 1.13 1.16
0.7 1.00 1.03 1.06 1.08 1.10 112 1.15 1.18
0.8 1.00 1.03 1.06 1.08 1.11 1.14 1.17 1.20
0.9 1.00 1.03 1.07 1.09 1.13 1.15 1.19 1.22
1.0 1.00 1.04 1.08 1.10 1.14 117 1.21 1.25
1.1 1.00 1.04 1.08 1.11 1.15 1.18 1.23 1.27
1.2 1.00 1.04 1.09 1.12 1.17 1.20 1.25 1.30
1.3 1.00 1.05 1.10 1.13 1.18 1.22 1.27 1.32
1.4 1.00 1.05 1.10 1.14 1.19 1.23 1.30 1.35
>1.5 1.00 1.05 1.11 1.15 1.21 1.25 1.32 1.37

Figure 3-39 SSF values according to FEMA p695
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Total System Collapse Probability
Collap_se : . 10% 15% 20%
Uncertainty I ‘ (ACMﬁ,m:i ‘ I ‘ (ACMﬁm:i ‘
0.275 1.57 1.42 1.33 1.26 1.20
0.300 1.64 1.47 1.36 1.29 1.22
0.325 1.71 1.52 1.40 1.31 1.25
0.350 1.78 1.57 1.44 1.34 1.27
0.375 1.85 1.62 1.48 1.37 1.29
0.400 1.93 1.67 1.51 1.40 1.31
0.425 2.01 1.72 1.55 1.43 1.33
0.450 2.10 1.78 1.59 1.46 1.35
0.475 2.18 1.84 1.64 1.49 1.38
0.500 2.28 1.90 1.68 1.52 1.40
0.525 2.37 1.96 1.72 1.56 1.42
0.550 2.47 2,02 1.77 1.59 1.45
0.575 2.57 2.09 1.81 1.62 1.47
0.600 2.68 2.16 1.86 1.66 1.50
0.625 2.80 2,23 1.91 1.69 1.52
0.650 2.9 2,30 1.96 1.73 1.55
0.675 3.04 2,38 2.01 1.76 1.58
0.700 3.16 2.45 2.07 1.80 1.60
0.725 3.30 2,53 2.12 1.84 1.63
0.750 343 2.61 2.18 1.88 1.66
0.775 3.58 2,70 2.23 1.92 1.69
0.800 3.73 2.79 2.29 1.96 1.72
0.825 3.88 2.88 2.35 2.00 1.74
0.850 4.05 2,97 24 2.04 1.77
0.875 4.22 3.07 2.48 2.09 1.80
0.900 4.39 3.17 2.54 2.13 1.83
0.925 4.58 3.27 2.61 2.18 1.87
0.950 4.77 3.38 2.68 2,22 1.90

Figure 3-40 Values of ACMR10% and ACMR20%, given in FEMA p695

3.6 Conclusions

The presented analyses indicate that the actual values of the behavior factor for design
of the investigated racks were adequately selected. Although the proposed values for
such configurations by the normative provisions are much higher, the actual values
used in the everyday practice are low and somehow conservative. The dynamic
analyses did not detect a comfortable ductile response that could justify the use of
higher values of g. In other words, the behavior factor of 1.5 for the cross aisle
direction and 1.5+2 for the down aisle direction is proposed as safe and reasonable.

These notable low values of the behavior factor are deemed to correspond to the use
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of Ductility Class Low (DCL) design. The use of such low values of behavior factor
absolves the engineers from applying a capacity design for the different component
members of the rack; as a result a progressive and desirable failure progress is not
achieved and the available ductility of the systems is limited.

Finally, the proposed simulation in the present dissertation of the potential sliding
effect gives new potentials for the even more realistic simulation of such numerical
models. By this simulation, it is also seen that the sliding event could significantly

limit, as performance level, the available ductility of the system.
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4. Interaction between pallets & pallet beams

4.1 Introduction

This chapter focuses on the seismic design of pallet beams in pallet racking systems
and concentrates on three issues in order to verify or improve rules of European
Codes on racks: the horizontal seismic forces on the pallet beams, the developing
horizontal bending moments and whether the buckling length of the beams on
horizontal plane may be reduced due to diaphragmatic action offered by the pallets.
Investigations are based on theoretical and numerical analyses. It is found that
opposite to Code provisions the lateral seismic forces are not equal distributed
between the two pallet beams and, confirming field observations, that the forces
directed towards the outside of the rack are higher compared to those directed towards
the inner side. Concerning the horizontal bending moments appropriate correction
coefficients are proposed that deviate from the codified values. Finally, it was found
that pallet friction does not affect so much the buckling length to safely reduce its
buckling length.

Accordingly, this chapter targets to clarify the influence of the pallets to the global
and local behavior of the rack. There is an interaction between pallets and pallet-
beams, or between pallets and racks’ response which is likely to affect the design of a
racking system. Although the behavior of a rack is so sensitive to small parametric
changes and as a result it is quite difficult to examine all different parameters, there
are several researchers that tried to clarify this interaction. This is usually investigated
separately for the cross and the down aisle direction. Gilbert et al. (2013) [1]
concluded that the influence of the pallets on the design of the rack for the cross aisle
direction does not influence the final design. The same authors (2013) [2] investigated
the problem also for the down aisle direction. In particular, they examined an issue
that is also extensively examined in the current chapter; this is whether or not the
friction forces developed in the interface of a pallet and the upper flange of the steel
pallet beams are sufficient to provide a partial or entire diaphragm between the
opposite pallet beams in the horizontal plane. This would affect the whole stiffness of

the system and as a result the modal analyses and the final seismic design. The
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previous authors finally stated that the down aisle direction is slightly affected by the
existence of the pallets. This holds as long as the pallets do not slide over the pallet
beams. Hua and Rasmussen (2010) [3] and Castiglioni et al. (2007) [4] found out the
practical values of the friction coefficient that exist between different interfaces and
conditions of the steel beams and the wooden pallets which prevent sliding; thus
developing a diaphragm action to the system. It is clearly seen that the friction forces
and the selected friction model govern and state the whole problem.

The first systematic description of the friction phenomenon has been done by
Coulomb. Although it was historically the first model about friction and the simplest
one, the Coulomb model (1776) [5] is still a really useful and almost accurate model,
under circumstances. In the Coulomb model, the main idea is that friction is
independent of velocity and contact area and shows opposite direction than that of
motion. The main disadvantage of this model is that it does not specify the magnitude
of the friction for zero velocity. The friction coefficient takes values in the interval [-
Fc Fc]. Morin (1833) [6] introduced a model where the friction at rest is higher than
the Coulomb friction force at movement, however Stribeck (1902) [7] found out that
the friction does not decrease discontinuously from this higher value but continuously,
depending on the velocity. These authors specified the problem at the very beginning.
At a very later time, other researchers among others Karnopp (1985) [8], Armstrong
et al. (1994) [9] and Olsson et al. (1998) [10] introduced new friction models. The
disadvantage of those models was that all have described the phenomenon from the
static point of view.

Results showed that loading history is an important factor for characterizing the
magnitude of the static friction force. It was found that the existence of a stop-restart
motion acts to increase the static friction force. In contrast, the existence of a stop-
inversion motion acts to reduce the magnitude of static friction force.

The observations by Yang, Zhang, and Marder [11] certainly further solidify the idea
that static friction is not truly static and it is intriguing that their observations can be
cast into a simple and thus elegant rate-state model, which would require interfaces to
slip before they stick.

Lately an interest in dynamic models arose. Dahl (1968) [12], (1975) [13] and (1976)
[14] introduced a dynamic model where friction depends only on the relative
displacement of the contact surfaces. The last model is a generalized model of the
Coulomb one, but does not include the observations of Stribeck that it is a rate
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dependent phenomenon and as a result it does not capture stiction. Bliman and Sorine
(1991) [15], (1993) [16], (1995) [17] developed several also dynamic friction models
based on the investigations of Rabinowicz (1951) [18].

r s
Friction force /

1=

Velocity

/

Figure 4-1 Friction model according to Stribeck

A more analytical and mathematical attempt was done by Degée et Denoél (2006)
[19]. They produced the differential equations that give an analytical solution of the
sliding effect, and more specifically referring to the dynamic aspect of the problem
using the model of the mathematical Deck, developed by Yang (1996), for bridges
[20]. However, these equations have no analytical solutions for every parameter that
affect the phenomenon, and thus, there are no closed form equations that could lead to
a complete solution of the problem.

In May 2012 a series of earthquakes, the highest of magnitude M, 5.9 and spectral
accelerations more than twice as large as the values provided in the Italian seismic
code, struck the Emilia Romagna region in Northern Italy (2013) [21]. The earthquake
resulted in collapse to many buildings, especially precast industrial buildings, with a
large economic loss. Since Emilia is one of the most industrial regions of Europe with
large numbers of storage buildings and warehouses, it is not surprising that lots of
racking systems suffered light to serious damages, partly due to sliding and falling of
pallets so that a number of lessons could be learned from the designer’s point of view
[22].

Another earthquake relates to the subject hit Northwestern Peloponnese, Greece in
June 2008 [23]. This earthquake was of magnitude M, 6.5 and had smaller spectral

accelerations than the codified one in the low period range. However, in the long
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period range typical for racking systems it had similar spectral accelerations with the
Emilia one, with values between 0.30 and 0.40 g. As reported in [23], this earthquake
resulted in damage in many racking systems, many of them almost new. In this
chapter we concentrate on the damages on pallet beams. Figure 4-2 shows large
permanent lateral deformations of the pallet beams in the outside direction of the rack

that endangers falling of the pallet due to insufficient overhang.

Figure 4-2 Large lateral deformations of pallet beams after an earthquake

Figure 4-3 shows that this type of damage affected a large number of beams and that
these lateral deformations were systematically directed to the outer side of the rack.
This magnified the distance between pallet beams and resulted in falling of pallets and
accordingly to damage or collapse of the rack. It is reported here that pallets fell down
primarily not due to excessive sliding of pallets but as a result of the increasing
distance between the supporting beams that suffered plastic lateral deformations in
opposite direction outside the rack.
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Figure 4-3 Lateral deformations of the pallet beams towards the outer side of the rack

Another type of failure for pallet beams is shown in Figure 4-4. The cross section of
the pallet beams is usually composed of two U-shaped cold formed sections stuck
together and connected at certain distances by spot welds to form a hollow section.
Figure 4-4 shows that spot welds failed so that the two sections separated from each
other and the cross section was transformed to an open section with small resistance
to torsion. This occurred not over the entire length of the beam but rather in the
central part, see Figure 4- 3, and resulted in eventually failure of the pallet beams due
to lateral torsional buckling.

1\ - ~FrR

Figure 4-4 Opening of the closed section due to failure of spot welds connecting its two parts
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All failure modes as described above indicate that the pallet beams were adequately
designed against vertical live loading but not sufficiently designed against lateral
seismic loading. Indeed, no pallet beams showed permanent vertical deflections
indicating that neither the live loads were excessive nor analysis and design for
gravity loading was inappropriate. Accordingly, one task of the SEISRACKS2 project
that is reported in this chapter was to investigate this effect, i.e. analysis and design of
pallet beams due to seismic loading. This includes among others the answer to the
question why the permanent deformations of the beams were always directed towards
the outer side of the rack resulting in an increased danger to pallet’s falling and the

rack’s safety.

4.2 Seismic horizontal lateral forces on pallet beams

4.2.1 Code provisions and research methodology

Pallet-beams support the pallets and are subjected to gravity loading. Seismic forces
introduce horizontal forces (directly to the pallets) which are transmitted to the upper
flange of the pallet-beams. These forces are caused only by the friction due to the fact
that the pallets are not mechanically connected to the beams. They have accordingly
an upper limit, since they cannot exceed the maximum friction force which develops
between the pallet and the pallet beam. The lack of mechanical connection between
pallets and beams acts therefore as a seismic isolation for the racking system but
creates possible sliding of the pallets which can cause damage or collapse in case of
pallet falling.

According to FEM 10.2.08 [24] pallet beams are to be checked for the internal forces
and moments arising from global analysis of the system, combining a) vertical forces
due to the weight of the pallets and the effect of pallet overturning due to seismic
action in cross aisle direction (transverse direction), b) horizontal seismic forces in
cross aisle direction, equally divided between the two compartment beams, limited by
the capacity of the pallet-beam friction, i.e. with a maximum value of p-times the
pallet weight, where p is the friction coefficient and c) axial forces for beams that are
part of a vertical bracing system.

EN16681 [25] does not substantially differ from [24], but enhances the upper limit of
horizontal forces introducing a safety factor C,y = 1.5, so that the maximum
horizontal seismic force is equal to C,y-p — times the pallet weight. Accordingly, in

Doctoral Thesis Konstantinos Adamakos NTUA 2018



Chapter 4 127

both specifications the seismic horizontal forces in cross aisle are equally distributed
to the two pallet beams, each beam being subjected to a force H/2, where H is the
total seismic horizontal force of the pallets.

In the following, the maximum horizontal seismic forces that develop on a pallet-
beam during seismic loading are investigated as well as to what extend they create
sliding of the pallets. The first part of the study refers to the development of analytical
formulae that are based on an analytical model. In the second part the analytical
formulae are evaluated with the use of numerical models via nonlinear finite elements
(FEM) analyses, taking into account different parameters of the system. The
examined system is composed of a single rigid pallet supported by a pair of separate
pallet beams and subjected to horizontal forces in cross aisle direction. The different
parameters that are taken into consideration in this chapter and which are supposed to
influence the sliding forces, are: 1) the eccentricity e of the mass, i.e. the elevation of
the center of gravity of the pallet in respect to the beam top flange 2) the axial
distance b between the pallet beams, 3) the friction coefficient x between pallet and

pallet-beams and 4) the pallet’s weight V.

4.2.2 Analytical model

Assuming a pallet of weight V and the fact that it is supported symmetrically by two
pallet-beams (Figure 4-5), the vertical reaction on each beam is V/2. In case that an
extra horizontal load, indicated with H, is applied at the centroid of the pallet, which
is at a distance e from the upper flange of the beams, a reaction H1 develops on the
left beam (front beam) and a reaction H2 on the right beam (rear beam). The force of
an earthquake loading can always act either to the right or to the left; here the
direction is indicative. As front beam is defined always the beam whose seismic

forces act towards the inside of the pallet beams; the rear beam is the other one.
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H H:

front beam

Figure 4-5 Forces on pallet beams after sliding

The pallet weight V is equally shared between the two pallet beams, each of which is
loaded by a vertical force V/2. Due to seismic action a horizontal force H develops in
the pallet which is applied at its centroid “CM”. The eccentricity e between the
seismic force H and the top of the beams creates an overturning moment and a pair of

vertical forces “P” in the pallet beams, determined from:

p="=5 (4-8)
The force P is added to the force due to gravity loading in the rear beam and
subtracted in the front beam. The total vertical forces on the two pallet beams are then

equal to:

Rear beam: V= g+ ? (4-9)
_V He

Front beam: Vao=5—% (4-10)

Eq. (4-9) and Eq. (4-10) are valid when both forces V; and V; are positive, i.e. there is
no rocking of the pallets. This is the only case examined here that corresponds to field
observations where no rocking of the pallets was reported. Rocking starts when V;
becomes zero, i.e when H = Z—:

As the vertical forces on the two pallet beams are unequal, so are the corresponding

friction forces at sliding. According to Coulomb’s friction law, the maximum friction
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forces at the instance of sliding that remain unchanged also during sliding are equal

to:
V H-

Rear beam: Hi=p-Vi=p GG+ Te) (4-11)
V H-

Front beam: Hy=p-Vy=p (- Te) (4-12)

It may be seen that oppositely to the Code provisions [24], [25], the maximum
horizontal seismic forces are not equally shared between the two pallet supporting
beams. The forces on rear beam that are directed to the outside of the rack are larger
than the corresponding ones on the front beam that are directed on the inner side of
the rack. As the direction of the seismic forces is changing the front beam becomes
rear and its seismic horizontal forces, directed this time to the outside of the rack, get
larger. Accordingly, the Codes underestimate the horizontal seismic forces on the
pallet beams although they ensure equilibrium for the sum of forces. Such an
equilibrium is also provided by equations Eq. (4-11) and Eq. (4-12), the sum of which
gives Eq. (4-13) that indicates that sliding starts when the total horizontal force is u-

times the total pallets weight.

The fact that the horizontal seismic forces on the pallet beams directed to the outside
of the rack are larger than the corresponding ones directed to the inside of the rack
explains the observed plastic deformations of the beams to the outside that is shown in
Figure 4-2 and Figure 4-3.

Since the pallet is examined as rigid body, the horizontal action, before the sliding, is
symmetrically transferred to the pallet beams. The horizontal reactions on each beam
are equal to each other and specifically equal to H/2. Solving Eq. (4-12) for H/2, it is

redefined as:

H |4 H H Vb
H2=;=Eu—fu—> H(b+2eu)=Vbu—>;=2(b+Z"em (4-14)
Thus, the expression of H; is written:
_ Vbu
27 2(b+2epw) (4-15)

After the first sliding of the pallet, over the front beam, the magnitude of the lower

reaction H, remains constant at its maximum value given by Eq. (4-15), while the
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total action H could be further increased. Considering that H=H;+H,, and that after

the sliding H; and H; are not equal anymore, Eq. (4-11) is rewritten as:

H,= g” + (Hy1+H3y)e

Eliminating H,, using Eq. (4-15) the Eq. (4-16) is written as:

u—-2Hb=Vbu+2Heu+ 2H,eu '4-16)

_ Vbeu?
2H (b —eu) =Vbu + 2w (4-17)
The expression of H; is then written as:
_ Vbu eu
1= 2(b—ep) [1 + 2(b+2e;1)] (4'18)
Or:
__ V:bp 2b+5epu
1= 4(b-e'pn) (b+2e-p) (4'19)

H; is the higher force that acts on both pallet beams and it is proposed as design force.

4.2.3 Numerical model

In order to evaluate the analytical formulae, a numerical study is performed using
quasi-static geometric nonlinear analysis with FEM models in ABAQUS Code [26].
The numerical model as shown in Figure 4-6 includes two pallet beams that are
simulated with shell elements and a rigid pallet supported by them. The contact
between pallet and the pallet beams is simulated by appropriate contact elements of
Coulomb type with a specified friction coefficient (Figure 4-7). At their ends, the
pallet beams are considered as fixed in vertical plane to represent rigid connections to
the uprights and pinned in horizontal plane. In practice the connections in vertical
plane are not rigid, but this was a simplification not to add more parameters in the
study. The pallet’s weight and the horizontal load are applied to the centroid of the
pallet. The influence of important parameters like the mass eccentricity, the beam’s
stiffness and the position of the pallet along the beam is examined by three different
case studies. It should be said that the two latter parameters do not enter in the
analytical formulae, so it is of interest to examine if they actually do influence the
pallet forces. The type of analysis is linear elastic but non-linear in terms of geometry.
The pallet weight is applied first in order to develop friction and activate the contact
elements. Subsequently a horizontal force is applied at the centroid of the pallet and is

gradually increased up to the point where the pallet starts to slide. At this point the
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horizontal forces on the two pallet beams, provided by the sum of the corresponding
beam reactions, are recorded and compared to those derived analytically by equations
Eq. (4-15) and Eq. (4-19).

Figure 4-6 Numerical model with a rigid pallet on the middle part of the pallet beams

Horizontal force A

+HR

=

Displacement

Figure 4-7 Adopted friction law of Coulomb type

4.2.4 Case study 1

The pallet beams have a rectangular hollow section with dimensions 120X40X2 mm,
their distance is b = 1.1 m, the pallet mass is V = 800 kg, the friction coefficient is
taken as p = 0.375, adopted from [25] where p = 0.37 is proposed as friction
coefficient between steel beams and wooden pallet. The pallet has dimensions
800X1100X1500 mm, typical for a EUROPALLET and it is placed in the middle of

the pallet-beams. The parameter that is varied is the eccentricity of the mass e which
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corresponds to half of the height of goods and takes values 0, 0.065, 0.43, 0.8, 1.31,
1.385 and 1.46 m.

Figure 4-8 compares the sliding forces on the two beams as provided by the numerical
analysis, the analytical formulae and the Code [25]. It may be seen that the numerical
results are very close to the analytical ones. It may also be seen that the additional
safety factor C,n = 1.5 proposed in [24] and [25] does not cover larger loading
eccentricities. This factor was not supposed to cover this effect but other uncertainties,
e.g. in regard to the value of the friction coefficient etc. It may be observed that the
analytical formulae predict correctly the horizontal seismic forces on the pallet beams
and that the Code predictions underestimate the forces that are directed towards the

exterior of the rack.
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Figure 4-8 Sliding forces on pallet beams for one pallet in the middle of the beams

4.25 Case study 2

This case study investigates the influence of the beam-stiffness on the system. For this
purpose a stiffer cross section is applied to the pallet beams. More specifically a
hollow rectangular section 120X40X10 mm is used, which has a moment of inertia
3.8 times higher than the section 120x40x2, used in case study 1. Figure 4-9 shows

the results that extend the observations of the previous case study to stiff pallet beams.
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Figure 4-9 Sliding forces on stiff pallet beams for one pallet in the middle of the beams

4.2.6 Case study 3

This case study examines the influence of the pallet’s position on the ultimate sliding
force. The difference to case study 1 is that the rigid pallet is placed on the right side
of the pallet-beams. Figure 4-10 shows that this effect does not influence the seismic
forces on the pallet beams.

Based on the previous investigations it may be concluded that the horizontal seismic
forces on the pallet beams at pallet sliding are influenced by the elevation of the pallet
mass in respect to the top flange of the pallet beams. The forces on the two beams
become unequal with increasing mass eccentricity with the rear beam subjected to a

larger force that is directed towards the outside of the rack.
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Figure 4-10 Sliding forces on pallet beams for one pallet at the right side of the pallet beams

4.3 Horizontal bending moments in pallet beams

The horizontal seismic loads in cross aisle direction introduce bending moments in the
pallet beams that act on their minor axis. These loads are considered, like the vertical
live loads, as uniformly distributed where a pallet exists. However, due to friction the
pallets may act as a diaphragm to the pallet beams distributing more evenly horizontal
loads over the entire beam’s length. The resulting bending moments may be thus less
than the corresponding ones derived from global analysis. This is taken into account
in EN16681 by introduction of correction coefficients to the bending moments as
shown in Table 4-1. Obviously the diaphragmatic action, if any, exists up to the point
where sliding of the pallets occurs and is lost after sliding. This section presents a

numerical study where these effects are investigated.

Line Number of unit loads per compartment Single span beams
1 n out of n 0 (completely restrained)
2 1 out of 2 0.6
3 1 at mid span out of 3 1.0
4 2 out of 3 0.6
5 2 at mid span out of 4 0.7
6 3 out of 4 0.5

Table 4-1 Correction coefficients for horizontal bending, excerpt from EN16681
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The numerical model is as simple as possible and consists of 2 independent pallet
beams loaded with up to 3 out of 3 pallets. The pallet beams are considered
deformable in the vertical plane and they retain their actual flexibility in all directions;
the pallets are considered rigid in the horizontal plane and the transverse vertical
plane (perpendicular to the pallet beams), but flexible in the longitudinal vertical
plane (parallel to the pallet beams). A number of important parameters that are
introduced later were taken into consideration. Other parameters such as the
eccentricity of the support conditions, the eccentricity of the horizontal loads on the
pallet beams (applied on the upper flange), the flexibility of the pallet beams and/or
that of the pallets were not examined here, as their influence in the specific problem is
considered to be of minor importance.

The numerical model in the ABAQUS Code is presented in Figure 4-11. The pallet
beams are represented by beam elements assigned with a general section with user
defined properties. The inertial and geometric properties of this section are the
nominal values for an RHS 120X50X2 (typical pallet-beam section). The beams are

fixed in vertical plane and pinned in horizontal plane. The pallets are simulated as

three rigid surfaces in contact with the pallet beams (Figure 4-12).

Figure 4-11 The numerical model in ABAQUS for 3 pallets in a compartment
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Figure 4-12 Simulated configuration of pallets and pallet beams

Each surface is tied to a given point (control point) which lies on the level of the
pallets’ center of mass (CM), taking into consideration the mass-eccentricity. These
control points, and consequently the respective three surfaces, are constrained to each
other to all degrees of freedom except the vertical translation, in order to let the pallet
deform in that plane. Contact- friction elements were introduced between pallets and
pallet beams to simulate their interaction. The loads are applied directly to the control
points in two steps as following: in the first step the vertical load is applied in order to
activate the contact-friction elements and in the second step the horizontal loading is
gradually increased up to the point where the pallet starts to slide. The vertical load is
applied with a distribution Y4, %2, V4 to the three control points of each pallet and the
horizontal load is applied entirely on the middle control point. The analyses were
elastic and geometrically nonlinear. From each analysis the bending moments of the
pallet beams during the application of the horizontal load were recorded and
compared to the theoretical values.

Although the problem has been simplified, several parameters are taken into account
such as the friction coefficient between the pallet and the pallet beam, the elevation of
the pallets centroid, the pallet’s nominal weight (Qp) and the position and number of
pallets on the compartment. More specifically following values of the parameters
were considered, see Table 4-2:

e For the friction coefficient p the values 0.1, 0.3 and 0.5.

e For the elevation of the pallets (mass eccentricity) the values 0.35, 0.625 and 0.9 m
e For the pallet’s nominal weight Q, = 4, 8 and 12 kN.

e For the number and position of the pallets five different loading cases.
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The loading cases examined have some correspondence with the cases considered in

Table 4-1. Case B corresponds to line 3, cases C and D to line 4 and case E to line 1.

The total number of scenarios is 3x3x3x5 = 135. However, only 11x5 = 55 different

analyses as highlighted with bolt in Table 4-3 were performed, ensuring that the

influence of each parameter is examined at least once, while the other parameters

remain constant. The length of the pallet beams was taken here as L=2700mm.

Theoretical
Case Configuration Loading
moment M*
q
A = 25/648 qL2
L i

B = 5/72 qL2
C oo 1/18 qL?
D oo 8/81 qL2
E 000 1/8 qL2

Table 4-2 Loading configurations of the numerical study (boxes represent the pallets) and
corresponding theoretical bending moments M*

No of case study | Friction coefficient n | Pallet Weight Qp | Eccentricity of mass e
1 0.1 4 0.9
2 0.1 4 0.625
3 0.1 4 0.35
4 0.1 8 0.9
5 0.1 8 0.625
6 0.1 8 0.35
7 0.1 12 0.9
8 0.1 12 0.625
9 0.1 12 0.35

10 0.3 4 0.9
11 0.3 4 0.625
12 0.3 4 0.35
13 0.3 8 0.9
14 0.3 8 0.625
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15 0.3 8 0.35
16 0.3 12 0.9
17 0.3 12 0.625
18 0.3 12 0.35
19 0.5 4 0.9
20 0.5 4 0.625
21 0.5 4 0.35
22 0.5 8 0.9
23 0.5 8 0.625
24 0.5 8 0.35
25 0.5 12 0.9
26 0.5 12 0.625
27 0.5 12 0.35

Table 4-3 Total number of variations and examined cases of the numerical study

The theoretical bending moments M* for each loading configuration are shown in
Table 4-2. The results of the analyses in dimensionless form are presented in Figure
4-13 to Figure 4-17. The horizontal axis denotes the ratio H/Q,, where H is the
horizontal force on the front/rear beam and Q, the corresponding total vertical force
from all pallets resting on each of them. The maximum value of the ratio H/Q, is the
friction coefficient p employed in each case study after which the pallets slide and do
not offer any diaphragm action. The vertical axis presents the ratio M/M*, where M is
the maximum bending moment of the pallet beam from the nonlinear analysis and M*
the corresponding theoretical moment according to Table 4-2, when the front and rear
beam are loaded by half of the total force H/2. The vertical axis, the ratio M/M¥*,
actually presents the investigated correction coefficient for bending moments.

Figure 4-13 shows the results for fully loaded compartment, Table 4-2 case E. It may
be seen that the results may be grouped in three categories in accordance to the
friction coefficient — 0.1 (dotted lines), 0.3 (dashed lines), 0.5 (continuous lines) —

employed.
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Figure 4-13 Results for 3 unit loads out of 3 per compartment (case E)

Figure 4-14 and Figure 4-15 show the results for 2 unit loads out of 3 in the
compartment, Table 4-2 cases C and D. The results may also be grouped in three
categories as before according to p. For p = 0.5 and 0.3 it is observed that the
moments of the rear beams are larger than those of the front beams from the very
beginning of the analyses. Graphically it is depicted at the point, where each group of
curves broadens. The curves that tend upwards are those of the rear beams as they are
more intensively being loaded, while the curves that tend downwards are those that
correspond to the front beams which are gradually being unloaded. This contradicts
the regularly used assumption of equally sharing of the horizontal seismic forces
between the two beams. Accordingly, the conclusion of the previous paragraph that
the forces of the rear beams are larger than those of the front beams is once more
confirmed. That happens when the pallet starts to slide over the front beam, and the
point where the curves broaden depicts also the beginning of the sliding effect. At the
end steps of the curves an intense divergence of the curves is observed, which is due

to the beginning of the sliding over the rear beam as well.
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Figure 4-14 Results for 2 unit loads out of 3 per compartment (case C)
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Figure 4-15 Results for 2 unit loads out of 3 per compartment (case D)
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Finally, Figure 4-16 shows the results for one unit-load at mid-span, Table 4-2 case B
and Figure 4-17 for one unit-load at the extremity of the pallet beams, Table 4-2 case
A, respectively. The observations made before in respect to the grouping in friction
coefficients and the larger forces of the rear beams are also valid here. It may be seen
that pallets at mid-span provide some diaphragm action for a long range of horizontal
forces providing a correction coefficient with a stable value of 0.8. The M/M*-ratio
increases in the rear beams beyond 0.8 at larger horizontal forces. However, this
effect is balanced if the horizontal forces are not equally shared between the two

pallet beams as was seen in the previous section of this chapter.

Correction Coefficient M / M*

0.2

0 | L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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1 1 | 1

Figure 4-16 Results for 1 unit-load at mid span out of 3 per compartment (case B)
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Figure 4-17 Results for 1 unit-load at the extremity out of 3 per compartment (case A)

In order to clarify the influence of the pallets on the pallet beams’ minor axis bending,
moments diagrams are presented that depict the bending moment diagram along the
pallet-beams for different steps of the nonlinear (multistep) analyses. Two extreme
situations are presented, that is cases 6 and 22 of Table 4-3. The extreme situations
refer to the friction coefficients (0.1 vs. 0.5) and the eccentricity of masses (0.35m vs.
0.9m) that intensifies the rocking effect and consequently the loading difference
between the two pallet beams. Figure 4-18 (A to E) present the bending moment
diagrams of case study 6 and for loading cases A to E. Red shows the moments for the
more intensively loaded rear beam and black the less loaded front beam. The different
lines depict the moments at increasing loading steps. It may be seen that the bending
moments of the two pallet beams are quite similar from the first steps even until some
steps before the sliding of the pallet. This happens for all cases A to E. However after
sliding the moments at the front beam (black line) do not increase anymore, while
they increase further at the rear beams (red line). This confirms that the sliding starts

at the front beams and that the forces after sliding do not increase any more.
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Figure 4-18 Weak axis moment distribution for the front (black) and the rear (red) pallet beams
at increasing loading steps, case study 6, cases A to E

Figure 4-19 presents the corresponding curves for case study 22 of Table 4-3. The
observations made before are valid here too. However, the rocking effect is intensified
at higher eccentricity and higher friction coefficient. The pallet is starting to overturn
earlier and thus the bending moments of the two pallet beams deviate more than

before.
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Figure 4-19 Weak axis moment distribution for the front (black) and the rear (red) pallet beams
at increasing loading steps, case study 22, cases A to E

4.4 Buckling Length of Pallet Beams in Horizontal plane

Pallet beams may be subjected to high axial forces, especially if they are part of the
vertical bracing system. Accordingly, they must be checked against buckling in both
directions though the pallets act through the friction forces like a diaphragm between
the two pallet beams. This might reduce the buckling length in horizontal plane and
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therefore increase the buckling resistance of the beams. EN16681 considers this
phenomenon, proposing reduced buckling length factors that depend on the number
and position of the pallets on the pallet beams as shown in Table 4-4. This proposed

reduction is numerically investigated in this section.

Line | Number of unit loads per compartment | K for single span beams
1 n out of n 0
2 1 out of 2 0.6
3 1 at mid span out of 3 1.0
4 2 out of 3 0.6
5 2 at mid span out of 4 0.7
6 3 out of 4 0.5

Table 4-4 Buckling length factor K for pallet beams in horizontal plane, excerpt from [25]

The numerical model employed is the same as in the previous paragraph as shown in
Figure 4-11 and Figure 4-12. The parameters considered here are:

a) The friction coefficient x with values 0.1, 0.3, 0.5 and 100, the latter
representing a theoretical case in which the pallets are fixed to the pallet
beams.

b) The pallet’s nominal weight Qp = 8 and 12 kN.

¢) The number and position of the pallets according to Table 4-2.

d) The elevation of the pallets (mass eccentricity) was taken as 0.625m.

e) The length of the pallet beams was fixed and equal to L = 2.7 m.

The analyses are performed in 3 steps. In the first step, the pallet beams are subjected
to a horizontal uniformly distributed load, in order to create an initial deflection of a
bow-like shape, thus introducing an out-of-plane initial imperfection on the pallet
beams. In the second step, the vertical loads are applied to the pallets in order to
create the reactions on the pallet beams and to activate the friction-contact elements of
the model. In the third step, both the pallet beams are subjected to an equal axial
compression loading until the load cannot increase substantially.

The system’s response is expressed by applied compression force — mid-span
deflection curves as shown in Figure 4-20 (Qp=8kN) and Figure 4-21 (Qp=12kN).
Two curves are also added in the figures:

The Euler buckling load of the beams for buckling length factor K = 1, designated as
“Euler”, and the numerically determined by geometrically non-linear elastic analysis
load-deflection curve of a single pallet beam subjected to compression with a
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horizontal imperfection 13.5 mm (L/200), provided by Eurocode 3 [29] for buckling
curve c, designated as “Single”.

The other curves are denoted by a capital letter and a figure. The letter denotes the
loading configuration according to Table 4-2, while the figure the value of the friction
coefficient. For example, B-0.3 represents the case (B) of loading by one pallet
positioned in the middle of the beam and a friction coefficient of 0.3.

The results show very high resistances for B-100 and E-100, indicating that if the
pallets are mechanically connected with the beams, no buckling would occur since the
pallets would laterally restrain the beams or at least the middle part of it. For clarity
reasons, the envelope of the curves is presented as a grey shaded area; this area is
bounded by the cases B-0.1 and A-100. It is observed that the shaded area that refers
to realistic conditions of the friction coefficient and the placement of pallets on the
beam is bounded by the Euler buckling load and the curve of the beam with initial
imperfections. This indicates that the presence of the pallets offers some diaphragm
action and makes the system stiffer; however this increase in stiffness is not sufficient
to reduce the buckling length so that all beams ultimately fail in the first buckling
mode. In relation to Table 4-4 it may be said that the proposed values of the buckling

length reduction factor K are not confirmed by the present study.
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Figure 4-20 Load vs. deformation curve for pallet weight 8 kN
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4.5 Conclusions

This paper deals with steel storage racking systems in seismic areas and more
specifically with the seismic design of their pallet beams. Employing analytical and
numerical methods, the provisions of the current European Codes were examined and
reassessed. The conclusions with respect to the investigated issues are here
summarized.

Regarding the lateral forces on pallet beams, it was found that:

e Unlike the Code provisions the lateral forces are not equally distributed
between the two supporting pallet beams.

e The distribution of the lateral forces is strongly influenced by the elevation of
the pallet mass, in respect to the beam top flanges, as well as by the friction
coefficient and the width of the rack.

e The beam forces directed towards the outside of the rack are higher than those
predicted by the Codes and it is strongly recommended to determine them
according to Eq. (4-19)

Doctoral Thesis Konstantinos Adamakos NTUA 2018



Chapter 4 151

e The latter explicates why the permanent deformations of some beams, after
strong earthquakes are always directed towards outside the rack. (see Figure
4-2 and Figure 4-3)

Concerning the influence of the pallets, through a diaphragmatic action, on reducing
the horizontal bending moments of the beams, it was found that:

e Reduction coefficients for the horizontal bending moments were confirmed
only before and at the very beginning of the sliding effect.

e It is therefore proposed instead of using correction-reduction factors on the
horizontal bending moments, to determine these based on the lateral seismic
forces, as defined by Eq. (4-15) and Eq. (4-19).

Finally, about the buckling length of the beams in the horizontal plane, it was found
that:

e The frictional forces, due to the presence of pallets on a beam, could not
prevent sufficiently the beams from buckling according to the dominant
buckling mode

e The buckling length should be equal to the beam’s length, if no mechanical

connection between the two opposite beams is used.
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5. Conclusion, scientific contribution and
proposals for further research

5.1 Conclusions

The conclusions of the present dissertation refer to two different issues: First the

seismic response and seismic design of racks and second the interaction between

pallets and pallet beams that affect the final design not only of a pallet beam but also

of a whole system.

The conclusions on the seismic design and response of racking systems are

summarized as following:

a)

b)

9)

Numerical simulations of racking systems based on nominal values for the
component members and assemblies are very often not realistic and cannot
predict adequately the actual dynamic properties of the systems. As a result
they should be supported by experimental tests on the level of subassemblies.
Nonlinear static, pushover, analyses that are based exclusively on theoretical
and/or numerical data overestimate the ductility of the system, leading to very
high values of the behavior factors

Nonlinear dynamic analyses indicate that the available ductility of the systems
is usually limited

Values of the behavior factors employed in design practice are notably lower
than the proposed ones by the norm, however, they seem to be more realistic
The available ductility of the systems has its main source to the overstrength
Since the large portion of the behavior factor determined by pushover analyses
is derived from the overstrength, it indicates the need for an alternative q
factor definition, different than the usual one for buildings, especially for
racks.

The application of a complete capacity design for racking systems is
necessary, in order to achieve a progressive failure mechanism that would

result in the safe use of the proposed by the norm or even higher values of the

Seismic actions and response of steel storage pallet racks- A numerical investigation



156 Appendix A

behavior factor with confident, and that would lead to lighter structures and
more economic solutions
The conclusions on the seismic design of pallet beams may be summarized as

following, where reference is made to European codes:

a) The normative documents describe well, but in a static manner, the global
sliding event

b) Pallet beams are subjected to horizontal seismic forces that are sometimes
much higher than the described ones by the codes

c) The parameters that found to influence the maximum developed horizontal
forces on a pallet beam in case of sliding are the elevation of the center of
mass of the pallet, the distance between the faced pallet beams, the friction
coefficient and the weight of the pallet

d) The normative provisions of EN16681 concerning the reduction of the out-of-
plane bending moments on the pallet beams were not confirmed

e) In case of pallets’ sliding, the existence of the pallets on the pallet beams was
found not to offer a diaphragm action on the system

f) The buckling length of the pallet beams should not be reduced due to the
existence of the pallets, as the initiating of the buckling enforces local sliding

and the initially partial diaphragm is suspended.
5.2 Scientific contribution

The present thesis is one of the few researches about steel storage pallet racking
systems against seismic actions. There are surely many published works about them,
but they are still few in comparison to the conventional structures. There are two main
parts in this thesis; the one concerns the evaluation of the seismic response of
conventional racks in a global response-level and the second one is the investigation

of the seismic actions on the pallet beams, from a local point of view.

The first part of the thesis could contribute in the research concerning racking systems
providing a guideline for the application of static nonlinear analyses in these systems.
A step by step methodology is presented about how to run pushover analyses and
numerous numerical result are presented for real case studies provided by real

manufactures, comparing also the numerical results with experimental full scale test
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that were performed in other collaborated universities. The maximum available
behavior factor for each different system is given, categorizing the results depending
on the different types of configurations. Moreover, this first part of the thesis provides
also the guidelines for the performance of dynamic analyses, or even incremental
dynamic analyses, accompanying by a rough probabilistic analysis and a final
evaluation of the dynamic behavior of racks that are designed according to the latest
European norms. The thesis is one of the first ones that present results of an
Incremental dynamic analyses applied to racking systems, providing a completed
evaluation of the seismic response of those systems and proposing specific values of

the behavior factor for unbraced racks in the down and cross aisle direction.

The second part of the thesis eliminates the doubts around the design of the pallet
beams under seismic actions. Although the present norms are extensively referred to
the pallet beams, the herein included reports and pictures show a lot of cases of failure
at the pallet beams. Chapter 4 investigates the influence of the pallets on the pallet
beams during an earthquake event and mainly proposes new formulas for the pallet
beams’ horizontal actions that result in the sliding of the pallet and in bending
moments around the minor axis of the beams; facts that many times have led to partial
collapse of the racks, or even, fall of the pallets down to the floor. This part amends
also the proposed tables (by the European norm EN16681) that are referred to the out
of plane bending of the pallet beams, their buckling length and generally gives an
answer to a question of major importance that concerns many researchers; whether or
not the existence of the pallet could offer a diaphragm action on the pallet beams,

making the system stiffer, and able to redistribute the forces, in case of local failures.

5.3 Proposals for further research

Although the present study includes numerous analyses and investigates many of the
hot topics around the steel storage pallet racks, there are apparently many other issues
that are related to the research of the present thesis and that were not investigated.

Thus, some interesting issues for further research are proposed for investigation.

A first aspect that would support the present research would be the performance of
incremental dynamic analyses for braced racks. It requires very special and

complicated numerical models that should be based on experimental results.
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Application of the proposed methodology of chapter 3 to braced models could verify

and propose the appropriate values of the behavior factor for these systems.

Next, a capacity design should be organized and proposed in order to avoid such
brittle collapse modes, as exhibited by the experiments and the numerical results. The
use of low values of the behavior factor does not oblige the engineers to perform a
capacity design for the system. However, since the racks do not allocate high levels of
ductility, there are many cases that the most brittle mechanisms (i.e. the shear failure
of connected bolts) are firstly developed. Thus, a capacity design is highly proposed
to be settled, in order to be able to provide more sufficient inelastic behavior in these

systems.

Finally, a proposal for further research could be the dynamic investigation of the
sliding event on the pallet beams. Chapter 4 of the present thesis presents results for a
pseudo static investigation of the interaction that exist between pallets and pallet
beams. Dynamic models tested under harmonic loading or even better under real
earthquake excitations could be the most accurate to describe the whole phenomenon
with completeness, evaluating dynamically the proposed formulas presented in

chapter 4.
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6. Appendix A

Post-testing calibration of numerical models to
experimental tests

6.1 Introduction

The objective of this appendix is to present a method for calibration of numerical
models to experimental investigations such as those performed during the
SEISRACKS?2 for racks of the industrial partners. The components where tests were
performed and calibrations done were the beam-end-connectors, the base-plates and

the upright sections.

The behavior in down aisle direction is highly influenced by the properties of the
beam-end-connectors, of the base-plates, the existence of the vertical bracings and the
upright sections in respect to bending around their major axis. The cross aisle
direction is governed by the behavior of the diagonal members, the upright sections in
respect to bending around their minor axis, and generally the global shear stiffness of
the upright frames. The latter is apparently directly affected by all previous
components, although the shear stiffness determined experimentally is less than the
calculated one when the latter is based on the analytical formulae. This is due to the
looseness of either the single bolts or the hooked connections. This is the reason why
both normative documents FEM10.02.08 and EN16681 require the execution of
experimental tests for each different configuration that appears in the market.

Experimental tests during SEISRACKS2 were performed in three Universities and in
particular in the University of Liege for tests on the shear stiffness of uprights frames,
under monotonic and cyclic loading, in RWTH Aachen for tests on base-plates, beam-

end-connectors and in Politecnino di Milano on complete racking systems.

The post testing calibration procedure presented here refers to monotonic and cyclic
tests and was used to define reliable numerical models to be used in nonlinear static

and dynamic analyses. In addition to experimental results, results of detailed
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numerical analyses on upright members to bending with axial force were introduced

in global numerical models using Opensees [1].

6.2 Beam-end-connectors

Experimental monotonic and cyclic tests have been performed in down aisle direction
for different pay load levels in order to identify the properties of the semi-rigid beam-
to-column type connections, the so called beam-end-connectors. The cyclic tests
detected a hysteretic behavior that included pinching strength and stiffness
degradation. The tests for a fully loaded configuration (3 pallets of 800kg per
compartment) were used for calibration as they represent the most severe condition in

the global model.

All tests have been simulated using the exact geometry, the loading protocol, the used
cross sections and the constraints or restrains of the system. Figure A- 1 shows a
sketch of the experimental configuration. In order to distribute uniformly the
horizontal applied load, a horizontal rigid beam, indicated in red, is installed as
extension of the jack. This is simulated constraining the two top nodes in the

longitudinal direction.
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Figure A- 1 Experimental configuration for the characterization of the beam-end-connectors
performed in RWTH Aachen

The beam-end-connectors are hooked-in semi-rigid connections and they are

conventionally simulated with rotational springs, either linear or nonlinear with one or
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two nodes (depending on the software). In the current case the springs are governed
by a cyclic non-linear moment-rotation law. The selected material mode provided by
Opensees is the Hysteretic Material. This is defined by a positive and a negative
skeleton curve and four additional parameters that influence the loading and
unloading stiffness of the connector, strength degradation the pinching. The hooks of
the connector need severe tolerance in the corresponding holes in order to be easy-
installed; this tolerance makes the stiffness gradually zero when the assembly is
almost unloaded, creating looseness and as a result the pinching phenomenon. During
the cycles of the loading history and when the connector is highly loaded, the hooks
deforms plastically, the perforations of the upright are becoming bigger and bigger

and thus the degradation and the pinching intensify.

Figure A- 3 and Figure A- 4 present experimental and numerical results for the
different tested configurations. It may be seen that the calibration procedure was
adequate to produce a high similarity between experimental and numerical
predictions. The calibration took place selecting the appropriate parameters for the
hysteretic model defined graphically in Figure A- 2. The calibrated values of the
parameters are shown in Table A- 1. The diagrams present the curves in terms of
bending moment (M) over yield moment at the first significant yielding point of the
connector (My) in the vertical axes and rotation (r) over the corresponding rotation at

the first significant yield (ry).
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Figure A- 2 Skeleton curve of the spring elements used in Opensees
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Industrial D
partner

$elp-$sip 1 1 1 1 1 1 1 1
$e2p-$s2p 1.07 2.3 1.5 3.33 1.4 3 1.16 3.2
$e3p-$s3p 024 6 073 1133 13 15 0.5 6
$eln-$sin -0.95 -1 -1 -1 -1 -1 -0.93 -0.84
$e2n-$s2n -1 -2.5 -1.33 -3.33 -1.63 -7.5 -1.06 -3.2
$e3n-$s3n -0.38 -6 -0.73 -11.33 -1.3 -18 -0.5 -6
$pinchX 0.8 0.8 0.8 0.8

$pinchY 0.5 0.5 0.5 0.5

$damagel 0 0 0 0

$damage?2 0 0 0.1 0

$beta 0 0.3 0 0

Table A- 1 Values of the hysteretic spring parameters for the beam-to-column connections
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Figure A- 3 Moment-rotation diagram for a) BEC provided by IP-A, b) BEC provided by IP-B
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Figure A- 4 Moment-rotation diagram for a) BEC provided by IP-C, b) BEC provided by IP-D
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6.3 Base-plates

Tests on base-plate connections were performed using a single upright member
supported on a base-plate and then on a rigid steel plate, representing a stiff concrete
slab. The uprights are short, about 45cm, and extended by a rigid member. On the top
they were pinned as depicted in Figure A- 5. The specific tests have the objective to
determine the rotational stiffness of the connection to monotonic and cyclic loading,
as well as the moment capacity and the moment-rotation law of the assembly. The
upright members were loaded on the top with an imposed horizontal displacement,
under a simultaneous constant axial load of 48 kN. The numerical model consists of a
single beam element that is connected to a rotational non-linear spring at the base-
plate and is pinned on the top. The spring’s moment rotation law is defined by the
same hysteretic material of Opensees as presented before in Figure A- 2. Figure A- 6
and Figure A- 7 present graphically the results of the calibrated numerical models and
the corresponding experimental ones. It may be seen that the hysteretic model and the

selected values of the parameters are appropriate for the description of the base-plate

behavior.
Constant loading
(force controlled)
r'y
Pendulum H,

Variable loading
(displacement controlled)

Upright

Column base
Riaid steel plate

Figure A- 5 Experimental configuration for tests on the base-plates (RWTH Aachen)
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Industrial partner A B C D
$elp-$sip 1 1 1 1 1 1 1 1
$e2p-$s2p 1.56 8.57 1.25 4.54 1.02 5 1.18 7.5
$e3p-$s3p 0.8 21.4 0.5 13.6 0.67 16.6 0.3 25
$pinchX 0.35 0 1 0
$pinchY 0.15 0 0.4 0.1
$damagel 0 0 0 0
$damage?2 0 0 0 0
$beta 0 0 0.4 0
Table A- 2 Values of the hysteretic spring parameters for the base plate
20 15 o
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Figure A- 6 Moment-rotation diagram for a) BP provided by IP-A, b) BP provided by IP-B
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Figure A- 7 Moment-rotation diagram for a) BP provided by IP-C, b) BP provided by IP-D
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6.4 Upright’s behavior

The uprights are composed of perforated open, thin walled sections. The prediction of
the behavior of such members is remarkable difficult by analytical methods.
Therefore, experimental and/or detailed numerical methods should apply to define the
behavior to cyclic loading. Experimental tests on isolated uprights were not scheduled
in the frame of SEISRACSK2, so their response to cyclic loading has to be
determined by application of numerical tools. Abaqus software [2] was used to
simulate a single upright member of 1m, with shell elements and the exact geometry
provided by the industrial partners. The uprights’ behavior is investigated separately
for the major and minor axis. An axial loading of 48 kN (corresponds to a middle
upright of a fully loaded configuration) is applied and a non-linear monotonic analysis
is performed in order to define the yield displacement of each examined upright for
each direction. Subsequently the cyclic response is studied applying cyclic
displacements +dy, +238y, +£3dy, +40y. Analyses are material- and geometry-non-
linear. The material law takes into account hardening of steel, supposing that due to
cold-forming the material has no distinct yield point, plateau region etc. Accordingly,

the material follows a continuous bilinear stress strain law.

The required diagrams to introduce in Opensees software for global analyses are
moment-curvature curves that describe the plastic-hinge’s properties for the upright
members. The plastic-hinge cyclic behavior is described by the hysteretic model
presented in Figure A- 2. This is accomplished using Eq.(A.1) which describes the
relation between plastic rotation and plastic curvature as proposed by Naderpour,
2007 [3].

8p = [, [000 — @y] dx (A1)

In Eq. (A-1) Op is the plastic hinge rotation on each side, ly is the length of the beam
over which the bending moment is larger than the yielding moment, ¢(x) is the
curvature at a distance x from the critical section and @y is the yielding curvature.
Using Eq. (A-1) one can easily calculate the relation between the rotation and the
curvature of a critical section of a plastic hinge. A simplified expression of the above

equation is given by Eq. (A-2):
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Op = (0u — @y)lp = Gplp (A-2)

where, @u and @y is the curvatures at the ultimate load and yielding, respectively and

op is the plastic hinge curvature.

The plastic hinge length was derived by the analysis, measuring the length over which
the von Mises stress is higher than the equivalent nominal yield stress. This length is

depicted with grey in Figure A- 8 and Figure A- 9.

As the objective is to define an equivalent reliable and calibrated model in Opensees
software, a model was created in Opensees, using beam elements, with distributed
plasticity in a length equal to the previously defined 1,. The nominal inertial and
geometric properties are used for the beam model, which is loaded exactly as in
Abaqus model. The supports of the two models are exactly the same; in particular, the
base point is pinned and the top point is fixed with releases for the translation on the
two loading directions (axial direction and one of the two other horizontal directions).
Figure A- 8 and Figure A- 9 show the behavior of a typical upright cyclic loaded on
the major and minor axis respectively as exported from Abaqus. It should be
mentioned that the plastic hinge forms due to local buckling of the section, while
outside it the compression stress does not exceed the yield stress.

In the Abaqus model bending moments at the base point and member rotation are
directly recorded, while in Opensees they are calculated, using the displacement and
the imposed load of the top node. The bending moment is equal to M=FI, the
member’s rotation to 6=A/l, where F is the imposed force, A is the top displacement
and | the examined length. Figure A- 10 to Figure A- 15 present moment-rotation
curves from the previously described Abaqus-analyses in comparison to the calibrated
Opensees-results, using Eq.(A-2) and the parameters for the uprights of each IP,
presented in Table A- 3, Table A- 4 and Table A- 5.
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Figure A- 8 Failure mode of upright for bending around the major axis

Figure A- 9 Failure mode of upright for bending around the minor axis
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Figure A- 10 Moment-curvature diagram for IP-A

a) Major axis bending b) minor axis bending
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Figure A- 11 Moment-curvature diagram for IP-B

a) Major axis bending b) minor axis bending
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Figure A- 12 Moment-curvature diagram for IP-C for the high seismicity configuration

a) Major axis bending b) minor axis bending
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Figure A- 13 Moment-curvature diagram for IP-C for the medium seismicity configuration

a) Major axis bending b) minor axis bending
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Figure A- 14 Moment-curvature diagram for IP-D for the high and medium seismicity

configuration

a) Major axis bending b) minor axis bending
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Figure A- 15 Moment-curvature diagram for IP-D for the low seismicity configuration

a) Major axis bending b) minor axis bending

Industrial partner A B
Low/High Low/High
Major Minor Major Minor
$elp-$sip 1 1 1 1 1 1 1 1
$e2p-$s2p 1.02 216 1.02 158 1.02 2 1.1 1.6
$e3p-$s3p 0.25 6.67 0.2 588 0.19 12 0.75 4
$eln-$sin -085 -1 -0.75 -0.8
$e2n-$s2n -0.89 -1.53 -0.77 -1.6
$e3n-$s3n -0.2  -5.88 -0.25 -4
$pinchX 0 0 0 0
$pinchyY 0.9 0.9 0.8 0.75
$damagel 0.05 0.1 0.2 0.2
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$damage?2 0.9 0.05 0 0.2
$beta 0.3 0.18 0.1 0.1

Table A- 3 Used hysteretic parameters for the uprights for each IP and each direction (notation

as in Figure A- 2)

Industrial partner C
Medium High

Major Minor Major Minor
$elp-$sip 1 1 1 1 1 1 1 1
$e2p-$s2p 1.03 16 105 143 103 172 107 16
$e3p-$s3p 0.26 3 0.52 4 032 517 03 5
$eln-$sin -096 -1.03
$e2n-$s2n -098 -1.72
$e3n-$s3n -0.19 -043
$pinchX 0 0 0 0
$pinchyY 095 0.85 0.95 0.9
$damagel 02 02 0.2 0.2
$damage?2 02 02 0.2 0.2
$beta 0.2 0.25 0.2 0.15

Table A- 4 Used hysteretic parameters for the uprights for each IP and each direction (notation

as in Figure A- 2)

Industrial
D
partner
Low Medium High

Major Minor Major Minor Major Minor
$elp-$sip 1 1 1 1 1 1 1 1 1 1 1 1
$e2p-$s2p 1.02 193 113 171 12 18 116 285 1.08 24 1.06 25
$e3p-$s3p 0.15 438 0.22 428 025 54 033 714 041 8 0.47 7.5
$eln-$sin
$e2n-$s2n
$e3n-$s3n
$pinchX 0 0 0 0 0 0
$pinchY 0.85 0.85 0.92 0.97 0.92 0.96
$damagel 0.1 0.1 0.2 0.1 0.2 0.1
$damage?2 0.1 0 0.2 0.1 0.2 0.1
$beta 0.15 0.15 0.09 0 0.09 0

Table A- 5 Used hysteretic parameters for the uprights for each IP and each direction (notation

as in Figure A- 2)
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Although the uprights are mainly subjected to bending moments and/or axial forces
there are some configurations for which the shear forces are significantly high and the
experiments showed failure due to these extreme shear forces. Such cases were also
studied with Abaqus especially for IP-B by a non-linear static analysis. High shear
forces develop in the uprights due to fact that the consecutive diagonals are not
connected at the same perforation of the upright, but at two different consecutive
perforations. Accordingly, their axes do not meet at the same point of the upright’s
axis, but eccentrically resulting in significant shear forces. The uprights are simulated
in ABAQUS using elements with an extra fine mess. The material law is bilinear
elastic-plastic with hardening. A constant axial force 48kN is applied, and two
opposite diagonal forces to two consecutive perforations are applied monotonically in
the direction of the diagonal members. The deformed shape of the upright and the von
Mises stresses in the vicinity of the eccentricity are illustrated in Figure A- 16, while

Figure A- 17 show the applied shear force vs. the transverse displacement. In

Opensees software a linearized diagram is introduced.

Figure A- 16 Deformed shape of upright member under shear force and examined equivalent

static model
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Figure A- 17 Shear force- transverse deformations for upright member of I1P-B

6.5 Upright frames

Complete full scale upright frames were tested in the University of Liege in order to
identify the structural response in cross aisle direction. Seven configurations provided
by the four industrial SEISRACKS?2 partners, were tested. Lateral forces were applied
along the height in a triangular shape, as presented in Figure A- 18. Such tests are
necessary to determine experimentally the shear stiffness of upright frames and assign
an equivalent cross-sectional area for the diagonal members, in analysis that provides
the same shear stiffness in cross aisle direction. In this research not only the elastic/
initially linear shear stiffness is of interest, but also the pre- and post- failure behavior
as well as the maximum capacity and ductility of the systems. Thus, numerical
models in Opensees were developed to simulate these tests, calibrate the values of the
parameters that provide and use these values in subsequent nonlinear static and
dynamic analyses. The numerical models use beam elements with nonlinear
properties for the uprights and truss elements with nonlinear properties for the
diagonals. The uprights properties were already calibrated as described in paragraph
A-4 of this appendix. The properties of the diagonal members are here calibrated to fit
as possible to the experimental curves. The previously described hysteretic model of
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Opensees is again used for both upright and diagonal nonlinear properties, where the
latter are expressed in terms of axial force vs. axial displacement and are given in
Table A- 6. Figure A- 19 to Figure A- 22 show the experimental and numerical
results, after calibration. The curves are presented in dimensionless form in terms of
Vy and dy, which correspond to the “yield” values of the base shear and top

displacement, as determined by Eurocode 3.

v v v v i
|

Figure A- 18 Experimental configuration for the upright frames in cross aisle direction for tests

performed in Uliege
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Figure A- 19 Base Shear- Top displacement curves for IP-A
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Figure A- 20 Base Shear- Top displacement curves for 1P-B
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Figure A- 21 Base Shear- Top displacement curves for IP-C

a) configuration for high seismicity
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Figure A- 22 Base Shear- Top displacement curves for IP-D

configuration for high seismicity
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d) configuration for medium seismicity
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1.5
numerical
experimental
1+
05+
; /
~ 0+ p3
s 7
0.5+
A
_15 1 L 1 I 1 1
25 2 -5 -1 05 0 05 1 15
d/dv
e) configuration for low seismicity
Industrial
A B C D
partner
High Medium High Medium Low
$elp-$sip 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
$e2p-$s2p 1.00 1.07 1.12 2.00 1.55 3.00 1.00 3.00 1.00 176 1.00 214 1.05 214
$e3p-$s3p 0.22 286 020 3.00 064 1000 042 10.00 037 588 080 286 019 286
$eln-$sin
0.78 0.88 092 0.71
$e2n-$s2n
0.78 1.76 096 1.43
$e3n-$s3n
0.37 588 032 4.29

Table A- 6 Used hysteretic parameters for the diagonals with notation from Figure A- 2

6.6 Calibration of full-scale systems

Using the data from the calibration of the specimen-tests (subassemblies) a numerical

model is formed for each configuration of the IPs. The full scale configurations are

composed of 2 bays and 4 storeys, fully loaded by 3 pallets of 800kg per

compartment. Pushover analyses are performed for each model, following the same

loading protocol (triangular distribution) as the full scale tests. The initial model for

two braced and two unbraced racks present a very good match to the experimental

results. However, the numerical models for two unbraced and two braced racks

presented a completely different response than the corresponding experimental ones.

These models were considered unreliable and were not further investigated. Figure A-

23 to Figure A- 26 present the fitted numerical results to the experimental ones. The
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presented configurations are the ones that are investigated in chapter 3 for dynamic

analyses.
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Figure A- 23 Total horizontal force vs. top displacement for the unbraced configuration IP A
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Figure A- 24 Total horizontal force vs. top displacement for the unbraced configuration IP B
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Figure A- 25 Total horizontal force vs. top displacement for the braced configuration IP A

Doctoral Thesis Konstantinos Adamakos NTUA 2018



Chapter 6 177

[* S
o
i)
2 7
4
0// 0.05 01 015 0.2 0.25

Top Displacement (m)

= Numerical =—Experimental

Figure A- 26 Total horizontal force vs. top displacement for the braced configuration IP D

6.7

Conclusions

The conclusion is that although the individual elements of the numerical models have

been

calibrated separately to the tests on subassemblies, when these elements are

fitted together in a global model, they do not always provide similar results to the

experimental ones of the full scale tests on complete racks. The major discrepancy

presented at the initial-elastic stiffness of the experimental full scale models.

Consequently, the dynamic characteristics of the systems could not always be reliably

predicted and so the spectral accelerations too.

6.8
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