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Evyoprotisg

e avtd 1o onueio Ba NBeda va evyaplotiow mpwtiotmg Tovg I. Bayw, 1. Kabnynty EMII
kot A. Bappatowo, Avarinpot) Kadnynt EMII ywo v emotnpovikn kabodynon kot
TIG TOAVTIUEG GLUPOVAEC TOVG GE BT ZTATIKNG, AVTICEIGHUKNG MY aVIKNG KOt ETIGTAUNG
tov Metodikov Kataokevdv. Emiong 6o nbsha va gvyapiotiom tov I1. Goavomoviro,
Aéxtopa EMIT kot pérog g tptehovg GUUPBOVAEVTIKNG EMTPOTNG KOOMG KOt T LITOAOLTOL
UEAN NG EXTAUEAOVG EMITPOTNG TOV GLVEPAAAY CNUAVTIKA 6T BEATiON TS TOWOTNTOC TNG
TOPOVCAS OLATPIPNG HE EVOLOPEPOVTES TAPAUTIPNGELS, O10pOMOELS Kot GLUPOVALS.

®Oo Mbeha oKOUN VO ELYOPIOTNC® TOVE CLVOOEAPOVS UNYOVIKOVG HE TOVLG OMOioLG
GLVEPYASTNKA 0T TAAICIO TOV gpguvnTikov Tpoypdupatog STEELWAR kot pe Bondnocav
KaBOPIoTIKG GTNV KOTOVONOT] TOV OVTIKEWEVOD TOV UETOAAIK®OV paeudv. [dtntépmg Ba
nbela va evyapiotiow tovg Filippo Delladonna, Agnese Natali, Cristian Vulcu kot
Fransesco Morelli yio to evydpioto kot iAo khipa mov avartoéape o OAa To povIoL TG
GLVEPYUGING LOG.

e TpocoiKod eninedo Ha nBela va evyaploTHGm TOVS PIAOVS LoV ATTOGTOAO X., AvacTdon
A., Baoiin I'k., [opyo A., Twwpyo X., Anuntpn A. ko Nextdpiro B. mov pe ompilovv kon
HE CLVTPOPELOVY UE TNV Tapéa Tove. Evyapiotieg Ba n0eda va dddom kol ot GiAn pov
XtéMo E. yoo TNV mpepio Kol TV VTOROVH TG Tov pe Pondncoav onpaviikd Ttoug
TEAELTAIOVG UNVEC OTN CLYYPOET] TNG OaTPIPNg. Axoun Ba MBela va evYOPICTHCH TOVG
oLVaOEAPOLS Kot YToynelovg Addktopeg Tov epyaotnpiov Metadlikdv Katackevmv A.
Xotlnddaxn, K. Bhayaxn, I1. Toaprain ko X. Aayavd, yio ) cuvepyacia pog to teAevtoio
TEVTE YPOVIOL KO VO TOVG EVYNOD YPNyopn KoL ETLTUYT OAOKAP®GCT) TV SIO0KTOPIKMV TOVG
SwTpPav.

®a NOela va EVYOPIGTHC® TNV OTKOYEVELDL LOL YOl TNV AVISIOTEAY OTNPIEN TNG 0 OAEG OV
T1¢ amopdoelc. Idwitepa Ba Bera va evyapiotom T untépa pov Ovpavia Kot ToV TATEPQ
pov Avootdolo, pe Tov omoio elyape pot evolapEéPovco cvlNINon oTo TPOPANUA TNG
oAioOnong tov taretdv Tov Kepaiaiov 6 g owarping. Térog Ba Beda va gvyaplotiom
ta adépera pov Iavayuntn kot HAia yio tnv Bondetd tovg og 0,TL XPEOCTO Kol VO TOVG
euyNO® cvveyn TPO0do Kot AVEAIEN.
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Abstract

Steel racking systems are Civil Engineering structures used to store the goods and materials
of a warehousing unit. In order to facilitate the construction process and to minimize the
weight of the steel members, racks are characterized by a number of peculiarities that
distinguish them from ordinary buildings. Due to their loose connections and lightness, racks
are flexible structures, characterized by significant geometric nonlinearities and local
buckling phenomena that significantly deteriorate their lateral-loading response. Indeed, past
earthquake events have revealed the vulnerability of racks against strong ground motions,
underlining the need for novel design approaches in order to increase their resilience.

Research so far has focused on understanding the cyclic behaviour of members and joints
that belong to the most common rack configuration, namely adjustable pallet racking
systems. However, in order to serve different logistic needs, a variety of rack typologies with
different uses and salient characteristics has evolved over time. As a result, racks can range
from large independent buildings in the form of the automated rack supported warehouses
(ARSWs), down to compact sub-structures. Along these lines, the macro-characteristics of
various rack typologies are discussed for the first time, identifying their idiosyncrasies and
commonalities to other systems, which are then summarized in a flexible and collapsible
taxonomy.

In view of better understanding the behaviour of ARSWs to earthquake excitations, a
comprehensive seismic assessment is conducted on five multi-depth case studies, designed
by professional engineers according to the current European standards. The impact of the
design assumptions on the definition of the seismic loads is highlighted and aggregated in a
cumulative seismic load multiplier. Consequently, a series of linear response history
analyses is performed, in order to assess the vulnerability of the ARSWs to non-ductile
failure modes and to define a hierarchy of criticalities for each case study.

Following the current tendency in the earthquake engineering community for resilient
infrastructure, a ductile seismic design framework is proposed for the cross-aisle direction
of racks, so-called plastic ovalization strategy (POS). POS relies on the bearing deformation
of the diagonal bolt hole to introduce ductility and reduce seismic demands, employing
capacity design to avoid non-ductile failure modes. Analytical equations and finite element



models are used to determine the key factors that influence the ductility of the connection
and to calibrate the uniaxial springs in a beam element model. Finally, to assess the
performance of POS, two ARSWSs are examined.

To achieve frugal performance assessment of racking systems, a reduced-order modelling
approach is proposed that replaces the entire cross-aisle frame with a single/double built-up
column, equivalent Timoshenko beams or link elements. The resulting model can support
2D/3D elastic and inelastic analyses, allowing rapid structural analysis of massive racking
systems.

Finally, the dissertation attempts to fill a gap in the problem of content-structure-sliding
interaction (CSSI), a multi-faceted phenomenon that offers both detrimental and beneficial
effects to the racking structure. Three approaches are investigated to capture CSSI, each
characterized by its own modelling needs and level of accuracy. Simplified alternatives are
calibrated using single degree of freedom systems and realistic rack case studies, offering a
reliable tool for structural engineers to (a) accurately determine the expected pallet sliding
displacements, and (b) correctly reduce the design seismic loads thanks the seismic isolation
mechanism offered by CSSI.



Hepiinyn

Ta PETOAAKA GLOTAHOTO POELOV OTOTEAOVV Kataokevég [ToArtucoh Mnyovikod mov
YPNOCLOTOLOVVTAL GTIV OMOONKEVGT TPOIOVIMV Kol VAKAV UI0G amofNKELTIKNG LOVASOG.
[Tpoxeévou va peiwbel To KOGTOG Kt 0 ¥POVOS KATAGKELNG, TO paplo yopaktnpilovion
amd po TANOmpa 1TEPOTHTOV oL TO EeYmpilel amd T cvpuPatikd kpo. H amdkpion
TOVG 0€ TAEVPIKA PopTia emnpedleTon amd TIC OKAUTTEG CLVOECELS LETASED TOV HEADV Kol
N YPNON AETTOTOLY®V SLOTOUDY, 0ONYDVTOG GE CNUAVTIKEG YEMUETPIKESG U1 YPOUUIKOTNTES
Kot @avopeva Tomkoy Avylopov. IIpdypatt, molodtepeg katoypapés Exovv dgilet v
TPOTOTNTO TOV CLOTNUATOV OVTOV GE EVIOVEG GEIGUKEG OLEYEPTELS, KAVOVTOS EMITOKTIKY
TNV avayKn yuo. ova{nTnon Kovotopmy GYeSOCTIKMY TPOCGEYYIoEMV e GKOTO TNV avénom
™G avaTagIdTTdg TOLG.

H gpedva émg tdpa £xel emkevipwbel oTnv Katovonomn g avakKALOUEVNG CUUTEPLPOPAS
HEA®V Kot KOUP®OV TOL OVNKOVV GTOV Mo 6uviOn THmo PaEdV, TO TPOCUPLOGUEVA
CLOTAUOTO  TOAETOPAP®Y. Q0TOGO, TPOKEWEVOL Vo eELINPETNOOVY  O1APOPETIKES
VAMKOTEYVIKEG OVAYKES, £YOLV ovomTLYOEl 0TO TEPACHO TOL YPOVOL TOIKIAEC TLTTOAOYIEG
POPLOV LE JOPOPETIKES YPNOELG KOl PACIKA YOPAKTNPIOTIKA. Q¢ OMOTEAEGHA, TO PAPLOL
umopet va kopaivovtot omd peydio aveEapTnTa KTHPLo 6T LOPOT TOV OVTOUATOTOUUEVOV
papoictapevov amodnkov (APA) péypt coumayeig vro-kotaokevés. o to Adyo avtod
TPUYUOTOTOIEITOL VIOl TPMT QOPE €VOG OAOKANPOUEVOS GYOAMOCUOS TOV  HOKPO-
YOPOUKTNPIOTIKAOV SIAPOP®V TUTOAOYLDOV PAPLDV, EVTOTILOVTAG TIG 1010GVYKPAGieg OAANL KoL
TIC OHOLOTNTEG TOVLG UE GAAOL GUOTNUOTO, TO OTOio, 6T CLVEXEW cLVOyilovTol Ge pia
ELEMKTI KOl TTVGGOUEVT TOEIVO UL,

Evoyet ¢ koAdtepnc kotavonons e cvumeplpopds twv APA oe oelouikég dieyépoelc,
TPOYLLOTOTOLEITOL 0L OAIGTIKT] CEICUIKT] OTOTIUNGON O MEVTE TOPOUOEIYLOTO GYESUGLOV
POPLOV TOAAATAOD PAB0OVG, oxedlacuéve amd emayyeApatieg unyavikoHs cOLPOVO, LE Ta.
tpéyovta Evponaikd mpotuma. Yroypappiletor ) eXITTOON TOV GYESIACTIKOV VTOOECEDY
KaTé TOV TPOGOI0PIGUE TOV GEIGUKOV GOPTI®MV, Ol OTOI0L GTI GUVEYELNL CLYKEVIPOVOVTOL
o€ £vav GOPEVTIKO TOAAOTANGIOOTH CGEWCUIKAOV duvdapemy. 'Emeito mpaypatonoleitol po
GEPA YPOULK®OV aVOADGEDV XPOVOIoTOPIaG TPOKEWEVOL Vo ekTIUNOEl 1 TpOTOTNTO TV
APA og yaBoupolg unyavicpos actoyiag Kot vo TposdloploTel  1epapyiot KPIGILOTHT®OV
v KEOe TapddEryo oYESIOGHLOV.



AxkoAovBmvTag TNV TPEYOVC TAGN TG KOWVOTNTOS OVTIGEICUIKNG UNYOVIKNG Y10 OVATAELESG
VTOJOUEG, TPOTEIVETAL L0l TAACTIUY GEICUIKY] oYediacn Katd v eykdpaoia dievbuvor twv
pPOELOV, M Aeyouevn oTpatnyikn TAactikng ofoaronroinong (XI10). H XI1O Baciletar oty
TOPAUOPP®ON AOY® cOVOAMYNG dvTuyag TG OTNG NG dlywviov MoTe va, e£0cPaloTel
EMOPKNG TAACTILOTNTO KO VO LELWBOVV 01 GEICUIKES QAT OELS, E10AYOVTOC VOV IKOVOTIKO
GYESUGLO Y10 VOl ATTOPEVYOOVV N TAAGTILEG LOPPES OIGTOYIOG. TN GUVEYELD YIVETOL YPT|OM
AVOAVTIK®OV EEICOCEMV KLl LOVTEA®V TETEPUCUEVOV GTOLYEIMV DGTE VO TPOGOIOPIGTOVV Ol
Baocwoil mapdyovieg mov emmpedlovv TV mAaoTindéTTO NG OOVOEONG KOl VAL
Babupovounfovv ta LLovoaEovikd EAATHPLO TTOL YPNCLOTOLOVVTAL Y10 TNV TPOGOUOIMGT) TOV
QoVOUEVOL G€ YpOappkd povtéda dokov. TéAog, mpokeyévon va ekTiunbel n enidoomn g
2110, e€etdlovton dvo mapadeiypata oyxedacpod APA.

Mo mv emitevén poGg EEWOANG AmOTIUNONG EMTEAECTIKOTNTOG GLOTNUATOV POPLADV,
npoteivetonr g peBodoroyio amAomoinong Tov aptdunTikov LoviEAOL 1 omoia avTikafioTd
OAOKANPO TO TAOiclo NG €yKapowug oevBuvong eite pe éva povo/dOumAd ovvOeto
VIOCTVAMUA, EiTE HE 1600VVaEG dokovg Timoshenko, ite pe ototyeio GVVOEGHOVL KOUPV.
To povtélo mov mpokvmtel pmopel vo vrmootnpifer 2A/3A €AaOTIKEG Kol OVEANCTIKEG
avoADoElS, emTpémoviog TNV taxeio Oopky] avdAvon peydAmv Kol TOAOTAOK®V
GUCTNUATOV PAPLOV.

Téhog, M OatpPn emyepel vo KOAVYEL KevO oTO TPOPANUO NG OAANAEmidpaomng
TEPIEYOUEVAOV-KATAGKELNG AOY® 0AloONong (ATIKO), éva mToAdTAELPO PavOLEVO TTOV £XEL
emlNUEeS OAAGL KO EVEPYETIKEG EMOPACELS GE v GUOTNUA PpaPL®V. Tpelg mTpoceyyicelg
e€etalovran oo va AneBet voyn 1 AIIKO, kaBepio yopoktnplopevn amd Tig 01KES TG
amouTNoEl poviehomoong Kot emimedo axpifelag. Ot amhomonpéves eVOALOKTIKEG
Babpovopovviot ¥pMoIOTOIOVTOS HOVOBAOILN GUGTAIATO KOl TPOYLATIKE TopadEtypLoTo
pPOPLOV, TPOGPEPOVTOG £va a&lOMIGTO €PYOAEI0 GTOVG OOUOGTATIKOVG  UNYOVIKOVG
TPOKEWEVOD (1) VO TPOGOI0pIcOVV LE aKPIPELD TIG AVAUEVOLEVES LETATOTIGELS TV TOAETOV
AOy® olicOnong, kot (B) va amopEI®GOVV KATAAANAN TOL GEICUIKA pOpTio oYedOHOD ¥dpn
GTO UNYOVIGHO GEGUIKNG HOVOGTS TToL Tpocpépel | ATTKO.
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Exteviig Iepiinyn i

Extevg [epiinyn

. Ewoayoym

Ta cLoTAUATO HETOAMKOV poQldV omoteAoVV katookevég [ToAtikov Mnyoavikol pe
OKOTO TNV amobNKELON TOV TPOTOVIMV KOl LVAIKOV piag amodnine. Ilpoxeévou va
eELTNPETOOVY SOPOPETIKEG VAIKOTEXVIKES AVAYKES, M0, LEYAAN TOIKIAMO TLTOAOYLDV
poerdv &xel avamtuydel ta tehevtaio ypovia (Tilburgs, 2013), pe onuoviikéc dopkég
dtapopéc peta&y touvg. ‘Etotl ta pagia kopaivoviol amd [Kpod DYovs LVITO-KOTUOKEVES
EVTOG LOG OOONKEVTIKNG LOVASAG, HEXPL TEAMPIEG LETAAMKEG KATAOCKELES TOV GTNPilovV
1660 TI¢ TaAéTEG 660 Kot TNV 1010 TV amodnkr. Ot kavotopieg de meplopiloviot Loévo 6To
oTaTIKO PopEa OAAG eKTEIVOVTOL KO GTOV TPOTO dtayeipiong TV ayaddv, 0Tov avsavetot
coveyd@g mn  RTMom Y TNV EVOOUAT®OON  OVTOUOTOTOMUEVOV — Ol0dIKOCIHV
oVAAOYNG & amofnKevoNg, e TN YPNOT TEXVIKTG VON|LOGVVNG KOl POUTOTIKTC.

AOY® ™G avAyKNG Yoo YPIYOoPN EYKATACTOOY|, HETAPOAAOUEVN YEOUETPIOL Kol YOUNAO
KOGTOG, TOL GUOTILLOTO LETOAAKOV paPLOV YopoKTNPilovTal amd KATOlES 1010UTEPOTNTES
mov ta Egywpilovv amd ta cvuPatikd ktpra. H mo mapadociokn turoroyio pagiodv eivat
T Agyopeva puOulopeva cvotiuato taretopaeov (PZII), ota omoia 1 dwyeipion tov
TOAETOV YIVETOL LEGM TEPOVOPOP®V OYNUATOV KOl ETOUEVMOG OTOLTEITOL O GYNUOTIGUOC
ddpdpmv avdipesd toug. 'Etol, ota PEIT (0ALG kot oto paela yevikd), opilovtal dvo
KOpieg kKarevBHvoels: n dtopunkng (down-aisle) kou n eyxépota (cross-aisle), dnwg paiveton
oto Zynua 1(a). Kot otic 600 kvpleg d1evBOvoelg Tumikd ypnoomolovvtol LA amd
Aemtdtoryeg Olatopég pe moAd amiés koyMmtés (Zymua 1(B)) 1 yavilwtég cvvdéoelg
(Zyua 1(y)), to omoia. £xovv TOAD pEYAAN €MPPON OTNV OTOKPIOT TOV PAPLOV GE
oelokég oleyépoelc. Emiong, oe avtiBeon pe 1o ovpfortikd ktpua, to Papog tmv
LETOAMK®OV aLTOV HEA®V glvar éva TOAD (KkpOd TOG0GTo, T.Y. TG TAENG Tov 5-10%, TtV
oeéMpov eoptiov. T tovg Adyovg avtolg, xovv avamtuydel eE10IKEVUEVOL KMOTKES
oxedloopov yia paga, 6nwc to EN 15512 (2005) otv Evpdnn, 1o RMI (2012) otig HITA,
1 10 AS 4084 (2012) omnv Avctpaiio.

H oceiopikn ocoumepipopd tov cuotnudTov poeldv et depeuvnbel amd moAlolg
gpevvnTéc maykoopiog. Xnv Evponn, ta svpomaikd epevvntikd épyo SEISRACKS
(Rosin et al., 2007) kax SEISRACKS2 (Castiglioni et al., 2014) e&étacav T CEICUIKN
anokpion tov PEIT pe N yopic cvvoéopovg SVoKOpWioG HECH TEPAUATIKGOV KoL
apuntikov dokipumv (Adamakos, 2018; Kanyilmaz, et al., 2016). Ztnv Avotparia, ot
Gilbert and Rasmussen (2012) kot o1 Gilbert et al. (2014) tapovciacav v TplodtdoToTn
amdkpion TV pagidv drive-in, 6tov eavnke 6t N TP pHeTaED TOAETOV-O0KMV TAPEYEL
éva €ldog mpochetov optldvtion SlaPpdyrotog oty katookevr.. H mapodoa dwatpifn
wepLaUPAvEL Lot GLALOYT EMGTNUOVIKMVY JIEPEVVICEMV TOL EMIYEIPEL VO ETEKTEIVEL TNV
TPEYOLGO YVMGY CYETIKA WE TN CEICUIKY] CUUTEPIPOPE TOV CLGTNUATOV HETUAAIKOV
paplov. Evo n €peuva emKEVIPOVETAL KUPIWG GTN GEIGUKN OAMOTIUNGT TOV KOWVOTOU®V
OLTOUATOTOMUEVOY  pagoioTaueveoy  omodnkav (APA), dev meplopiletar oe o
UEUOVOUEVT] TUTTOAOYIOL POPIOV OALL TPOGPEPEL IO TTOADTAELPT) CLVEIGPOPA TOV OEV
elvar povo axoadnuaikod evOlQEPOVTOS, OAAL Kol TPOUKTIKNG ¥pPNomns, Ponddvrag tovg
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OOLOGTATIKOVG UNYOVIKOVS KO TOVG AVOALTEG KIVOUVOL va BEATIOCOVY TO GYESOCUO, TNV
a&loAdYN oM Kot TNV VTOGTHPIEN ATOPAGEWMV.

I 1
T
! pallet beam

protector

(o) )
ynua 1 Tomikn popeoroyia evog puBuldpevoy cvotiuatog toretépapav (PEIT), deiyvoviag (o) tov
opopd TV KHpltov devbivoemv kot ta Pooukd dopucd péAN, (B) v koyMmt obvdeon daydVIOv-
VIOGTLVADUOTOG Kot (V) TNV YovT{®Th GOVIEST S0KOV-VTOCTUAMLOTOG.

O o16)0¢ TG dratpPng elvar: (o) va SnpovpynOel pio ETEKTAGIUT, PIAIKT TPOG TOV XPNOTN
Kot StousOnTikny TaSvopia Yo GUGTAUOTO LETAAMK®V POOLOV, TPOSPEPOVTAG VO KOWVO
Ae&LGY10 GTOVG OVOAVTEG KIVOUVOL Y10, OMTOTEAEGLOTIKY OVOyVOPLoT Kot omotipunon, (B)
va Tpaypotonombet, Yo TpdT OPd, o OLOKANP®UEVT GEIGUIKN amotiunon twv APA
EYKOTECTNUEVOV GE TTEPLOYEG VYNANG GEIGLUKOTNTOG, (V) VO TPOTEIVEL oL VEQ TPOGEYYIoN
GEWOUIKOD GYEOACHOD OV AVEAVEL OELOTIOTO TNV TAACTILOTNTO TOV PUPIOV KOTE TNV
gyKapoio d1evhuvor Tovg, (0) Vo TPOSPEPEL ATAOTONUEVES TPOCEYYICELG LOVTEAOTTOIN GG
v toyeio omotipnomn kol oyedcpnd twv APA kot (€) va kabBopicel aidmioteg pebddovg
Y10l TN GEIGLUKN OTOTIUN oM TNG OAloONoNG TEPIEXOUEVMV.

1. Moaxpo-yapaxtnpietikd kot Taivopio Tvotnuarev Metalkov Pagiov

H peydin mowcidia yopaktpioTikdVv HETOED SOPOPETIKAOV CLGTNUATOV PAPLOV CNHOIVEL
0Tl cvyy®vevon OAOV TOV TUTOV CE O eVicio KAGGY «OLOTAUOTO PaeLOV» Oa
OTOTEAOVGE 0L YOVOPIKN VIEPATAOVGTELGN. AVTO UTOPEl VAL YIVEL OVTIANTTTO av KOVEig
€EETAGEL TOV GTATIKO POPEA SLUPOPETIKMY TVTOAOYIDV KOTA TN Otopkn o1evbvvon. Etot
v Tapdderypo oto Tomikd PEIT (Eyua 1(a)) | ota pdero eAappod Tomov (Zynua 2(58)) n
dropnkng devbuvon amotedeitan omd Evo eOKOUTTO TAAIG10 pomtnc, 610 choTtnua drive-in
(Emuo 2(a)) oynuatiCetor éva Tp1odldotato SIKTVOTO TAaiclo, evd otic APA (Zyfua
2(B)) eivor omapaitmmm mn ypnon OvokoumtOv Yoot mopywmv. Ot dwpopég dev
nepropilovtar povo to dopKd popéa, aAld oyetTilovtal Kot Pe TO TPOTO JayEIpIoNng TOV
npoiovimv (m.y. oto PEIT yelpovaktikdc, otig APA avtopatomompévog (Zynua 2(B)), ™m
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0éon tov paerov (m.y. ta drive-in givar gvtog ¢ amobnikng, ta cVOTNUATE POPLOV-
npoforav (Zymua 2(y)) ektdg), KA.

>

) | ®)
Syfua 2: Mopadeiypoto cvotnudtov pagidv: (o) chotnua papidv drive-in, (B) ovotnuo APA moAllomlov
Babovg, (v) cbompa papidv-tpofdimv kat (3) cOOTNHA PAPIOV EAAPPOV THTTOL.

Ev® o1 katookevaoTég Ko 01 6XEO100TEG LETOAAIKDV POPLOV YPTGLLOTOLOVV L0 OPKETA
gupela. Katnyoplomoinon TV TPOIOVI®V TOovg, Telvouv emiong va eotidlovv o1
AELITOLPYIKOTNTA, TN YPNOTIKOTNTO KOL TNV 0000 omd TNV AToyn TS LAIKOTEXVIKNG
VTOGTNPIENG” TETOLN YOPAKTNPIOTIKA OEV EIVAL AOPAITNTO OUAVTIKA KOTH TN Slod1KoGio
oamotiunong emkvouvotntag. Opoimg, ot KMOKEG GYEOGHOD Yo PAPLO UTOPEl va
y¥pNoomoovy optopéva ototyeia ta&vopiag (mwy. o EN 16681), wotdéco oavtd dev
TANPOVV TOVG OKOmMoVUG Mpiog TANpovg taSivopiog HE OKOTO TNV amoTiunom
emkvouvotrag. Tlpokeyévov va avTIHETOTIOTOOV Ta avOTEP® TPoPAnuaTa, &ivot
amopaitnTn 1 SNpovpyic Lo OHOOHOPENG TAEIVOLING Y10, TOL GUGTNHLOTO POPLOV, 1] OTTOLN
oomyei ota akdAoVO TAsoVEKTHHATA: (0) SIEVKOAVVGT TNG CVYKPLONG TV OTOTELECUATOV
UETOED OLOLPOPETIKMY LEAETAOV, (B) EMIAOYT CLVAPTHCEWMV ETKIVOIVVOTNTOS/ TPOTOTNTOC Y10,
peréteg a&lohdynong yopToQLANKIOL 1 KIvOUVOV/CNUIOV TEPIPEPELOV Kut (Y) GLAAOYY
0EOTOMGOIL®Y  0E00UEVOV  KOTA  Tn  Ol0d0lKacio.  KOTOYpOQNS T®V  GEGHK®OV
ONUaV/ amoAeI®V.

H mpotewvopevn ta&vopia eotidlel 6N SOUIKT GUUTEPLPOPH TOV PUPLOY VIO GEICUIKES
dpacelg, &xovrag g Paon v Ta&wopio Ktpiov tov Global Earthquake Model (Brzev
et al., 2013). Eivon oyedacpévn va eivoar emextaowun (ypiyopn mpooHnkn véwv
CLOTNUATOV), QIAKY TTPOG TO YPNOTN Kol OlocHnTiky, pe To Bewpoldueva poKpo-
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YOPOKTNPIOTIKA Vo givol edkoAa avayvopioa amd pn ewdwovc. [epihapfaver mévte
Baoikég «Id1dTTESY Y10 TO AUPAKTNPIGUO EVOG GLGTUATOG PAPL®V: () oK TVTOAOYaL,
(B) TomoBéton kot kdAvym, (v) Hyog, (d) cvatnua arodnkevong Kot (€) enimedo kKO
oyedopov . Kdébe «Ioromray umopel va avalvetor oe moAld «Emineda [o10ttmvy, yia
Ta omoia. 6T cuvéyewn dlvovtor oldpopeg «Emhoyécy (| mapadetypata). O Aemtopepng
GYOMAGLOG TV eTUEPOLVS «Id10TTOVY TapaTiBeTal GTN GLVEXELQ.

A) Aopkn Tvmoroyia, avaAivetal oe tpio «Emimedon:

1. To obomuo maporafrig KATOKOPLO®V @OPTIOV (). «OTOAOIHO0KOD»,
«OTOAOLHPAYESY, «TTPOBOAO);

2. To ovomua maporofrig oplloévtiwv @optiov otn dwounkn devbouvon (m.y.
A0 POTTNG, GUVOEGHOL SUGKOUYING, XLOOTL TOPYOL);

3. Tov tomo ydAvPa (w.y. yoxpng Elaong, Bepung Eraong, LEKTAC).

B) TomoBétmon kot kdAvym (my. £omTEPIKOV/EEMTEPIKOD YDPOV, POPOICTAUEVE).
Avoroyoe g 0éong tomobBémong tov paplov, pmopel vo vrdpyovv mPOGHETOL
Kivdvvor (1.y. ta eEmTEPKoD Yhpov TANTTOVTOL Atd Gvepov, Bpoyr, xaAall, K.AT.).

I') "Yyog (m.y. xounia < 8 m, pétpiov vyoug 8-12 m, ynid 12-20 m, wohd ynid > 20 m).
[dwaitepa oTOL CLOTAUATO POELOV, HE UEYOADTEPO VYOG av&dvovtor Oxt HUOvo Ta
eawvopeva P-A, aAld Kot ot Kivduvog TTOONG TPOIOVIMV OO TA VMTEPO EMITEL.

A) Zvomua arobrkevong, avaivetat o€ Tpia «Emimedoy:

1. To Bdapog tov poptiov povadag (m.y. eraepd < 200 kg, pecaiov Bapovg 200-
1000 kg, Bapv 1000-2000 kg);

2. H emoedvein emopng (my. Edlo/mhaotikd//yaivPactyaivfac, Kpepaotd
eumopevpata). Ot EOAVEG TAAETEG EXOVV TTO TPOYEID EMPAVELQ OE GYECT LE TIG
TAOGTIKEG 1 TIG LETOAAKES, Gpo LIKPOTEPO O Kivouvog oAicOnong Tpoiovimy;

3. To ovomua dwyeipiong (T.y. YEPOVIKTIKO, MUL-0VTOUATOTOMUEVO, TANP®G
OVTOUOTOTOMUEVO.  XTO  YEPWOVOKTIKO GUGTNUO  LRAPYEL O  Kivovvog
GVYKPOVGT|G TEPOVOPOPOL OYNIOTOS GTO PAPL AOY® AABOG TOL 031 Y0V.

E) Eninedo kddika oyedacpod (m.y. Gvev KOdKo, HECOIoOn KM, LVYNA0D KMOOK).
[Todkowdtepa, TOAEC TEPUITMOGELS PUPLDOV ElYOV KATOOKEVOOTEL YOPIG KABOLOL GEIGHIKO
GYESUG OV, EVO GAAN LE GEIGUIKOVE KMOTKES Y10, COUPATIKAE KTHPLa, VIOOETOVTOG LVYNAL
q. Ikéov, 16060 ommv Evponmn 6co ko otig HITA vrdpyovv ocelopkd mpoTLTQL
e€educevpéva yo paeta (kupimg yia ta PXEIT), o omoia mpoteivovv yoauniAd g Aoy g
YOUNANG TAACTILOTNTOC TTOV €Yl TapaTnPNOEl TOGO TEPAUATIKA OGO KO GE TPOUYLUTIKOVG
oEIoOVC.

Téhoc m mpotewduevny tavopio  ypnopomombnke Yoo TNV KOTNYoplomoinon
EMOTNUOVIKOV ONUOCIELGEMY TOV HEAETOVGAV TV KAOOAKY) CUUTEPIPOPE GLGTILAT®V
papldv. Onwg damotodnke, n debvng Piploypapio éxel emkevipwbel kvpiwg oty
aVAALGN KO TNV KOTOVOTON TNG GEICUIKNG GVUTEPLPOPES TV cupPoatikdv PXIL, Ta onoia
elvar yopumiov Vyovg, eoptopéva pe TOAETES pecaiov Papovg kot dwoxepiopeva pe
YEPOVOKTIKEG HeBOd0VE. AvtiBeta, dAAa cuoTAHOTO OTTOC Ot Kavotopeg APA dev éxovv
AGPel axOun TV TPOGOYN NG EMCTNUOVIKNG KOWOTNTAG, TOPOAO TOL &lvarl TOAD
ONUOPIAEIC GTO EUTOPIO.
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1. ZXewopun Amotipnon tov Avtopatonompéveoy Pagoictapevov Amodnkov

H «atnyopliomoinon 7mOAA®V  OVOADTIKOV Kol  TEPAUOTIKOV  ONUOCIEVGEDV OV
npaypatonomOnke oto Kepdrawo I, katédeiEe 6T 1 EMOTNUOVIKT KOWOTNTO EYEL ODOEL
TEPLOPIOUEVT] TPOGOYN OTY| GEIGLUKN ATOKPLoT TV TOAV®OPop®V APA, aprivovtog ToALA
aAvVOTAvVTNTO EpOTHLOTO, OTTMG (a) Tt /R o Tpémet va ypnouonoteitol Katd Ty eyKapota,
Kot Stopnkn devBovven Tov paelov, (B) mota eivar Ta KPIGUOTEPQ LEAN/GVVIESELS, (V) TDG
Aappdvovtar voyn ta eovopeve devtépag TaENg Kot (8) elvar 1 SOLVOUIKY] POCLATIKY|
av@Avon o KOTGAANAN  péBodog Yy Tov  LTOAOYICHO  TOV  GEICHKAOV
SVVAUEDV/TOPALOPPDCEDV;

Q¢ £vo TPOTO Pral TPOG TV KAAVTEPT] KATAVON Y| TNG CEIGUKNG COUTEPLPOPAS TV APA,
TPOyHaTonToOnke ota mAaiclo Tov £pevvnTikod Tpoypaupatoc STEELWAR (2017) o
OAOKANPOUEVT] GEIGUKY OMOTIUNGT O TOPAOEIYLOTO EQPAPUOYDOV PUPUDV TOAAATAOD
BaBovg (PA. Zynuo 2(B)). Zvykekpéva, d00nke pior dedopévn amobnKevTikn dtdTasn
(ap1Bpog emimedwv, Papog maretddv) APA kot 6éon eykatdotaong (m moAn Van oty
Tovpkia, az = 0.3 g) oe mévie enayyehuatieg pnyaviKovs poPLdv Kot Tovg {ntionke va
oxedcovVy TV amodnKn pe Paom TIG OXEOUOTIKEG TPOUKTIKEG TTOV YPNOLUOTO0vV. AdY®
TOV YEOUETPIKMOV TEPLOPIGUAOV, OAOL 01 GYEOAOTES KOTEANEAY OE TOPOUOLES SLOCTACELG
otV gykdpoia dievbvvon [64.84 — 65.05 m], otn dwaunkn [70.94 — 73.92 m] Ko 6T0 VYOG
[25.31 — 26.71 m] g anobnkne. Emiong oe 6Aa to mopadsiypoata o Sopikodg Qopéng
amoTELOVTAY KATO TNV &ykdpowo otevbvvon ond TOAAG GUVOETO LTOGTLADUOTO
GLVOEOEVO GTNV KOPLON TOVG LE 0 SIKTVMOTH GTEYT, EVA KT TN Stounkn amd 600 N
TPELS SVOKAUTTOVS YOG T TOPYOLC.

AOY® ™G EAAEWYNG £VOG GYEOLOGTIKOD TPOTVTTOV £EEIOKEVIEVO V1o TIg APA, ot pedetntéc
aAVAYKAGTNKOY VO XPNOIULOTocovy o¢ Bdon to celopkd kddwoa EN 16681 (2016), o
omoiog Opwg apopd to cvpPartikd PZIL. ‘Etot, viofBetOnkav youniol cvvteleotég
ovumePLPoPas, TG Taéng tov 1.5 €wg 2.0, Bewpdvtag OTL Ta pAPLE £IVOl KOTOOKEVES
TEPLOPICUEVIG TAACTILOTNTOG KOl EMOUEVAS O ANQONKOV LIOYN KAVOVES 1KAVOTIKOD
oYEOGLLOV. AVTO €iye OC OMOTEAEGLA TNV ELPAVIOT) YOOLPDOV UNYOVIGUOV 0GTOYI0G OTO
LEATN KoL GTIG GUVOECELS, OTMG OAMIGTOONKE KATA TOV DVTOAOYIGHO TOV OVTOY®DY GOUP®VOL
pe ta EN 1993-1-1 (2005), EN 1993-1-3 (2006) kat EN 15512 (2009). Zvykexpipéva, kotd,
™V €yKapota dievbuven ot 6TOAOL TV GUVOET®V VITOCTVAMUATOV NTOV ETIPPENEIS OE
OTPEMTOKAUTTIKO KoL TOTIKO AVYIGUO, EVA TA dlaydVie LEAT 0€ AVYIGUO Kol AGToYio TG
KOYAM®MTNG GVVOEGNG TOVG e TOVS 6TVAOLS. Emeldn n 6vvdeon vt vAomoteitol TumiKa e
évav KoyAla M10 1 M12, n avroyn oe cvvOlyn dvtuyag 1 aotoyiog Tov KoyAio o€
dldTunon NTav TAVTOTE JKPOTEPT OO TNV TAACTIKNY 0vToYY| dtoppong Tov péAovs. Ocov
apopd T Pdaoelg Tov oTOA®V, 6 OA Ta Tapadetypata mepAdpPavay 2 | 4 ynuikd
ayKOPLOL TOL OTOI0L NTOV EMPPENN GE aoToyio. KOVOL okvpodépatoc. Tlapdpota yabvpn
oLUTEPLPOPE TapaTPNONKE Ko 61N Stopnkn dievbuven Tov paeLov.

IMa ™ ceopikn amotipnon Tev ToPadEyAT®V EQAPLOYNS Y PN OILOTOmONKE éva 6eT 15
TPOYHOTIKOV GEIoHKGV kataypdeov (Kohrangi et al., 2018) mov céfovtot v KopmdAn
GEICUIKNG EMKIVOLVOTNTOG TNG TOANG Van, ypnoilomoidvTos TO YEOUETPIKO HEGO TMV
eoouatik®v emrayvvoeny (AvgSa) og uétpo évraong (Kohrangi et al., 2017). Xvvendc,
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v kéOe mapdaderypo APA extedéomnkav 15 avalboelg ypovoioTopiag oTnV eYKApGLo Kot
15 o1t dwopunkn devBuvvon. O dywpiopds TV avarboewv oTig 600 KHpleg d1evBvvoelg
£ywve v AOYOLg VITOAOYIOTIKNG amAdTNTaS, Aol To 3A poviéla twv APA eivol moAd
dvoypnota. Emiong, Ao0yw g emkpdtnone wobuvpdv pNYOVICUOV 0oTOYING OTIC
KOTOUOKEVES, O ANQOT KOV LITOYT UN YPUUUIKOTNTES VAIKOV GTOVS S10Y(MVIOVS GUVOEGILOVE.
QcT000, 01 YEMUETPIKEG UM YPOUUIKOTNTES TPOGOUOIOONKOV OTA HOVTEAD UECH TNG
YPNONG TOV YEMUETPIKOV UNTPDOOL dvokapyiog P-A, a@ol n younAn mtAevpikn dvokoyio
tov APA 11¢ kaB101d emppeneig oe pavopeva devTéPag TAENC.

Metd Vv eKkTéAeon TOV OVOAVGE®V, TPOyUaTOTOmONKe pio peteneiepyoacio TV
QTMOTELECUAT®V YO TOV VTOAOYIOUO TOV OLVIEAESTOV ekuetdAdevong (ZE) tov
GLGTATIKOV HEPDV TOV POPLOV. LVYKEKPIUEVA, YPNCLOTOMONKOV 01 ¥pOVoicTOPiES TMV
EVTOTIKOV PeYEOMV (SUVANELS Kol POTEG) TOV OVOTTUGGOVTAY GTO LEAT KOl OTIG GUVOEGELS
Kol pe Pdomn Tig avioyéc oxedGHOL Tpaypatortomonkay ot Eleyyotl vrépPaong o kibe
YPOVIKN oTiyun, pe Pdon tovg avtictoryovg Evpwkmoikeg. Me tov TpOTO  000TO
kabopionke o wepopyio kpiowothtwy Yo K4Be Tapdderypo paeod, OTov mo KPIiGLo
Bempovtav £va cLGTATIKO UEPOC TOL 0Ttoiov 1 dtdpeon Tiun Tov ZE and t1¢ 15 avaivoelg
ntav  vyniotepn. Ta omoteAéopata  ocvvoyilovior mOPACTATIKE HE TN YPNOM
Swypappdatov boxplot, 6mmg diveton oto Zynua 3 yuo o tpmdto paet (CS1).

|
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Tynuo 3: Awypdupata boxplot tov XE tov cuotatikdv pepdv (eykdpoto dicbbvvon, Toapaderypo
epappoyng CS1). Ot opifovrieg KOKKIVES YPOUUUES OVAPEPOVTOL GTH SLAUESO TV 15 avaldcemy.

Me Bdon 1o Zynpa 3, To T KPIoIHO GVGTATIKE LEPT OTNV EYKAPSLA S1EVHVVOT TOV PaPLOV
CS1 eivor ta ymukd aykvpla g Pdong (panc), eved akolovboHv ot 6THA0L TV cHVOET®V
vrootvAoudtev (pul+pu2). Aryodtepo kpicwua ftav to dayovia péAn (pdl_m+pd2_m)
KOl Ol OULVOECELS TOVG He Tovg otvAovg (pdl_c+pd2_c). Tlopduown cvumepipopd
TapoTNPNONKE Kot 6TA GALO TOPASETYLLOTA EPAPUOYDV, TOGO GTNV £YKAPTLO, OGO KOl OTN|
dwunkn devbuvon. Qg amotéreoua, ot Kovotopes APA oyedacuéveg pe Paon to
TPEYOVTA CEICUIKO TPOTLTA POPLOV €ivol EMPPENELG 6 PN TAAGTILOVG UNYOVICUOVG
AOTOYI0G KOl EMOUEVOSG 1| OVOKOTOVOUT EVTAGE®MV KATO TN OIUPKELD €VOG GEIGLKOD
ovuPdvrog ivor ToAd mepropiopévn. Emiong, mapatnprdnke 01t o1 Sidpecec Tipég tov XE
oYEOOV OAMOV TOV GLOTATIKOV HEPDV NTOV KATO TOAD HEYOADTEPES TNG HOVAdAS. AVTO
0QeileTOl GTO YEYOVOG OTL KOTA TO GYESOGUO Ol HEAETNTES YPTOLUOTOINCAY SLAUPOPOLS
UELWTIKOVG GUVTEAEGTEG TOVG PAGUATOS GYESLUGLOV, Ol 000l 0g AMPONKaAY LITOYN OTIg
avaAvoels ypovoiotopiag. [Ipokelévon va e£€TOGTEL 1] EMTPPOT] TOV GUVIEAEGTOV OLTOV,
vAomomOnKav mEvte VTOBETIKG cEVAPLA, OOV KAOE CEVAPLO KAVEL DEKTEG KATOLEG LEIDTELG
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eva dAAeg Oyt IIpoékuvye OTL axoun Kot av yivouv deKTéG OAEG Ol ELVOTKEG BemPNOELS, TA
ANUIKA oyKOpilo tov Bdoemv eEakolovBolv va etvar kpioya, Exovtag otdpeon Ty XE
peyoaivtepn tov 1.0.

V. Zrpoamnyu) Hiaotukng OPfaiomoinong

H onpoavtikdémro tov €yKotactdoemv omofnKeuong otov Topén NG £POSLOGTIKNG
aAvGidag dnpovpyel TV amoiTnon Yol KOTOOKEVEG POELOV OV €ivol OvVOTASIIEG OF
aKpaiovg Kwvovvove. Mia dtokom TG aAVGIdag €POSIOGHOV, N akOUN YepoTepa, M
KATOGTPOPY] TOV amoONKELUEVOV ayaddV, UTOopPel VO 0O YNOEL GE OIKOVOUIKEG OTTMAELES
OV €iva TOAD PEYOADTEPES OO TO OPYIKO KOGTOS TOL PaPlov. AVTO 1GYVEL 110HTEPO Y10
TI¢ Kouvotopeg APA, kabog dwdpopoatilovv oumAd poAo ot dadikacio amobnKevong,
vrootnpilovtag To EUTOPEVUOTA KOL TOVTOYPOVO TPOCPEPOVIONG TPOCTUCIO Omd TO
eEwtepkd mepPdAiov. Yo avut v £vvola, ot 1010kt Teg ToAvdpopmv APA umopel va
elvar TpdBvpotl vor TANPOGOLV Yo VoV EAAPPAOS TTo aKPlPO, aALd AydtEPO €VAA®TO
JOUIKO POpEn, TPOKELLEVOL VO, LETPLACOVY TOV KIVOUVO TPOSMPIVIG SIOKOTNG AELTovpyiog
N TANPOLG ATMAELNG TG TEPLOVGING TOVG.

Mo gvéhiktn mpocéyylon o€ avtd 10 TPOPANUE eivar 1 avEnomn TG TAAGTILOTNTOS TOV
paEov, HEc® aglomoinomg TG TAAGTIUNG CLUUTEPIPOPAS CUYKEKPIUEVOV TUNUAT®V TOV
Qopéa, OTNPAOVTAG TAPAAANAL TNV VTOAOUTN SOUN OTNV EANCTIKY TTEPLOYN. oTdGO, Lo
TETO10 VEQ OTPOTNYIKN oYedacpov Ba mpémetl va oéPetan T grhocopia e fropnyaviog
POPIOV, 1 omoio omaltel AETTOTOYEG LETOAMKES OLOTOUES e TOAD QAL GUVOEGELS LE
KoyAleg/yavtlovg, EAAYIGTOMOIOVTOG TIG EPYOCIEG KOTA TN O0dKaCio £YKATACTOONG Kot
amocvvappordynong. Qg amotélecpa, mpoteivetor po VEQ TPOCEYYION TAAGTILOV
OYEOLAGLLOV KATA TNV £YKAPOLA S1EVHLVON TOV PAPIDV, 1] AEYOLEVT] GTPOTIYIKT TAAGTIKNG
opfaiornoinong (XI10). H X210 Basciletar oy mlaoctikn ofalomoinon Adyw cuvOiwyng
AvTLYOG TOV JYDOVIOV TPOKEUEVOL VO, amopevybohv dAAol, To yabvpol, punyovicuol
actoyiag. Avtd emtvuyydvetal pe Ty ewoaywyn tov 10 véov 1KavoTiK®V Kavovov, Ot
0To{0l TPOGPEPOLV VITEPAVTOYN OTNV KOTOGKELY], OTW®G GTNV AVIOYN TOV KOYADV CE
dlatunon, otn cHvOAyM dvivyos TV oTOA®YV, GTO YNUKA ayKOpla, KAT. Me Tov 1poOTO
avtd, ot oelopikég {nuieg mepropilovior Kupimg oTIg OTES TV doydVImVY, To oToia givat
€UKOAN OVTIKOTOOTAGILO LEAN.

Evd 1 ofaiomoinon Adym cuvOlyng avtuyog Bewpeitan pio TAGSTIUN LOPPT] 00TOYI0G OE
OTUTIKEG POPTIOELS, EVIOVTOLG OEV £)EL dlepeuvN Ol Yo SuVOUIKA QopTia, Kupiwg ETEN O
SLUPOTIKEG KATOOKEVEG 01 cLVOESELS oyedalovtal pe vrepavtoyn. [a tov opiopd g
HOVOTOVIKNG KOUTOANG  OOVOUNG/Tapapopemons, 1o mpooyédio PrEN1993-1-8:2021
(2021) mpoopépet pua avaAVTIKN oYEoN HETAED TNG TAGMS AVTLYOG KO TOV OVOTYLLOTOG TNG
omg. Qotdco, M oyxéon avt) €xel avamtvybel pe Paon TEWPOUATIKE KOl OVOALTIKE
amoteEAéoUATO O YOAVPOVA eAdopaTo LECHio/HEYAAOD TTAYOVG Kol ETOUEVMG UTOPEL va
unv etvot KatdAANAn Yo AETTOTOLYES OLUTOWES, OGS AVTES GTO SLOYDVIO LEAT TOV POOLDV.
[Mpokeévovr va depevvnbel M €QopUOCOTNTO TOV oYécemv Tov Evpwkddwka,
EKTEAEGTNKE [0l GEIPA TOPAUETPIKAOV OVOAIGEDY GTO AOYICUIKO TEMEPATUEVOV GTOLYEIWV
ABAQUS v6.14 (2014), petapdirovtag to miyog evog daydviov amd 3 mm ota 1.5 mm.

[TAGoTIHOG GEGIIKOG GYEIUGILOG, OTOTIUN O EXLTEAECTIKOTNTOS Ko TAEWOUIKOG XOPAKTNPIGUOG GUGTIUATOV LETOAMKOY popLdV
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Mopatnpndnke 01t Yo 11 dStotopég pe mayn 3 mm ko 2.5 mm n oyéomn tov prEN1993-1-
8 &ye1 Mol ko axkpifela (Zymua 4(a)), eved yio Tig 2 mm kot 1.5 mm n avaAvtikny oxéon
VIEPEKTIUA TV TAAGTIHOTNTO TNG CUVOEONG, N OMOi0 UEIDVETOL CNUAVTIKA AOY® NG
EUPAVIONG TOTIKOV AVYICHOD GTOV KOPHO TOL dlaydviov (Zymua 4(p)).

60 £

i N i MR IRl RSy PR U R Y

50 L -

Force [kN]

— = = Analytical EC-1-8(2021)
Abaqus (tension)

Abaqus (compression)
= b,Rd(2021)

b,Rd(2005)

10

Actuator displacement [mm]

(o)

30

A P U A U S S i R

25 | -="

20 |

15 |

Force [kN]

— — — Analytical EC-1-8(2021)
Abaqus (tension)
Abaqus (compression)

10 |

- _F
b,Rd(2021)

b,Rd(2005)

0 5 10

Actuator displacement [mm]

®

Zymua 4: Amoteléopato avaAHGEDV TEMEPUCUEVOV GTOTYEIMV KOl CUYKPLON LE OVOAVTIKEG OXEGEIS TOV
Evpoxddwa yio: (o) To dtoymvio pe mhyog 3 mm kot (B) To daydvio pe myog 1.5 mm.

2 ovvéxew, He PAom TOLg VEOLS KOVOTIKOUS Kovoveg oyedtaopov yuw tn XI10,
enavacyedldomnkay 600 peAéteg epoppoyns, piag APA duthod kou piog mwoAhamAol
BaBovc. TTapatmpndnke O0tL  oyediaon pe Pdon ™ ZI1O dev 0dNyNoCE GE GNUOVTIKY|
avénon TV SWITOUOV TOV PUPLOV, EVEO CGE OPIGUEVEC TEPUTTMOOELS TO OLOLYyMVIO, TTOV
ehappotepa. Tlpokeypévov va ocvykpiBei n ZIIO pe tov TLUMIKO  OYESIOOUO,
TpaypatorTomonke yio K4Be paet pio OAOKANP®UEVT GEIGUIKT OTOTIUNGT GTO AOYIGLUIKO
OpenSees (McKenna et al., 2000), pe ™ ypnon 30 kataypa@dv Kot 6 ETTESDV £VINOTG
(60% émg 3%/50 ypdvia). Xt aptOUnTIKA LOVTEAN TOV TUTKOD GYXESIUGHOD OAX TO LEAN
K0l 01 GUVOEGELS TPOCOUOIDONKAY EAACTIKG AdY® TNG Kuplapyiag YobvpdV UNyovIcU®V
actoyiog. Avtifeta, yio o poviéda g ZI1O ypnotpomomnke £€va KOVOTOUO LOKPO-
oTOLYEI0 YO TNV TPOGOUOI®GON TOL JLYMVIOV Kol TNG GVVOEGNG TOV. LVYKEKPIUEVA, TO
Sly®VIO TPOCOUOIDONKE ¢ EAACTIKT O0KOG, eV 1 GOVOAYM AVTLYOS TOV KOYAMTMOV
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oLVOEGEMV amd €vo. AVEANCTIKO OTOLEI0 UNOEVIKOD UNKOVLG, LE EVOOUOTMOUEVO EVal
Babpovounuévo pun Ypoppkd ELOTAPLO «aVOiyHOTOC.

Onwg ko oty mepintowon tov Keporaiov I, 1o amotedéopata tov avoidcewmv
ypovoictopiog petenelepydonkay TPOKEYEVOL Vo VTTOAOYIGTOVV o1 XE kd0e cuotatikon
uépovg. Zta dvo mpota emimeda Evraonc, 10co N XIIO 660 kol 0 TVTIKOC GYESUGUOG
CLUTEPLPEPOMKAY yOYa, e TOAD AlyEG YPOVOIGTOPIEC VO 0ONYOVV GE OGTOYI0L KATOL0V
pérovc/covdeons. Avtibeta, ota 20%/50yp., to omoio eival to emimedo oyediaong twv
APA, n ZI1O £d¢e1&e Pertiopévn amdkpion, aeov 1 kot 3 amd tic 30 avorvoelg epedvicay
Kdmola actoyio oV NmAn kot moldanmAn APA, avtictolya, oe avtiBeon pe tig 7 kot 16
otov TVTIKO oyedlaopd. H vrepoyn g X110 Mrav gpeavig Kot og vymidtepa emineda
évtaong, 10 omoio vroypoppilel 0Tt o TAACTUN oxediaon TV paldv avEdvel v
EMOVOTAEILOTNTA TOVG KOl G€ GEIGUOVS OTAVIOTEPOVS OO AVTOVG TOV GYEJAGLOV.

V. Amlomompuévny Movtehomoinon tov Avtopatomoumpévov Pagoictapevov
AmoOnK®OV

To m\npeg tprodtdotato otatikd poviého pag APA tumikd meptlopuPdvel eKatoviadeg
YMAdeg oTotyeion SOKOV-GTOAOL, [e GYedOV GO ekatoppdplo Padurods ehevbepiog (B.€.).
AVT0 €xel ¢ amoTéAeso ot avalOoELS va yivovtal Waitepa duoyepelg akoOUo Kol G
EMIMEDO OYEOOGHOV, HE TOVG WHEAETNTEG VO TPOGOUOLOVOLV HOVO €Vo. TUNUO TNG
KOTOOKELNG N VAL YPNOLOTOLOVV S1GOACTUTO LOVTEAD. XE EMIMESO LLOG OLOKANPMUEVNG
GEOUIKNG  OOTIUNONG OMOL  OMOLTOVVTIOL  EKOTOVIAOES UM YPOUMKES  OVOAVGELS
ypovoiotopiag, yivetor oaviiAnmtd OtL M Aemtopepng mpocopoiwon g APA  eivon
TPOKTIKOG advvarn. H povn Adon oe autég Tic mepmtdoelg eivon 1 avamTogn pog
pebodoroyiog yioo v amiomoinon Tov aplBunTIKohd TPOGOUOI®UATOS, 1) omoin Oa
wooppomel  peTaEy TG aplOUNTIKNG gup®OTIOG/TaYdTNTOG Kol NG okpifelag Tov
amoteleopudtov. To amlomompévo HOVTEAO TOV TPOTEIVETOL GTNV TTapovGo JaTpPPn
Baciletar otV avTiKOTAGTOOT TOV CUVOETOV VITOCTVAMUATOV LE 1600VVOLO GTolXElo
Timoshenko/cvvdéopov kot emtpénel TG0 YPAUUIKEG OGO Kot un Ypoppkég 2A kot 3A
AVOAVGELG.

H 180 ¢ avTikatdotoong OIKTVOTOV 00K®V Kol GTOAMV LE 1000VVALLN EAOGTIKA GTOTYELN
&xel ypnowomombei ektevig otn Pifioypoeio. I'a mapadstypa, or Belleri et al. (2017)
avéntuav o uefodoroyia OmAOTOMUEVOL GEIGUIKOD OYESIOCUOD Yo, Prounyovikd
Kmplo, N omoio Paciletor otn ¥pNHon 1600HVOUOY dOKOV GE TOPAAANAN GVOVdESN LE
eMoTIKO edatiplo. Amod v GAAn mAevpd, ov Kalocharetis and Gantes (2012)
ypnoponoinoay ehactikd otoryeio Timoshenko yia va tpocdiopicovv to poptio AVyiopon
OLVOETOV VTOGTLAMUATMV KO VO, TPOLYLOTOTOCOVV TAYEIES TAPAUETPIKEG AVOAVCELG Yo
TOV TPoGd10pIopd NG eMidpaong TV atedeldv. Me Bdon avtég Tig 10éec, Tpoteivetal otV
TEPIMTOOT TOV PAPLOV 1) YPNOT YPOULKOV oTotyeimv Timoshenko yio v aviikatdotaon
TV 6VVOETOV GTOAWV OTAV 0 LEAETATOL 1) U] YPOLLUIKOTNTO TOL VAIKOV, KaOdG emiong Kot
APNON U1 YPOLUIK®V GTOLEIDMV GUVOECUOV GE TO TAAGTILEG KOTACKEVES.

To mpmdto Prpa g amiomoinong mePAapPivel TOV TPOCIOPICUO TOV EANCTIKMOV
WOTHTOV TOV 10000vapmy ototyeiov Timoshenko. Xvykexpyéva, 1o eupaddov tng
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1000UVOUNG Slotopng wobtan pe 1o dfpotoua Twv eUPadOV TOV ETUEPOVS GTOAMY TOV
LOPO®OVOVY TO GUVOETO LTOGTUAMUN, VA 1M 16OdVVOUN pomn odpaveiog pmopel va
VTOAOYIOTEL [E T XpNom Tov kavova Steiner. Emumdéov, eneidn ta cOVOETO VTTOGTLAD LATOL
(Ko yevikd o SIKTVOTA LEAN) YopaKTNPILoVTOoL Ad ONUOVTIKY SIOTUNTIKY TAPAULOPP®OT),
elvol amopoitnTog 0 LITOAOYICUOG TOL SUTUNTIKOD EUPOOD TOL 1GOFVVAUOV GTOTYEIOD
Timoshenko. T'a tvmikég popeég diktvmong (w.y. D, Z, K, X), to EN 1993-1-1 (2005)
TPOGPEPEL KAEIGTOVS TOTOLG YO TOV LTOAOYICUO TOL SaTUNTIKOD eUPadod, evd o€
TEPMTMGELS OOV 1 JIKTVOT dgv givor otabepn ko’ Vyog, prnopet va akolovdnOel Eva
anmAd aplOunTiKod 10T TPOPOAOL.

To devtepo Prjna g amhomoinong mephapuPavel Tov TPOGOOPIGUO TOV EAAGTIKAOV KOl
AVEAAGTIKOV 1O10THTOV TOV 1G0SVVOU®Y oTolXelmV cuvdéspov. Eva ototyeio cuvdéoov
oLVOEEL 600 KOUPOLG e dakplTd, cuVNOBMS YPig aAAnAenidpacn petald Tovg, eraTipLo
oL AopPdvovy VITOYT OAEG TIC LOPPES GYETIKNG TTapapdpemong. ' mapdaderypa, to 2A
nenepacpuévo ototyeio two-node link tov Aoyiouikod OpenSees (McKenna et al., 2000)
nepriapBdverl tpia ehatnpia, £vo aEoviko, Eva O TUNTIKO Kot £va KApmTikd. Ot EAAOTIKES
dvokapyieg Tov Elatnpudv VTOA0YILoVToL £TC1 MGTE TO GTOLXEIO GLVOEGLOL VO £YEL TO 1010
UNTP®O dvoKapuyiag pe to 16odvvapo ehaotikd ototyeio Timoshenko. Xtnv avelaotiky
mepLoyN, LILoAoYileTar po HEYIGTN POT AVTOYXNG TOV KAUTTIKOL gAatnpiov pe Bdon v
avtoyn TV oTOA®V o€ Avyiopd. Otav 1 porn avtr Eenepactel 6NV avAALGT, TO KOUTTIKO
EAATNPLO YAVEL TANP®G TNV OVTOYN TOL. AVTIfETO, TO SOTUNTIKO EAATIPLO £XEL L0l TTLO
TAGGTIUN GUUTEPLPOPE, OPOV AAUPAVEL LTTOYN TN SLOPPON KOl TO AVYICUO TV YD VIOV
otoyeiov. I'a Tov TPOsdlopIoUd NG VOTEPNTIKNG CLUTEPLUPOPAS TOL TPOYLUOTOTOLEITAL
éva, aplOuNTIKG «OTUNTIKO» TECT 0€ £val JUKPO TUNUO TNG KOTOGKELNG, TO OTOI0 01N
oLVEYELN YpNOIOTOLEITOL Vi T BaBOVOUNGT TOL U YPOUUIKOD VGTEPNTIKOD DAIKOV TOV
glanpiov.
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Yynpa 5: Ztada amAonoinong pog APA: vrofétoviog apeAntéa Stoutuntikn dSvokapyio TG otéyng,
TOAAATAG GOVOETA VTTOGTLAM LLATO. LTOPOVV VO AVTIKOTOGTOO0DV amd £va LOVO LLOKPO-GTOYEIO.
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To tpito Ppa ¢ amiomoinong mephapuPavel TNV OVIIKOTAGTAON TS SIKTVOTAG GTEYNG
g APA. Emeidn n otéyn 0& CULUUETEYEL ONUAVTIKE GTO HNYOVICUO 0OTOYIOG TNG
KOTOOKEVNG, avtikodiotator omd ypapukd otoryeioa Timoshenko, coppmva e 1o Tpdto
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pnua. Emiong, Adyw G pewopévng dSwTpnTiking e dvokopyiog, ovvnbwg dev
OVOTTUGOETOL ONUOVTIKY] pomn avatponmns ot APA, yeyovOog mov emtpémel
CLYYMVEVOT TOAADV GUVOET®V GTOAWMV GE £VO 1GOOVVALIO HOKPO-GTOYELD, OTTMG diveTan
ot0 Xynuo 5. Avt n owdikacia amAomroinong propel va aglomomBel yio vo pelmdet
ONUOVTIKA 1] TOAVTAOKOTNTO TOL LOVTEAOL, OEOOUEVOL TOL VYNAOD ETUTEOV OUOLOTHTMV
HETOED TV GOVOETOV GTOAWMV, UE TNV OVOTOQEVKTY OOLVOUIO VO YOVETOL 1 YWOPIKY|
KaTavoun g Lalog o€ TEPUTTMOGELS OVOLLOTOLOPPNG POPTIONG.

Téhog 1 mpotewvdpevn pebodoroyio amrlonoinong motomomOnke 6TV EAACTIKY TEPLOYN
HEG® YpappIK®V ovolvcemv og pio APA moldamiov BaBovg. To minpeg 3A poviého
nephappave 647,000 B.¢. kot 200,000 ctoryeio 50K0V-GTOAOVD, EVE TO ATAOTOUUEVO HOALG
17,000 B.g. ko 7,500 10odOvapa otoryeio Timoshenko. H cuykpion Tov 1810ope®@V Kot
1W010mEPLOdmV £0e1Ee OTL TO AMAOTOMUEVO HOVTELO UTOPOVGE Vo AAPel vTOyY e akpifela
T SUVOUIKE YOPOKTNPLOTIKE TNG KOTOGKELTG. X1 SLVEYELD 1] LeBodoAroyia moTomomOnke
KOl OTNV OVEAOGTIKT] TTEPLOYN], LE TNV EKTEAEOT YPUUUIKAOV CTATIKOV KOl SUVAUIKOV 2A
avalvoewv o po. APA duthov BdBovs. H dwapopd tov amotelespdtov petald Tov
TAPOLG KO TOL OTAOTOINIEVOD HOVTEAOD NTOV TIG TEPICGOTEPEG POPES TOAD pikpn (M
péytotn mov mapatnpriOnke nTav 10%), eved ta opéAn og enidOcN NTAV TOAD GNUAVTIKA,
apov o xpdvog Kabe avdivon ypovoictopiog peimdnke and 90 Aentd oe 30 devtepOrenTaL.

VI. Mé£0ooor yro ™ Zewopikn) Anotipnon g OhicOnong Hepreyopévov o Pagra
AmoOfkevong
Enedn to mepieydpeva €vOG GUOGTIHLOTOS PAPIOV OV €lval UNYAVIKA GUVOEUEVA LE TO

Ookd  @opéa, £VIOVEC OEICIKEG KIVIOELS OONYOUV OVOTOQEVKTO OTN OYETIKN
petatomion/odiocOnon towv meplEYouEveY. Xe GLUPBOTIKEC KOTAOKEVEC TO Papog TV
TEPLEYOUEVOV v TOAD LuKpO og oxéom e To 1010 BAPOG TNG KATAOKELNG KOl ETOUEVMG
o AapBdvetor vToyYN N OAANAETIOPOCT) TWV dVO, YEYOVOGS TOV EMLTPEMEL TO SLOYMPIGUO TNG
CEICUIKNG amoTiunong o 600 oTddo. LTO TPMTO GTASIO TPAYLOTOTOLOVVTOL AVOADGELS
YPOVOICTOPIOG OTNV KOTOOKELY, OempdVIOS OTL 08V VTAPYEL OYETIKY HETOKIVNOM
KOTOOKEVG-TIEPLEYOUEVDY. XTO 0e0TEPO OTAO0 YyiveTow Mo peteneéepyacio TV
QMOTELECUATOV TOV OVOIADGE®VY, OTOL YPNCUYLOTOOVVIOL Ol YPOVOIGTOPieS AMOALTOV
EMTAYOVOEDY 0POPOVL Y0 TOV TPOCOOPICHO NG OAicOnomng tov mepleyopévev, Lo
dwdikaoio wov givor yvootn ot Piproypageio wg Newmark’s sliding block analysis
(NSBA) (Newmark, 1965). Ztnv ovcia n NSBA neptlaufavet t SimAn oAokAnpmon tmv
emraybhvoemwv 0poQOL oL Eemepvave T Aeyduevn emitdyvvon dioppong ., = [g, OTov [N
otafepd TPPNG TG EMPAVEING KOTAGKELNG-TEPIEYOUEVOL KOL g M EMTAYLVON TNG
Bapvnrag.

Evo m NSBA eivon po agomotn pébodog yioo tov vroloywopd g oAicOnomg
TEPLEYOUEVOV GE CLUPOTIKEG KOTAOKEVEG, 1 OKPIPEld NG HEIDOVETOL ONUOVTIKA GE
TEPUITAOGELS OTTOL TO PAPOC TOV TEPLEYOUEVAOV YIVETAL 1) KOPLOL TNYT CEIGKNG Lalag. AvTo
umopet va yiver avtiinmtod pe m ovykpion g NSBA pe éva apBuntikd poviého mov
neplhappdvel éva menepacpuévo otoweio oligbntipa tpifns. ‘Evag ohcOnmpoag tppng
umopet vor AGPel vIoOYn TN GYETIKN TOPAUOpP®ON dV0 KOUP®V, OTAV 1 OCKOVUEVN
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dwTpnTikny dvvaun oto otoyeio Eemepdoel v kpiown Svvaun oiicOnong. o
ovYKploN TV dVo PeBOO®V ypnoiponombnke éva amAd PHOVTEAO TTOL TEPIAGUPOVE Lo
pélo m mave og éva povoPdduto tokavtot mepddov T >0 sec pe otabepd Tping u
UETOED TOVG. X£T0 TPDTO HovTéAo TG NSBA ektedéotnke 1 avaivon ypovoioctopiag 6Tov
TOAOVTOTY] Kol UE Mot OAN] OAOKAp®OT vroloyiotnke 1 oiioOnon ¢ udlag. Xto
dgvTEPO HOVTELD Ypnoiponominke PeTaEd PAlac-TaAavImTh £vag oAlcONTpag TPIPNS o
omoiog Aappdvel vwoOYN KOTA TNV ovOAVoT TNV EMPPON TG oAicOnong. H obykpion twv
dvo avarvcemv deiyvel 6Tt 1 NSBA vrepextipd onpoavkd (tng taEng tov +100%) v
oAioOnon g paag. Avtd opeidetal 610 YEYOVOS OTL GTO TPAOTO HOVTEAO Og AapPaveTol
VoYM N AEYOUEVT] AAANAETIOPOOT TEPLEYOUEVOV-KATAGKELNG AOY® oAicOnong (AITKO).

I
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P F > T g Ei?f‘ - g
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rear beam m\fro nt beam @E' = T

Zynua 6: TIpocopoinon tov taAetdv katd v eykdpota diebbvvon Tov pa@od pe T xpnon omcntpov
TPPNIG Kot TAACUATIKOV GTOXEI®V.

H mo a&idémiot pnébodog yro v mpocopoimon g AITKO givon ) yprion evog omcOntpa
PPNg Yo kabe moAéta, poll pe TAACHOTIKE OVOKOUTTO GTOUXElD TPOKEUEVOL VO
povtedomombel n ekkevTpdTTO TOAETAG-O0KAOV (Zynua 6). Qotdco, 1 uébodog avtm
amottel PN YPOUUIKES avaAVCELS ¥povoioTopiog o€ eE10EIKEVUEVE AOYIOUIKE KOl ETOUEVOG
dgv mpoteiveTan Katd T Sodikacio oYedAGHOD €VOG POopLov. ¢ Lo EVOAAUKTIKY ADON
YL TNV amoTipnon TG OAIcONoNG TEPEYOUEVOV TPOTEIVETAL 1) EKTEAECT] YPOUUIKOV
avaAbeE®V ypovoictopiag kot 1 petenelepyasio tov emtoybveemv opoéeov pe v NSBA.
IMa va AneBei vedym 1 ATIKO avortoydnke n axdAovdn eumelpikn oo yuo Ty avénon
™G 1EMO0VE amOcPEONg NG KOTOOKELNG, HECOH OO TNV EKTEAECT TOPUUETPIKAOV
avVOADCEWV G€ LOVOPAOLIOVE TAANTOVTEG:

Sa(T)

Eoq = min {3%, 5.82% - 3.97%} EE. (1)

oupovo pe v EE. (1), yio kdOe avalvon ypovoiotopiog vwoloyiletal 1 QAGUOTIKA
emutayovon Sa(T) tov tadaviot) kot pe PBaon 1o cvvieheotn) TPPNg U avEdveton
apluntiKd n 16odvvaun ardcsPeon tov poviédov. 'Eva pdet wotdco eivar éva mtolvPaduio
GLGTNUA OTOL 1) EMPPOT TOV AVATEPMOV WOIOHOPPOV ivar onpoavtikny. ['a to Adyo avtd
TPAYLATOTOMONKE o OAOKANPOUEVT] OCEICUIKY] OMOTIUNGN o€ Tpio TOpadElypoTo
GYESOG OV paPladV, ard cvopPatikd PEIT youniov Hyovg péypt o APA peydiov Hyoug.
H obykpion tov ariomomuévav uebodwv pe ta akpin poviéla pe toug oAleOntipeg
TPIPng Ede18av 0T M xpron pag pEong amdoBeons Seq = (§1eq + $2,eq)/2, OMOL &1 ¢ KO
$2,eq M 10000vapun amdoPeon TG TPMTNG KoL OEVTEPNG 1OIOUOPPNS TOV PAPLOD GHUPOV
pe v E&. (1), peudvel onuavtikd ™ peponyia kot avéavel v akpipeto tng NSBA.

Aaxtopiky AwotpiBr Anprtpiov Toapmodi EMII 2022



Extevig [epiAnyn xiii

TéMOG, Y10 TPOKTIKES EQAPUOYES CUUPOTES LE TOVS KMOIKES GYXEOOGHOD, TPOTEIVETOL I
LEL®OT TOL PACLATOG GYESAGHOD Yio, TNV Tpocsopoimon ™ AIIKO. To ceiopikd tpdtumo
popudv EN 16681 (2016) mpocpéperl 10 pelwtikd cvvtedeot| Epq ywo ) peioon tov
OEWOUIKOV dpaoemv Ady® oAicOnong. O Ep; amotelei cuvaptnon tov Adyov Sa(T;)/ 1 Kot
emopévmg eEaptdral LOvVo omd T TPATN WI0HOPPT| TOV PaPLov. Q6TdG0, Ao TIG AVIAVGELS
ypovoioctopiog mpoékvye OTL, Waitepa oTlg YynAég APA, n pelowon G CEIGHIKNG
tépvovcag Aoym e ATTKO e&aptdror 6yt povo amd v TpdT 0ALd Kot omd T 0e0TEpT
wopopen. I'ia To Adyo avtd mTpotddnke Evag vEOG LEIMTIKOC GUVTEAECTNG, O AEYOUEVOG
Eni, O 0omolog yYPNOOTOlEl TO YEMUETPIKO WHECO TOV QOCUOTIKOV ETITAYVVOEDV

JSa(Ty)Sa(T,)/ u:
Eny = max{04, —0.1966 - /Sa(TSa(T,)/u + 1.0995} < 1.0 EE. (2)

[Tpoxeévov va cuykpiel o mpotevopevog cuvtedeotng Eyq e tov Epq Tov Kavoviopob,
ypnoonomdnke po ToAvmpoen APA kot 30 celopkég Kataypapés KAMUOKOUEVES O
tpia emineda Eviaong mov avtiotoryovv og 3%, 5% kar 10% ota 50 ypovia mbavotnTa
vrépPaonc. o kdBe koTaypor| Kot EMITESO £VIOOTG TPAYLLATOTOONKE L0 U1 YPOLLUKN
avdAvon ypovoiotopiag He oAlcOnTpeg TPIPNG, M omoin ypnoipomomdnke ywu TNV
a&loA0yNo” TV GAA®V HeBOOWV. XN cuvE Eld EKTEAECTNKOY OV0 QPUGLOTIKEG OVOAVGELG
pe CQC ocuvdvacud TV 1I0HoPPEOV: N TPOTN UE TN YPNOT ToL cvvtereot| Epq Kou
dgvtepn pe tov Eyq. Ot avdivoelg pe tov Epq vaepektilodoay Ty TEUvVousa Bacng, Tic
a&OVIKES OUVALLELG GTOVG GTUAOVS/OEYDVIE KO TH LETATOMION TS 0POPNG, Katd 20% Emg
40%. AvtiBetd o1 avalvoels pe Tov Eyq TpocEépepay TOAD KOADTEPT) GLVOAKT 0TdOOGN,
1660 Ao Amoy™n apePOANTTNG LEOTG TIUNG OGO Kot ad TNV Ao LIKPOTEPOL GUVIEAEDTY|
dtokdpavong. Avtd onpaivel 6tL ) ypnom tov Eyq Umopet ev Suvapel vo odnNynoet e pa
elappOTEPT (KO ETOUEVMG TTLO OTKOVOUIKT]) KOTAGKEL.

VIl. ZXoumepdopata

Ymv mopodcoo O00KTOPIKN OlTpiPr] €EETAOTNKE 1 OCEICUIKY CUUTEPLPOPH TOV
CUOCTNUATOV POPLDV, KOTOOKEVEG TOL YPNOUYLOTOOVVIOL Yo TNV omodnkevon TtV
ayafoVv/Tpotdoviov pog omofnkng. XvvomTikd, To KOP. CLUTEPACUOTO Elval Ta
axolovOa:

®  Al0QopeTiKEG TUTOAOYIEG PAPIOV HOPALOVTOL KOWA HOKPO-YOPOKTNPIOTIKG T
omoio uTopoHv vo cuUTEPIANPHOVY Ge o EDEMKTY TaSVopLia Yl TV LTOCTNPIEN
UEAETAOV AE10A0YNONG YOPTOPVAOKIOL 1 KIVOULVOV/I(NIOV TEPLPEPEIDV;

e Ot awtopatomoinpéveg pagpoiotapeves amodnies (APA) oyxedacuéveg pe faon ta
GEICUIKE TPOTLTTO Y10 GLUPATIKE paPla Efvor eTppeneis o€ yabvpoHg unyavicpovg
aoTOoYI0C, OTMC AOTOYI0 TV AYKLPI®V, AGTOYI0G KOYAIWTMOV GLVOEGEMVY, AVYIGUOG
6TOA®V, K.AT.;

e H otpamyiknq miactikig ofaromoinong (ZI10) eivor €vag mAASTIHOG GEIGUIKOG
OYEOWICUOC Yoo TV gyKapowo devbuvon tov pagudv Ko Pociletor otnv
TOPAUOPPMOT AOY® SVVOAMYNG AVTLYOS TOV SLOYMVIO Y10 VO KOTTOPPOPNCEL TNV
EL0EPYOLEVT] GEIGUIKY| EVEPYELLL;
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e AvoAboelg TemepacEVOVY oToLKElOV £E1EAV OTL 1| KOYM®OTN GOVOEST S10yMVIOV-
oTOAOL popel va el Emapkel TAAGTILOTNTA, EQPOCOV TA TAYOG TOL JLOYDVIOU Eivarl
OPKETA LEYAAO DOTE VA amopevyHel 0 TOTIKOG AVYIGUOC TOL KOPUOD TOV;

o T tayela amotipunon kot oyedtacud tov APA, po modd agidmiom pebodoroyia
ATAOTOINGNG TOV aPOUNTIKOD TPOGOUOUDHIATOS OTOTEAEL 1] AVIIKOTAGTOCT TMV
obvbetmv vrooTLVAMUGTOY pe 100dvvape otoyeia  Timoshenko (glaoctikn
avaAivon) M e otoryeior cLVOEGHOL (aveLOOTIKN avdALGN);

e H mo axpiprg pébodog yia vo Anedet vwoyn n aAAnieniopacn mePLEYOUEVMV-
KaTaokeLg A0y® oAMoOnong (AIIKO) eivor np xpron un YPOUUIKOV GTOLXEI®V
oMeONTp@V TPIPTG Yo TV TPOcOUOimoN TG Kiviong Kabe TaAétag;

e M evarloktikny Avomn yuo v poviehonoinon ¢ AIIKO og glaoticd povtéia
amotedel M yPNON €VOC 100JVVAUOL OVENUEVOL GUVTIEAESTN OmOGPeonc NG
KOTOOKELNG Kol M petenelepyacio TV emtayhveoemv opdeov pe T HéBodo
Newmark’s sliding block analysis (NSBA);

e M omotedecpatikny pebodoroyio yioo vao AneBet voyn n AIIKO oe eminedo
OYEOGLOV Elval 1 XPNON EVOC LEIMTIKOD GUVTEAESTN GTO PACLO GYESOGLOV LUE
Baon ) TpdT Kot deVTEPT WOOUOPPT TAAAVTMONG TOV paplov. Q61dc0 1 HEB0d0g
avt dgv umopet vo, vToAoyicel TNV oAMcOnon TV TeplEXoUEVOV.
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Introduction 1

1 Introduction

1.1 Problem statement

Warehousing and transportation support activities are a subsector of the transport and storage
services business sector, with a significant impact on the global economy. For instance, in
the European Union, this sector generated €487.1 billion of value added in 2018, the fifth
greater in EU’s economy, representing 7.4% of the wealth generated in the non-financial
business economy (EuroStat). Specifically, the warehousing subsector employed nearly 2.5
million persons, most of them working in Germany, Netherlands, Belgium, France, Italy,
and Spain. In other words, warehouses are civil engineering structures that play an important
role in the society, providing a safe place for the goods to be stored before their large
distribution to the public (Gu et al., 2007). At the same time, they are concentrated points of
failure in an otherwise widely distributed logistics system.

In order to provide flexibility in the handling process and to accommodate a large variety of
stored goods, warehouses come in all kinds of structural configurations (Tilburgs, 2013).
Typically, one considers a warehouse as a combination of (a) an external shell and (b) a
series of racks or shelves that support the merchandise (Figure 1.1); however, this is not
always the case (Vujanac et al., 2017). Integrated solutions are proliferating, where the racks
also support the cladding and facade in the so-called rack supported warehouses (RSWs).
Innovation is not limited in the structural configuration but also extends to the handling
process, providing automated management systems for storage and retrieval using integrated
artificial intelligence and robotics. Considering also the nature of the stockpiled wares, there
is a virtually “infinite” number of warehouse configurations, each characterized by specific
attributes such as dimensions, used material, automation, etc.

- i & B = J
racking system
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Figure 1.1: Typical configuration of a warehousing unit, comprising (a) the racking systems used to store the
goods and materials of the warehouse (herein it contains a series of shelving racks and a series of adjustable
pallet racks), and (b) the independent external shell structure (photo courtesy of Nedcon B.V).
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Figure 1.2: Plan and side views of a typical racking system. Two directions are defined, the down-aisle,
which is used by the forklift trucks and, perpendicularly, the cross-aisle.

(b)

Figure 1.3: Failure of indoor racking structures during seismic motions, showing (a): partial collapse of an
adjustable steel rack during the Christchurch earthquake of 2011 (Clifton et al., 2011) and (b): collapse of
cantilever-like racks used for Parmigiano Reggiano cheese wheels in a warehouse in Emilia Romagna (Franco
etal., 2015).

Arising from the need of easy assembly, adjustable geometry and low cost, steel pallet
racking systems exhibit a number of peculiarities that distinguish them from ordinary
building structures. A typical rack configuration consists of two directions, the down-aisle,
which is used by the forklift trucks in order to deposit and withdraw the goods and,
perpendicularly, the cross-aisle (Figure 1.2). Both directions are typically realized using
thin-walled steel members with simple hooked or bolted connections, which significantly
affect the response of the rack to lateral loads, such as seismic or wind actions. Moreover,
unlike typical buildings, the weight of these steel members is only a small fraction, e.g., 5-
10%, of the live loads. For these reasons, their design is not based on codes for regular steel
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structures, e.g., EN 1993 (2005) (Eurocode 3), but on special standards, such as EN 15512
(2009) in Europe, RMI (2012) in the US, or AS 4084 (2012) in Australia. These
specifications call for design assisted by testing to acknowledge that the response of
members and joints to loading cannot be covered exclusively by numerical analysis.

Figure 1.4: Collapse of Ceramic Storage warehouse in Sant” Agostino due to 2012 Emilia-Romagna
earthquake, Italy (Kanyilmaz et al., 2016).

Seismic events on industrial areas over the past years have showed the vulnerability of many
warehouses to lateral loads (Bournas et al., 2014). Storage racks, whether they support the
whole building or not (i.e., indoor racks), are made of slender members that carry high live-
loads; this renders them susceptible to various types of member buckling and global
geometric non-linearities (i.e. P-A effects). During the Christchurch earthquake series of
2010 and 2011 (Clifton et al., 2011), several indoor storage racks collapsed (Figure 1.3(a)),
despite the fact that the owners of the warehouses took measures or retrofitted the racks
between the two events. In the Emilia-Romagna earthquake of 2012, it was estimated that
633,700 wheels of Parmigiano Reggiano and Grana Padano cheese were damaged by falling
off factory shelves where they were maturing (Franco et al., 2015), with the cost of the
damage estimated at €150 million (Figure 1.3(b)). Partial or even global collapses of RSWs
were also reported (Figure 1.4).

The behaviour of racking systems to seismic excitations has been investigated by many
researchers worldwide. In Europe, the European research projects SEISRACKS (Rosin et
al., 2007) and SEISRACKS2 (Castiglioni et al., 2014) examined the seismic performance of
braced and unbraced racks by means of experimental and numerical tests (Adamakos, 2018;
Kanyilmaz, 2016). The full-scale tests revealed the sensitivity of racks to construction details
and to system-level effects not completely detected during the code-mandated component
and subassembly tests. In Australia, Gilbert and Rasmussen (2012) and Gilbert et al. (2014)
presented the three-dimensional response of drive-in storage racks, where it was shown that
the friction between pallet bases and rail beams provides additional horizontal bracing
restraints on the system. In China, Yin et al. (2016; 2018) conducted several monotonic and
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cyclic loading tests on beam-to-column connections and found that by introducing additional
bolts and welds, the hysteretic response of the joint can be improved in terms of stiffness
degradation and deformability.

So far, the research has mainly focused on the seismic behaviour of low/medium-rise racking
systems, and in particular on the response along the down-aisle direction. As a result, current
design codes are available almost solely for the adjustable pallet racks (APRs) (Figure 1.2),
and it is the designer’s responsibility to extend them to other systems. For instance, no
official provisions exist for the design of automated rack supported warehouses (ARSWSs);
designers are obliged to treat them as APRs, adopting low-ductility concepts and
disregarding capacity-design rules. There is also a large percentage of racks that are not even
designed for seismic loads, despite being installed in earthquake-prone areas. However,
considering the economic impact that a collapse of a warehouse has, it is questionable
whether low cost outweighs resilience.

Apart from the explicit increase of internal actions during the seismic excitation, racking
systems may also suffer damages due to the implicit hazard of content sliding. As the wares
are not mechanically connected to the rack, but are stored on pallets, boxes, containers, etc.,
floor accelerations can initiate excessive content sliding, leading to localized damages due
to impact on the structural members, or even complete collapse of the structure due to
contents falling off (Figure 1.3(a)) and crushing adjacent frames. Currently, seismic design
codes for racks (e.g., EN 16681, 2016; RMI, 2012) do not offer a tool to predict sliding
displacements, as it is related to absolute floor accelerations for which a conventional modal
response spectrum analysis (MRSA) is not able to provide any information.

1.2 Objectives and Scope

The present thesis comprises a collection of research studies that attempt to expand the
current knowledge on the seismic behaviour of steel racking systems. While mainly focusing
on the seismic assessment of the innovative ARSWSs, research is not limited to a single rack
typology; it offers a multi-faceted contribution that is not only of academic interest, but also
of practical usage, assisting structural engineers and risk analysts to improve on design,
assessment, and decision-support.

Ultimately the goal is to: (a) establish an expandable, user-friendly, and intuitive taxonomy
for steel racking systems, offering a common glossary to risk analysts for efficient
identification and assessment, (b) perform, for the first time, a comprehensive seismic
assessment of ARSWs installed in high-seismicity areas, (c) propose a new seismic design
approach that reliably increases the ductility of the racks along their cross-aisle direction, (d)
offer simplified modelling approaches for rapid assessment and design of ARSWs, and (e)
delineate a solid methodology for the assessment of content sliding under seismic
excitations.

1.3 Outline

Most chapters are designed to be autonomous, each being a self-contained, single paper that
has either been published in a scientific journal or is being planned as a future publication,
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augmented herein with additional information and figures. The only exceptions of
interconnections among the chapters consist of few references on figures/tables/equations,
in an attempt to minimize the size of the thesis.

Chapter 2 discusses the morphology and the macro-characteristics of various racking
typologies, focusing on their structural behaviour under lateral loading conditions.
Subsequently, these individual attributes are summarized in a flexible and collapsible
taxonomy, which adopts the same terminology as the Building Taxonomy of the Global
Earthquake Model, comprising five basic classes or “Attributes”, capable of characterizing
any existing, contemporary, and upcoming rack typology.

Chapter 3 presents a comprehensive study on the seismic performance of five multi-depth
ARSWs, designed by professional engineers within the context of the STEELWAR (2017)
project to be installed in the city of Van, Turkey. Using a state-of-the-art methodology for
record selection, a series of linear response history analyses is performed for each case study,
in order to specify the most vulnerable members and connections of the structures and define
a hierarchy of criticalities. Finally, the effect of the cumulative seismic load multiplier is
assessed, by realizing a series of “what-if” scenarios, where each scenario exploits a certain
level of seismic load reduction as implied by the relevant design codes.

Chapter 4 proposes a new “dissipative” (as per EN 1998-1:2005 parlance) approach for
seismic design along the cross-aisle direction, the so-called plastic ovalization strategy
(POS). POS relies on the bearing deformation of the diagonal bolt hole, while adjacent
components are designed to be over-resistant. Ten capacity design rules inspired by
EN 1998-1 (2005) are introduced, but appropriately modified to respect the philosophy of
the rack industry that demands light steel members with very simple bolted connections. The
advantage of the POS over the standard design approaches is illustrated by performing a
multi stripe analysis (Jalayer and Cornell, 2009) on the cross-aisle direction of two ARSW
case studies. A subsystem of a beam element in tandem with nonlinear springs is employed
to simulate the bearing failure of the diagonal-to-upright connection, calibrated by finite
element models and existing analytical equations.

Chapter 5 presents a reduced-order modelling approach for the seismic analysis of ARSWs.
It is based on the well-established substitution of built-up columns and truss beams with
equivalent Timoshenko beam elements, reducing the size of the numerical problem by orders
of magnitude. The proposed simplified model goes one step beyond by providing the
capability for inelastic static and dynamic simulations with negligible loss of accuracy. This
is achieved with the use of link elements that can capture the shear, axial and rotational
stiffness degradation of the substituted upright frames. The accuracy and numerical
efficiency of the proposed simplified method is then demonstrated in a series of 2D and 3D
elastic and inelastic analyses on two high-rise ARSWs.

Chapter 6 discusses the phenomenon of content-structure-sliding interaction (CSSI) on
structures with mass-dominant contents, focusing on the case of racking systems. Three
approaches are investigated to capture CSSI: (i) introducing friction sliders per pallet and
running nonlinear response-history analysis, (ii) increasing the model viscous damping and
using elastic response-history analysis, and (iii) reducing the horizontal seismic loads in
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tandem with modal response spectrum analysis. Three case studies are employed to calibrate
empirical relationships for damping amplification and seismic load reduction, largely
removing the bias of simpler alternatives (ii) and (iii), respectively, to level the ground for
future code applications.

Finally, Chapter 7 provides the overall conclusions and scientific contribution of the thesis,
summarises the virtues and limitations of the proposed methods, and sets directions for
future work and improvements.
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2 Macro-characteristics and Taxonomy of Steel Racking
Systems?

2.1 Introduction

The large variation of characteristics among different racking systems, not unlike the
differences among types of conventional buildings, means that lumping all types into a single
"warehouse class" can become a gross oversimplification. Instead, by defining a uniform
taxonomy, there are distinct advantages to be had: (a) by facilitating the comparison of
results between different studies, (b) selecting vulnerability/fragility functions for portfolio
or regional risk/loss assessment studies, and (c) collecting usable damage/loss data in post-
earthquake surveys. While manufacturers and designers of steel racks do employ a fairly
wide categorization of structural systems, they also tend to focus on functionality, usability
and performance from a logistics point of view; such attributes are not necessarily important
for guiding vulnerability assessment. Similarly, rack design codes may employ some
elements of classification (e.g., EN 16681, 2016), yet these are not comprehensive enough
to fit the purposes of a full taxonomy for vulnerability assessment. Instead, we propose
distilling current industrial classifications to delineate a collapsible, flexible and extensible
set of classes that can encode the salient structural characteristics of existing, contemporary
and upcoming racking systems, akin to literature taxonomies for typical buildings, e.g., by
the Global Earthquake Model (GEM, Brzev et al., 2013) or the Earthquake Engineering
Research Institute (EERI) and International Association for Earthquake Engineering (IAEE)
World Housing Encyclopedia (Brzev and Greene, 2004). In turn we offer perspective
regarding the expected behaviour, as well as a common glossary to support efficient
identification and assessment by risk analysts.

2.2 Morphology of racking systems

Steel racking systems commonly comprise cold-formed members that can be easily
assembled and adjusted to serve the continuously changing needs of a warehouse. While
some members can be made of hot-rolled steel, such as some angle-L sections in the bracing
system, a rack completely made of hot-rolled sections is not considered to be economically
viable, due to the heavy connections needed with respect to the cold-formed solutions.
Typically, in a racking system one defines two primary directions, the down-aisle direction
which is used by the forklift trucks in order to deposit and withdraw the goods and,
perpendicularly, the cross-aisle (EN 15512, 2009).

This work contains material from “Tsarpalis D., Vamvatsikos D., Deladonna F., Fabini M., Hermanek J., Dot
Margotan P., Sesana S., Vantusso E., Vayas |. (2022). Macro-characteristics and taxonomy of steel racking
systems  for  seismic  vulnerability = assessment,  Bulletin  of  Earthquake  Engineering.
https://doi.org/10.1007/s10518-022-01326-x", reproduced here with permission.
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Figure 2.1: Primary structural components of an adjustable pallet racking (APR) system and definition of the
down- and cross-aisle directions (photo courtesy of SACMA S.p.a.).

Figure 2.1 illustrates the primary components of the most common rack configuration, the
adjustable pallet racking (APR) system (also referred to as “selective” system). Individual
or boxed items are combined into single “units”, so-called unit loads, that can be moved
easily with a pallet jack or forklift truck. They typically consist of corrugated fiberboard
boxes stacked on a pallet or slip sheet and stabilized with stretch wrap. Each unit load is
characterized by a stock keeping unit (SKU), a unique identifier that is used to classify the
stored goods inside a warehouse. Unit loads of the same SKU are considered identical and
thus, interchangeable. In APR systems, the pallets are accommodated by the pallet beams
that are hooked (Figure 2.2(b)) or bolted to the uprights, creating a moment resisting frame
(MRF) in the down-aisle direction (Bernuzzi and Simoncelli, 2016b). In the cross-aisle
direction, the uprights are connected by a bracing system (Figure 2.2(a)) with a D, Z, K or
X bracing pattern (EN 15512, 2009), defining the so-called upright frames (Figure 2.1).
Racking systems are typically fixed on a concrete ground slab using a base plate and post-
installed anchors (Figure 2.2(b)), however there are some exceptional cases where the racks
are installed on asphalt, tiles or even suspended floors.

Other traditional types of storage racks are the drive-in and the drive-through systems. Drive-
in racks allow a lift truck to enter the rack from one side to pick up or lay down pallets,
which are placed on a continuous rail beam (Figure 2.3). From a logistics point of view,
drive-in racks are efficient when one has a large number of similar items that can be stored
in a single “input/output” pallet position and accessed via the Last-In, First-Out method.
Access is provided through a single aisle in the front of the rack. The fact that the forklifts
need to drive into the racks leads to the absence of pallet beams, with the exception of the
“portal” beams at the highest level of the rack. As a result, drive-in racks cannot rely on this
extremely weak MRF to resist the lateral loads and a bracing system is always mandatory.
When the vertical bracing is placed eccentrically at the one end of the rack, so called spine
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bracing, horizontal braces are also placed in order to provide an in-plane stiffness diaphragm
at the top level (Cheng and Wu, 2016), as shown in Figure 2.3. On the other hand, some
manufacturers prefer to sacrifice one bay and install a concentric vertical bracing system,
the so-called bracing towers, a lateral force resisting system that is used also in other racking
systems. Finally, the drive-through system is identical to the drive-in from a structural point
of view; the only difference is that drive-through racks allow the lift truck to enter through
both ends of the system allowing for a First-In, First-Out storage option, but requiring aisles
on both the front and the back of the rack.

(b)
Figure 2.2: Component connections of an APR system showing: (a) a diagonal-to-upright bolted connection
and (b) a beam-to-column hooked connection and an upright-to-floor connection (photos courtesy of SACMA

S.p.a).

| B LE ' ; . . A

Figure 2.3: Primary structural components of a drive-in steel racking system. In drive-in racks, the forklifts
enter inside the rack in order to deposit and withdraw the pallets (photo courtesy of Nedcon B.V.).
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Figure 2.4: Configuration of a multi-depth pallet shuttle racking system. Pallets are stored in long storage
tunnels serviced by mechanized shuttles running on rails (photo courtesy of MECALUX S.A.).

A more modern approach to the Last-In, First-Out method, is the pallet shuttle racking
system (Huang et al., 2012). Lately, these systems are preferred over the traditional drive-
in, as they allow working on each load level individually, while in the drive-in each bay must
have items with the same SKU. The pallet shuttle racks are characterized by a multi-depth
structure, where the unit loads are stored in long storage tunnels, serviced by mechanical
shuttles which are positioned by traditional forklift trucks or cranes (Figure 2.4). As the
shuttles are moving along the cross-aisle direction, like the lift trucks do in the drive-in
system, rail beams are also mandatory in this system, with the difference that they are not
connected directly to the uprights but on pallet beams. As the pallet beams now need only to
accommodate one pallet per bay, their cross-sections are lighter with respect to those of the
APR system and thus the formed MRF is somewhat flexible. Thus, in seismic areas bracing
towers are frequently placed at the one or both ends of the racking system.

The state of the art in storage technology are the automated rack supported warehouses
(ARSWs), racking systems that employ automated storage procedures, while supporting
both the stored pallets and the external cladding shell (Tsarpalis et al., 2021). ARSWSs
maximize the exploitation of the available footprint by achieving far greater heights than the
traditional systems (e.g., 30 meters tall). This is achieved by connecting the upright frames
by a roof truss, avoiding the construction of an independent shell-supporting structure. Two
main types can be distinguished based on their configuration and handling system, namely
the automated double-depth cranes (Figure 2.5) and the automated multi-depth shuttles
(Figure 2.6). Double-depth cranes belong to direct-access systems and provide easy
accessibility to the pallets, stored with a maximum number of two units for each row in the
cross-aisle direction, but decrease the use of the available footprint of the warehouse by
needing more aisles. Recently, the mini-load automated racking systems have become a
popular solution for storing light and small wares with high stock turnover ratios (Figure
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2.7), which essentially comprise a scaled-down version of the double-depth ARSWs. On the
other hand, multi-depth shuttles are more compact systems that maximize the storage
density, while losing accessibility to the pallets that are stored in long storage tunnels
serviced by mechanized shuttles running on rails, which renders them more suitable for
handling a reduced number of SKUs.

Cantilever racks are used to easily store long products that typical pallet rack openings
cannot handle, like steel profiles, steel or aluminum sheets, lumber, plywood, pipes etc. They
employ a single upright that is perforated along the height to accommodate small cantilever
beams, used to store the linear wares (Figure 2.8). The uprights are not made of open sections
like in the other racking systems, but of rectangular hollow sections as no upright frame is
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formed in the cross-aisle direction. Instead, cross-aisle stability of the single upright acting
as a cantilever is achieved solely by the moment-connection to a horizontal beam fixed to
the foundation floor (FEM 10.2.09, 2013). On the down-aisle direction, a light bracing
system is used, as the small horizontal elements that connect the uprights offer negligible
moment-framing action.
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Figure 2.8: Example of a heavy-duty cantilever rack (photo courtesy of Modulblok).

A popular solution for domestic applications, libraries and superstores/markets open to the
public is the light-duty hand-loaded shelving rack (Figure 2.9). It is used to store light-weight
products on small boxes, trays or containers using hand-picking methods. The shelves that
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carry the unit-loads can be directly connected to the uprights by means of bolts and clips, or
supported on beams (Bernuzzi et al., 2016a). Lateral stability in the down-aisle direction is
provided by the semi-rigid moment connection between the beam-like edges of the shelf
sheeting or by actual beams supporting said sheeting, if they are present. In the cross-aisle
direction, one may employ (i) a bracing system forming lighter versions of the APR upright
frames, (ii) a light moment-frame based on beam-like lacing members (Figure 2.10 left), or
(iii) a combination of the two (Figure 2.10 right). Despite being low-rise structures carrying
light goods, an abrupt collapse of a shelving rack might lead to loss of human life, apart from
the economic impact due to damage on the stored wares.
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Figure 2.10: Typical shelving rack and key components (adopted from Bernuzzi et al., 2016a).

Finally, two niche rack typologies are the mobile and gravity flow racking systems. A mobile
system comprises a series of independent APR or cantilever racks, without static aisles to
separate them; instead, they are motorized and, guided by rails, they may move along the
cross-aisle direction to open up an aisle where needed, (Figure 2.11). Thus, mobile systems
maximize the exploitation of the available footprint as the individual racks move to create
the only required aisle for withdrawal and retrieval. Gravity flow racking systems are
structurally similar to the well-known APRs but employ a different logistic workflow: By
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sliding units along inclined rails (or surfaces), they take advantage of gravity to load,
organize and retrieve. From a logistics point of view, gravity flow racks can be broken down
to three sub-categories: The push-back (Figure 2.12), pallet-flow and carton-flow racking
system.

G - i 118 : RS PR S = g

Figure 2.12: Example of a push-back gravity flow racking system (photo courtesy of MECALUX S.A)).

2.3 Seismic behaviour and design of racks

The design of steel racking systems is always accompanied by experimental tests, as they
comprise thin-walled perforated members with semi-rigid connections whose actual strength
and stiffness cannot be accurately calculated by analysis. The compression strength of the
uprights is negatively influenced by the presence of holes and thus, lateral torsional buckling
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of the section is typically the dominant failure mode (Vayas et al., 2019). However,
depending on the thickness-to-braced-length ratio, distortional buckling may also prevail,
which can be identified either by means of experimental tests on full-scale upright frames or
by numerical analyses (Elias et al., 2018; Miranda et al., 2018). In the cross-aisle direction,
the shear stiffness of the upright frame is degraded by the axial deformation of the braces
and their ends, as well as the slipping and bending of the bolts (Talebian et al., 2018).
Structural engineers take this phenomenon into account in a conventional beam element
model by applying a reduction, of the order of 95%, to the brace cross-sectional area
according to shear tests on individual upright frames. Experimental calibration is also needed
for the beam-to-column rack joints in order to determine the moment-rotation curve of the
connection, whose hysteretic response is characterized by slippage, pinching and stiffness-
degrading behaviour (Bernuzzi and Simoncelli, 2016b).

While the aforementioned local component tests are applicable to all types of racking
systems, at the system level the focus of existing literature has been on the APR systems and
for a good reason, as they comprise the most frequently used rack typology. Moreover, the
logic of upright frames in the cross-aisle direction and MRFs in the down-aisle direction is
also adopted in other systems, like the double- and multi-depth ARSWs. As a result, design
codes are available almost solely for the adjustable racks and it is the designer’s
responsibility to extend them to other systems. For instance, in USA, APRs are presently
designed according to the Rack Manufacturer Institute (RMI) specification (2012), in Europe
per EN 15512 (2009), while in Australia the AS 4084 (2012) standard is used.

Analysis and design become even more complicated when a storage rack is used in seismic
areas where the structures have to withstand additional horizontal seismic forces. In most
cases, the codes applicable to conventional buildings were employed, e.g., EN 1998-1 (2004)
in Europe. Still, these are typically not sufficient to cover the seismic design of racking
systems, thus additional provisions emerged. For example, the Federation Européenne De
La Manutention (FEM) guideline 10.2.08 (2011) extended the provisions of Eurocode 8 with
the introduction of additional elements specifically applicable to racks and governed the
seismic design of racking systems in Europe from 2008 to 2016, until the introduction of
EN 16681 (2016), which is now the de facto European seismic code for racking systems. In
USA, RMI (2012) covers both seismic and non-seismic aspects.

Research done so far has demonstrated that typical APR systems offer limited ductility,
which is reflected in the design codes by the adoption of low behaviour (or strength
reduction) factors (e.g., 1.5 and 2.0 in the cross- and the down-aisle direction, respectively
(EN 16681, 2016). In the cross-aisle direction, the horizontal seismic loads are balanced by
a set of axial forces acting on the uprights, which are optimized to the maximum, leading to
buckling failure modes before the bracing system enters the nonlinear range. Even if the
uprights were capacity designed, special connection detailing would be mandatory for the
braces in order to prevent bolt or bearing failure, a capacity check adopted in conventional
steel buildings but seldomly in racks.

In the down-aisle direction, the flexible MRF relies on the hysteretic behaviour of the hooked
beam-to-column joint to absorb plastic deformations (or dissipate energy in Eurocode
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parlance). Yin et al. (2016) conducted several monotonic and cyclic loading tests on beam-
to-column connections and found that by introducing additional bolts and welds, the
hysteretic response of the joint can be improved in terms of stiffness degradation and
deformability. However, in high seismicity areas, the weak MRF is not always capable of
resisting the increased horizontal forces and the contribution of the second-order effects
becomes crucial. To alleviate this issue, designers typically install a vertical bracing system
(Figure 2.13), also called spine bracing, that enhances the stiffness of the structure but not
the ductility as the design codes do not mandate capacity design. Still, full-scale pushover
tests (Castiglioni et al., 2014; Kanyilmaz et al., 2016a) demonstrated that higher behaviour
factors can be achieved on braced racks by guaranteeing sufficient overstrength for the
bracing connections to avoid a sudden brittle failure, such as bolt shear and bolt bending
failures before brace yielding.

VERTICAL
BRACING
RACK TO
SPINE BRACING
CONNECTICON

PLANE
BRACING

SPINE
BRACING SPINE BRACING
UPRIGHT

FRAME
BRACING

Figure 2.13: Spine bracing layout (adopted from FEM 10.2.08, 2011).

On the other hand, the design of drive-in racks in not well covered or documented in the
literature. Gilbert et al. (2012; 2014) presented the structural behaviour of drive-in racks
under static loading, in terms of experimental and analytical results. It was shown that the
friction between pallet bases and rail beams provides additional horizontal bracing restraints
on the system, however this contribution is relatively low in the overall design of the rack.
Still, the work done focused on static loading conditions. A recent work by Shaheen and
Rasmussen (2019) shed some light to the dynamic response of the drive-in racks along the
cross-aisle direction by means of shaking table tests, concluding that the upright-to-diagonal
connections experience severe local damage that led to brittle type of failures. For practical
applications, the European Racking Federation design guideline FEM 10.2.07 (2012), which
is perhaps the only widely available guideline specialized to drive-in racks, does not offer a
seismic design procedure. If one extrapolates from APR system guidelines, a behaviour
factor equal to 2.0 might seem appropriate in down-aisle direction but it is unclear whether
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this assumption is safe given that relevant research is lacking and there is higher flexibility
in drive-in systems relative to APRs that may lead to earlier-than-expected failures.

Finally, there are racking systems whose structural behaviour is yet to be examined in detail,
as research has not yet caught up to the rapid developments in racking technology. Some of
these systems have many similarities with the well-known adjustable racks, with only some
particular aspects remaining as a grey area. For instance, the recently introduced pallet
shuttle system (Figure 2.4) resembles an APR but it also comprises horizontal grids of pallet
and rail beams at each load level that can provide some beneficial diaphragm stiffness, which
may or may not be accounted for in design, and may or may not act as additional overstrength
in assessment. On the other hand, there are many widely used non-APR-like systems for
which little experimental and analytical research is available, and design guides are either
totally absent, or they only exist for non-seismic conditions (e.g., FEM 10.2.09 (2013) and
FEM 10.2.06 (2012) for the cantilever (Figure 2.8) and shelving racks (Figure 2.10),
respectively). Another example are the massive ARSWs (Figure 2.5 and Figure 2.6); such
systems cannot always be treated as “very tall” APRs, among other reasons due to their high
importance, the effect of pallet load distribution and automated pallet sorting algorithms, the
high degree of optimization to minimize costs, and the subsequent razor-thin overstrength
margins.

2.4 Proposed taxonomy

The sole purpose of a rack taxonomy is to describe and classify racks in a uniform manner
as a key step towards assessing their risk to various hazards, such as seismic or extreme wind
phenomena. While many taxonomies exist worldwide, such as the GEM (Brzev et al., 2013),
EERI and IAEE World Housing Encyclopedia (Brzev and Greene, 2004), PAGER-STR
(Jaiswal and Wald, 2008; USGS & WHE, 2008) and HAZUS (FEMA, 2003) taxonomy, they
mainly target conventional buildings. For example, the Building Taxonomy adopted by the
GEM Foundation comprises eight basic “Attributes” (or classes per other taxonomic
systems) required to broadly characterize any building: (i) material of the lateral load
resisting system, (ii) lateral load-resisting system (iii) roof, (iv) floor, (v) height, (vi) date of
construction, (vii) structural irregularity, and (viii) occupancy. Each “Attribute” may be
further broken down to several “Attribute Levels” delineating, e.g., the different available
materials or types of lateral load-resisting systems, and then further discretized to several
“Options” (or groups). Other proposed taxonomies may follow somewhat different
terminology but overall similar patterns. Clearly, some customization for racks is in order.
Herein five basic attributes are chosen to characterize racking systems: (i) structural
typology, (ii) placement and cladding, (iii) height, (iv) storage system and (v) design code
level, as illustrated in Table 2.1 and discussed in detail in the following sections.
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Table 2.1: Proposed Rack taxonomy following the GEM breakdown to Attributes/Attribute-Levels/Options.

Doctoral Thesis of Dimitrios Tsarpalis

TaxT Options
Attribute Attribute Atrribute-Levels __
Group Description ID
] Uprights+beams GuB
Gravity load- Uprights+rails GUR
resisting system )
Cantilever GC
Down-aisle Moment resisting frame LMRF
Structural . .
typology Igte_ral load- Spine bracing LSB
Structural resisting system Bracing tower LBT
System Cold-formed CFS
Steel type Hot-rolled HRS
Mixed MS
Indoor racks IDR
Placement and Placement and Outdoor racks ODR
cladding cladding )
Clad-supporting racks CLD
Low-rise [<8m] HL
. . Medium-rise [8-12m] HM
Height Height L
High-rise [12-20m] HH
Very high-rise [>20m] HVH
Low [<200kg] WL
Unit load weight Medium [200-1000kg] WM
High [1000-2000kg] WH
Wood+Steel SURWS
Plastic+Steel SURPS
Storage system Contact surface
Steel+Steel SURSS
Hanging goods SURHG
Manual MA
Rack Material/goods .
Information handling Semi-automated SA
Fully-automated FA
No-Code NC
[Pre 1990 EU
Pre 1976 USA]
) Mid-Code MC
Des;g\r/‘e‘l"’de Design code level [1990-2008 EU
1976-1997 USA]
High-Code HC
[Post 2008 EU
Post 1997 USA]
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2.4.1 Structural typology

The first Attribute, the structural typology, defines the racking system as a civil engineering
structure that resists external loads and excitations. It is broken down to three Attribute-
Levels that describe the gravity and lateral load-resisting systems, and the type of steel used
for both. The gravity load-resisting system (GLRS) Attribute-Level, self-evidently describes
the load path followed to transfer the gravity loads of the goods to the foundation. Three
different Options are proposed, namely “uprights+beams”, “uprights+rails”, and
“cantilever”. The majority of rack typologies belong to the “uprights+beams” group,
meaning that the goods are carried by pallet beams semi-rigidly connected to the uprights
(e.g., APR, pallet shuttle, ARSW, see Figure 2.14(a)). On the other hand, racks with no
beams along the down-aisle direction belong to the “uprights+rails” group (e.g., drive-in,
drive-through), where the goods are carried by continuous pallet rails that connect the
individual upright frames along the cross-aisle direction (Figure 2.14(b)). Finally, the
“cantilever” Option uses cantilever beams that are moment-connected to the uprights to
accommodate the long products (Figure 2.14(c)).

(@) (b) (©
Figure 2.14: The GLRS Attribute-Level of the structural typology Attribute comprises three Options: (a)
“uprights+beams”, (b) “uprights+rails” and (c) “cantilever”.

The second Attribute-Level is the lateral load-resisting system (LLRS) in the down-aisle
direction, currently comprising the Options of MRF, spine bracing and bracing tower (Figure
2.15). It can be extended in the future to contain more load-bearing systems (e.g., base
isolation, Simoncelli et al., 2020) as they evolve. In the cross-aisle direction no distinction
was made, as the structural scheme always comprises upright frames, with the number of
connected frames being the only variable. The only potential exception is the cantilever
system, where the GLRS also fully describes the cross-aisle LLRS (which is simply that of
a cantilevered upright), thus no further delineation is needed. Further extending the
Attribute-Levels to consider the number of upright frames in the cross-aisle direction is a
possibility, as for example note that the American codes (RMI, 2012) do consider the
positive effect of multiple upright frames connected (e.g., in the pallet shuttle or the drive-
in racks) by a so-called “redundancy factor”, assuming that a stress redistribution is possible
when the most critical structural member fails. However, research so far has demonstrated
that, especially in the cross-aisle direction, racks fail due to brittle failure modes and thus, a
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local failure will probably initiate a sudden global collapse. Hence, in the interest of
simplicity, this further discretization of cross-aisle LLRS has not been introduced.

Finally, one may consider the type of steel used, which can be cold-formed, hot-rolled or
mixed, e.g., as in having the uprights of the bracing towers hot-rolled while the rest cold-
formed. The use of hot-rolled sections might imply a capacity design framework per
conventional building seismic design, but this is the prerogative of the designer and not
necessitated by rack-specific guidelines. Thus, the distinction between cold-formed and hot-
rolled rack profiles does not necessarily imply an improved performance of the latter, but it
was considered for completeness.

—
— $/ l qg/?/j |

T3 7

GO\Nﬁ'a\S\e

(@) (b)

Figure 2.15: The LLRS Attribute-Level of the structural typology Attribute comprises three Options: (a)
MREF, (b) spine bracing and (c) bracing tower.

Two potential Attribute-Levels of the structural typology Attribute, not considered herein
but may be added in the future, are related to the connection of the racking system with the
ground. The first potential Attribute-Level is the type of foundation, which can be concrete
slab, asphalt, tiles, suspended floors, etc. However, as the vast majority of racks are installed
on concrete slabs, the classification according to the type of foundation was disregarded for
reasons of simplicity. The second possible Attribute-Level is related to the behaviour of the
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base plates and the anchoring system. Indeed, the rotational stiffness and the hysteretic
behaviour of the base plates can play a critical role on the seismic response of an unbraced
rack along the down-aisle direction (Bernuzzi and Simoncelli, 2016b). They still comprise a
structural component of the LLRS Attribute-Level, just like the beam-to-column joints or
the spine braces. In this scope, as the APRs evolve to accommodate additional load levels
with heavier unit loads, one could divide the MRF Option to weak-MRF and strong-MRF,
indicating the use of flexible base plates and beam-to-column connections or not.

2.4.2 Placement and cladding

Placement and cladding, the second Attribute of the proposed rack taxonomy, comprises
three Options, the indoor, outdoor, and clad-supporting racks. In terms of applicable natural
hazards, while indoor racks (Figure 2.16(a)) are designed only for seismic actions, the other
two groups are also exposed to wind and snow hazards. Outdoor racks share many structural
characteristics (dimensions, sections, etc.) with indoor racks, however there is no external
shell to protect them from the elements on all sides. Only a roof canopy may be installed at
the top of the rack to partially shelter the stockpiled goods from rain and sun (Figure 2.16(b)).

Figure 2.16: The placement and cladding Attribute comprises three Options: (a) indoor, (b) outdoor and (c)
clad-supporting racks (photos courtesy of MECALUX S.A.).
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Clad-supporting racks (i.e., the rack supported warehouses (RSWSs), Figure 2.16(c))
integrate the external envelope shell and the racking system into a compact structure.
Typically, a shallow roof truss connects the upright frames in the cross-aisle direction, while
horizontal bracing is employed to provide in-plane stiffness in the down-aisle direction. In
general, the axially stiff roof truss can be expected to enforce equal displacements at the
topmost level of the uprights in the cross-aisle direction, but a fully rigid diaphragm is not
necessarily realized due to the limited horizontal bracing. RSWs are especially vulnerable to
wind during the erection phase, where the lateral load resisting system (typically bracing
towers) has not been fully installed.

Figure 2.17: The height Attribute comprises four Options: (a) low-, (b) medium- (c) high- and (d) very high-
rise racks (photos courtesy of MECALUX S.A)).

2.4.3 Height
The height of the racking system is adopted as the third Attribute. While for conventional
buildings, the number of stories is often used as a proxy for height, the number of loading
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levels is not equally useful: The height of the load levels varies significantly among different
warehouses, and even within the same structure, to serve different logistic demands.
Conventionally, increased structural height is connected with augmented effects of higher
modes, P-A, and of course larger member sections. Specifically for racks, increased height
also acts as a multiplier on the consequences of goods falling off due to lateral displacement
of the rack, increasing the impact energy as well as the probability of landing on an adjacent
rack, thus becoming a source of damage spreading and potential progressive collapse.

Four Options were considered, which may not necessarily indicate a sharp difference in
structural behaviour, but certainly correspond to different levels of engineering
requirements: low-rise racks (below 8 meters), medium-rise (8 to 12 meters), high-rise (12
to 20 meters) and finally very high-rise (above 20 meters), as illustrated in Figure 2.17. The
low-rise threshold may be chosen to be lower, at 6 meters, where it would mainly comprise
shelving racks and few APR and drive-in systems. By increasing the value to 8 meters, the
low-rise group becomes the most populated among the four, as it includes a large percentage
of APR systems world-wide. However, APR systems tend to increase in height to better
exploit the available footprint and it will not be surprising if the medium-rise becomes the
“typical” group in a few years.

2.4.4 Storage system

The fourth Attribute is related to the functionality of a rack, the so-called storage system. It
consists of three Attribute-Levels, namely the weight of the unit load, the contact surface
and the handling system.

Regarding the first Attribute-Level, one may consider the number of unit loads per
compartment instead of the weight of the unit load. Still, this can become ambiguous for the
case of multi-depth racking systems (e.g., a pallet shuttle racking system with 6 upright
frames and 14 pallet positions along the cross-aisle direction). Another rational choice would
have been adopting the average weight of goods per square meter of load level, but racking
technology seldomly uses this term, leading to ambiguity in subsequent discussions with
professionals, leaving unit load weight as the best and most familiar concept.

(b)
Figure 2.18: The weight of the unit load Attribute-Level of the storage system Attribute consists of three
Options: (a) low-, (b) medium- and (c) high-weight (photos courtesy of MECALUX S.A.).
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Three Options are proposed for the weight of the unit load: Low-weight (below 200 kg),
medium-weight (200 to 1000 kg) and high-weight (1000 to 2000 kg), as illustrated in Figure
2.18. Unit loads heavier than 2000 kg are seldomly used as they demand special analysis and
rack typology. The low-weight is the only Option related with hand-picking methods while
in the medium- and high-weight groups the goods are usually palletized and require
mechanical methods for their handling.

Unit loads can be stored using pallets, containers, boxes, trays or even be hung, with the
pallets frequently related with heavier products. The engineering significance of such a
variety of different storing methods can be summarized in terms of the “contact surface”
between the goods and the rack as the second Attribute-Level. Goods may rest on top of
beams/rails, or hung from them. In both cases, the apparent inertia of the rack is typically
reduced during seismic excitations due to pendulum effects, for hanging goods, or sliding of
goods-on-steel. Still, in the latter case, a low friction constant may lead to displacements of
such magnitude that the products fall off and damage the adjacent racks, thus some
differentiation of the materials in contact is required.

Figure 2.19: The contact surface Attribute-Level of the storage system Attribute consists of four Options: (a)
wood+steel, (b) plastic+steel, (c) steel+steel and (d) hanging goods (photos courtesy of MECALUX S.A.).

Herein four Options are chosen, namely the “wood+steel”, “plastic+steel”, “steel+steel” and
the “hanging goods”, as illustrated in Figure 2.19. The majority of racking systems fall into
the “wood+steel” group, whereby wooden pallets are placed on steel beams. EN 16681
(2016) gives high reference values of the friction constant for the “wood+steel” group
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(v =0.37) and lower for the “plastic+steel” and “steel+steel” group (u =0.15). For the
“hanging goods” little experimental or analytical data is available, however the inertia forces
are relatively low in this kind of racking systems as they mainly store clothing products.
Finally, there are cases that do not fall into any of the four Options (i.e., the cheese units in
Figure 1.3(b)), but they are the exception, rather than the rule.

Figure 2.20: Material/goods handling Attribute-Level of the storage system Attribute consists of three
Options: (a) manual, (b) semi-automated, and (c) fully-automated (photos courtesy of MECALUX S.A.).

The third Attribute-Level is related to the handling system of the goods, consisting of three
Options (Figure 2.20): Manual (forklift trucks or hand-picking), semi-automated
(shuttles+forklift trucks) and fully-automated (shuttles+cranes). In the fully-automated
systems, such as the ARSWs, there is no need for human intervention in the handling
process, which minimizes the risk for human losses during an earthquake. However, as the
goods are now handled only via robotic means with specific tolerances, it is often the case
that after an earthquake event the shuttles will not be able to target correctly the pallets, as
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they have been displaced. In fact, repositioning of the pallets within system tolerances is a
labor-intensive process, as a special team of workers has to climb inside the warehouse and
adjust the position of all the goods, a procedure that may take weeks, or even a month,
leading to the complete shut-down of the warehouse.

2.4.5 Design code level

Probably the most critical Attribute for the seismic assessment of steel racks, and civil
engineering structures in general, is the design code level, which is closely correlated with
the date of construction or retrofit. One may choose to maintain both pieces of information
in the taxonomy as converting one to the other is not always straightforward. Herein, we
shall attempt to provide a mapping of age to the seismic code, at least in EU and USA.
Adding a separate “Date of construction or retrofit” Attribute can be easily done if needed
as in GEM 3.1 Building Taxonomy. In general, seismic vulnerability is expected to increase
with age, a universal trend that reflects the improvement of design and detailing standards
for practically all countries, as well as due to the general upwards trend of design spectra.
Specifically for racks, there are additional compounding reasons aggravating this
phenomenon. First is the lack of knowledge; in contrast to the residential steel buildings,
steel racks have only lately received the attention of the scientific community and
standardization bodies. This is reflected in the delayed appearance of specialized seismic
design codes for racks, in comparison to conventional buildings. For example, in USA, some
of the earliest seismic design requirements for racks appeared circa 1974 (see Chen et al.
(1980) for a detailed review), while for Europe the first draft of FEM 10.2.08 (2011) was
published in 2003 and introduced in practice in 2008. Secondly, seismic design was/is not
mandatory for racks in many countries, as they were/are considered as contents or equipment
rather than civil engineering structures. For racks designed before the introduction of rack-
specific codes, this led to a wide dispersion in the actually applied design standards, from
cases where only gravity loads were employed for the design, up to some structures that
received a full seismic design similar to conventional buildings. In fact, there remain many
countries today where non-seismic-resistant indoor/outdoor racks (but not RSWs) may still
be designed, and they are the standard go-to option to minimize the cost of the storage
facility. Still, awareness of the seismic issues is spreading, leading to improved designs even
where they are not mandated, especially in cases where the direct cost of the stored goods or
the indirect cost of service disruption is far greater than the cost of the rack itself.

A comprehensive classification of racks according to their design code level is thus country-
specific and largely depends on local design/construction practices and the date of actual
code adoption, rather than the date of publication. Furthermore, most if not all guidelines
concern APR systems, leaving some wide space for interpretation regarding other rack
typologies. As an initial attempt, we propose classifying the racks into three groups with
indicative cut-off dates of 1990 & 2008 for Europe and 1976 & 1997 for USA. Those
constructed before the first cut-off date belong to the “no-code” group, meaning that the vast
majority was not designed for seismic loads. The second group structures, namely “mid-
code” racks, were built between the two cut-off dates (i.e., 1990-2008 for Europe and 1976-
1997 for USA) using seismic design codes mostly meant for (or derived from) conventional
steel structures, such as EN 1998 (2004), UBC (1997), or other relevant national codes. In
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general, for European racks this means that relatively high behaviour factors (e.g., 3.0 or
greater) may have been employed, as recommended for conventional steel buildings, but
without necessarily accounting for capacity design to ensure a ductile failure mechanism.
For USA, the situation is more fragmented, as fairly conservative rules were employed early
on, which were later relaxed (Chen et al., 1980), while at the same time subjected to changes
in the design spectra. The third group comprises racks designed after 2008 for Europe, a
milestone signifying the adoption of FEM 10.2.08 (2011) by EU industry, and post 1997 for
USA, thanks to the introduction of updated RMI (2012) standards. Those "high-code" racks
typically adopt low behaviour factors, at least compared to those of (superficially) similar
conventional structures. For example, g = 1.5 to 2.0 is mandated for racks in EU (EN 16681,
2016), compared to 4.0 for buildings with concentric-braced frames and up to 6.5 for high-
ductility moment-resisting frames per EN 1998-1 (2004). A direct comparison with USA
practice is not necessarily informative due to other differences in the design process, but
RMI (2012) considers R = 4 for braced directions of racks and up to R = 6 for high-ductility
unbraced ones, compared to R = 6 for special concentric braced frames and R = 8 for special
moment-resisting frames per ASCE7-16 (2017). Still, the improvement in performance is
only due to this increased overstrength, as connections and members remain largely non-
ductile.

2.4.6 Available literature per proposed taxonomy

To help populate and further substantiate the proposed taxonomy, we hereby classify several
analytical and experimental publications that focus on the response of racking systems
subjected to lateral loads according to the categorization of the racking structures studied.
As we are interested in the characterization of racks from a global point of view, studies that
investigated solely the behaviour of individual components, like the beam-to-column joint,
were disregarded. The results appear in Table 2.2, showing the citation as well as the
Attribute-Levels of each studied structure. Only the “Design code level” property is
excluded, as design code is hard to determine for most case studies. In most cases, given the
post-2006 date of publication and the general focus on improving design, it can be safely
assumed that mid/high-code racks were studied.

Clearly, the majority of case studies comprised cold-formed, low-rise, indoor racks carrying
medium-weight unit loads placed on pallets that are manually handled by forklift trucks; in
essence, the literature so far has focused on the low-rise APR systems. On the other hand,
the semi- and fully-automated systems, like the multi-depth pallet shuttle racks or the high-
rise ARSWSs have not yet received enough academic attention, despite being very popular
systems in the market. Finally, only 2 out of 17 publications examined racks with bracing
towers as the down-aisle LLRS, showing a reliance on data available for similar building-
style LLRS, but potentially also a lack of knowledge for their idiosyncrasies when applied
in the racking industry.
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Table 2.2: Indicative publications related to the seismic performance of racks, categorized according to the proposed taxonomy.

Authors Rack GLRS Down-aisle Steel type Placemer?t Height UL weight Contact Gom_js
typology LLRS and Cladding (m) (kg) surface handling
Kondratenko et al. (2022) ARSW Uprights+Beams Bracing Tower Mixed Clad-supp. VH* (22.0) M (600-1000) Wood+Steel Fully-Autom.
Tsarpalis et al. (2021) ARSW Uprights+Beams Bracing Tower Mixed Clad-supp. VH (22.0-30.0) M (600-1000) Wood+Steel Fully-Autom.
Caprili et al. (2018) ARSW Uprights+Beams Spine Bracing Mixed Clad-supp. VH (30.0) M (1000) Wood+Steel Fully-Autom.
Franco et al. (2015) Cantlilever Cantilever Spine Bracing Cold-formed Indoor L' (7.0) L (40) Other Manual
Shaheen et al. (2019) Drive-in Uprights+Rails Spine Bracing Cold-formed Indoor L (4.9) N/A Wood+Steel Manual
Gilbert et al. (2012) Drive-in Uprights+Rails Spine Bracing Cold-formed Indoor L (5.0) H (1200-2000) Wood+Steel Manual
Gabbianelli et al. (2020) APR Uprights+Beams MRF Cold-formed Indoor L (7.6) M (295) Wood+Steel Manual
Bernuzzi et al. (2016b) APR Uprights+Beams MRF Cold-formed Indoor L (8.0) M (800) Wood+Steel Manual
Gusella et al. (2018) APR Uprights+Beams MRF Cold-formed Indoor L (8.0) M (800) Wood+Steel Manual
Filiatrault et al. (2006) APR Uprights+Beams MRF Cold-formed Indoor L (4.5) M (500) Wood+Steel Manual
Kanyilmaz et al. (2016b) APR Uprights+Beams MRF Cold-formed Indoor M?2 (8.1-8.5) M (800) Wood+Steel Manual
Maguire et al. (2020) APR Uprights+Beams MRF Cold-formed Indoor L (4.3) M (800) Wood+Steel Manual
Yin et al. (2018) APR Uprights+Beams Spine Bracing Cold-formed Indoor H® (19.8) M (450) Wood+Steel Manual
Avgerinou et al. (2019) APR Uprights+Beams Spine Bracing Cold-formed Indoor L (7.9) M (800) Wood+Steel Manual
Kanyilmaz et al. (2016a) APR Uprights+Beams Spine Bracing Cold-formed Indoor L (8.0) M (800) Wood+Steel Manual
Gabbianelli et al. (2020) APR Uprights+Beams Spine Bracing Cold-formed Indoor L (7.6) M (295) Wood+Steel Manual
Bernuzzi et al. (2016a) Shelving Uprights+Beams MRF Cold-formed Indoor L (2.0) L-M (100-300) Steel+Steel Manual
IL: Low, 2M: Medium, 3H: High, “VH: Very-high
NTUA 2022
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2.5 Conclusions

A comprehensive review of the macro-characteristics of various racking typologies has been
conducted in Chapter 2, focusing on their structural behaviour under lateral loading
conditions. The proposed taxonomy follows the same terminology as the Building
Taxonomy developed by the Global Earthquake Model, comprising five basic “Attributes”
required to broadly characterize any racking system: (i) structural typology, (ii) placement
and cladding, (iii) height, (iv) storage system and (v) design code level. Each “Attribute” is
broken down to several “Attribute Levels” delineating, e.g., the different types of lateral
load-resisting systems or handling methods, and then further discretized to several “Options”
(or groups).

— In general, the vast majority of racks tend to conform to the low-rise APR type thus, for
frugality, the taxonomy may be collapsed to examining archetypes of this type for
no/mid/high code groups.

— Although the taxonomy is mainly developed for seismic conditions, it could also be
adopted or modified for wind loads or other extreme hazards.

— It is designed to be extensible, meaning that it can easily accommodate new rack
typologies and load-bearing mechanisms without changing the proposed five basic
Attributes.

— It is user-friendly and intuitive, as the considered macro-characteristics can easily be
identified by a non-expert, just by looking at pictures of the racking system.

2.6 References

AS 4084 (2012). ““Steel storage racking”, Standard Australia.

ASCE 7-16 (2017). “Minimum Design Loads and Associated Criteria for Buildings and Other
Structures™, American Society of Civil Engineers, Reston, Virginia.

Avgerinou S., Lignos X., Tsarpalis D., Vayas I. (2019). “Full-scale tests on used steel storage
racks.”, Steel Construction Design and Research, 12(3), 231-242.
https://doi.org/10.1002/stco.201900009

Bernuzzi C., Gioia A., Gabbianelli G. (2016a). ““Pushover Analyses of Hand-Loaded Steel Storage
Shelving  Racks”, Journal of Earthquake Engineering, 21(8), 1256-1282.
https://doi.org/10.1080/13632469.2016.1210063

Bernuzzi C., Simoncelli M. (2016b). ““An advanced design procedure for the safe use of steel storage
pallet racks in  seismic  zones”, Thin-Walled  Structures, 109, 73-87.
https://doi.org/10.1016/j.tws.2016.09.010

Brzev S., Greene M. (2004). “EERI World Housing Encyclopedia — Summary Publication”,
Earthquake Engineering Research Institute, 120 pp., Oakland, CA, USA.

Brzev S., Scawthorn C., Charleson A.W., Allen L., Greene M., Jaiswal K., and Silva V. (2013).
“GEM Building Taxonomy Version 2.0””, GEM Technical Report 2013-02 VV1.0.0, 188 pp., GEM
Foundation, Pavia, Italy.

Ductile seismic design, performance assessment and taxonomic characterization of steel racking systems


https://doi.org/10.1002/stco.201900009
https://doi.org/10.1080/13632469.2016.1210063
https://doi.org/10.1016/j.tws.2016.09.010

32 Chapter 2

Caprili S., Morelli F., Salvatore W. Natali A. (2018). “Design and Analysis of Automated Rack
Supported Warehouses”, The Open Civil Engineering Journal, 14, 150-166.
http://dx.doi.org/10.2174/1874149501812010150

Castiglioni C.A. et al. (2014). *“Seismic behavior of steel storage pallet racking systems
(SEISRACKS?2)”, Final Report, RFSR-PR-03114, European Commission, DG Research,
Brussels, Belgium.

Chen C.K., Scholl R.E., Blume J.A. (1980). “Seismic Study of Industrial Steel Storage Racks”,
URS/John A. Blume & Associates, Engineers, San Francisco, California.

Cheng B., Wu Z. (2016). “Simplified Method for Calculating the Laterial Stiffness of Drive-In
Storage Racks™, Practice Periodical on Structural Design and Construction, 21(1).
https://doi.org/10.1061/(ASCE)SC.1943-5576.0000266

Elias G.C., de Almeida Neiva L.H., Sarmanho A.M.C., Alves V.N., Barbosa e Castro A.F. (2018).
“Ultimate load of steel storage systems uprights”, Engineering Structures, 170, 53-62.
https://doi.org/10.1016/j.engstruct.2018.05.078

EN 15512 (2009). ““Steel static storage systems - Adjustable pallet racking systems - Principles for
structural design”, European Committee for Standardization (CEN), Brussels, Belgium.

EN 16681 (2016). “Steel static storage systems - Adjustable pallet racking systems - Principles for
seismic design’, European Committee for Standardization (CEN), Brussels, Belgium.

EN 1998-1 (2004). “Eurocode 8: Design of structures for earthquake resistance - Part 1: General
rules, seismic actions and rules for buildings”, European Committee for Standardization,
Brussels, Belgium.

FEM 10.2.06 (2012). “The design of hand loaded low rise steel static shelving””, FEM Racking &
Shelving Product Group (European Racking Federation).

FEM 10.2.07 (2012). “The design of drive-in and drive-through racking’’, FEM Racking & Shelving
Product Group (European Racking Federation).

FEM 10.2.08 (2011). “Recommendations for the design of static pallet racks in seismic conditions™,
FEM Racking & Shelving Product Group (European Racking Federation).

FEM 10.2.09 (2013). “The design of cantilever racking”, FEM Racking & Shelving Product Group
(European Racking Federation).

FEMA (2003). “HAZUS-MH MR4 Technical Manual”’, Federal Emergency Management Agency,
Washington, D.C., USA.

Filiatrault A., Higgins P.S., Wanitkorkul A. (2006). ““Experimental Stiffness and Seismic Response
of Pallet-Type Steel Storage Rack Connectors”, Practice Periodical on Structural Design and
Construction, 11(3). https://doi.org/10.1061/(ASCE)1084-0680(2006)11:3(161)

Franco A., Massimiani S., Carfagni G.R. (2015). “Passive Control of Steel Storage Racks for
Parmigiano Reggiano Cheese under Seismic Accelerations”, Journal of Earthquake
Engineering, 19(8), 1222-1259. https://doi.org/10.1080/13632469.2015.1049386

Gabbianelli G., Cavalieri F., Nascimbene R. (2020). ““Seismic vulnerability assessment of steel
storage pallet racks™, Ingegneria Sismica, 37(2), 18-40.

GEM 3.1 Building Taxonomy (2021) repository: https://github.com/gem/gem_taxonomy

Doctoral Thesis of Dimitrios Tsarpalis NTUA 2022


http://dx.doi.org/10.2174/1874149501812010150
https://doi.org/10.1061/(ASCE)SC.1943-5576.0000266
https://doi.org/10.1016/j.engstruct.2018.05.078
https://doi.org/10.1061/(ASCE)1084-0680(2006)11:3(161)
https://doi.org/10.1080/13632469.2015.1049386
https://github.com/gem/gem_taxonomy

Macro-characteristics and Taxonomy of Steel Racking Systems 33

Gilbert B.P., Rasmussen K.J.R. (2012). “Drive-in Steel Storage Racks I: Stiffness Tests and 3D Load-
Transfer Mechanisms™, Journal of Structural Engineering, 138(2).
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000449

Gilbert B.P., Teh L.H., Badet R.X., Rasmussen K.J.R. (2014). “Influence of pallets on behaviour
and design of steel drive-in racks”, Journal of Constructional Steel Research, 97, 10-23.
https://doi.org/10.1016/j.jcsr.2014.01.013

GusellaF., Orlando M., Spinelli P. (2018). ““Pinching in Steel Rack Joints: Numerical Modelling and
Effects on Structural Response, International Journal of Steel Structures, 19, 131-146.
https://doi.org/10.1007/s13296-018-0095-x

Huang W., Zhou Z., Sun Q. (2012). “Throughput Analysis of an Automated Warehouse with Pallet
Shuttle™, International Conference of Logistics Engineering and Management (ICLEM) 2010.
https://doi.org/10.1061/41139(387)207

Jaiswal K.S., Wald D.J. (2008). “Creating a Global Building Inventory for Earthquake Loss
Assessment and Risk Management”, U.S. Geological Survey Open-File Report 2008-1160, 103

pp.
Kanyilmaz A., Brambilla G., Chiarelli G.P., Castiglioni C.A. (2016a). ““Assessment of the seismic

behaviour of braced steel storage racking systems by means of full-scale push over tests”, Thin-
Walled Structures, 107, 138-156. https://doi.org/10.1016/.tws.2016.06.004

Kanyilmaz A., Castiglioni C.A., Brambilla G., Chiarelli G.P. (2016b). “Experimental assessment of
the seismic behavior of unbraced steel storage pallet racks™, Thin-Walled Structures, 108, 391-
405. https://doi.org/10.1016/j.tws.2016.09.001

Kondratenko A., Kanyilmaz A., Castiglioni C.A., Morelli F., Kohrangi M. (2022). “Structural
performance of automated multi-depth shuttle warehouses (AMSWSs) under low-to-moderate
seismic  actions”,  Bulletin of Earthquake  Engineering, 20(2), 1247-1295.
https://doi.org/10.1007/s10518-021-01193-y

Maguire J.R., Teh L.H., Clifton G.C., Tang Z.H., Lim J.B.P. (2020). “Cross-aisle seismic
performance of selective storage racks”, Journal of Constructional Steel Research, 168.
https://doi.org/10.1016/j.jcsr.2020.105999

Miranda S., Melchionda D., Ungureanu V., Dubina D. (2018). ““A modified ECBL approach for cold-
formed steel rack section members”, Thin-Walled Structures, 130, 47-56.
https://doi.org/10.1016/j.tws.2018.05.012

RMI, ANSI MH16.1.12 (2012). “Specification for the Design, Testing and Utilization for Industrial
Steel Storage Racks”, Rack Manufacturer’s Institute, Charlotte, NC.

Shaheen M.S.A., Rasmussen K.J.R. (2019). “Seismic tests of drive-in steel storage racks in cross-
aisle direction”, Journal of Constructional Steel Research, 162.
https://doi.org/10.1016/j.jcsr.2019.105701

Simoncelli M., Tagliafierro B., Montuori R. (2020). “Recent development on the seismic devices for
steel storage structures™, Thin-Walled Structures, 155.
https://doi.org/10.1016/j.tws.2020.106827

Talebian N., Benoit P.G., Baldassino N., Karampour H. (2018). “Factors contributing to the
transverse shear stiffness of bolted cold-formed steel storage rack upright frames with channel

Ductile seismic design, performance assessment and taxonomic characterization of steel racking systems


https://doi.org/10.1061/(ASCE)ST.1943-541X.0000449
https://doi.org/10.1016/j.jcsr.2014.01.013
https://doi.org/10.1007/s13296-018-0095-x
https://doi.org/10.1061/41139(387)207
https://doi.org/10.1016/j.tws.2016.06.004
https://doi.org/10.1016/j.tws.2016.09.001
https://doi.org/10.1007/s10518-021-01193-y
https://doi.org/10.1016/j.jcsr.2020.105999
https://doi.org/10.1016/j.tws.2018.05.012
https://doi.org/10.1016/j.jcsr.2019.105701
https://doi.org/10.1016/j.tws.2020.106827

34 Chapter 2

bracing members”’, Thin-Walled Structures, 136, 50-63.
https://doi.org/10.1016/j.tws.2018.12.001

Tsarpalis D., Vamvatsikos D., Vayas I., Delladonna F. (2021). “Simplified Modelling for the
seismic Performance Assessment of Automated Rack-Supported Warehouses”,  Journal
of Structural Engineering, 147(11). https://doi.org/10.1061/(ASCE)ST.1943-
541X.0003153

UBC (1997). “Uniform Building Code”, International Conference of Building Officials, Whitter,
CA, USA.

USGS & WHE (2008). “Listing of PAGER Construction Types and Comparison of Construction
Types from Various Sources™, A Joint Project of the USGS and the World Housing Encyclopedia
(EERI).

Vayas ., Avgerinou S., Thanopoulos P. (2019). “Failure of a steel pallet rack in Athens”, Stahlbau,
87(1), 30-37 (in German). https://doi.org/10.1002/stab.201810553

Yin L., Tang G., Zhang M., Wang B., Feng B. (2016). “Monotonic and cyclic response of speed-
lock connections with bolts in storage racks”, Engineering Structures, 116, 40-55.
https://doi.org/10.1016/j.engstruct.2016.02.032

Yin L., Tang G., Li Z., Zhang M. (2018). ““‘Responses of cold-formed steel storage racks with spine
bracings using speed-lock connections with bolts II: Nonlinear dynamic response history
analysis™, Thin-Walled Structures, 125, 89-99. https://doi.org/10.1016/j.tws.2018.01.002

Doctoral Thesis of Dimitrios Tsarpalis NTUA 2022


https://doi.org/10.1016/j.tws.2018.12.001
https://doi.org/10.1061/(ASCE)ST.1943-541X.0003153
https://doi.org/10.1061/(ASCE)ST.1943-541X.0003153
https://doi.org/10.1002/stab.201810553
https://doi.org/10.1016/j.engstruct.2016.02.032
https://doi.org/10.1016/j.tws.2018.01.002

Seismic Assessment of Automated Rack Supported Warehouses 35

3 Seismic Assessment of Automated Rack Supported
Warehouses

3.1 Introduction

The classification of several analytical and experimental publications performed in Chapter
2 and summarized in Table 2.2, highlights the lack of knowledge in many areas of the seismic
behaviour of the high-rise automated rack supported warehouses (ARSWSs), leaving several
unanswered questions, such as (a) what g/R should be used along the cross- and down-aisle
direction, (b) which are the most critical members/connections, (c) how to treat the second-
order effects, and (d) is modal response spectrum analysis (MRSA) a sufficient method for
the calculation of seismic loads/deformations?

Clearly there are no straightforward answers to any of the questions, as they require a lot of
analytical and especially experimental work that is currently unavailable. As a first step
towards the understanding of the seismic behaviour of ARSWs, five multi-depth case studies
designed by professional engineers will be examined herein, using a set of 15 natural records
selected to respect the hazard of the installation site. A series of linear response history
analyses (RHAs) will be performed for each case study, to assess the applicability of the
conventional MRSA for the design of ARSWs and to specify the most vulnerable members
and connections of the structure, defining a hierarchy of criticalities.

3.2 Description of case studies

3.2.1 Structural configuration

All five case studies (CS1 to CS5) examined in this chapter comprise multi-depth ARSWs
designed by professional engineers within the context of project STEELWAR (2017),
according to EN 1993 (2005), EN 15512 (2009) and EN 16681 (2016) to be installed in the
city of Van, Turkey, for a peak ground acceleration of a, =0.3g. The overall plan
dimensions vary from 64.84 to 65.05 m and 70.94 to 73.92 m in the cross- and down-aisle
direction, respectively, while the peak height of the roof truss ranges from 25.31 to 26.71 m.
The structural configurations of CS1 to CS5 are illustrated in Figure 3.1 to Figure 3.5,
respectively. Each horizontal line in the plan views resembles a down-aisle frame (DA
Frame), while each vertical a cross-aisle frame (CA Frame). CA Frames that are connected
with beams and carry the pallets are the “Pallet” CA Frames, while those that belong to a
bracing tower, the “Tower” CA Frames. For instance, CS1 (Figure 3.1) comprises 56 DA
and 45 CA Frames; CA Frames 1, 2, 44, and 45 are “Tower”, while 3 to 43 are “Pallet”.
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Figure 3.1: Structural configuration of CS1, showing plan, down- and cross-aisle views.
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Figure 3.2: Structural configuration of CS2, showing plan, down- and cross-aisle views.

Ductile seismic design, performance assessment and taxonomic characterization of steel racking systems



38 Chapter 3

73.92
Bracing Tower 1 Bracing Tower 2 Bracing Tower 3
5655
aisle|1
I 'Pallet" CA Frames
I "Tower" CA Frames
@ CA frames
S DA frames
<
o
c
.8
o
g
5
<
O . .
DA direction
aisle |2
2l
@) @3 (@9 @
L ® @ @ @4 @9
73.92
3.08 1.54 3.08 3.08
Bracing Tower 1 Bracing Tower 2 Bracing Tower 3
LVL9
LVL8
LVL7
& LVL6
N LVL5
S LVL4
o g
LVL2
LVL1
(2) @ @
oo 2 @ @
D o
™ ™| 64.84
o —
‘ e = it I 2 o W W I NN NN N T~ NS S~
- — [LvLg]
i — [LvLg]
| L LVL?
3 - — [Lvie]
N | L LVL5
. - LVL4
3 || | | LVL3
o L — [LvLz]
~ - - LVL1
- 1.10 —
2] 15.19 15119 15.19 15.19 5]
(— |
1.25
1] 1.80 0.48 1.80 55]

Figure 3.3: Structural configuration of CS3, showing plan, down- and cross-aisle views.
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Figure 3.4: Structural configuration of CS4, showing plan, down- and cross-aisle views.
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Figure 3.5: Structural configuration of CS5, showing plan, down- and cross-aisle views.
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The handling of the goods is fully-automated, using cranes and shuttles to withdraw and
deposit the goods: Cranes are moving along the down-aisle direction using the two aisles of
the warehouse to go to the desired “Pallet” CA Frame and then the shuttle moves along the
cross-aisle direction, either inside the left or the right storage cell. Despite the small
geometrical deviations among the case studies, they were all designed to carry 9 load levels
with four storage cells of 13 unit-load capacity each, thus each “Pallet” CA Frame supports
up to 468 pallets. Load levels 1 to 2 are for 1000 kg pallets, 3 to 5 for 800 kg, and 6 to 9 for
600 kg.

In the cross-aisle direction, all case study structures are composed of uprights, connected in
pairs to form upright frames, and a roof truss that connects the individual upright frames at
their topmost height. CS3, CS4, and CS5 use a “D-type” bracing pattern, while CS1 and CS2
an “X-type” and a “K-type”, respectively. An important advantage of an “X-type” or “K-
type” bracing pattern over a “D-type” is the shorter upright buckling length along the cross-
aisle direction, with the obvious cost of adding more steel members. The roof truss varies
from very shallow and flexible, like the one used in CS2, to highly-pitched and stiff in CS5.

Along the down-aisle direction, the seismic loads are carried almost solely by the stiff
bracing towers, as the moment frame formed by the pallet uprights and beams is a way more
flexible LLRS. CS1, CS4, and CS5 employ bracing towers at the two ends of the warehouse,
while CS2 and CS3 have an additional in the middle, which interrupts the “Pallet” CA
Frames but offers a more uniform distribution of the inertial forces. Horizontal braces are
used in the bracing towers and the roof, which act as a horizontal diaphragm to the individual
DA Frames. However, their structural behaviour and the effect of their distribution along the
height of the warehouse is out of the scope of this investigation, as we focus on 2D analyses.

To minimize the weight of the steel used, designers tend to use lighter members at the higher
levels of the ARSW, as the gravitational and seismic loads are lower. Depending on the
structural philosophy of the designer, the cross- and down-aisle direction of an ARSW might
be broken down to several vertical segments, but using more than three is considered to be
insufficient, as it overcomplicates the installation process. This large variety of steel sections
raises the demand for a component “tag” list of the most essential structural
members/sections, which is given in Table 3.1 and shown graphically in Figure 3.6. Notably,
only the first- and second-from-the-bottom structural components are included in the tag list,
despite the fact that some case studies have three vertical segments (e.g., CS3 has three pallet
upright sections). This decision was made to keep the tag list as short as possible, taking into
account that typically the upper levels are less stressed than the lower ones.

Table 3.2 shows the section scheme and elevation of the considered structural components.
Interestingly, the bottom uprights that belong to a “Tower” DA Frame (i.e., the “bul”
components) are always reinforced, as they have to withstand increased seismic forces
coming from the vertical bracing system. CS1 and CS2 combine a standard Q upright section
with a U-profile that is continuously bolted to the upright, to create an Q+U profile. CS4 and
CS5 prefer to weld two standard Q upright sections to create an Q+Q profile. On the other
hand, CS3 employs a hot-rolled I-section for the “bul” component, which enhances the
seismic performance of the bracing towers but requires nonstandard details and connections.
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Table 3.1: Tag list of structural components used for the seismic assessment of the five multi-depth ARSW
case studies.

Component name Tag Description

Pallet Upright 1 pul The first-from-the-bottom upright section that belongs to a
“Pallet” CA Frame.

Pallet Upright 2 pu2 The second-from-the-bottom upright section that belongs
to a “Pallet” CA Frame.

Pallet Diagonal 1 pdl The first-from-the-bottom diagonal section that belongs to
a “Pallet” CA Frame.

Pallet Diagonal 2 pd2 The second-from-the-bottom diagonal section that belongs
to a “Pallet” CA Frame.

Pallet Anchorage panc The anchorage system used to fix a pallet upright to the
foundation concrete floor.

Pallet Beam 1 pbl The first-from-the-bottom pallet beam section.

Pallet Beam 2 pb2 The second-from-the-bottom pallet beam section.

Bracing Upright 1 bul The first-from-the-bottom upright section that belongs to a
“Tower” CA Frame.

Bracing Upright 2 bu2 The second-from-the-bottom upright section that belongs
to a “Tower” CA Frame.

Bracing Diagonal 1 bd1 The first-from-the-bottom diagonal section that belongs to
a “Tower” CA Frame.

Bracing Diagonal 2 bd2 The second-from-the-bottom diagonal section that belongs
to a “Tower” CA Frame.

Bracing Upright Anchorage buanc The anchorage system used to fix a bracing upright to the
foundation concrete floor.

Bracing Diagonal Anchorage  bdanc The anchorage system used to fix a bracing diagonal to the
foundation concrete floor.

Bracing Beam 1 bbl The first-from-the-bottom bracing beam section.

Bracing Beam 2 bb2 The first-from-the-bottom bracing beam section.
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Figure 3.6: Side views with the structural components considered in the tag list of Table 3.1, for the (a) cross-
aisle, and (b) down-aisle direction.
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Table 3.2: Section scheme and height of the structural components given in Table 3.1.
Tag CSs1 CS2 CS3 CS4 CS5
Height (m) [0.00, 3.00] [0.00, 12.00] [0.00, 11.32] [0.00, 3.25] [0.00, 24.15]
L L ]
pul Section EE
scheme
L LT (50% scale) L1
Height (m) (3.00, 24.24] (12.00, 24.06] (11.32, 24.36] (3.25,11.5] -
[ L [ —
pu2 Section )
scheme
| gy 1
Height (m) [0.00, 24.24] [0.00, 11.85] [0.00, 24.36] [0.00, 10.45] [0.00, 24.15]
X2
pdl Section @ ﬁ D
scheme
Ape = 0.125 Ape = 0.1 Ape = 0,117 Ay =10 Atz = 0.1
Height (m) - (11.85, 24.06] - (10.45, 13.95] -
X2
pd2 Section ) ) ﬁ )
scheme
Amult =0.1 Amult =10
Height (m) [0.00, 3.00] [0.00, 24.06] [0.00, 24.36] [0.00, 2.92] [0.00, 24.15]
pbl Section
scheme
Height (m) (3.00, 10.93] - - (2.92,10.92] -
pb2 Section ) ) )
scheme
Height (m) [0.00, 16.31] [0.00, 5.85] [0.00, 24.36] [0.00, 8.60] [0.00, 24.15]
— ———
[ L1
bul Section
scheme I 1
(50% scale) (50% scale)
Height (m) (16.31, 24.24] (5.85, 12.00] - (8.60, 11.50] -
I
= [ —
bu2 Section ~ _
scheme
e —
Height (m) [0.00, 10.93] [0.00, 13.40] [0.00, 11.01] [0.00, 8.25] [0.00, 24.15]
bd1l Section
scheme
Height (m) (10.93, 24.24] (13.40, 24.06] (11.01, 24.36] (8.25, 24.64] -
bd2 Section _
scheme

The transverse shear stiffness of the upright frame also has a significant impact on the be-
haviour of the rack structure in the cross-aisle direction. As pointed by Talebian et al. (2018)
there are various factors influencing the transverse shear deformation of the frames, mostly
related to the deformation of the braces and their ends, as well as slipping and bending of
the bolts. In a beam-column element model this phenomenon was implicitly taken into
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account by using a cross-section area reduction multiplier (A4,,,;¢), @s given in Table 3.2 for
the pallet diagonals (“pd1”, “pd2”™).

3.2.2 Seismic design assumptions

As the seismic design of ARSWs is not fully covered by current standards, designers are
obliged to make assumptions for the definition of the design spectrum and the mass and load
combinations, solely relying on their experience and on the behaviour of their steel profiles
when used on conventional racks, like the APRs. Thus, despite the common installation site,
same pallet-loading configuration, and similar geometry among the case studies, there is a
variety of seismic design assumptions, as shown in Table 3.3 and described in the following
sections.

Table 3.3: Seismic design assumptions adopted for each multi-depth ARSW case study.

Direction Cs1 CS2 CS3 CSs4 CS5

Vi both 0.8 0.8 0.8 0.8 0.8

Ep, both 1.0 1.0 1.0 1.0 1.0

Eps both 0.8 0.8 0.8 0.8 1.0

cross-aisle 15 1.5 1.5 15 1.5

1 down-aisle 2.0 15 2.0 2.0 15

Mass comb. both G+064-Q G+0.8Q G +0.8-Q G +0.8-Q G +0.8-Q

Load comb. both G+Q G+Q G+Q G+Q 1.35:G + 1.5:Q

Importance factor

EN 16681 (2016) suggests to use the 20% in 50 years design spectrum for the design of
fully-automated racks, which can be derived by multiplying the 10% in 50 years spectrum
by an importance factor y, = 0.8. This simplified method to go from the 10% to the 20% in
50 years design spectrum, can be justified using the approximation of the site hazard curve
as a straight line in log-log coordinates (Cornell et al, 2002):

A(UIM) = ko - IM* Eg. (3.1)
where IM is the intensity measure (e.g., the spectral acceleration Sa), A(IM) is the hazard
function which gives the mean annual frequency (MAF) of exceeding values of IM, and k
is the (assumed) constant slope of the hazard curve in log-log coordinates. EN 1998-1 (2004)
stipulates values of k = 2 — 4 for Europe, although a more accurate value can be estimated
by fitting the actual hazard curve of the site at hand (Vamvatsikos, 2014). One can always
map probabilities of p in N years to A (i.e., MAF), by employing the exponential distribution
of interarrival time implied by the Poisson assumption of seismic events:

A=—-In(1-p)/N Eg. (3.2)
Combining Eg. (3.1) and Eg. (3.2), we can define a relationship between the IMs that
correspond to 10% and 20% in 50 years probability of exceedance, i.e., IM;qq, and 1M,
respectively:

A(IMyyo) = ko - IM7E 1M, 00 A M0 )\ % /0.004453\ 713
( 10/0) 0 10/0}:> 20A;=<( 20/0)> z( ) ~ 078 Eq. (3.3)

A(IMygy) = ko - IM5%. ) IMygy,  \AUIMyg9,) 0.002105
where an average value of k =3 was adopted. Using Sa as the IM, Eq. (3.3) suggests
multiplying Sa,qo, by 0.78 to get Sa,qe, Which is quite close to the 0.80 foreseen by
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EN 16681 (2016). In the scope of optimizing the design, all case studies took advantage of
this reduction of seismic loads and accepted a higher seismic risk, as y; = 0.8 corresponds to
importance class | per EN 1998-1 (2004) parlance. In any case, while EN 16681 (2016)
recommends some default values for the design lifetime and importance class of different
racking systems, it states that the rack supplier is ultimately responsible for their selection.

Design spectrum modification factors

EN 16681 (2016) offers another source of seismic load reduction, the design spectrum
modification factors E; and Ej 5. Specifically, the design spectral acceleration is multiplied
by a K}, factor, given as:

Kp = 1= Pgproa/Pp - (1 — Epy - Ep3) Eq. (3.4)
where Py is the total weight of the rack in the seismic design situation (including dead
weight, permanent weight, live load in the seismic situation and the store product weight)
and Pg proq is the total product weight store on the rack, in the seismic design situation. A
simplified form of Eq. (3.4) can be derived by assuming that Pg .4 is greater or equal to
90% of Pg, which is the standard case for racking systems:

Kp = Ep; - Ep3 Eg. (3.5)
The Ep factor is related to the positive effect of pallet sliding that acts as a seismic isolation
mechanism and reduces the apparent inertia of the rack. EN 16681 (2016) adopts the
following formula:

Ep; = max{0.4, u/Sa(T;) + 0.2} < 1.0 Eq. (3.6)

where u is the reference value of the unit-load/beam friction coefficient, T, is the
fundamental period of vibration of the racking structure in the considered direction, and
Sa(T,) is the ordinate of the elastic spectrum defined in EN 1998-1 (2004), in units of g.
Recently, Tsarpalis et al. (2021), based on a series of time-history analyses, proposed a new
empirical formula of E}; that largely removes the bias of Eq. (3.6). A detailed discussion of
the content-structure-sliding-interaction (CSSI) problem is presented in Chapter 6.4 of this
thesis. For all case studies, due to the low value of Sa(T;) relative to the y, limited or no
pallet sliding is foreseen and Ep; becomes 1.0, along both the cross- and down-aisle
direction.

While Ep; is based on the physical mechanism of CSSI, Ep; is a somewhat-arbitrary
reduction factor, having a constant value of 0.8. According to EN 16681 (2016), the Ep;
factor is introduced to *“account for the dissipative phenomena typical of the dynamic
behaviour of racking systems under seismic actions that are not included in the mathematical
formulation presented in this European Standard, but that are observed on racks that have
suffered earthquakes, and from tests performed on shaking tables”. Unfortunately, the
majority of racks tested on shaking tables or observed during post-earthquake surveys are
not ARSWs, thus one has to be reluctant for the use of Ep3; = 0.8 during the seismic design.
Taking this into account, CS5 was chosen to be designed with Ep; equal to 1.0, while the
other case studies went with the code-proposed value of 0.8.
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Behaviour factors, mass and load combinations

The application of linear design procedures for seismic loading is based on the
approximation of the nonlinear dynamic response of the structure via a linear model. To
account for the beneficial effects of ductility, which allows trading off damage for lower
design forces, EN 1998-1 (2004) adopts the behaviour (or gq) factor to scale down the elastic
design response spectrum. Many definitions of the g-factor have been proposed in the
literature, which are based on experimental investigations (ECCS, 1986), nonlinear static
analyses (Whittaker et al., 1999) or, more recently, risk-based procedures (Vamvatsikos et
al., 2020). Despite the various methods of defining and evaluating the g-factor, it is always
related to the overstrength 2 and ductility behaviour factor g, of the system (Maheri and
Akbari, 2003). As discussed in Chapter 2, experimental and analytical investigations
demonstrated that typical racking systems offer limited ductility (i.e., low g4), which is
reflected in the design codes by the adoption of low g-factors.

All case studies used a g-factor of 1.5 along the cross-aisle direction, as proposed by
EN 16681 (2016). Along the down-aisle direction, CS1, CS3 and CS4 used a g-factor of 2.0,
while CS2 and CS5 of 1.5. Indeed, the codes allow to use a g-factor of 2.0 on a braced rack,
as long as: (a) the members that contribute to the seismic resistance of the structure in
compression or bending have a section classification 1, 2 or 3, (b) an “X-type” bracing
configuration is used with horizontal compression elements and diagonals acting only in
tension, and (c) in bolted shear connections, the shear strength of the bolts F,, z4 is 1.20 times
higher the bearing resistance Fj, r4 of the connected profiles. While the aforementioned rules
(@) to (c) try to set a (limited) capacity design framework that justifies the use of g = 2, not
enough scientific evidence exists to support it. During the SEISRACKS2 (2014) project, the
performance of various braced APRs was tested by means of full-scale pushover tests and it
was found that high g-factors can be achieved by guaranteeing sufficient overstrength for
the bracing connections and allowing the diagonals to yield. Rules (a) to (c) do not enforce
this type of overstrength. Moreover, while rule (c) prevents the bolts from failing in shear, it
does not avoid the brittle net section rupture of the diagonal connections, which is in most
cases the dominant failure mode.

Regarding the definition of the seismic mass, the following combination was used:

Mgtor = Mg + Y2 Mgy, Eq. (3.7)
where Mg ., is total seismic mass of the rack, Mg ; is the mass coming from the self-weight
of the steel members, Mg ;;;, is the unit load mass, and 1, is the combination coefficient of
EN 1998-1 (2004). In conventional steel buildings v, is usually taken equal to 0.3, as during
an extreme seismic event the live loads are expected to have way lower values than their
design ones. On the other hand, EN 16681 (2016) does not consider 1, (i.e., ¥, = 1.0), but
instead introduces the following formula for the calculation of My ;;;

Mg yr = Rr - Epz - Qpratea Eq. (3.8)
where Ry is the rack filling grade reduction factor, Ej,, is the unit load weight modification
factor, and Qp ,qceq IS the specified value of the weight of unit loads for the compartment.
Ep, represents the effects of the interaction between the unit load and the racking structure
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and it was taken equal to 1.0. The R reduction factor is related to the occupancy of stored
goods in the rack that can be assumed during the seismic event, essentially it acts as a ¥,
factor. CS2, CS3, CS4, and CS5 assumed R =0.8 and y, = 1.0, which led to a mass
combination of G + 0.8-Q (G and Q represent the dead and the live/unit loads, respectively).
Based on national codes, CS1 used R = 0.8 together with a ¥, = 0.8, resulting in a mass
combination of G + 0.64-Q.

In contrast to the seismic mass, EN 16681 (2016) does not consider any reduction factors for
the definition of the seismic vertical loads, i.e., Rr and y, should be equal to 1.0. Thus, the
load combination G + Q was used in CS1, CS2, CS3, and CS4. Contrarily, CS5 assumed the
overconservative 1.35-G +1.5-Q load combination for the seismic design, which is
conceptually equivalent to vertical loads during the Ultimate Limit State (EN 1990, 2002).
While this difference between the definition of the masses and vertical loads is ambiguous,
it still is on the safe side for the design of the steel members. However, it will be shown later
that it is not safe for the design of the baseplates and anchors, as high vertical loads result in
lower uplift forces.

3.2.3 Cumulative seismic load multiplier

The previous sections highlighted the large variety of seismic design assumptions among the
five case studies, which emerged from the absence of a well-defined design standard specific
for ARSWs. Consequently, each case study exploited different sources of seismic load
reduction available by the codes, with the main being the y;, Ep3, g-factor, Rg, and y,. The
aforementioned reduction factors can be combined into a cumulative seismic load multiplier,
given as:

Reym = V1 Epz " R - Ry Eq. (3.9)
where R,, and R, measure the reduction of the seismic loads due to Rr =, Rr and g,
respectively. R,,, can be defined as the ratio between the design seismic loads subjected to a
single degree of freedom (SDOF) system with mass m and stiffness k, and a SDOF with
mass Ry-m and stiffness k:

_ (Rp-m)-Sa(Tg;) (Rp-m)-ay-S-n-25:Tc/Tg;
™ m-Sa(T) B m-ag-S-n-Z.S-Tc/T

Eq. (3.10)
T 2713/
R,, = Rj =Rp————==/Rr =Y, R

where ay is the design peak ground acceleration, n is the damping correction factor, and T,
is the upper limit of the period of the constant spectral acceleration branch. In Eqg. (3.10), the
design spectral acceleration is calculated as Sa(T) = ay-S-n-2.5-T¢/T (see EN 1998-1,
2004), assuming that T, <T <Tp, a condition that holds for the top modes of all case
studies. While ARSWs are far from simple SDOF systems and the effect of higher modes is
significant, Eq. (3.10) is still a good indicator of how a modification in the seismic mass
affects the design seismic loads.

Following the same logic, R, is defined as the ratio between the design seismic loads
subjected to a structure with g = 1 and one with g > 1, E,_; and E~,, respectively. The g-
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factor has a dual behaviour during a seismic design, as on one hand it lowers the design
spectral acceleration, but on other it increases the so-called interstory drift sensitivity
coefficient 8 (Black, 2011; Adam and Jager, 2012). It essentially comprises a simplified
method of accounting for P-A effects during MRSA for these flexible racks, by amplifying
the seismic loads by 1/(1-6). Thus, R, can be defined as:

_Egq _1'1—0,1:1
a _Eq=1 _q 1_9q>1
EN 16681 (2016) offers a simplified formula for 8, which is commonly used for the seismic
design of racks:

R

Eq. (3.11)

Pg da

0=qq- Porr = o Eq. (3.12)
where Py is the total gravity load of the rack in the seismic design situation, P, g is the Euler
critical load, and a., = P., g/ Pg. Unless otherwise specified, the ductility behaviour factor
qq 1s taken equal to g, essentially neglecting overstrength. Using, Eq. (3.11) and Eq. (3.12),
R, can be given as:

Rq =l'1_1/acr,E =l'acr,E_1 Eq. (313)

q 1—q/awe q Aor—4q

As expected, the effect of added flexibility due to a higher q decreases its capability to reduce
the seismic loads, as R, > 1/q when g > 1. Table 3.4 presents the individual R, and R,

reduction factors, together with the cumulative R_,,,. Interestingly, R,,,, ranges from 0.437
down to 0.307, which means that with a favorable selection of the design assumptions, one
can decrease the seismic loads by almost 70%. As explained before, some of the terms
involved in Eqg. (3.9) are not based on comprehensive scientific research, but instead come
from studies on the non-ARSW-like APRs and expert opinion. This means that R .,,,,, inherits
a significant amount of epistemic uncertainties which, combined with the aleatory
randomness of the earthquake (Vamvatsikos and Fragiadakis, 2009), can lead to unsafe
designs.

Table 3.4: Sensitivity factors and cumulative seismic load multipliers for each multi-depth ARSW case study.

Direction Cs1 CS2 CS3 Cs4 CS5

cross-aisle 17.89 14.63 13.16 31.00 22.14

Gere down-aisle 16.06 16.68 10.57 15.05 21.47
0 cross-aisle 0.084 0.103 0.114 0.048 0.068
down-aisle 0.124 0.090 0.189 0.133 0.070

R cross-aisle 0.894 0.894 0.894 0.894 0.800
m down-aisle 0.894 0.894 0.894 0.894 0.800

R cross-aisle 0.687 0.692 0.695 0.678 0.683
1 down-aisle 0.536 0.689 0.558 0.538 0.683

R cross-aisle 0.393 0.396 0.398 0.388 0.437
cum down-aisle 0.307 0.394 0.319 0.308 0.437
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3.3 Seismic hazard and record selection

To measure the effect of the record waveform in the performance of ARSWs, a series of 15
RHAs are conducted for each case study, using natural accelerograms that respect the hazard
of Van in Turkey. The 15 records were selected from the NGA-West 2 database (Ancheta et
al., 2013) to match the target conditional spectra (CS) (see Baker, 2010; Lin et al., 2013a;
Lin et al., 2013b) at 2475 years return period, or equivalently an exceedance probability of
2% in 50 years. The selection procedure was based on the approximate method of CS (Lin
et al., 2013a) using the geometric mean of spectral accelerations as the IM (Kohrangi et al.,
2017). The Ground Motion Prediction Equations of Boore and Atkinson (2008) were used
for all purposes of this work, from hazard analysis to record selection.

The use of the 2% instead of the 10% or 20% in 50 years hazard was chosen, as initially
ARSWs were planned to be tested for the near collapse performance level (see FEMA 356,
2000). However, it was later understood that the brittle failure modes of the ARSWSs render
the conduction of RHAs at intensity levels higher than the design code ones meaningless.
Thus, it would have been more rational to select records that match the 10% in 50 years CS.
Nevertheless, as along as one scales the selected accelerograms to the intensity level of his
choice and the numerical model is elastic, the difference between the two is of secondary
importance.

3.3.1 Hazard analysis

A probabilistic seismic hazard analysis is performed in OpenQuake (Pagani et al., 2014),
considering all sources within 150 km, using the area source model of SHARE (Giardini et
al, 2013). A soil type C is considered, having a shear wave speed in the upper 30 m of
Vs30 =270 m/s. The corresponding seismic hazard curve was computed for the IM of
AvgSa and is illustrated in Figure 3.7. AvgSa (Cordova et al., 2001; Vamvatsikos and
Cornell, 2005; Kazantzi and Vamvatsikos, 2015; Eads et al., 2015) is a modern IM that
comprises the geometric mean of 5% damped spectral acceleration ordinates Sa at Tg;
(i = 1,..,. n) periods that characterize the archetype ARSW of interest:

n 1/n
AvgSa(Tg;) = (1_[ Sa(TRi)> Eqg. (3.14)

Each Sa value in Eqg. (3.12) is actually the geometric mean of both horizontal components
rather than an arbitrary selection of one of the two. Periods Ty; were selected as linearly
spaced within a range of [T}, Ty], where T;, is a low bound near the minimum second period
of the investigated ARSWSs, and Ty, is a high bound that is near 1.5 times their fundamental
period. Therefore, a single period range of [0.3 s, 3.0 s] was employed for all test cases, with
Tg;’s defined at an increment of 0.1 s.

Crossing the hazard curve of Van with horizontal lines at 10% and 20% in 50 years
probability of exceedance, or at a MAF of 0.002105 and 0.004453 (Eq. (3.2)), respectively,
one can calculate the ratio AvgSa, oy, /AvgSa gy, = 0.172/0.241 = 0.71. Therefore, both
y; = 0.8 suggested by EN 16681 (2016) and y; = 0.78 calculated by the approximation of the
hazard curve by Eqg. (3.1)), are safe reduction factors for the transformation from the 10% to
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the 20% in 50 years design spectrum. Of course, this is valid specifically for the city of Van
and should not be extrapolated to other sites of installation with different hazard curves.

10

10

MAF

10

Van

- = == 20%/50 year
= == = 10%/50 year
2%/50 year

10

10

10

-1

IM=AvgSa(0.3-3.0s) [g]

3.3.2 Disaggregation analysis
Disaggregation analysis (Bazzuro and Cornell, 1999) was performed for a range of
probabilities of exceedance, or equivalently for different levels of MAF. Specifically, the
scenarios of exceedance probability equal to 60%, 30%, 10%, 5%, 2%, 1%, in 50 years were
examined, as these correspond to return periods that are of engineering interest. For each
MAF level, the value of AvgSa was defined using the hazard curve of Figure 3.7 which was
then used as input for the disaggregation analysis. The contribution from different magnitude
(M), distance (R), and epsilon (&) bins to the hazard are shown in detail in Figure 3.8(a)-(f).
Epsilon (&) shows the number of standard deviations from the logarithmic mean of the IM
for a specific Ground Motion Prediction Equation (Baker and Cornell, 2006). The

corresponding mean magnitude (M), distance (R), and epsilon (€) of all the scenarios are
given in Table 3.5.

10

Figure 3.7: Hazard curve for the city of Van in Turkey, using AvgSa as an IM.

Table 3.5: IM value, mean magnitude, distance and epsilon obtained from disaggregation analysis for Van in

terms of AvgSa at nine selected return periods.

04 | J— —

g R B S
60 1.83E-02 55 0.087 6.67 51.84 1.09
30 7.13E-03 140 0.138 6.78 36.49 1.17
10 2.11E-03 475 0.241 6.90 19.30 1.19
5 1.03E-03 975 0.334 6.97 11.78 1.21
2 4.04E-04 2475 0.499 7.07 6.25 131
1 2.01E-04 4975 0.656 7.14 4.39 1.45
0.6 1.20E-04 8303 0.789 7.20 3.68 1.59
0.2 4.00E-05 24975 1.106 7.29 2.99 1.89
0.1 2.00E-05 49975 1.333 7.35 2.76 2.04
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Disaggregation analysis for 60% to 1% in 50 years probability of exceedance for the city of Van
in Turkey, using AvgSa as an IM.

3.3.3 Record selection
Finally, a set of 15 records was produced based on CS(AvgSa) (Kohrangi et al., 2017), using

the mean scenarios in terms of mean magnitude (M) and mean distance from rupture (R).
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The records were selected from the NGA-West2 database (Ancheta et al., 2013), without
distinguishing between pulse-like and non-pulse-like or considering limitations for causal
parameters (M, R and Vg3,). Thus, it is assumed that the spectral shape can explain all the
characteristics of the site’s hazard and there is no need to specifically select the records that
match with certain bins of M, R and Vg3, or pulse/non-pulse earthquakes observed in the site
of interest (for more details see Tarbali and Bredley, 2016). Figure 3.9 shows the selected
records and the 2.5/50/97.5™ percentiles of the CS target spectra at 2475 years return period
for Van. The set is available at Kohrangi et al. (2018), together with the scale factors for the
2475 years return period CS.

s CMS
mmm mm CMS+-2
2t Selected

(o

o
[

Spectral Accelearation [g]
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0.1 0.5 1 2 3 4
Period (s)

Figure 3.9: Set of 15 records and 2.5/50/97.5" percentiles of the CS at 2475 years return period, for the city
of Van in Turkey, using AvgSa as the conditioning IM.

3.4 Response History Analyses

3.4.1 Modelling and analysis parameters

All case studies were realized using SAP2000 structural analysis program, employing two
2D models for the simulation of the cross- and down-aisle direction, respectively. The
models incorporated geometric nonlinearities via P-A formulation, and Rayleigh damping
(Bathe, 2014) with viscous damping ratio of 3%. The ductility behaviour factor g, was taken
equal to 1.0, as brittle failure modes typically precede more ductile behaviours. Thus, the
overstrength Q of the system is the only component that contributes to the g-factor, i.e.,
q = Q. Still, ARSWs are characterized by a high degree of optimization to minimize costs,
leaving razor-thin overstrength margins. This means that even the selection of g =Q =1.5
should be in question. In this scope, all RHAs conducted herein used a g-factor of 1.0,
meaning that the material behaviour of all elements and connections was assumed to be
elastic and the verification checks do not account for any overstrength factors.

In contrast to the seismic design process, where different combinations were used for the
seismic masses and seismic vertical loads, herein a common G +0.8:Q was assumed.
Moreover, while the 20% in 50 years design spectrum was used for design, here the records
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were scaled for an AvgSa = 0.241 g, which corresponds to 10% in 50 years probability of
exceedance (Table 3.5). Along the down-aisle direction, the section area of the bracing
diagonals was reduced to 50%, as they are very slender and behave as tension-only members,
except for CS5 where RHS braces were used. Finally, Table 3.6 contains the periods and
mass participation factors for the first five modes of each structure. The geometric stiffness
matrix was used for the modal analysis, accounting for the reduced stiffness of the structure
due to P-A effects (Yang and McGuire, 1986). Evidently, all case studies share similar modal
properties, having a relatively low mass participation factor on the first mode and thus, the
contribution of higher modes is expected to be significant.

Table 3.6: Periods and mass participation factors for the five multi-depth ARSW case studies.

_ Mode _ CS1 ' CS2 _ CS3 _ CS4 ' CS5

Dir. # Period Mass Period Mass Period Mass Period Mass Period Mass
(sec) Part. (sec) Part. (sec) Part. (sec) Part. (sec) Part.

1 1.63 63% 1.76 68% 2.00 64% 1.12 53% 0.97 62%

2 0.49 17% 0.58 16% 0.61 19% 0.28 18% 0.23 18%

CA 3 0.26 5.4% 0.31 4.5% 0.32 5.3% 0.12 9.4% 0.11 8.6%
4 0.18 1.8% 0.22 1.8% 0.22 1.7% 0.08 4.9% 0.08 3.8%

5 0.15 0.7% 0.16 0.9% 0.18 0.7% 0.06 2.2% 0.06 1.9%

1 1.39 60% 1.40 56% 1.06 57% 0.94 57% 1.43 55%

2 0.49 19% 0.47 22% 0.30 23% 0.39 19% 0.35 17%

DA 3 0.32 4.0% 0.27 4.8% 0.18 5.9% 0.29 4.4% 0.28 5.4%
4 0.27 1.3% 0.21 2.8% 0.15 2.0% 0.26 2.2% 0.21 6.7%

5 0.23 0.5% 0.17 0.8% 0.14 0.6% 0.23 1.5% 0.18 0.9%

3.4.2 Verification checks and resistances

The seismic assessment of the ARSWs is conducted in the base of verification checks, by
examining the time-history of utilization factors of the most important structural members
and connections, which are illustrated in Table 3.1 and Figure 3.6. Specifically, the steel
elements are checked according to EN 1993-1-1 (2005), EN 1993-1-3 (2006), and EN 15512
(2009), the steel bolted connections using EN 1993-1-8 (2005), and the base plates with
bonded anchors using EN 1992-4 (2018). The individual verification checks for each
structural component are summarized in Table 3.7.

Figure 3.10(a)-(j) show, for each case study, bar charts with the normalized
member/connection axial resistances along the cross-aisle direction. On average, the
buckling resistance (N, rq) Of the pallet uprights (“pul” and “pu2” components) is equal to
55% of their tensile resistance (N, rq) or, equivalently, the buckling reduction factor (¥ i)
of “pul” and “pu2” has a mean value of 0.55. The uplift resistance (N, rq) Of the pallet
anchorage (“panc”) is on average equal to 19% of the N, r4 of “pul”, with a coefficient of
variance (CoV) of 0.51. This significant deviation on the resistance of the *“panc”
components, comes from the differences on the definition of the seismic mass and load
combinations assumed among the case studies (Table 3.3). Moreover, as no special detailing
is considered in the bolted connections of the pallet diagonals (i.e., the “pd1” and “pd2”
components), their plastic resistance (N, rq) is always greater than the bolt shear resistance
(F, ra) OF bearing failure resistance (F, rq). Therefore, the pallet diagonals will not be able
to develop a stable plastic failure mechanism during a seismic event. No specific trend holds
for the failure mechanism of “pdl1” and “pd2”; in some cases, flexural buckling is the
dominant failure mode, in others the brittle bolt shear failure or the plastic ovalization of
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bolt’s hole. An alternative design approach that utilizes the plastic ovalization mechanism
of pallet diagonals’ bolted connections is discussed in Chapter 4.

Likewise, Figure 3.11(a)-(j) contain bar charts with the dimensionless axial resistances for
the down-aisle direction. The bracing uprights (“bul” and “bu2” components) show similar
behaviour to “pul” and pu2”, having a mean value of y,,,;,, equal to 0.63. The bracing upright
anchorage (“buanc”) has a mean resistance equal to 11% the N, 4 of “bul” and a CoV of
0.41. The pallet beams (“pbl1” and “pb2”), which are responsible for transferring the inertial
loads from the “Pallet” to the “Bracing” CA Frames, have a mean Ny, p, equal to 20% the
Ny rq Of “bul”. Finally, the bracing diagonals (“bd1” and “bd2”) do not have a certain failure
mode; net section rupture, bolt shear failure or plastic ovalization might be the dominant
failure mechanism. Similarly to “pd1” and “pd2”, the N,,; g4 Of “bd1” and “bd2” is always
greater than the connection resistances. It should be highlighted that the N, g4 of the RHS
bracing diagonals used in CS5 is greater than F, g4, thus both compression and tension
elements were kept in the analysis.

Table 3.7: Element/connection verification checks conducted during the seismic assessment of the five multi-
depth ARSW case studies.

Component Checks
Shear
Tension
Compression (4.5 was used)
Bending
Tension + Bending
Compression + Bending
Buckling (flexural, torsional, flexural torsional, distortional)
Buckling + Bending
Tension
Compression (excluded for tension-only members)
Buckling (excluded for tension-only members)
Bolt shear failure
Net section rupture
Bearing failure of weakest steel plate involved in the connection
Shear
Tension
Compression
Bending
Beams (pbl, pb2, bb1, bb2) Tension + Bending
Compression + Bending
Buckling (flexural)
Buckling + Bending
Hooked end-connection bending (excluded for pinned beams)
Tension steel failure
Tension concrete breakout
Tension combined pullout and concrete breakout
Anchors (panc, buanc, bdanc) Tension splitting failure
Shear steel failure
Shear concrete edge breakout
Shear pryout failure

Uprights (pul, pu2, bul, bu2)

Diagonals (pdZ1, pd2, bd1, bd2)
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Figure 3.10: Normalized member and connection resistances for the cross-aisle direction: (a)+(b), (c)+(d),
(e)+(F), (@)+(h), and (i)+(f) are for CS1, CS2, CS3, CS4, and CS5 multi-depth ARSWs, respectively (see Table
3.1 for the description of the tag of each structural component).
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Figure 3.11: Normalized member and connection resistances for the down-aisle direction: (a)+(b), (c)+(d),
(e)+(F), (@)+(h), and (i)+(f) are for CS1, CS2, CS3, CS4, and CS5 multi-depth ARSWs, respectively (see Table
3.1 for the description of the tag of each structural component).
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3.4.3 Hierarchy of criticalities

For each record, the time-history of stress resultants (i.e., forces and moments) and base
reactions was used as input for the execution of the verification checks of Table 3.7. Figure
3.12(a)-(e) show boxplots with the utilization factors (UFs) of the most critical structural
components along the cross-aisle direction, excluding the roofing elements. On average, the
weakest component is the anchorage system of the pallet uprights (“panc”), having a mean
UF of 2.45 and CoV of 0.53. The large deviation on the UFs of the “panc” components,
highlights the potential risk of a seismic design based on MRSA, taking also into account
that the anchors are typically designed with minimum overstrength tolerances. The next
criticality is related to the pallet uprights (“pul” and “pu2”), having a mean UF of 1.44 and
CoV of 0.28. The least stressed components are the pallet diagonals (“pd1” and “pd2”) and
their bolted connections, having an average UF equal to 1.05 and CoV equal to 0.32. This
“overstrength” of the diagonals over the other components comes from a rule foreseen by
EN 16681 (2016), which states that the diagonals and their connections should be designed
by multiplying their design axial forces with the g-factor. As a result, even if “pd1” and
“pd2” were capacity designed so that N,,; ; Was lower than the connection resistances, they
would never have been able to exploit their plastic behaviour, as the brittle concrete cone
failure and upright buckling come first in the hierarchy of criticalities.

Figure 3.13(a)-(e) show boxplots with the UFs of the most important structural elements and
connections along the down-aisle direction. Again, the weakest component is the anchorage
system of the bracing uprights (“buanc”), having a mean UF of 3.24 and CoV of 0.55. CS5
has exceptionally high UFs on the “buanc” components, due to the very low base uplift
forces calculated by the seismic design. Recalling Table 3.3, CS5 was designed by adopting
a seismic vertical load combination of 1.35-G + 1.5-Q, which resulted in high gravitational
loads on the bases of the uprights. Thus, the calculated uplift forces were deemed to be lower
than expected. As a remedy, we suggest to use multiple vertical load combinations (e.g.,
G + Q and G + 0.8-Q) during the seismic design, in order to create an envelope of UFs both
for the structural elements and the base connections. Next in the hierarchy come the bracing
diagonals (“bd1” and “bd2”), with their connections typically being more vulnerable than
the members themselves, and the bracing uprights (“bul” and “bu2”). The least critical
components shown in the figures are the pallet beams (“pbl1”). The bracing beams (“bb1”
and “bb2”) were not shown, as they were typically under-stressed.

3.4.4 Effect of seismic design assumptions

The mean values of the UFs presented in Figure 3.12(a)-(e) and Figure 3.13(a)-(e), typically
exceed the safety threshold 1.0. This is due to the fact that the RHASs did not consider all the
favorable assumptions adopted in the MRSA, which are summarized in the cumulative
seismic load multiplier factor, R.,,, (see Eqg. (3.9)). In the absence of experimental and
analytical evidence that prove the applicability of such seismic design assumptions on the
ARSWs, one should be cautious on accepting them all.
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Figure 3.12: Boxplots with the utilization factors of the critical structural components along the cross-aisle
direction for 15 RHAs scaled to IM that corresponds 10% in 50 years probability of exceedance, showing the:
(@) CS1, (b) CS2, (c) CS3, (d) CS4, and (e) CS5 multi-depth ARSW (the suffixes “_m” and “_c” indicate
member and connection resistances, respectively).
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Figure 3.13: Boxplots with the utilization factors of the critical structural components along the down-aisle
direction for 15 RHAs scaled to IM that corresponds 10% in 50 years probability of exceedance, showing the:
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To assess the effect of R.,,,,, and its components, we realized a series of scenarios for each
case study, where each scenario exploited a certain level of seismic load reduction. By
progressively multiplying the UFs of the RHAs with the components of R, (i.e., ¥;, Eps,
R, Rg), We can derive what-if scenarios where, e.g., Ep; Worked, but R, did not. The effect
of the Ep, factor on the UFs was not examined, as it was equal to 1.0 for all case studies. It
should be noted that by directly multiplying the UFs of the RHAs with the seismic load
reduction factors, one also decreases the part of the UFs coming from the gravitational loads.
Thus, if UF;. is the part of the UF coming from the vertical loads and the UFy from the
seismic loads, one should only reduce the latter part. Finally, the following five scenarios
were considered:

e RHA: no seismic design assumption was made. Essentially, this is the basic scenario
used to derive the UFs for the hierarchy of criticalities in the previous section. The UFs
are calculated as UF = UF;.o + UFg.

e RHA(y,): the y, factor was used. The UFs are calculated as UF = UF;,q + y,;"UFg.

e RHA(y;, Ep3): the y, and Ep; factors were used. The UFs are calculated as
UF = UFg1q + (v1-Ep3)-UFg.

e RHA(y;, Eps, Ry): the y;, Ep3, and R, factors were used. The UFs are calculated as
UF = UFg.q *+ (v1Eps Rp)-UFg. Recalling Eq. (3.10), R,, is a factor of (a) the rack
filling grade reduction factor, Ry, and (b) the combination coefficient, 1,. However, as
the same Ry = 0.80 was used both in the MRSAs and the RHAS, R,,, should not consider

it twice, i.e., Ry, = /1.

e RHA(y, Eps, Rm, Rg): the y, Eps, Ry, and R, factors were used. The UFs are calculated
as UF = UFg4q + (Y1"Eps'Riy'Rg)-UFg. Regarding R,,, the same comment applies as in
the previous case.

Figure 3.14(a)-(f) show boxplots with the UFs of the six most critical structural components
in both directions, for each of the five scenarios described above. For brevity, we combined
the results of all five case studies and 15 RHAs per case study, thus each boxplot resembles
a5-15 =75 set of UFs. The mean (uyr), standard deviation (o), minimum, and maximum
values of the boxplots are summarized in Table 3.8. A simple rule was used to assess the
performance of each scenario: if the mean UF of a component does not exceed 1.0, i.e.,
uyr < 1.0, then the scenario is characterized as safe for this specific component (see Table
3.8 for the “scenario-checks”). Theoretically, one should opt for a higher percentile (say 75-
90%) of the UF value to be lower than 1.0 for added confidence, but this consideration will
not be discussed further. As expected, in the first scenario (RHA) none of the six structural
components passes the uyr < 1.0 check. In the second scenario, the RHA(y;), the pallet
diagonals (“pd1” and “pd2”) pass the check, but the rest five components do not. The third
(RHA(y;, Ep3)) and fourth (RHA(y;, Eps, R,,)) scenarios show the same behaviour as the
second, only being safe for the pallet diagonals. In the fifth scenario (RHA(y;, Eps, R,
Ry)), the pallet uprights (“pul” and “pu2”), the bracing uprights (“bul” and “bu2”), the
bracing diagonals (“bd1” and “bd2”), and the pallet diagonals pass the check, but the
anchorage systems (“panc” and “buanc’) do not.
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Figure 3.14: Boxplots with the utilization factors of the five scenarios of accepted seismic design assumptions,
for the: (a) “pul” and “pu2”, (b) “panc”, (c) “pdl” and “pd2”, (d) “bul” and “bu2”, (e) “buanc”, and (f) “bd1”
and “bd2” structural components (each boxplot has a size of 75 UFs, containing the results of all 5 case studies
and 15 RHAs per case study).
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Table 3.8: Statistics for the utilization factors displayed in Figure 3.14(a)-(f) and scenario checks.

Component Statistic RHA RHA(y;) RHA(y;, Eps)  RHA(y:, ,Eps, Rn)  RHA(y,, Eps, Ry, Ry)
Lur 1.44 1.21 1.05 1.03 0.76
Oyr 0.40 0.35 0.29 0.28 0.22
pul+pu2 min(UF) 0.66 0.55 0.51 0.51 0.36
max(UF) 2.50 2.15 1.86 1.86 143
Check x x x x v
Hyr 2.45 1.96 1.63 1.60 1.06
Oyr 1.30 1.04 0.84 0.84 0.56
panc min(UF) 0.86 0.68 0.55 0.55 0.37
max(UF) 7.88 6.28 5.02 5.02 3.35
Check X X X X X
Uyr 1.05 0.84 0.70 0.68 0.45
Oyr 0.34 0.27 0.23 0.22 0.15
pdl+pd2 min(UF) 0.55 0.44 0.35 0.35 0.24
max(UF) 2.02 1.62 1.62 1.62 1.08
Check x v v v v
Lur 1.69 1.35 1.12 1.09 0.61
Oyr 0.69 0.56 0.43 0.42 0.24
bul+bu2 min(UF) 0.74 0.59 0.55 0.55 0.28
max(UF) 4.58 3.66 2.93 2.93 1.46
Check x x x x v
Hyr 3.24 2.59 2.26 2.22 131
Oyr 1.79 144 149 1.50 1.05
buanc min(UF) 0.96 0.77 0.62 0.62 0.31
max(UF) 10.76 8.61 8.61 8.61 5.74
Check X X X X X
Uyr 2.18 1.74 1.43 1.39 0.76
Oyr 1.13 0.90 0.69 0.67 0.34
bd1+bd2 min(UF) 0.57 0.46 0.46 0.46 0.30
max(UF) 6.24 4.99 3.99 3.99 2.00
Check x x x x v

Summing up the above, even if (a) the structural designer accepts a higher seismic risk by
using the 20% in 50 years design spectrum, (b) the E5 seismic reduction factor (which has
not yet been proved experimentally for the ARSWSs) works, and (c) the seismic mass that
was assumed in the design is present during the earthquake event (i.e., the RHA(y;, Eps,
R,,) scenario), the designed ARSW will still be unsafe, as 5 out of its 6 critical components
have uyr > 1.0. Along with the (a), (b), and (c) conditions, the structure must also
demonstrate a non-negligible overstrength (2, which is reflected in the R, reduction factor

(g = 1, as there is no ductility in the systems). Indeed, by employing a g-factor between 1.5
and 2.0 (i.e., the RHA(y,, Eps, R, R4) scenario) the pallet and bracing uprights and
diagonals have uyr values lower than 1.0. However, as stated before, the ARSWs are highly
optimized structures, leaving razor-thin overstrength margins; the actual 2 of the structures
may be lower than 1.5. Moreover, even in the most favorable scenario where all the
assumptions worked properly, the pallet and bracing anchorage systems are still unsafe,
having uyr =1.06 and uyr =1.31, respectively. Previous experience with structures
exposed to high uplift forces due to earthquake excitations, has demonstrated that the
anchors accumulate a significant amount of structural damage. For instance, the post-
earthquake assessment of wine storage tanks after the 2013 New Zealand earthquake, has
shown that 47% of the tanks sustained damage to their anchorage system (Yazdanian et al.,
2020). A capacity design framework that increases the redundancy of the base connections
by using the elastic uplift forces is proposed in Chapter 4.
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3.5 Conclusions

A comprehensive study on the seismic performance of five multi-depth ARSWSs has been
conducted in Chapter 3. The case studies were designed by professional engineers according
to the European standards EN 1993 (2005), EN 15512 (2009), and EN 16681 (2016), to be
installed in the city of Van, Turkey. Despite the common installation site, same pallet-
loading configuration and similar geometry, each case study adopted different seismic
design assumptions (Table 3.3), due to the absence of a design standard specific for ARSWs.
These design assumptions were combined into a so-called cumulative seismic load
multiplier, R, (EQ. (3.9)), which majorly affects the design of ARSWs by decreasing the
design seismic loads by almost 70%. However, some components of R_,,,,, are not based on
comprehensive scientific research, but instead come from limited studies on APRs and
expert opinion.

To assess the seismic behaviour of the ARSW case studies, a series of 15 RHAs was
conducted in each of their principal axes, using natural accelerograms that respect the hazard
of Van in Turkey. Prior to the execution of the RHAs, the resistance of each structural
component was determined. It was found that all case studies were vulnerable to brittle
connection failures and abrupt member buckling modes, which prevent the structure from
exploiting any ductility. In this sense, the RHAs were conducted without considering any
material nonlinearities. Finally, the time-history of stress resultants and base reactions was
used as input for the execution of the verification checks (Table 3.7), and a hierarchy of
criticalities was defined in each direction.

Along the cross-aisle direction, the weakest component was typically the anchorage system
of the pallet uprights. The UFs of the anchors were also characterized by a significant
dispersion, which highlights the potential risk of a seismic design based solely on MRSA.
The next criticality was related to the pallet uprights, being prone to local and global buckling
failure. The least stressed components were the pallet diagonals and their bolted connections,
as they had overstrength with respect to the other components. Along the down-aisle
direction, again the anchorage system of the bracing uprights was first in the hierarchy of
criticalities. Next come the bracing diagonals, with their connections typically being more
vulnerable than the members themselves, and the bracing uprights. The least critical
components were the pallet and bracing beams.

Finally, the effect of R.,,, was investigated by realizing a series of scenarios for each case
study, where each scenario exploited a certain level of seismic load reduction. It was found
that, even if (a) the structural designer accepts a higher seismic risk, (b) the, somewhat-
arbitrary, Ep5 seismic reduction factor works, and (c) the seismic mass assumed in the design
is present during the earthquake event, the designed ARSW was still unsafe, as most of its
components had mean UFs greater than 1.0. By also employing a g = 2 > 1, the UFs of the
pallet and bracing uprights and diagonals fell under the 1.0 safety threshold. However, the
ARSWs are highly optimized structures, leaving razor-thin overstrength margins; their
actual 2 might be way lower than e.g., 1.5. Moreover, even in the most favorable scenario
where all the assumptions worked properly, the pallet and bracing anchorage systems had
mean UFs greater than 1.0. Concluding, while the size of the 5-15 = 75 RHA set was not big
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enough to draw general conclusions, still the results are indicative of the underlying risk in
the design of ARSWs when using codes meant for conventional racks.
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4  Plastic Ovalization Strategy

4.1 Introduction

The high importance of warehousing facilities to the logistics sector raises the demand for
racking structures that are resilient to extreme hazards. A disruption to the supply chain, or
even worse, a destruction of stockpiled goods, might lead to economic losses that are far
greater than the initial cost of the supporting rack. This is true especially for the innovative
ARSWs, as they play a dual role in the warehousing process, supporting the wares and at the
same time offering protection from the external environment. In this sense, the owners of
high-rise ARSWs may be willing to pay for a slightly more expensive, yet less vulnerable
structure, in order to mitigate the risk of a temporary shutdown or complete loss of their

property.

One straightforward option to decrease the seismic risk, is a brute increase of strength by
using heavier, and thus stronger, steel sections. This can be done either by increasing the
design seismic forces (e.g., by using the 10% in 50 years design spectrum instead of the 20%
in 50 years), or by tasking inherent overstrength to increase the safety margin, rather than
employing it to reduce section size (e.g., use a g = 2 = 1.0). While such approaches can help
an ARSW safely resist somewhat higher hazards, they do not guard against disproportionate
impact due to local brittle failures, and as such they can be problematic for rare events with
higher return periods. Indeed, modern seismic design codes like EN 1998-1 (2004), do not
recommend adopting a low-dissipative approach when designing steel structures in high
seismicity areas, as the lack of load redistribution means that a local failure of a component
can initiate the complete collapse of the structure.

A more agile approach to this problem is to increase the ductility of the rack, by exploiting
the plastic behaviour of certain components, while keeping the rest of the structure in the
elastic zone (Tsarpalis et al., 2020). However, such a new design strategy should respect the
philosophy of the rack industry, which demands thin-walled steel sections with very simple
bolted/hooked connections, minimizing the effort during the installation and disassembly
process.

To enhance the seismic behaviour of the ARSWs along the down-aisle direction, an intuitive
solution is to reinforce the bracing towers, by adopting capacity design rules similar to those
of braced frames in typical steel buildings (Brandonisio et al., 2012). As found in Chapter 3,
the bracing towers accumulate most of the seismic loads. This comes very handy for the
development of a reliable plastic failure mechanism, as one may apply the costly rules of
capacity design only on few parts of the structure, herein the bracing towers. For instance,
heavy upright sections and complicated bracing connections can be adopted in the stiff
bracing towers, while the typical profiles can be used for the more flexible pallet uprights
and beams, as they only serve as a medium to carry gravity loads and transfer the inertial
forces to the stiff braces.
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Figure 4.1: Typical diagonal-to-upright bolted connection, using an M12 bolt with two shear planes.

On the other hand, the achievement of a plastic mechanism along the cross-aisle direction is
a more tedious task, as the seismic loads are distributed almost evenly along the individual
upright frames. This means that one has to increase the ductility of all upright frames in order
to develop a global ductile behaviour. As the upright frames are basically braced frames, a
potential source of ductility are the diagonals (“pd1” and “pd2” components in Figure
3.6(a)). However, the diagonal-to-upright bolted connection is typically realized with only
one M10 or M12 bolt, potentially with two shear planes to increase the connection resistance,
as illustrated in Figure 4.1. As a result, the resistance of the connection is not sufficiently
high to allow the diagonal member to yield and enter the nonlinear zone. This is illustrated
in the right column of Figure 3.10, which shows that the plastic resistance of the diagonals
(Npira) is always greater than the bearing strength (Fy, z4) and the bolt shear resistance

(F, ra) Of the connection.

The creation of an over-resistant diagonal-to-upright connection that would resolve the
aforementioned capacity-design incompatibility is one of the most interesting outcomes of
the STEELWAR (2017) European project. Still, per the author’s experience in racking
technology, it requires the introduction of additional bolts, plates, or even welds, which
complicate the installation process. Moreover, “X-type” bracing has to be adopted in the
upright frames, as in the more common “D-type”, if the diagonal under compression buckles,
there is no diagonal under tension to arrest the formation of a weak/soft level. Herein, we
will investigate a humbler solution of seismic improvement, the so-called plastic ovalization
strategy (POS), which relies on the plastic ovalization of the diagonal bolt holes to keep all
brittle failure mechanisms at bay.

POS is expected to increase the overall ductility of the upright frames only by a certain
amount, without aiming to achieve the high g-factors, e.g., 4.0 (Brandonisio et al., 2012),
typical of steel braced frames. On the positive side, it does not require an over-resistant
diagonal-to-upright connection, while less-demanding capacity design rules can be
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employed. Moreover, as the diagonals do not buckle, the typical “D-type” of bracing can be
used, allowing designers and manufactures to stay within their comfort zone in terms of
design and construction practices. Two case studies will be examined in this chapter, one
double- and one multi-depth ARSW. Their cross-aisle direction will be re-designed
according to the new capacity design rules proposed for the POS, and a comprehensive
seismic assessment will be performed to compare the performance of the POS with the
standard design approaches.

4.2 Theoretical concept and design rules

4.2.1 Failure modes of a shear bolted connection

Steel bolted joints, which comprise one of the most efficient methods of connecting steel
members onsite, are characterized by the interaction between their constituent bolts and steel
plates. Six distinct modes of failure can be identified in a shear bolted connection (Draganic¢
et al., 2014): (1) end failure, which is further discretized to (1a) shear, or (Ib) tearing end
failure, (I1) bearing failure, (111) net section failure, (IV) bolt failure, (V) block tear out
failure, and (V1) bolt pull-through failure (Figure 4.2). From all six modes, Mode (lI), the
bearing failure, is considered to be the most ductile. Indeed, pure bearing failure involves
the plastic ovalization of the bolt holes, allowing for large deformations of the connection,
to as much as the bolt diameter before material rupture (Kiymaz, 2009). However, excessive
hole elongations might lead to impractical displacements and, thus, they need to be
controlled under the service loads (Kiymaz, 2009).

Mode [ - end failure (shear)

Mode |l - bearing failure

" Mode | - end failure (tearing) | ‘O

l Mode IV - bolt failure

Made Ill - net section failure | rLIJ |
l Mode VI - bolt pull-through
Mode V - block tear out

(multibolt ‘ _—:'
| O

—

b
©

®
S

Figure 4.2: Failure modes on a shear bolted connection (Dragani¢ et al., 2014).

On the other hand, the current European (EN 1993-1-8, 2005) and American (AISC, 2005)
specifications, aggregate the six failure modes of a shear bolted connection to only four
mechanisms: (1) block tear out failure, (2) bearing failure, (3) net section failure, and (4)
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bolt shear failure. Essentially, they combine Modes (la) and (V) into mechanism (1), while
Modes (Ib) and (V1) are considered to be covered by the resistance of mechanism (2), the
bearing failure (Dragani¢ et al., 2014; Moze and Bek, 2014). Specifically in Europe,
EN 1993-1-8 (2005) offers the following equation for the calculation of block tear out
resistance (i.e., mechanism (1)) under concentric loading:

Ant ' fu Anv ' fy
+

Ym2 V3- Ymo

where Vs 1rq is the design block tear out resistance, f, is the nominal ultimate tensile

strength of the steel plate, f, is the yield stress, A, is the net area subjected to tension, A,

is the net area subjected to shear, and y,,, and y,,, are partial safety factors equal to 1.25
and 1.0, respectively.

Verfira = Eq. (4.1)

The bearing resistance of a steel plate (i.e., mechanism (2)) is influenced mostly by the
proximity of the plate hole to the plate boundaries and the additional restraint provided by
the nut and bolt head (Kiymaz, 2009). EN 1993-1-8 (2005) uses the following expression
for the calculation of the design bearing resistance per bolt and shear plane:
Fpra = i furd Eq. (4.2)
Ym2

where Fj, rq is the design bearing resistance of the plate per bolt and shear plane, d is the
bolt diameter, and t is the thickness of the steel plate. The coefficients a; and k, are defined
as follows:

e Parallel to the direction of load transfer

a, = min {ad, fu—b, 1} Eqg. (4.3)
fu
€1
da = 37, , for end bolts Eq. (4.4)
3-d,
p 1
g = 3 ;0 —7  forinner bolts Eq. (4.5)

e Perpendicular to the direction of load transfer

e
k; = min {2.8 L2 1.7, 1.4 - Pz _ 1.7, 2.5} for end bolts Eq. (4.6)
do do ’
. b2
ky =min {1-4 A, 17, 2'5} , for inner bolts Eq. (4.7)

where f;,;, is the nominal ultimate tensile strength of the bolt, d,, is the diameter of the hole,
e1, P1, €2, and p, are the edge and inner distances of the bolts, as shown in Figure 4.3.
Notably, EN 1993-1-3 (2006) offers a slightly modified formula of F, 4 that is applicable
only on thin-walled cold formed members, but it will not be discussed herein for brevity.

Doctoral Thesis of Dimitrios Tsarpalis NTUA 2022



Plastic Ovalization Strategy 71

S N
-4
S A A 4

Figure 4.3: Edge and inner distances of a bolt layout according to EN 1993-1-8 (2005).

The net cross-section resistance (i.e., mechanism (3)) entails the fracture limit of a plate with
holes in tension. According to EN 1993-1-1 (2005), it is calculated as:
0.9 Apee - fu

Nypa =——— Eq. (4.8)
Ym2

where N, rq4 is the design ultimate resistance of the net cross-section of the plate and A4, is
the net area of the plate section.

Finally, in mechanism (4) the resistance is given as:

Fyra = @ Ju A Eq. (4.9)
VYm2

where F, r4 is the design shear resistance per bolt and shear plane. When the shear plane
passes through the unthreaded portion of the bolt, A is taken equal to the gross cross section
of the bolt and a,, is equal to 0.6. When the shear plane passes through the threaded portion,
A is taken equal to the tensile stress area of the bolt (45) and a,, depends on the class of the
bolt; for classes 4.6, 5.6, and 8.8, a,, is equal to 0.6, while for 4.8, 5.8, 6.8, and 10.9 equal to
0.5. Notably, in the rack industry it is quite common to have bolts working in the threaded
part in a diagonal-to-upright bolted connection. Finally, if for each bolt F, r; > F}, z4 holds,
then the bolted connection is characterized as ductile, and the total bearing resistance is equal
to the sum of the bearing resistances of the individual bolts.

Even though bearing failure is considered to be ductile on static loading conditions, its cyclic
behaviour has not been investigated thoroughly yet. One of the main reasons is that on typical
steel structures the bolted connections are designed with overstrength, so that during a
seismic event, yielding and buckling of the diagonal braces occurs before any connection
failure (EN 1998-1, 2004). According to the author’s knowledge, the only available data on
the seismic behaviour of bolted connections subject to bearing failure are related to steel
corrugated shear wall systems (e.g., Stojadinovic and Tipping 2007; Vigh et al., 2013; Vigh
et al., 2014). It was observed that the failure mechanism was initiated by ovalization of the
sheet holes, followed by screw tilt and ultimately pull out, resulting in a pinched hysteretic
behaviour.

4.2.2 Proposed capacity design rules

The proposed plastic ovalization strategy (POS) relies on the plastic deformation of the
diagonal-to-upright bolted connection, mainly due to the elongation of the bolt hole. As
mentioned previously, an over-resistant diagonal-to-upright connection may come at odds
with the philosophy of the racking structures that prefers simple connections without any
additional plates and welds. As a remedy, POS exploits the ductility of the bearing failure
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mechanism by employing capacity design rules both in the connections and the members of
the upright frame, which are presented in the next paragraphs.

Diagonals and diagonal-to-upright connections

The design of the diagonals and the diagonal-to-upright connections shall ensure the
occurrence of bearing failure before any other failure mechanism of the diagonal, by
adopting the following rules (all resistances below are expressed as the total resistance of
the connection, i.e., if a connection has one bolt with two shear planes, F, r4 is two times
the resistance of the bolt in each shear plane):

POS 1: The bolt shear resistance (F,, ) should be 1.20 times greater than the bearing
resistance of the diagonal’s hole (Fy, 4 rq):

Fv,Rd 2 120 * Fb,d,Rd

- POS 2: The bearing resistance of the upright’s hole (F,, ,, r4) should be 1.20 times greater
than the bearing resistance of the diagonal’s hole (F}, 4 rq):

Fpura = 1.20 - Fp g pa

- POS 3: The net section resistance of the diagonal (N, z4) should be 1.20 times greater
than the member’s bearing resistance (Fy, 4 rq):

Nu,Rd 2 120 * Fb,d,Rd

- POS 4: The buckling resistance of the diagonal (N, r4) should be 1.20 times greater than
the member’s bearing resistance (Fp g rq):

Nb,Rd 2 120 * Fb,d,Rd

- POS 5: The bearing resistance of the diagonal in tension and in compression, F;; z4 and
Fy, 4 ra» respectively, should not differ by more than 10%. This can be achieved with the
introduction of an empty hole in the direction of the load that is adjacent to the bolt hole
and away from the member end.

- POS 6: Rule 8.1.6e of EN 16681 (2016) that governs the design of the diagonals and
their connections by multiplying the seismic forces by the behavior factor of g, should
be discarded.

- POS 7: The overstrength factor 1.20 employed in rules POS 1 to POS 4, may be reduced
by appropriate testing that ensures the occurrence of bearing strength failure before any
other failure mechanism of the diagonal and its connection.

Rules POS 1 and POS 3 are introduced to prevent the brittle bolt shear failure and net section
rupture, respectively. Rule POS 2 is meant to ensure that the bolt hole elongation only occurs
on the easily replaceable diagonal and does not unduly impact the section of the upright,
potentially damaging its buckling capacity. POS 4 protects the diagonal member from abrupt
buckling and thus allows designers to employ bracing patterns with diagonals working both
in tension and in compression, like the typical “D-type” bracing. On the other hand, rule
POS 5 is employed to achieve a symmetric cyclic behaviour of the connection, while rule
POS 6 aims to reduce diagonals’ overstrength with respect to the connected uprights. Finally,
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POS 7 is introduced to “reward” structural designers that employ experimental tests to
reliably calculate the resistances of the involved members and connections.

Non-dissipative elements

The uprights, the horizontal braces, and the roof truss (i.e., the non-dissipative elements)
shall be designed to remain in the elastic region under the design seismic loads. This can be
achieved by employing the following capacity design rules:

- POS 8: The uprights should be designed by computing the design axial forces (Ng,),
shear forces (Vz4), and bending moments (Mg,) as following:

Ngq = Nga,g + 1.1 Yoy " Qmin * Nea g
Mgq = Mga + 1.1 Yoy " 2imin * Mga g
Vea = Veae + 1.1 You " 2imin * Vear
where:

Ngq 6, Mgq g, and Vg, ¢ are the compression force, bending moment, and shear force in the
upright due to the non-seismic actions included in the combination of actions for the seismic
design situation;

Ngq gy Mg g, and Vig g are the compression force, bending moment, and shear force in the
upright due to the seismic actions;

Yor IS the overstrength factor equal to 1.25;

Dpin = MaX{Qmin 1, Qmin v} and 2,5, 1 and 2.,  are the minimum overstrengths of the
braces connected to the lower and the upper half of upright frame’s height, respectively. In
other words, first we divide the upright frames into two equal vertical segments and we
compute the utilization factor for each diagonal. Then we take the maximum utilization
factor of the lower and the upper part (UF,,qx,. and UF, 4, v, respectively), and we compute
the Qmins = 1/ UFpmaxs ad Qpnin y = 1/ UFmax u-

One may notice that, contrarily to the capacity design rules for typical steel columns, 0,
has a constant value along the height of the upright frame. In its classical form, the £ factor
is calculated for each diagonal, and it is used to increase the seismic forces and moments of
the column element it intersects with. However, this would have required to continuously
modify the bearing resistance of the diagonals (e.g., by adjusting the distance of the bolt hole
to the member end, or the e; parameter), to achieve a uniform distribution of 2s. To keep
things simple, we decided to adopt the £2,,;,, ;. & 2,y CONCept, but it should be stressed
that it is a first-guess capacity rule; if the re-assessment of the case studies reveals
weaknesses in the uprights, stricter rules will be proposed.

- POS 9: The horizontal braces and the roof truss should be designed by computing the
design forces and moments as follows:

Ngg = Ngag + 1.1 Yoy - nin * Nea g
Mgg = Mgq + Mpa g
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Vea = Veac + Vear

In contrast to rule POS 8, rule POS 9 does not multiply the design seismic moments and
shear forces by the factor of 1.1-y,,,-2,,in, as the horizontal braces and the roof elements are
usually (a) simulated as truss elements that work only axially and (b) under-stressed with
respect to the uprights and diagonals.

Base connections

The connection of the upright frames to the concrete slab comprises the weakest component
of the ARSWs along the CA direction (see Chapter 3). Specifically, the anchorage system
was the only component with a mean UF greater than 1.0, even in the scenario where all
favourable assumptions were made (Table 3.8). To decrease the vulnerability of the base
connections to high uplift seismic loads, the following rule is proposed:

- POS 10: The base connections should be designed by multiplying the design base
reactions by the g-factor used in the seismic design analysis. Additionally, they shall be
verified using two load scenarios for the gravitational loads: ¢ + 0.8-Q and G + Q (G and
Q represent the dead and the unit loads, respectively).

4.3 Numerical study on the behaviour of the diagonal bolt hole in bearing

4.3.1 Existing analytical expressions

The POS approach relies on the ductility of the diagonal-to-upright connection for the
development of a reliable plastic failure mechanism. Thus, an accurate determination of the
force and displacement capacity of this connection is of high importance. Lately,
experimental and analytical studies have showed that the well-known formula of EN 1993-
1-8 (2005), as given in Eq. (4.2), underestimates the bearing resistance of a bolted connection
(Moze et al., 2021). Indeed, the revised prEN 1993-1-8:2021 (2021) proposes a new formula
for the bearing resistance that depends on the relative end-distance e; /d, or the spacing
between the bolts p, /d,, while it is independent of the distance perpendicular to the bearing
force:

(2021)
F(2021)_km'ab “furd-t

bR Eqg. (4.10)
Ym2
where Fb(;?fl) is the design bearing resistance per prEN 1993-1-8:2021 (2021), k,, is 1
except for steel grades equal to or greater than S460, for which k,, is 0.9. The coefficient
a,ﬁzom is given as:
min <% 3 ﬁ‘—b 3) , for end bolt
ay ™ = b1 f"f Eq. (4.11)
. 1 ub .
min|——=, 3-—, 3) , for inner bolt
(do 2 fu

The new formula of the bearing resistance in Eq. (4.10) does not account for distances e,
and p,, which are assumed to be sufficiently high to prevent fracture in the net area in
tension. Otherwise, the design resistance of the connection is indirectly controlled by the
design for block tear out (Eq. (4.1)) or the net cross-section resistance (Eg. (4.8)).
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Regarding the displacement capacity of the connection, experimental results have
demonstrated that the bearing deformation of the bolt hole can be of magnitude of one bolt
diameter, d (Kiymaz, 2009). Draft prEN 1993-1-8:2021 (2021) provides a method for the
calculation of the bearing deformation at bolt holes at or before yielding:

126 -u/d

g, =

T 1+ 30 wd)
where a;, is the normalized bearing stress, u is the embedding of the bolt that causes a local
yielding at the edge of the bolt hole, i.e., the bearing deformation. The embedding w is carried
out up to 80% of the maximum bearing resistance for grades up to S460 and up to full bearing
resistance for S460 and higher grades, as shown in Figure 4.4. Afterwards, the stress-
deformation relationship is linear (hardening for grades up to S460, perfectly plastic for
higher ones) until the achievement of the bolt hole ultimate deformation given by (MoZe et
al., 2021):

Eq. (4.12)

k. - a(2021)
_ . m b 2
Uyg = Min 7,km -d Eq. (4.13)
Given the normalized bearing stress, a;,, the bearing force per bolt can be calculated as:
\G, E(d12) 15,
K, ot o " Eg. (4.12)
0,8K, 00, |-wroermmmg P I —— »
embedding of the bolt bolt embedding
u/d | ud
0 Uy, /d ’ 0 u\.: /d ’
a) Steel grades up to S460 (km = 1) b) Steel grades equal to and greater than S460
(km = 09)

Figure 4.4: Bearing deformation behaviour (adopted from MoZe et al., 2021).

4.3.2 Numerical simulation of tension/compression quasi-static tests

Combining Eg. (4.13) and Eq. (4.14), one may derive an analytical expression for the
nonlinear force-displacement curve of the diagonal-to-upright connection, which can later
be used to define a zero-length material (or axial spring) to represent the connection
behaviour at the ends of each diagonal. However, the aforementioned equations are based
on experimental and analytical studies on steel plates thicker than the typical diagonal of an
upright frame. As a result, the plastic or hardening post-yield behaviour shown in Figure 4.4
might not be realized on a thin-walled diagonal element. To shed light to this issue, a series
of parametric numerical analyses was conducted, simulating quasi-static tension and
compression tests on a universal testing machine (UTM), as shown in Figure 4.5.

The test setup was designed to prevent all failure modes except bearing of the diagonal hole.
It consists of one diagonal element made of steel S355MC with 500 mm length, that is bolted
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to two thick end plates (S235JR, t = 15 mm), using M12 10.9 bolts. Each end of the diagonal
has two holes, one bolt hole with end distance e; =40 mm and one empty hole at
p. =49 mm. The empty hole is used to satisfy capacity design rule POS 5, i.e., to have
“equal” bearing resistance in tension and in compression. To achieve this, the hole-to-hole
distance p, was calculated by taking the equality of the right parts of Eq. (4.4) and Eqg. (4.5)
Finally, one end plate is fixed, while the other one is attached to the (virtual) UTM actuator
that imposes positive or negative displacement increments until failure of the test specimen.

=

M12 10.9 - M12 10.9 - Opy — 9, 75
I I [ =3 o
T~ | | N o
\%L\ ; | 0\73\\8‘ o -
| I | ¥ 2
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Figure 4.5: Test setup of quasi-static tension/compression numerical tests on a UTM.

The numerical models were realized using the finite element software ABAQUS v6.14
(2014). All components were modelled as deformable homogeneous solids and meshed by
linear brick finite elements with eight nodes, reduced integration, and hourglass control
(C3D8R). Due to symmetry, only the upper half of the test assembly was considered (Figure
4.6(a)), while symmetric boundary conditions were adopted at the symmetry plane.
Moreover, a relatively simple numerical model of the M12 10.9 bolt was built, in order to
simplify the modelling and reduce the computational load (Figure 4.6(d)). A “hard” surface-
to-surface contact formulation in the normal direction was defined between the bolt, the steel
plate, and the diagonal. In the tangential direction, a friction coefficient of 0.1 was adopted
between all components, together with a minor pretension of the bolt equal to 5 kN, to
improve the stability of the numerical model. An elastic-plastic behaviour was adopted for
all structural steel materials. The elastic behaviour was defined by Young's modulus and
Poisson’'s ratio of E = 210,000 MPa and v = 0.3, respectively. The von Mises yield surface
was used to define isotropic yielding. The true stress and strain of each steel material were
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evaluated to match the results of tensile tests found in the literature. The nominal values of
the yield and ultimate stresses were considered; for S235JR f, =235 MPa and
fu =360 MPa, while for S355MC f,, = 355 MPa and f,, = 510 MPa.

A

z
a) b) d)
Figure 4.6: Numerical model of the UTM numerical tests: a) model assembly, b) model mesh, ¢) mesh
refinement near the holes, and d) bolt mesh.
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Figure 4.7: Analytical (EN 1993-1-8:2005 and 2021) versus numerical (ABAQUS) force-displacement curves
of the quasi-static compression/tension tests, for diagonals of (a) 3 mm, (b) 2.5 mm, (c) 2 mm, and (d) 1.5 mm
thickness.
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The parametric study considered four diagonal thicknesses that are typically used in the rack
industry, namely 3.0/2.5/2.0/1.5mm. For each realization, one tension and one
compression numerical test was conducted and compared to the bearing resistance calculated
by Eq. (4.2) of EN 1993-1-8 (2005), as well as the force-displacement curve of prEN 1993-
1-8:2021 (2021) using Eq. (4.13) and Eq. (4.14). The results can be found in Figure 4.7(a)-

(d).

Interestingly, the analytical expressions of prEN 1993-1-8:2021 (2021) accurately predict
the development of plastic ovalization for diagonals with 3 and 2.5 mm thickness, both in
terms of stiffness deterioration and ultimate bearing resistance. Moreover, for these
thicknesses the connection demonstrated adequate ductility, as the displacement capacity
was almost equal to one bolt diameter. One the other hand, prEN 1993-1-8:2021 (2021)
poorly predicted the numerical results for the diagonals with 2 and 1.5 mm thickness,
indicating that the analytical formulae of Eq. (4.13) and Eq. (4.14) are mainly applicable for
thicker steel plates. Especially for the 1.5 mm diagonal, the finite element models failed to
converge due to excessive local deformations at about 6 mm of actuator displacement.
Furthermore, the connection reached its peak capacity at 2 mm, far earlier than thicker
diagonals, entering a negative stiffness descending branch, rather than a ductile or hardening
plateau. The 2 mm thick diagonal was only marginally better, especially in compression.

An explanation of this significant difference between the behaviour of the 3 mm and the
1.5 mm diagonal, can be found in Figure 4.8, which compares their deformed shapes at a
displacement increment where the thin diagonal started losing its capacity. While the failure
mode of the thick diagonal was pure bearing, the thin one was characterized by a
combination of bearing failure and local buckling of the diagonal’s web in the proximity of
the bolt hole. This local buckling was initiated after the steel material near the bolt hole
entered the plastic zone, which, combined with the low thickness of the diagonal’s section,
led to an early loss of strength.

This negative stiffness behaviour is not necessarily detrimental for the ductility of the
member or the structure, as it seems fairly stable and it extends at with low slope to non-
negligible displacement. Still, it introduces uncertainties regarding the estimation of the
ultimate strength and displacement, which are not conducive to a safe design without
considerable investigation. Therefore, in order to avoid over-complicating the POS
approach, one may aim to avoid it.

While the numerical analyses offered are not enough in number to draw general conclusions,
they still indicate that the thickness of the diagonal or, more conveniently, the normalized
ratio d/t may majorly affect the bearing failure mechanism if local buckling occurs.
Another factor that may exacerbate this phenomenon is the width of the diagonal’s web (b);
assuming a uniform distribution of normal stresses along the section of the diagonal, a long
web is more prone to local buckling than a short one. To test the sensitivity of the diagonal-
to-upright connection to the b/d ratio, an additional series of four numerical analyses was
conducted, this time by adjusting b, from 70 mm down to 40 mm. The parametric study used
the 1.5 mm thickness diagonal, as, based on the previous analyses, it ensures that for
b =50 mm (i.e., the base case of Figure 4.5) the web will buckle locally.
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Figure 4.8: Deformed shapes and stress fields near the bolt hole for the (a) 3 mm and (b) the 1.5 mm diagonal
thickness.

25

Force [kN]

b =70 mm

Actuator displacement [mm]

Figure 4.9: Numerical force-displacement curves of the (virtual) UTM tension tests, for the 40 mm, 50 mm,
60 mm, and 70 mm width of the diagonal’s web.

Figure 4.9 illustrates the force-displacement curves for the four test specimens. Evidently,
the web width has a minor effect on the behaviour of the connection, with the shorter webs
leading to only slightly improved ultimate resistance. This independence of the failure mode
from the b/d ratio can be explained by examining the deformed shapes and stress fields of
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the diagonals in Figure 4.10. As high plastic strains are localized in the proximity of the bolt
hole, only a small part of the diagonal participates in the failure mechanism and, therefore,
d /t dominates the behaviour of the connection rather than b /d. Based on the limited results
presented, a limit of d/t <5 seems like a reasonable constraint that ensures reaching the
prEN 1993-1-8:2021 estimate of the bearing strength while maintaining adequate ductility.

© (d)
Figure 4.10: Deformed shapes and stress fields near the bolt hole at 5 mm of (virtual) actuator displacement
for the (a) 40 mm, (b) 50 mm, (c) 60 mm, and (d) 70 mm width of the diagonal’s web.

4.4 Response History Analyses

4.4.1 Description of case studies

To assess the performance of the POS, the cross-aisle frames of one double-depth (DD) and
one multi-depth (MD) ARSW will be examined. Case study DD has four “macro-columns”
of 25.56 m height and 2.35 m width (Figure 4.11), where each “macro-column” comprises
two upright frames with mirrored bracing patterns, connected with spacers along their
height. Regarding the down-aisle direction (which is not shown here for brevity), the pallet
beams are designed to carry two pallets per bay, thus each upright carries approximately one
pallet per load level. Automated cranes are used for goods handling, operating in 14 load
levels: Load level 1 to 3 are for 1000 kg pallets, 4 to 11 for 800 kg, and 12 to 14 for 600 kg.
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Figure 4.11: Cross-aisle view of case study DD (dimensions in m).
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Figure 4.12: Cross-aisle view of case study MD (dimensions in m).

On the other hand, the cross-aisle direction of case study MD comprises 28 “X-type” upright
frames of 24.24 m height and 1.14 m width (Figure 4.12). MD is designed to carry 9 load
levels with four storage cells of 13 unit-load capacity each. Load levels 1 to 2 are for 1000 kg
pallets, 3 to 5 for 800 kg, and 6 to 9 for 600 kg. The handling process is again fully
automated, using cranes and shuttles to deposit and withdraw the pallets.

Each case study was designed twice by a professional engineer expert in rack structures.
First, a “standard” non-ductile design was performed using EN 1993 (2005), EN 15512
(2009) and EN 16681 (2016), using a behaviour factor of g = 1.5. Then, the case studies
were re-designed according to the new rules POS 1 to POS 10, employing a factor of g = 1.8;
this value is a preliminary recommendation pending a more accurate evaluation involving
numerous experimental and numerical analyses. The following mass combinations were
used for the POS: G + Q for the double-depth, and G + 0.8-Q for the multi-depth case study.
On the other hand, the importance and spectrum modification factors were not modified. All
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the seismic design assumptions are summarized in Table 4.1, where “STD” corresponds to
the standard, and “POS” to the plastic ovalization design.

Table 4.1: Seismic design assumptions adopted in case studies DD and MD according to the standard design
(STD), and the POS re-design (POS).

DD-STD DD-POS MD-STD MD-POS

Vi 0.8 0.8 0.8 0.8

Epq 1.0 1.0 1.0 1.0

Eps 0.8 0.8 0.8 0.8

q 1.5 1.8 1.5 1.8
Mass comb. G+Q G+Q G +0.64-Q G +0.8-Q
Load comb. G+Q G fOfSQQ - G+Q G fOfSQQ -

* only for the design of the base connections, see rule POS 10.

Due to the introduction of capacity design rules POS 1 to POS 10, some members and
connections of the upright frames had to be modified during the re-design. Table 4.2
summarizes the major changes in the cross-sections and the bolted connections of case study
DD. One may observe that lighter diagonals (30% less material) were used during the POS
re-design, basically due to rule POS6, which disregards the code-recommended
multiplication of the seismic forces by the g-factor. Moreover, while not imposed by the new
design rules, the designer chose to use a single diagonal section in the lower half of the
structure and a lighter one for the upper half. Each half was further separated into quarters
by modifying the e, parameter. This smooth reduction of the diagonal’s resistance along the
height of the upright frame is expected to enhance the seismic behaviour of the rack. On the
other hand, the uprights were not modified during the POS design. While rule POS 8 aims
to create over-resistant uprights, it is based on a “relaxed” version of the overstrength factor
of EN 1998-1 (2004) and the designer was able to satisfy the capacity checks without
increasing the upright section. As a result, the POS design used less steel material with
respect to the standard approach. Regarding the base connections, rule POS 10 led to a
stronger anchorage system with greater anchor diameter and embedment depth.

The effects of the POS rules in case study MD are illustrated in Table 4.3. Contrarily to the
DD example, herein heavier diagonals (+25% more material) were employed during the POS
re-design, even though rule POS 6 led to lower design seismic forces. Indeed, in the standard
design, the diagonals had slender circular hollow sections (with folded ends to achieve a
thickness of 3 mm at the connection), which do not satisfy rule POS 4, i.e., the buckling
resistance being greater than the bearing resistance. Thus, in the POS re-design, channel
sections with lips were used for the diagonals, with different e; parameters at the lower and
the upper half of the structure. Concerning the uprights, heavier profiles were employed at
the POS re-design, but only for the first 2.98 m from the ground. Again, the design rules did
not lead to major changes in the uprights, as the designer was able to optimize the diagonals
instead. Note, that in all cases, the resulting diagonals did not respect the d /t < 5 condition.
This leaves some questions regarding the actually achieved ductility, which nevertheless is
not out of proportion with respect to the low behaviour factor employed. Finally, the
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resistance of the anchors was increased during the POS re-design, having greater diameter
and embedment depth.

Table 4.2: Member and connection properties of case study DD according to the standard design (STD), and
the POS re-design (POS). Section areas are given normalized to the bottommost elements of the STD design.

Member Height (m) STD POS
[0.00, 3.73] Q+U ™ A=A, Q+U:A=4,
Uprights (3.73,12.58] Q™ A=054, Q:A=054,
(12.58, 25.56] Q:A=0.32-4, Q:A=0.32-4,
C ***: A = Az C A = 0.7'142
[0.00, 6.65] t=3mm, e, =24 mm t=2mm, e, =29 mm
1M12 8.8 (2 shear planes) 1M12 8.8 (2 shear planes)
C A = AZ C A = 0.7'142
(6.65, 12.80] t=3mm, e, =24 mm t=2mm, e, =22 mm
1M12 8.8 (2 shear planes) 1M12 8.8 (2 shear planes)
Diagonals
C:A=074, C:A=054,
(12.80, 18.73] t=2mm, e, =24 mm t=1.5mm, e, =23 mm
1M12 8.8 (2 shear planes) 1M12 8.8 (2 shear planes)
C:A=074, C:A=054,
(18.73, 25.56] t=2mm, e, =24 mm t=15mm, e; =15mm
1M12 8.8 (2 shear planes) 1M12 8.8 (2 shear planes)
Anchorage i 4M20 8.8 4M24 8.8
system embedment depth: 400 mm Embedment depth: 500 mm

" Q+U: Q-type upright section reinforced with a U-type section; ™ Q: Q-type upright section;
™ C: channel section with lips.

Table 4.3: Member and connection properties of case study MD according to the standard design (STD), and
the POS re-design (POS). Section areas are given normalized to the bottommost elements of the STD design.

Member Height (m) STD POS
[0.00, 2.98] QtU% A=A, Q+U: A =1.79-4,
Uprights (2.98, 13.32] Q+U: A=A, Q+U: A =4,
(13.32, 24.24] Q" A=0.68-4, Q: A=0.68-4,
CHS®% A=A, C% A=1.254,
[0.00, 10.81] t=3mm,e, =18 mm t=15mm, e; =20 mm
1M8 8.8 (1 shear plane) 1M12 8.8 (1 shear plane)
Diagonals
CHS: A=A, C:A=1.254,
(10.81, 24.24] t=3mm,e, =18 mm t=15mm, e; =15 mm
1M8 8.8 (1 shear plane) 1M12 8.8 (1 shear plane)
Anchorage 2M16 8.8 2M20 8.8
system embedment depth: 250 mm Embedment depth: 350 mm

2 0+U: Q-type upright section reinforced with a U-type section; ® Q: Q-type upright section;
¢ CHS: circular hollow section; ¢ C: channel section with lips.

4.4.2 Numerical modelling
The four structures were realized using the OpenSees (McKenna et al., 2000) open-source

software. To reduce the number of elements and degrees of freedom, we simplified the
models using the methodology described in Tsarpalis et al. (2021) (see also Chapter 6).
Specifically, in the DD example we substituted the full cross-aisle frame with a pair of
connected upright frames (i.e., one “macro-column”) with calibrated horizontal springs at
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the top level, to simulate the stiffness of the roof. Similarly, in the MD case study we used a
single upright frame instead of the 28 of the full model. A Rayleigh damping formulation
was employed, using a viscous damping ratio of 3% for the first and second eigenperiods,
and a G + 0.8-Q combination for mass and gravity loads. The periods and mass participation
factors of the four structures can be found in Table 4.4. The effect of pallet sliding was not
considered in the analyses.

Table 4.4: Periods and mass participation factors for the case studies DD and MD according to the standard
design (STD), and the POS re-design (POS).

DD-STD DD-POS MD-STD MD-POS

Mode # Period Mass Period Mass Period Mass Period Mass
(sec) Part. (sec) Part. (sec) Part. (sec) Part.

1 2.60 68% 2.46 69% 1.58 63% 1.31 63%

2 0.97 11% 0.85 17% 0.51 17% 0.42 19%

3 0.53 5% 0.45 6% 0.26 5.4% 0.21 5.6%

4 0.35 3% 0.30 2.8% 0.18 1.8% 0.15 1.4%

5 0.25 1.2% 0.21 1.3% 0.14 0.7% 0.11 1.0%

The uprights were simulated as elastic beam elements with a P-A formulation to account for
the effect of geometric nonlinearities. In the standard design, material nonlinearities were
not considered, as the elements and their connections are prone to brittle failure modes,
which, if simulated, would have caused the analysis to stop at the very first steps. In the POS
re-design, the only source of material nonlinearity was that of plastic ovalization of the
diagonal bolt hole. The opening of the bolt hole was simulated using a zero-length element
with an elastic-perfectly-plastic gap material, as illustrated in Figure 4.13.

During loading (Points 1 to 3), the material behaves elastically with an elastic tangent E,
until it reaches the yield force F;; from this point onwards, it continues with a post-elastic

(hardening) tangent E;. The gap opens by the amount of plastic deformation the material
accumulates during the post-elastic phase (Points 2 to 3). Then, in the unloading branch, the
material first unloads elastically to zero force (Points 3 to 4), and then it returns to its initial
position with zero stiffness (Points 4 to 5) due to the gap opening. If load reversal occurs
(Points 5 to 7), the same elastic-perfectly-plastic response is observed, and the gap opens
also in the other direction of loading. From this point on, the material can bounce freely
between Points 8 to 9 without developing any reaction force; it has to be subjected to a
greater yield force (Point 10) to encounter any resistance while enlarging the gap. This flag-
shaped force-deformation diagram is characterized by significant pinching, which
downgrades the amount of plastic energy the connection is capable of absorbing during a
seismic excitation.
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Figure 4.13: Simulating the plastic ovalization of a bolt hole under cyclic loading, using the elastic-perfectly-
plastic gap material of OpenSees (McKenna et al., 2000). F, is the yield force, E, is the elastic tangent, and E;
is the hardening tangent. The gap opens by the amount of plastic strain the material accumulates at each
excursion. In the left side of the figure, the loading, unloading, and reloading states of the bolt hole are shown
schematically, along with the numbered points corresponding to the right diagram (the gray and black circles
indicate the initial and final position of the bolt, respectively).

To determine the three parameters of the elastic-perfectly-plastic gap material (F,, Eo, and
E,), a fitting procedure is followed. Recalling Figure 4.4(a), the bearing deformation of a
steel material lower than S460 (which is typical for diagonals on racking systems) follows a
nonlinear path until it reaches 80% of the maximum bearing resistance, i.e., up to point
(ugooy, 0.8-Fpr) In Figure 4.14. 1t then continues with a constant slope up to full bearing
resistance, i.e., point (u,q, Fpr). From this point we assume that it continues with zero
stiffness until the bearing deformation is equal to one bolt diameter, d. The overall fitting
procedure is as follows (see Figure 4.14):

(a) Find the elastic tangent of the gap material as: E, = 0.8 Fpr /uggo-

(b) Find the optimal E, so that the hatched areas below and under the bilinear fit in Figure
4.14 are approximately equal.

(c) Find the hardening tangent of the gap material as: E; = (Fyg — F,)/(d — E, / Ey).

Note that the above fitting procedure assumes that the force-deformation curve of
prEN 1993-1-8:2021 (2021) is valid. As found by previous numerical analyses and
illustrated in Figure 4.7, the failure mode of diagonals with thicknesses 2 and 1.5 mm, or,
more generally, of diagonals with d /t > 5, is a combination of plastic ovalization and local
buckling of the web, with the resulting force-deformation curve deviating from the expected
per prEN 1993-1-8:2021 (2021). Unfortunately, the finite element analyses of Subsection
4.3.2 were executed after the POS re-design by the racking experts, and the limitations on
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the diagonal’s thickness were not considered in rules POS 1 to POS 10. Nevertheless, for
the purposes of seismic assessment we neglect this inconsistency, and we model the
diagonals as if they were thick enough to avoid local buckling of the web. The experimental
campaign that (at the time of writing) is under way in the context of the European project
STEELWAR (2017) is expected to shed more light to this issue.

o A
e
o
For mmt
‘ /
Fy E1 . .
bilinear fit
0.8 Fr
Eo
p
Uggoy Uxg d deformation

Figure 4.14: Fitting the parameters F,, E,, and E; of the elastic-perfectly-plastic gap material, to match the
analytical predictions of Eq. (4.12), Eq. (4.13), and Eq. (4.14). F, is calculated so that the hatched areas below
and under the bilinear fit are approximately equal.

After the determination of F,, E,,, and E;, the diagonal and its bolted ends can be simulated

by a macroelement that comprises (a) a zero-length element with an elastic-perfectly-plastic
gap material, and (b) an elastic beam element, as shown in Figure 4.15. Instead of using two
zero-length elements, one for each end of the diagonal, it is more efficient to use one and
multiply the elastic and hardening tangents by 0.5, i.e., 0.5-E, and 0.5-E;, respectively. F,
is not modified as the two ends are springs in series.

A final modelling detail is related to the initial shear stiffness of the upright frame, which is
significantly reduced due to the deformation of the braces and their ends, as well as the
slipping and bending of the bolts (Talebian et al., 2018). This phenomenon is typically taken
into account in a beam-column element model by employing an axial spring in series with
the diagonal. This spring has a stiffness of K;,;, calibrated by experimental shear tests. One
may break down K;,; into two springs in series, one is the aforementioned elastic-perfectly-
plastic gap element that accounts for the bearing deformation and has elastic stiffness 0.5-E,,
and the other should account for all the other factors that contribute to the shear stiffness of
the upright frame. Thus, this second spring should have an axial stiffness of
(Kot '0.5-Eg)/ (K¢or — 0.5-Ey). Instead of using these two springs, we found that it was more
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efficient to use only the one that accounts for the bearing deformation, and implicitly
consider the other by reducing numerically the cross-section area of the diagonal element to
a value of A'(see Figure 4.15).
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Figure 4.15: Numerical modelling of a diagonal element with bearing failure behaviour in OpenSees (McKenna
etal., 2000). Nodes i and j are connected by a zero-length element with an elastic-perfectly-plastic gap material,
and nodes j and k by an elastic beam element with stiffness EA’/ L. The cross-section area of the beam element
is numerically reduced to A’, to achieve the elastic shear stiffness of the upright frame taken from experimental
shear tests.

4.4.3 Comparison of design approaches

To compare the two design approaches, a multi stripe analysis (Jalayer and Cornell, 2009)
was performed for each case study, employing 30 natural records that match the conditional
spectrum (Baker, 2010; Lin et al., 2013a; Lin et al., 2013b; Kohrangi et al., 2017) of Van in
Turkey, using AvgSa (Eq. (3.14)) as the intensity measure (IM). The set is available at
Kohrangi et al. (2018). The records were scaled to six IM levels that correspond to 60%,
30%, 20%, 10%, 5%, and 3% in 50 years probability of exceedance. Additionally, all records
were pre-multiplied by the design spectrum modification factor Ep5. Ep5 IS suggested by
EN 16681 (2016) to ““account for the dissipative phenomena that are observed on racks that
have suffered earthquakes or tested experimentally, but cannot be described in a
mathematical formulation”. While one may be reluctant regarding the actual value of Ep5,
to achieve a fair assessment of the designs at the design-level intensity (i.e., the 20% in 50
years stripe), we considered a uniform value of E,; = 0.8 (see Table 4.1).
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Figure 4.16: Multi stripe analysis for double-depth case study DD, using a set of 30 records scaled to six IM
levels. Two pie charts are given per stripe, showing the number of times a failure mode was observed on the
standard (left) and the POS (right) design. If multiple failure modes were observed on a single record, the one
with the highest utilization factor is considered.
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Figure 4.17: Multi stripe analysis for multi-depth case study MD, using a set of 30 records scaled to six IM
levels. Two pie charts are given per stripe, showing the number of times a failure mode was observed on the
standard (left) and the POS (right) design. If multiple failure modes were observed on a single record, the one
with the highest utilization factor is considered.
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In the numerical models of the standard design, we followed a post-processing procedure to
derive the utilization factors of the most critical members and connections, using the
verification checks given in Table 3.7. All design resistances were multiplied by a factor of
1.1, which roughly approximates the available overstrength of the structure (i.e., a mapping
between design and expected values). Due to the prevalence of brittle failure modes, we
assume that the failure of any member/connection (i.e., when a utilization factor exceeds the
threshold value of 1.0) leads to a global collapse of the structure.

In the “POS” numerical models, the diagonal-to-upright connection was modelled using the
nonlinear zero-length element of Figure 4.15. While deriving its force-deformation curve
(Figure 4.14), F,, was calculated by omitting the safety factor y,,, in Eg. (4.10). An
additional global collapse rule was considered: if the gap displacement of the zero-length
element exceeds the value of 1.1-d,,, then we assume that the deformation of the connection
is so large that the upright frame loses its global stability. The rest structural components
were modelled and verified similarly to the standard design.

Figure 4.16 summarizes the results of the multi stripe analysis for case study DD, using pie
charts to compare the two designs. The pie charts show the number of times a failure mode
was observed in each stripe of analyses; if multiple failure modes were observed for a single
record, the one with the highest utilization factor is considered. As expected, both designs
performed excellently at the two lowest scales, with very few records leading to a component
failure. At the design level (i.e., the 20% in 50 years stripe), 7 and 1 out of the 30 records
had a component failure in the standard and the POS models, respectively, showing a clear
advantage of the latter. The difference between the two designs is also pronounced at
probabilities of exceedance lower (i.e., higher intensities) than the design level. For instance,
at the 10% in 50 years stripe, which is the design level for regular steel buildings, POS
achieved a 32% increase of “passing” records. Still, at the highest IM scales, the utilization
factors on the uprights exceeded the threshold value of 1.0 even in the POS design, despite
the reduction of seismic forces due to the ovalization of the diagonal bolt hole.

Accordingly, Figure 4.17 shows the results of the multi stripe analysis for case study MD.
POS was again capable of completely preventing the diagonals and the anchorage system
from failing and scored better results for all IM levels. At the design-level stripe, 16 and 3
out of the 30 records led to a component failure in the standard and the POS models,
respectively, highlighting a remarkable improvement in the seismic performance of the
upright frames. However, upright buckling was still prevalent at high IMs, which indicates
that rule POS 8 only partially creates over-resistant columns. In this sense, stricter capacity
design rules could be used on the uprights, similar to those of EN 1998-1 (2004), with the
obvious drawback of increasing the overall cost of the racking structure.

Finally, one may observe that the MD example demonstrated an inferior seismic
performance with respect to the DD, in both standard and POS designs. This was attributed
to the different assumptions adopted during their seismic design and to the fact that DD
employed a more uniform distribution of £2 factors on the diagonals, by dividing them into
four groups along the vertical direction. While this smooth reduction of the diagonals’
resistance was not explicitly imposed by the capacity design rules POS 1 to POS 10, it
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potentially leads to a more uniform exploitation of structural ductility, and thus, to an
improved seismic behaviour.

4.5 Conclusions

Chapter 4 proposes a state-of-the-art seismic design of racking systems along their cross-
aisle direction, the so-called plastic ovalization strategy (POS). POS aims to enhance the
ductility of the upright frames, and at the same time respects the philosophy of the rack
industry that demands simple bolted connections and light steel members. It relies on the
bearing deformation of the diagonal bolt hole to absorb seismic deformation, while the rest
structural components are designed to be over-resistant, by employing ten capacity design
rules, POS 1 to POS 10. A parametric study using three-dimensional finite element models
has demonstrated that a ductile behaviour of the connection can be achieved, as long as local
buckling of the diagonal’s web is prevented. To assess the performance of POS, the cross-
aisle frames of one double-depth and one multi-depth ARSW were examined. Each case
study was designed twice by an expert, once using conventional design standards, and then
by employing the proposed capacity design rules. Finally, a multi stripe analysis was
conducted, using 30 records and six IM levels. A distinct advantage of the POS design was
observed, especially for IMs that exceed the design level. Moreover, POS does not
necessarily increase the cost of the racking system: the cross-sections of the uprights were
slightly modified, while in some cases lighter diagonals were employed by removing a
redundant requirement of EN 16681 (2016). Overall, POS promises to increase the resilience
of high-rise racking systems in an economic and efficient way and sets the ground for a
performance-based earthquake design of racks, in tandem with the current trends in the
earthquake engineering community.
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5 Simplified Modelling of Automated Rack Supported
Warehouses?

5.1 Introduction

Despite their differences in terms of dimensions and structural behaviour, automated rack
supported warehouses (ARSWs) are typically built with the same thin-walled cold-formed
profiles used in the most-common adjustable pallet racking systems (APRs). In addition,
there is no official document worldwide specific for their seismic design, forcing the
structural engineers to use EN 16681 (2016) and other APR standards, without any
modifications to respect their structural idiosyncrasies and nonconventional geometry. All
these uncertainties render ARSWs vulnerable to extreme hazards, such as high wind speeds
and vigorous seismic motions. This was also highlighted during the Emilia-Romagna
earthquake (Figure 1.4), where several ARSWSs experienced severe damages or even
collapsed. Given the above observations, there is presently significant interest in improving
the seismic behaviour of ARSWs installed in high-seismicity areas, by forming at least a
limited plastic failure mechanism (see for example the new design approach presented in
Chapter 4).

Nowadays, seismic performance assessment (EN 1998-3, 2005; ASCE 41-13, 2014) is based
on comprehensive numerical analyses via nonlinear static or dynamic approaches. However,
a detailed nonlinear simulation of a modern ARSW is practically infeasible even for
academic purposes, as a full 3D model may comprise hundreds of thousands of nodes and
elements with almost a million of degrees of freedom (DOFs). Even during elastic design,
simplifications are accepted in terms of accuracy by using only a part of the structure or
relying on 2D models, as performing all verification checks on the complete 3D model can
take days or even weeks. Herein, a simplified modelling approach is presented that is based
on the substitution of the truss columns (i.e., upright frames) with equivalent
Timoshenko/link elements. The methodology is applied on two ARSW case studies, using
2D/3D linear and nonlinear analyses to compare the different simulation approaches.

5.2 Proposed simplified model

The idea of substituting truss beams and columns with equivalent elastic elements has found
good use in literature. For example, a methodology for simplified seismic design of industrial
buildings has been proposed by Belleri et al. (2017), which employed equivalent beam
elements in tandem with elastic springs. On the other hand, Kalochairetis and Gantes (2012)
introduced elastic Timoshenko beam-column elements to determine the buckling capacity
of laced built-up columns and to perform rapid parametric analyses on the effect of
imperfections. Building upon such ideas, we propose a linear Timoshenko beam model to
substitute the truss members of a racking system when material inelasticity is not considered,

2This work contains material from “Tsarpalis D., Vamvatsikos D., Deladonna F., Vayas I. (2021). Simplified
Modelling for the Seismic Performance Assessment of Automated Rack-Supported Warehouses, Journal of
Structural Engineering. https://doi.org/10.1061/(ASCE)ST.1943-541X.0003153”, reproduced here with
permission.
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as well as a nonlinear link element model to capture the material nonlinearity of more ductile
designs. In the latter case, novel nonlinear Timoshenko beam elements can offer alternative
modelling solutions (Amir et al., 2020a; 2020b). The target is to offer a flexible approach
for quantifying the seismic performance of racking systems, especially of multi- and double-
depth ARSWs. Then the simplified methodology continues with the aggregation of several
upright frames to a single equivalent element, in order to further reduce the number of DOFs.

To substitute a single upright frame with an equivalent beam-column or link element, one
has first to transform it into a Timoshenko-beam. Considering an upright frame that
comprises N upright members, each having A; cross-section area and d; distance from the
mass centre, the equivalent area (4.,) and moment of inertia (I,,) of the Timoshenko-beam
will be equal to:

N
Ay =) A Eq. (5.1)
i=1
N
g = ) A2 Eq. (5.2)
i=1
Table 5.1: Cross-section shear area for bracing patterns D, Z, K, and X per EN 1993-1-1 (2005).
D-bracing Z-bracing K-bracing X-bracing
A
TR — Ay
v _
EAd h%a
As G d3

While only 4., and I, are required to simulate the bending of a 2D Euler-Bernoulli-beam,
the equivalent shear area A;., is also needed to capture the shear deformability of
Timoshenko-beams. Essentially, 4; ., accounts for the deformation of the bracing elements
and their connections and thus depends on the geometry and typology of the bracing system.
For common bracing patterns with constant cross-sections and geometry along the height,
closed-form formulae can be defined by enforcing static equilibrium on a small portion of
the truss member. For example, expressions for patterns D, Z, K, and X are already available
in the literature (EN 1993-1-1, 2005), as shown in Table 5.1. To account for the additional
factors that govern the shear stiffness of the upright frames (Talebian et al., 2018), an axial
release with stiffness K, ,cjeqse IS typically introduced at one end of the diagonal, calibrated
by experimental shear tests (EN 15512, 2009). Considering that the diagonal and its
connection act as springs in series, one can avoid using the axial release and instead reduce
numerically the cross-section area of the diagonal as:
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EAd,red _ Kde.release
L a Kd + Kp.release
where K; = EA, /L, while Az and A, .4 are the actual and the reduced cross-sectional area
of the diagonal, respectively. Subsequently, the shear area of the equivalent column is
calculated using the formulae of Table 5.1 with A, replaced by A, .

Eq. (5.3)

For systems with non-constant bracing sections one can divide the upright frame into several
vertical segments and compute A, ., separately for each part. However, when the spacing of
the diagonals also varies along the height, an approximate procedure can be followed, which
significantly reduces the size of the numerical model:

1. Separate the considered upright frame and calculate its A, and I, from Eq. (5.1) and Eq.
(5.2), respectively

2. Perform a cantilever test by applying pinned releases to the nodes at the bottom and
concentrated loads on the top. The sum of nodal loads P;,; and corresponding top-height
displacement &, are related as:

12 El,,

Proe = 37573 Otor Eqg. (5.4)
where @ = 12Eleq/GZS,eqL2 and L the length of the upright frame.
3. Solving Eqg. (5.4) for the approximated Zs,eq results in:
_ E  Pyr(3leg)L
seq S Eq. (5.5)

G (3Eleq)5tot - PtotL3
When examining models that incorporate only linear elastic materials, the above information
is adequate for transforming the upright frame to an equivalent beam-column element.
However, for nonlinear designs where the diagonals and the uprights may buckle or yield,
the elastic Timoshenko element is not sufficient for simulating the in-cycle stiffness and
strength degradation.

Herein, we propose a further transformation of the derived Timoshenko beam to a two-node
link element that can simulate accurately the inelastic bending, shear, and axial response of
the upright frame. It connects its two end nodes by distinct, typically non-interacting,
uniaxial springs, one for each mode of relative deformation. In two dimensions, the two-
node link element of OpenSees (e.g., McKenna et al, 2000) comprises three springs that
capture the axial, shear, and rotational DOFs (Figure 5.1). In the elastic region, the link
element should have the same elastic stiffness matrix as the equivalent Euler/Timoshenko
beam it substitutes. In Annex A an analytical procedure is described, for the calculation of
the elastic springs’ stiffnesses in the two dimensions, while the extension in 3D is
straightforward.
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Figure 5.1: OpenSees’ two-node link element for 2D analysis (McKenna et al., 2000). Nodes i and j are
connected via three independent uniaxial springs to capture the axial, shear and rotational DOFs.
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Figure 5.2: Transformation of member uprights’ axial forces to stress resultants on the equivalent column,
showing (a) a numerical example of an upright frame comprising two columns, and (b) the interaction between
bending moment and axial force and the corresponding failure surface.

Considering inelastic response, the equivalent element axial force N, and bending moment
M., for a frame comprising two uprights are related to pairs of axial forces of same and
opposite direction, respectively, on the individual uprights (Figure 5.2(a)). Thus, failure
occurs when the resulting axial force in any of the uprights exceeds the corresponding
compressive or tensile strength, N, zq, With compression being typically the governing
situation:

Regarding nonlinear behaviour, Figure 5.2(a) shows that if N,, and M, are the axial force
and bending moment of the equivalent element that simulates a two-uprights frame,
respectively, these correspond to pairs of axial forces of same and opposite direction on the
individual uprights, respectively. As a result, the equivalent link element should fail axially
when the total axial force in any of the two uprights exceeds the compressive or tensile
strength, Ny, pq, With compression commonly being more critical:
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Ny ra = Nzeq + % Eq. (5.6)
0
where A, is the horizontal distance between the uprights’ center lines. From Eq. (5.6) it is
evident that an interaction between the axial and rotational springs is required to determine
failure (Figure 5.2(b)). However, due to the low stiffness of the roof truss connecting the
upright frames, the shear lag between frames is of such magnitude that essentially the
individual frames do not interact in developing appreciable global overturning resistance.
Therefore, seismic forces do not influence N4, but only M,,. As a result, N,, can be
considered to be constant as calculated from the gravity load analysis and decoupled
axial/rotational springs can be employed. Thus Eq. (5.6) is solved for M., = M4 rq,

representing the maximum moment that the rotational spring can bear:

Neq
Meq,Rd = hy Nu,Rd - 2 Eq. (5-7)

As upright buckling is an unstable failure mechanism, an abrupt drop to near-zero strength
was employed for the post-buckling behaviour of the rotational spring. While Eq. (5.7) holds
for upright frames with two uprights, it can straightforwardly be extended to the case of three
equidistant uprights as Mg rg = 2ho(Ny ra — Neg/3). As the above simplifications assume
no shear lag between adjacent uprights, extension to more than three is not recommended
without care. Instead, one can combine multiple two- or three-member upright frames into
one link element by summing their springs’ stiffness, assuming negligible shear stiffness of
the connecting roof truss (an assumption that introduces a small error as it will be seen later),
the “100% shear lag” (Figure 5.4). This simplification procedure can be exploited to
considerably reduce the complexity of the model, given the high level of commonality
among the upright frames, with the associated penalties in considering spatial differences in
the mass distribution and in the resolution of the analysis results.
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Figure 5.3: Simplification stages for a multi-depth cross-aisle frame; assuming negligible shear stiffness of
the roof truss, multiple two- or three- member upright frames can be substituted by a single link element.
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Regarding the shear spring’s nonlinear material law, a more sophisticated procedure was
followed. A portion of the upright frame was isolated and tested under shear loading (Figure
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5.4). Pinned supports were employed at the bottom nodes of the tested segment while rollers
at the top ones. To account for the stiffness contribution of the adjacent (upper and lower)
uprights, rotational springs were employed at the restrained nodes. The stiffness value of
these springs cannot be derived analytically, but values between EI/(4L) and EI/(8L) (I
and L the moment of inertia and the length of the adjacent upright, respectively) were
adequately accurate. The horizontal and diagonal braces were simulated by force-based fiber
elements with a corotational geometric transformation and a bow-type initial imperfection.
The derived force-displacement curve was fitted by a piece-wise linear backbone, suitable
for use with the OpenSees Pinching4 material to represent each shear spring.

The force-deformation response of the shear spring under cyclic loading can be derived by
performing a quasi-static analysis on the same test segment used for the backbone fit (Figure
5.4). A total of 10 cycles is performed, where the displacement increment is increased by
50% in each cycle. Figure 5.5 illustrates the “loading protocol” and the corresponding force-
deformation curve of a test segment comprising 2 uprights. The hysteretic behaviour is
characterized by significant pinching, due to the slenderness of the braces (typically allowed
to be much higher than for conventional buildings), as also observed during experimental
tests on concentrically-braced-frame specimens (Kanyilmaz, 2015). To decrease the work
load, this quasi-static test was performed once and the same hysteretic properties were used
for all the shear springs, assuming a similar cyclic behaviour.

horizontal
brace \
% N ] @

F
/upright h
P . >
| _—diagonal u Pe)
brace

Jon

Figure 5.4: Numerical shear testing of a triple-upright segment. Bow-type imperfections of L /200 are applied
to the diagonals, while rotational springs stiffen the pin/roll end supports. The derived force-displacement curve
is employed to define the shear spring of the link element.
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Figure 5.5: Cycle shear testing of the upright frame segment showing, the loading protocol (left) and the
calibrated force-deformation response of the shear spring (right).

Another important attribute that has to be discussed is the contribution of second-order
effects. Elastic Timoshenko elements can easily consider geometric nonlinearities by
employing a so-called P-A stiffness matrix, modified to account for shear deformations (see
for instance, the standard beam element of SAP2000). On the other hand, a closed-form P-
A matrix does not exist for a link element. As a remedy, OpenSees offers the ability to
implicitly take into account the P-A effects, by introducing two “P-Delta moment
contribution ratios”, namely p; and u,. Essentially these ratios increase the shear forces by
Vp_4 and bending moments by M, p_, and M, p_, on the connected nodes by a multiple of
N /L, where N the axial force acting on the link element and L the length of the element.
This is expressed in the following equations (dv is the nodal relative displacement,
perpendicular to the axis of the element):

N
Vs =1 — g — pt2) T Eg. (5.8)

N -dv
My, , =W L Eq. (5.9)

N -dv
Mop_g =H2 =] Eq. (5.10)

Deriving a general analytical solution would require accounting for the effect of different
bracing patterns, as well as different yielding mechanisms within the built-up column. Rather
than attempting this approach, it is easier to perform the shear test (Figure 5.4) twice. The
first time, the standard shear test is performed and the material law of the shear spring is
derived. The second time, axial forces are assigned at the top nodes of the tested segment
and the “P-Delta moment contribution ratios” of the link element are calibrated to match the
corresponding force-displacement curve. The axial forces may assume the value of the
gravity loads acting on the segment. Of course, then it becomes a question of whether the
derived contribution factors depend on the magnitude of said forces. Our tests so far indicate
that the contribution factors are largely insensitive to the magnitude of the axial forces, with
the N/L term sufficiently capturing the effect of the different axial forces and the
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contribution factors characterizing the bracing configuration characteristics, as long as the
yielding progression within the built-up column is not altered, e.qg., the uprights do not buckle
due to increased axial force before the braces yield in tension. This is indeed the general case
for our case study and it considerably simplifies the modeling effort. For the case at hand,
Uy = u, =0.20 to 0.25 were found to be sufficient for all built-up column segments.

After the transformation of the upright frames, one may follow the same strategy for the
simplification of the roof, but without the need of link elements, as the roof members are
typically under-stressed and, thus, remain elastic. Essentially, one can substitute the entire
roof truss by elastic Timoshenko elements, using the average vertical distance between the
lower and upper chord, as it varies due to the inclination. Finally, rigid offsets are used at
the two ends of each equivalent roof beam, to account for the difference between its clear
span and its centreline length, as shown in Figure 5.6.

Finally, a structural detail that is worth mentioning is the grid formed by the rail and pallet
beams in the multi-depth systems. This horizontal system affects the stiffness of the
warehouse both in the cross- and the down-aisle direction (especially in the former) and it
can only be captured by a 3D analysis. While the elastic properties of the equivalent uprights
and pallet beams can be derived analytically, there is no closed-form solution for the
equivalent rail beam. Thus, to consider the effect of the grid in the simplified model, a
calibration procedure is followed. A small part of the ARSW is isolated both in the full and
the simplified model, as shown in Figure 5.7. It was chosen to maintain the initial elastic
length of the rail beam, by introducing rigid offsets and calibrating the torsional constant of
the pallet beam until the first few modes of vibration of the simplified model match those of
the full model. This procedure produces rapid results, as only a part of the full 3D model is
considered.

rigid offset rigid off set

column |_—column
element : : element

beam element

Figure 5.6: Each roof beam element comprises two rigid parts at the two ends and one elastic in the middle,
as its clear span is significantly different from the centreline length.

Doctoral Thesis of Dimitrios Tsarpalis NTUA 2022



Simplified Modelling of Automated Rack Supported Warehouses 103

full model

simplified model

increased
torsional

stiffness g

Figure 5.7: Calibration procedure for the grid formed by the rail and pallet beams in multi-depth systems. A
small part of the rack is considered (the black lines in the figure) and the torsional constant of the equivalent
pallet beam is calibrated until the first few modes of vibration of the simplified model match those of the full
model.
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5.3 Elastic model validation on single upright frames

The proposed simplification methodology was first validated by performing elastic modal
analysis on the two upright frames of Figure 5.8. Both examples comprise two uprights of
16.0 m length each, separated by 1.2 m centroid distance, and connected by an “X-type”
bracing pattern with 1.0 m stride. The first case study, the “uniform” Upright Frame 1,
employs constant upright and diagonal sections, while the unit load weight is uniformly
equal to 5 kN. On the other hand, the “nonuniform” Upright Frame 2 is divided into four
vertical segments, where each segment has different steel members and pallet weight. Table
5.2 contains the cross-sectional properties of the full and the simplified models for the two
case studies. The equivalent properties of the simplified Timoshenko beam were calculated
according to Eq. (5.1), Eq. (5.2), and Table 5.1.

The numerical models were realized using SAP2000 structural analysis software. In both
case studies the uprights were pinned at the bottom, which corresponds to fix supports in the
simplified models. In the “nonuniform” Upright Frame 2, additional pinned supports were
employed at the topmost height of the structure, which can simulate a stiff roof of an ARSW.
The first three modes are illustrated in Figure 5.9 and Figure 5.10 for the first and the second
case study, respectively. Evidently, the simplified models excellently predicted both the
modal shapes (i.e., the eigenvectors) and the actual period values (i.e., the eigenvalues).
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Figure 5.8: Full and simplified models of (a) “uniform” Upright Frame 1 and (b) “nonuniform” Upright
Frame 2.

Table 5.2: Unit load weight and cross-sectional properties of “uniform” Upright Frame 1 and “nonuniform”

Upright Frame 2.
Upright Frame 1 Upright Frame 2
Height (m) Full model Simplified model Full model Simplified model
A, = 1404 mm? Aqq = 2808 mm?
[0.00, 4.00] Ay =291 mm? Ioq = 1.0e+9 mm*
UL =8 kN Ageq =571 mm?
A, = 1164 mm? Agq = 2328 mm?
(4.00, 8.00] A 2=1164mm?  Agq ¢ =2328 mm? Ag =231 mm? Ioq = 8.4e+8 mm*
UL =6 kN Ageq = 454 mm?
Ay ® =231 mm? I, © = 8.4e+8 mm*
A, =875 mm? Agq = 1750 mm?
(8.00, 12.00] UL ¢=5kN Ageq f=454 kN Ay =156 mm? Ioq = 6.3e+8 mm?*
UL =4 kN Ageq = 306 mm?
A = 624 mm? Aeq = 1248 mm?
(12.00, 16.00] Az =116 mm? Ioq = 4.56+8 mm?*
UL =2kN Ageq = 228 mm?

2 A.: upright cross-section area; ” A,: diagonal cross-section area; © UL: unit load weight; ® A, : equivalent
cross-section area; °© I,4: equivalent moment of inertia; fAs_eq: equivalent shear area.
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(@) (b) (©
Figure 5.9: Modes of vibration of “uniform” Upright Frame 1, showing (a) the first mode: T, = 1.025 sec,
TSPt = 1,024 sec, (b) the second mode: T/*" =0.198 sec, T;"™" = 0.197 sec, and (c) the third mode:

T/ = 0,087 sec, ;"™ = 0.087 sec.
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Figure 5.10: Modes of vibration of “nonuniform” Upright Frame 2, showing (a) the first mode:
T/ = 0.195 sec, TS = 0.195 sec, (b) the second mode: T/ = 0.088 sec, ;™" = 0.088 sec, and (c) the

third mode: T/ = 0.056 sec, ;""" = 0.055 sec.

5.4 Case study A: Elastic model of a multi-depth ARSW

5.4.1 Structure and model description
To illustrate the application of the proposed simplified model, a multi-depth ARSW s

studied. It has been designed by professional engineers according to EN 1993 (2005),
EN 15512 (2009) and EN 16681 (2016) for a peak ground acceleration of a, = 0.3 g and
assuming a behaviour (or strength reduction) factor of g = 1.5. Despite being higher than
1.0, this value of q does not imply the presence of any appreciable ductility or capability for
load redistribution in the structure, but only some inherent overstrength. Thus, a linear-
elastic material model with geometric nonlinearities is suitable for full range assessment.
The overall plan dimensions are 65.80 m x 71.50 m in the cross- and down-aisle direction,
respectively, while the total height is about 25.60 m. Due to the high seismicity, three bracing
towers are required along the down-aisle direction, placed at the two ends and the middle of
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the total length. Therefore, in the down-aisle direction 44 cross-aisle frames (Figure 5.11)
are foreseen, comprising 38 “pallet frames” and 6 “tower frames”. The latter are connected
in pairs by X-braces to form three concentrically braced towers that support the structure
down-aisle.

Each cross-aisle frame is composed of 48 uprights, connected in pairs to form 24 “K-type”
upright frames of 1.35 m width (Figure 5.12). “Tower” and “pallet” cross-aisle frames have
similar geometry and bracing pattern, but the former ones use heavier sections. In both cases,
their elements are cold-formed, with the uprights having Q sections (Figure 5.13) and the K-
braces channel sections. To optimize the design of the warehouse, profiles of lower thickness
are used for the upper part of each upright frame. In the down-aisle direction, the pallet
beams have a constant cross-section (with the exception of only a few that do not affect the
stiffness of the structure) and are hooked to the uprights, creating semi-rigid connections
(Figure 5.13). As for the bracing towers, reinforced Q+U uprights are introduced up until
the second load level, to withstand the increased axial forces arising from the seismic actions.

Table 5.3 contains the cross-sectional characteristics of the main structural components.
Based on experimental shear tests on upright frames with similar geometric configuration
and steel profiles, the cross-section areas of all diagonals were numerically multiplied by a
factor of 0.1, to consider for the flexibility of diagonal-to-upright bolted connections
(Talebian et al., 2018). Each pallet frame can support up to 468 pallets; there are nine load
levels in total, each storing pallets at four storage cells of 13 unit-load capacity each cell
(Figure 5.12). Load levels 1 to 2 are designed for 10 kN unit-load weight, while 3 to 5 for
8 kN, and 6 to 9 for 6 kN.
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Figure 5.11: Down-aisle view of the multi-depth 3D Case Study A. Each of the 44 vertical lines represents a
single cross-aisle frame running perpendicularly to this figure. The 6 column-lines connected by X-braces
correspond to heavy “tower” frames, while the remaining 38 are lighter “pallet” frames (units in meters).
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Figure 5.12: Cross-aisle view of the multi-depth 3D Case Study A, comprising 24 “K-type” upright frames and
a connecting shallow roof truss (units in meters). Along the vertical there are 9 load levels, while along the
horizonal direction, four storage cells are distinguished comprising 6 upright frames each.

Table 5.3: Cross-section properties of structural members (multi-depth, Case Study A). Cross-section areas
are rounded to the third digit while moments of inertia to the fifth.

Member Section A(mm? IL,2(mm%)  I,°(mm%) I, (mm%
Lower bracing upright (reinforced) Q+U ¢ 3500 9000000 6800000 24000
Lower bracing upright Qd 1700 3900000 3800000 9000
Upper bracing upright Q 1100 2500000 2400000 2000
Lower pallet upright Q 1300 3000000 2900000 4000
Upper pallet upright Q 900 2000000 1900000 1000
Lower upright frame diagonal ce 500 150000 110000 500
Upper upright frame diagonal C 300 340000 230000 500
Lower vertical bracing (floor-5th level) Lf 600 70000 200000 7000
Lower vertical bracing (6th level-top) L 300 120000 20000 1000

2 I, cross-aisle moment of inertia; ° I,: down-aisle moment of inertia; ¢ Q+U = Q-type upright section

reinforced with a U-type section; ¢ Q: Q-type upright section; ¢ C: channel section with lips; T L: angle
section.
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Figure 5.13: Detail drawings for multi-depth Case Study A, showing (a): a reinforced upright Q+U section,
(b): a standard upright Q section and (c): an upright-to-beam hooked connection.

5.4.2 Model validation

Modal analysis is performed as an initial benchmark test, to check both the eigenvalues and
the eigenmodes of the full versus the reduced model. The high commonality among the
adjacent upright frames and the low shear stiffness of the roof truss enables the substitution
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of one to four upright frames (i.e., built-up columns) by a single equivalent “macro-column”,
and thus each cross-aisle frame may be simplified to comprise only six such “macro-
columns”. Both numerical models were realized using SAP2000. Along the down-aisle
direction, half of the vertical braces than belong to the bracing towers were deleted, as they
behave as tension-only elements due to their high slenderness. The full model (Figure
5.14(a)), which captures all the structural details of the warehouse, requires approximately
647,000 DOFs and 200,000 Euler-Bernoulli beam elements, making the pre- and post-
processing extremely cumbersome. On the other hand, the simplified model with the six
“macro-columns” (Figure 5.14(b)), comprises 17,000 DOFs and 7,500 Timoshenko beam
elements, leading to a reduction of 97.4%. Finally, Figure 5.15 illustrates the modes of
vibration for both models.
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Figure 5.14: Numerical models of the multi-depth Case Study A, showing (a) the full 3D beam-column
model (647,000 DOFs), and (b) the simplified 3D Timoshenko-beam model (17,000 DOFs)

As observed, some modes along the cross-aisle direction have sinusoidal shapes (i.e.,
diaphragm shearing), arising from the absence of a stiff roof that would act as a diaphragm.
In the context of a modal response spectrum analysis (MRSA), an assumption of uniform
spatial distribution of mass, and consequently seismic loading, would mean that such
eigenmodes correspond to nearly zero modal participation factors, as typically estimated for
the roof deformation. This can be shown by assuming N cross-aisle frames of m total mass
each, moving in a sinusoidal pattern along the cross-aisle direction:

Ly o/[MI7 ol [M]7
m omy o my

mY, sin(2mi(j— 1)/(N - 1)7 m (fo1 sin(2mix) dx) 7

B ; ) i,

where i > 1, ¢; the eigenvector, 7; the modal mass, I'; the modal participation factor of
mode i, and 7 the influence vector (Chopra, 1996). In practice, though, minor asymmetries
in the mass and/or stiffness distribution will typically result to small, non-zero values of T';.
As a result, the typical 90% mass participation is difficult to achieve, as it requires the
addition of many such modes, leading to prohibitive time and storage costs. More worrisome
is the fact that, despite their near-zero contribution to the roof deformation (where T'; and
effective masses practically refer to), diaphragm-shearing modes have non-negligible
contribution to local deformations and moments/forces on each frame. In other words, the
missing 10% from a 90% effective mass inclusion may have significant consequences for
some members. This highlights the potential for large errors at the local level when seismic

Fi =
Eq. (5.11)
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design is based only on MRSA with modes selected according to their roof-level
participation (Chopra, 1996).

Full model Simplified model

Cross-aisle, T = 1.53 sec Cross-aisle, T = 1.52 sec

Diaphragm shearing, T = 1.50 sec
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dominant modes along
the cross- and down-aisle direction as well as diaphragm shearing for the full model (left) and the simplified
one (right).

Further to modal analysis, time-history analysis was conducted as a second benchmark test
using a single 2D cross-aisle frame. The North-South component of the ChiChi 1999 event
at Station CHY026 was selected from the PEER NGA database (Ancheta et al., 2013). To
demonstrate the progressive order (and resolution) reduction, four models were considered,
namely the “full” model (4863 DOFs), the “24 macro-columns” model (900 DOFs), the “12
macro-columns” model (396 DOFs) and finally the “6 macro-columns” (198 DOFs), as
shown in Figure 5.3. All models incorporated geometric nonlinearities via P-A formulation
and Rayleigh damping with viscous damping ratio of 3%. The maximum interstory drift
profiles are shown in Figure 5.16, along with the relative error of each model. The “24
macro-columns” model showed excellent performance as it overestimated the maximum
interstory drift only by 2%, while using 18.5% the DOFs of the full one. The other two
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models were less accurate which is attributed to the order reduction and to the assumption
of “100% shear lag” during the combination of multiple upright frames. However, this may
be a valid compromise as the complexity of the problem is reduced by orders of magnitude.
Depending on numerical difficulty and the nature of the problem, one can choose the desired
level of fidelity or even combine different simplified approaches in the context of a multi-
fidelity analysis.

Maximum interstory drift profile Maximum interstory drift errors
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Figure 5.16: Response history results for the 2D cross-aisle frame of Case Study A, showing the peak interstory
drift profiles for the four models (left) and the relative error of the maximum (over all stories) interstory drifts
versus the DOFs of each model (right).

5.4.3 Fragility assessment

A set of 30 records is employed for conducting response history analyses. This has been
selected to be consistent with the hazard at an intensity level corresponding to a 2%/50 years
probability of exceedance in high seismicity European sites (Tsarpalis et al., 2020). The
record set is available at Kohrangi and VVamvatsikos (2016). To reduce the computational
demands, a multi stripe analysis is performed (Jalayer and Cornell, 2009) by scaling said
records to three intensity levels, approximately corresponding to exceedance probabilities of
50%, 10%, and 2% in 50 years. As intensity measure (IM) we employed the geometric mean

of spectral acceleration from both horizontal components, Sa(T), estimated at a mean period
of T= 0.5:(T+Ty), where T, and T, are the dominant modes along the cross- and down-
aisle direction, respectively. The three intensity levels thus become [0.5, 1.0, 1.5]-Sa,(T),
where Sa4(T) is the 10% in 50 years value typically used in design.
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Figure 5.17: Response spectra of selected ground motions for high seismicity European sites, scaled at 2% in
50 years level (Kohrangi and VVamvatsikos, 2016).

The maximum interstory drift was adopted as the engineering demand parameter (EDP).
Rayleigh damping was employed with a viscous damping ratio of 3% (per design
specifications) assigned to periods 1.5 s and 1.0 s, due to the high concentration of multiple
locally-important modes within this range, as a consequence of having no rigid diaphragm.
To account for global geometric nonlinearity effects, a P-A formulation was used in all
beam-column elements. As a result of the introduced geometric nonlinearity, and despite the
otherwise elastic model, a direct integration scheme was adopted, increasing the numerical
effort for each time-history analysis. However, the simplified model was able to provide
robustness, fast convergence and therefore significant time savings.

Figure 5.18 illustrates the results of the multi stripe analysis, highlighting the significant
impact of the second-order effects, as the seismic response of the structure is highly
nonlinear despite the absence of material nonlinearity. For illustrative purposes three
indicative limit states are employed. They are defined by means of maximum interstory drift
thresholds, namely Light Damage at 1%, Moderate Damage at 2% and Collapse Prevention
at 4%. Non-simulated modes of failure were included in post-processing by checking for
local member brittle failures (e.g., buckling of uprights, connection failure, etc.), which are
assumed to rapidly propagate to global collapse due to the lack of any meaningful force
redistribution capability. Fragilities were derived by fitting the three stripes via the 5-
parameter model of Jalayer and Cornell (2009), comprising a lognormal distribution to
capture collapse points (either from simulated or non-simulated modes), together with a
power-law relationship (Cornell et al., 2002) to model the conditional distribution of EDP
given IM for non-collapse points. From Figure 5.18 it is evident that the derived Moderate
Damage and Collapse Prevention fragility curves are almost identical, with the former
having a probability of exceedance at the design level equal to 18% and the latter 16%. This
confirms our intuition, i.e., the ARSWs designed according to current professional practice
are optimized to the maximum, delivering the desired performance for design level
intensities but not being able to extend into the beyond-design range with any confidence.
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Figure 5.18: Multi stripe analysis for the multi-depth Case Study A, showing the IM-EDP stripes for the three
intensity levels (left), and the fragility curves for the three examined limit states (right).

5.5 Case study B: Nonlinear model of a double-depth ARSW

5.5.1 Structure and model description

The ARSW double-depth frame under consideration was adopted from Caprili et al. (2018),
who designed it according to EN 1993 (2005) and EN 1998-1 (2004) for a peak ground
acceleration of a, =0.163 g and assuming a behaviour (or strength reduction) factor of

q = 2. It consists of 19 loading levels (“stories™), each with two exterior double-upright
frames and four interior triple-upright frames (Figure 5.19(a)). Exterior frames can carry one
pallet of 1000 kg at each level, while interior frames carry two. This is a proof-of-concept
design that does not follow current industry norms. It adopts a design approach more akin to
conventional ductile concentric-braced frame buildings, where plasticity is concentrated in
the bracing system while the uprights remain elastic. Thus, compact hot-rolled sections are
employed for the uprights (class 1 per EN 1993 (2005), see Table 5.4), while capacity design
is employed to ensure that no connections fail and tension braces yield before global or local
buckling of uprights occurs.
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Figure 5.19: The cross-aisle view of the ARSW double-depth frame of Caprili et al. (2018), showing (a) the
full model, and (b) the reduced-order one (units in meters).

Doctoral Thesis of Dimitrios Tsarpalis NTUA 2022



Simplified Modelling of Automated Rack Supported Warehouses 113

Three numerical models of decreasing complexity were realized in OpenSees. A Rayleigh
damping formulation was employed in all three, assigning a viscous damping ratio of 3% to
the first and second eigenperiods of 1.03 and 0.41 s, respectively. Firstly, a “fiber model”
(4758 elements, 3738 DOFs) was defined, where all structural members were simulated as
force-based distributed-plasticity beam-column elements with fiber sections at three
integration points. The Steel02 material of OpenSees (McKenna et al., 2000) was chosen
with 0.5% strain-hardening and 10% fracture strain, representing the well-established
Giuffré-Menegotto-Pinto model (Giuffré and Pinto, 1970). To account for flexural buckling,
an imperfection equal to L/200 was introduced at mid-span of the diagonal braces. End
releases were employed at the ends of the hinged diagonals and horizontals. As the fiber
elements are computationally demanding, a “truss model” (1134 elements, 1086 DOFs) was
also considered by substituting the distributed plasticity diagonal braces with lumped-
plasticity nonlinear truss elements. The material law was derived from a uniaxial
compression-tension numerical test of each diagonal, as shown in Figure 5.20. Clearly this
Is a conscious choice to ensure maximum compatibility and a fair comparison basis between
the fiber and the truss model; in practice one could directly determine the truss member
backbone, e.g., as per ASCE 41-13 (2014). Considering the force-deformation response
under cycle loading, the Pinching4 material of OpenSees was again used, calibrated in a
same fashion as for the case of the shear spring of the link element (Figure 5.5). Only in-
cycle degradation was incorporated in the trusses, neglecting any cyclic degradation effects.
Finally, in the “link model” (252 elements, 234 DOFs), each square segment of an interior
or exterior upright frame, measuring 2.5 m and 1.25 m high, respectively, is replaced by an
equivalent two-node link element, while linear elastic Timoshenko beam elements are used
for the truss roof (Figure 5.19(b)).

Table 5.4: Structural member cross-sections and steel grade for interior and exterior upright frames (Case B).
Per EN 1993 (2005), steel grade Sxxx has a characteristic yield strength of xxx MPa.

. Uprights Diagonal Diagonal Horizontal
Height (m) (both) (exterior) (interior) (both)
[0.0,2.3) RHS * (8355) L * (S355) L (S355) DC ** (S355)
e 120x80x10 40x40x5 40x40x5 80x50x3
[2.3,4.8) RHS (S355) L (S275) RHS (S355) DC (S355)
B 120x80x10 40x40x4 30x30x2.5 80x50x3
[4.8,9.8) RHS (S355) L (S275) RHS (S355) DC (S355)
B 120x80x6 40x40x4 30x30x2.5 80x50x3
[9.8, 13.6) RHS (S355) L (S275) RHS (S275) DC (S355)
e 120x80x4 35x35x4 30x30x2.5 80x50x3
[13.6, 23.2] RHS (S355) L (S235) RHS (S235) DC (S355)
R 120x80x4 30x30x4 30x30x2 80x50x3

* RHS: Rectangular hollow section; * L: angle section; ** DC: double-channel Section.

Ductile seismic design, performance assessment and taxonomic characterization of steel racking systems



114 Chapter 5

Fiber element tension/compression tests Calibrated uniaxial material

F

integration points

+

X

Figure 5.20: Axial compression-tension numerical test for a distributed plasticity beam-column representation
of diagonal brace. The derived force-deformation curve is employed to characterize the equivalent nonlinear
truss element.

5.5.2 Model validation

Static pushover (SPO) analysis was conducted to verify the suitability of the proposed
models in the inelastic region. A first-mode-like triangular load distribution was adopted and
the displacement of the roof was monitored up until 4.0% interstory drift was achieved.
Figure 5.21 illustrates the capacity curves for the three models under consideration,
signifying the ability of the frugal link model to produce accurate results even for large
inelastic deformations.
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Figure 5.21: Capacity curves for the three numerical models of Case Study B, showing the base shear versus
the roof displacement (left), and versus the maximum interstory drift (right).

For further verification a series of nonlinear response history analyses was performed using
the same ground motion record as for the Case Study A (ChiChi 1999, Station CHY026
(Ancheta et al., 2013)). Four levels of intensity were employed, at scale factors of 0.89, 1.00,
2.41 and 4.44 to show progressive levels of damage.
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Figure 5.22: Maximum inter-story drift profile for the three numerical models of Case Study B (full, truss
and link model). Four record scales were considered corresponding scale factors of 0.89, 1.00, 2.41 and 4.44.

Figure 5.22 illustrates the maximum drift profiles for each record scale, showing a good
correspondance among the three numerical models. At the third scaling level, where the
highest divergence was found, the link model predicted a maximum interstory drift equal to
0.50% vis-a-vis 0.55% of the fiber, showing a 10% underestimation. However, this relative
difference is not consistent, as the link model sometimes overestimates and others times
understimates the maximum interstory drift, depending on the record employed. Thus, it is
more akin to random error (i.e., noise) rather than bias, and it could thus be treated by
increasing the dispersion of the predicted response to account for modelling uncertainty
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(FEMA P-58-1, 2018). Still, its magnitude is negligible vis-a-vis the 30% to 40% dispersion
due to record-to-record variability, allowing us to safely disregard it. Finally, considering
performance gains, each time-history analysis requires approximately 30 seconds for the link
model, 60 minutes for the truss model and the 90 minutes for the fiber model on an Intel i5
3.40 GHz desktop. These time-savings are expected to be even greater for the case of multi-
depth ARSWs (as the number of upright frames is increased) or for the obvious case of three-
dimensional analyses.

5.5.3 Fragility assessment

Offering a detailed view of demand at each IM level, incremental dynamic analysis (IDA)
(Vamvatsikos and Cornell, 2002) is adopted to conduct fragility assessment. Due to their
propensity for numerical instabilities in the post-yield region and the prohibitive
computational time required, models that comprise fiber elements (i.e., both the “fiber” and
the “truss” models) were not considered; instead, the “link”” model allowed us to perform the
analysis within only 2-3 hours on an Intel i5 3.40 GHz desktop. The same set of 30 records
(Kohrangi and Vamvatsikos, 2016) employed for Case Study A is also used here. The
maximum interstory drift was adopted as the EDP and the 5%-damped first-mode spectral
acceleration as the IM.
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Figure 5.23: IDA analysis results for the link model of Case Study B, showing (a) the individual IDA curves
of each record, and (b) the corresponding 16%, 50% and 84% fractiles.

Figure 5.23(a)-(b) present the IDA curves and the 16%, 50%, 84% fractiles, respectively,
highlighting the significant record-to-record variability, easily eclipsing the much lower
modeling uncertainty. The IDA curves indicate the presence of considerable ductility, thanks
to the capacity design rules employed. As already mentioned, this is atypical of actual
ARSW structures, yet highly indicative of the seismic performance gains realized by
adopting ductile design standards. Fragility curves corresponding to an exceedance of 1%,
2% and 4% maximum interstory drift, akin to a Light Damage, Moderate Damage and
Collapse Prevention limit-states, respectively, are illustrated in Figure 5.24. The resulting
median value of spectral acceleration is 1.0 g, whereas the design value is only 0.26 g,
showing excellent performance. Actually, at the design level acceleration there is practically
a zero probability of limit-state exceedance, compared to the 17% probability derived for
Case Study A. Still, such performance gains come at a substantial cost of material,
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employing hot-rolled rather than cold-formed members, together with stronger connections,
making this a difficult choice.
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Figure 5.24: Fragility curves for Light Damage, Moderate Damage and Collapse Prevention limit states of
Case Study B.

5.6 Conclusions

A reduced-order modelling approach for the seismic analysis of ARSWs has been presented
in Chapter 5. It is based on the well-established substitution of built-up columns and truss
beams with equivalent Timoshenko beam elements, reducing the size of the numerical
problem by orders of magnitude. The proposed simplified model goes one step beyond by
providing the ability for inelastic static and dynamic simulations with negligible loss of
accuracy. This is achieved with the use of link elements that can capture the shear, axial and
rotational stiffness degradation of the substituted upright frames. As the evaluation of
ARSWSs’ seismic behaviour is an on-going research process, the proposed simplified model
can suitably fit in the context of performance-based assessment and design, where low
complexity without loss of fidelity is a primary goal.
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6 Seismic Assessment Approaches for Sliding Contents
in Storage Racks?®

6.1 Introduction

Steel pallet racking systems are civil engineering structures used to store goods and materials
before their distribution to the public. They comprise thin-walled cold-formed members that
carry high live loads, by far greater than their self-weight. Contents are not mechanically
connected to the racking system, but are placed on pallets, boxes, containers or even hanged
(Tsarpalis et al., 2022). As a result, the seismic response of racks is characterized by a
content-structure-sliding interaction (CSSI) that typically does not appear in conventional
buildings. Specifically, during seismic excitation, inertia forces are initially transferred from
the goods to the rack by means of static friction forces acting on the surface between, e.g.,
the pallet and the supporting beams in case of an adjustable pallet racking (APR) system.
Depending on the applied excitation, this stabilizing mechanism may not be adequate to
restrain the contents, which can then slide relative to the rack. CSSI is multi-faceted, offering
both detrimental and beneficial effects. Before the onset of sliding, the transfer of forces
between adjacent pallet beams or rails and the immobile pallets themselves offers a
horizontal diaphragm effect (Gilbert et al., 2013; 2014). Additionally, after content sliding
is initiated, sliding friction sets an upper boundary to the inertia forces transferred to the
racking system, effectively reducing the horizontal mass of the contents that needs to be
accounted for deriving the seismic forces. This reduction of the apparent inertia of the rack
due to sliding of the goods is akin to a seismic isolation mechanism and henceforth it will be
referred to as such.

Figure 6.1: Partial collapse of an adjustable steel rack due to pallet falling during the Christchurch earthquake
of 2011 (Clifton et al., 2011).

On the other hand, excessive content sliding can lead to localized damages due to impacts
on structural components or even global collapse due to contents falling off (Figure 6.1) and

3This work contains material from “Tsarpalis D., Vamvatsikos D., Vayas |. (2021). Seismic assessment
approaches for mass-dominant contents: The case of storage racks, Earthquake Engineering and Structural
Dynamics. https://doi.org/10.1002/ege.3592”, reproduced here with permission.
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crushing adjacent frames. The first phenomenon is prevalent in the down-aisle direction
where the uprights can arrest excessive pallet displacements. Content fall-off is especially
critical in the cross-aisle direction, as there are no uprights to prevent the goods from sliding
off. It is also noted that even moderate levels of sliding may result to long downtimes in
automated rack warehouses. Therein, robotic systems store and retrieve the pallets, thus,
whenever a unit load slides beyond the systems’ tolerances, operation ceases until manual
re-adjustment of pallets takes place. There are even more aspects to CSSI that cannot be
fully discussed herein. For example, Adamakos et al. (2018) found that, contrary to current
code assumptions, e.g., EN 16681 (2016), the friction force is unequally distributed between
the two edges of a pallet resting on supporting beams, with higher forces appearing on the
leading edge in the direction of sliding.

Of particular interest in accounting for CSSI in design and assessment are (i) the beneficial
effect of reduced horizontal inertial mass for estimating lateral loads, and (ii) the estimation
of sliding displacements to avoid fall-off and/or impact. Current seismic codes do not offer
a tool to predict the latter, as it is related to absolute floor (or load level, in rack parlance)
accelerations, for which a conventional modal response spectrum analysis (MRSA) is not
able to provide any information (for alternatives see Taghavi and Miranda (2005), Moschen
et al. (2016), Pozzi and Der Kiureghian (2015)). On the other hand, they incorporate the
positive effect of sliding isolation using the inertial mass reduction factors.

For example, in USA, the Rack Manufacturer Institute, RMI (2012), specification accounts
for sliding by applying a multiplication factor of 0.67 to reduce the seismic mass of contents,
regardless of the friction coefficient of the contact surface or the seismic intensity. On the
other hand, in Europe, EN 16681 (2016) adopts an E, factor to modify the design spectrum
in the context of MRSA, given as (recalling Eg. (3.6)):

Ep, = max{0.4, u/Sa(T;) + 0.2} < 1.0 Eqg. (6.1)
where u is the reference value of the unit-load/beam friction coefficient, T; is the

fundamental period of vibration of the racking structure in the considered direction, and
Sa(T,) is the ordinate of the elastic spectrum defined in EN 1998-1 (2004), in units of g.

Eq. (6.1) is based on a limited study from the SEISRACKS (Rosin et al., 2007) European
project. Elastic time-history analyses were performed on a low-rise APR system along the
down-aisle direction, using 3 loading situations, 3 levels of spectral acceleration and 7
artificial accelerograms. It was found that the 0.67 mass reduction factor suggested by RMI
is close to the average value of the inertial reduction predicted by the time-history analyses,
however it can be unconservative for moderate seismicity levels, where seismic intensities
are not high enough to overcome friction and initiate sliding. While the E, factor given by
EN 16681 (2016) is a conceptually better approach over the seismic-intensity-independent
0.67 mass reduction suggested by RMI, it is still questionable whether it can safely be
applied for designing along the cross-aisle direction or for high-rise racking systems, where
the contribution of higher modes is increased.

To address such issues in CSSI, we shall offer three comprehensive solutions for accounting
for CSSI in rack systems:
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(i) Nonlinear RHA for MDOF structures, employing realistic friction sliders under nonlinear
response-history analysis,

(if) Linear RHA for MDOF models, employing increased viscous damping to account for
sliding “isolation” of pallets,

(iii) MRSA of elastic models, using reduced seismic loads to account for the effect of sliding.

To fully explain the differences among the three approaches, and understand their
capabilities, let us first delve into the simplest of CSSI problems and the available methods
to treat them.

6.2 RHA for SDOF systems

6.2.1 Newmark’s sliding block analysis

Newmark’s sliding block analysis (NSBA) was first introduced to calculate the permanent
displacement of soil slopes during seismic loading (Newmark, 1965). It uses the time history
of accelerations that exceed friction to derive sliding displacement via a double integration.
Let us consider a body with mass m (i.e., the pallet) resting on a platform (i.e., the racking
system), as illustrated in Figure 6.2. Assuming a Coulomb friction model (Coulomb, 1776)
the contact surface between the body and the platform is characterized by a friction constant
u, which linearly relates the developed friction F; with the normal force acting on the body
N, i.e., F; = u-N. Whenever the external/inertial forces acting on the body exceed T (in
absolute value), the body starts moving relatively to the platform and Newton’s third law of
motion gives:

XF = maye = Mmdapiar — Fr =mayq = MApiqr — UMG = MAye =

QArel = Aplat — U8 = Qyep = Apiar — Ay
where a,; is the relative-to-the-platform acceleration of the body, a,,,; is the absolute
acceleration of the platform, and a,, = ug is the yield (or sliding-onset) acceleration, which

determines whether the body starts sliding on the platform or “re-sticks” to it. The term
mayq IS introduced because we are examining the motion of the body relatively to the

platform, which is a non-inertial frame of reference.

Eq. (6.2)

Xiot

Figure 6.2: Idealized model of a body with mass m sliding with a friction constant x on a moving rigid
platform.
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Figure 6.3: NSBA of an idealized body sliding with a,, =5 m/s? on top of a rigid platform that is subjected
to two rectangular pulses.
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Figure 6.4: NSBA of an idealized body sliding with a,, =5 m,/s? on top of a rigid platform that is subjected
to two-and-a-half sinusoidal pulses.

In Annex B one may find a numerical implementation of NSBA that is written in MATLAB
(MATLAB, 2020) and employs an explicit time-integration scheme. The user has to provide
three inputs: the yield acceleration (a, ), a vector with the timesteps, and a vector containing
the a4 values for each timestep. The function then returns three outputs: the relative
acceleration (a,,;), relative velocity (v,.;), and relative displacement/sliding (x,;) of the
moving body. The algorithm was first verified by subjecting the platform to the simple pulse
excitations of Figure 6.3. A yield acceleration of a, =5 m/s? was considered, which

corresponds to a friction constant of u ~0.5. At t =1 sec, the platform is subjected to a
rectangular pulse of 1 sec duration and a constant absolute acceleration of 10 m/s2. As Aplat

exceeds a,,, the body starts sliding with a,..; =5 m/ s? (Eq. (6.2)). Att = 2 sec the pulse ends
and Eq. (6.2) yields a,.; = —a,, =5 m/s2. The body continues to decelerate until t = 3 sec,
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where v,,.; becomes zero and the relative motions stops. Integrating twice a,..; for the
interval [0, 3] sec yields a sliding displacement of x,..; =5 m. Then, at t = 4 sec the platform
is subjected to a second rectangular pulse of the same duration and magnitude as the first
one, but with opposite direction. As it was expected, the opposite relative motion occurs,
and the body returns to its initial-to-the-platform position. While rectangular pulses are easy
to be solved analytically, in most cases a numerical integration is required, as even in the
simple example of the sinusoidal pulses of Figure 6.4, the relative motion of the body can
be quite complex.

6.2.2 CSSI for SDOF structures

Instead of employing NSBA to calculate the relative motion of the body in post-processing
of the structural analysis results, one may directly employ “flat slider” finite elements that
explicitly consider the effect of sliding and friction, such as the flatSliderBearing element of
OpenSees (McKenna et al., 2000) coupled with a Coulomb friction model. Let us consider
a sliding body on top of a single-degree-of-freedom (SDOF) cantilever, essentially a two-
degree-of-freedom (2DOF) slider-on-cantilever model with a total mass of M at the top,
comprising three nodes (Figure 6.5(a)): Node 1 that has a fix support and nodes 2 and 3 that
have the vertical and the rotational DOFs restrained. Nodes 1 and 2 are connected by a beam-
column element of EI stiffness, while nodes 2 and 3 by a flat slider with friction constant .
By assigning a very high value of EI, i.e., a 2DOF system with T = 0 sec, one can recover
the simpler model of a body sliding on the ground (or on a platform rigidly connected to the
ground) resembling Figure 6.2. An example of such a system appears in Figure 6.6,
illustrating the absolute acceleration and sliding graphs for a seismic excitation with a PGA
that exceeds the yield acceleration of a, =3 m/ s2. Notably, the absolute acceleration
diagram of the model with the flat slider is bounded between [-3, +3] m/s?, while the one
employed with NSBA is by definition identical to the imposed ground motion, as the 2DOF
system has a period of vibration T = 0 sec. As expected, the analytical model can achieve
almost perfect results without the need of a more expensive numerical integration.

m=M

m

N ' N ?,
21 2 © M-m

- El _| El
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Figure 6.5: Numerical model of a 2DOF system of a cantilever beam with a flat slider at the top, showing (a)
a case where the whole mass can slide (m = M), and (b) a case where only a portion m of the total mass M can
slide, while M — m is attached to the beam.
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Figure 6.6: Absolute acceleration and sliding diagrams of a mass sliding with friction coefficient u = 0.3 on
top of a rigid platform (period T = 0 sec), comparing the predictions of NSBA (SDOF system with rigidly
connected mass, where sliding is estimated in post-processing) against the 2DOF flat slider model of Figure
6.5(a) (Landers 1992, Station BAKER FIRE, PEER NGA2 (Ancheta et al., 2013), scaled by 3.28).
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Figure 6.7: Absolute acceleration and sliding diagrams of a 2DOF system with period T = 0.7 sec, u = 0.3, and
m =M (100% of mass can slide) comparing the predictions of NSBA (SDOF system with rigidly connected
mass, where sliding is estimated in post-processing) against the 2DOF flat slider model of Figure 6.5(a)
(Landers 1992, Station BAKER FIRE, PEER NGA2 (Ancheta et al., 2013), scaled by 3.28).

While NSBA performs excellently when analyzing the motion of a body that slides on top
of a rigid platform, its accuracy is harshly decreased when examining flexible
structures/platforms, i.e., 2DOF systems with T >0 sec. To demonstrate this issue, the
excitation used in the previous example of Figure 6.6 was employed again, but this time the
stiffness of the cantilever beam was adjusted to achieve a T = 0.7 sec. In the “flat slider”
analysis, nodes 2 and 3 were connected by a flat slider element with u = 0.3 (Figure 6.5(a)),
supporting a sliding mass of M = 10,000 kg. Then, in the “NSBA” analysis, nodes 2 and 3
were rigidly connected and NSBA was performed at post-processing, using the time-history
of absolute accelerations at node 3. Comparing the two approaches in Figure 6.7, one may
observe that NSBA overpredicted the sliding displacement almost by two times, while the
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difference is even greater for the residual displacements. An intuitive explanation can be
found by comparing the time-history of absolute accelerations of the two models: NSBA
does not consider the interaction between the flexible platform and the sliding content (i.e,
CSSI), and, thus, is based on the full mass and inertia of the system. On the other hand, the
“flat slider” model changes its inertia from 10,000 to 0 kg when the mass slides, and thus
the seismic action has a lower impact on the structure.

While NSBA is not suitable for cases where the entire system mass can slide, it can still be
quite accurate for typical buildings, where the mass of the contents is a small portion of the
total. This can be demonstrated by modifying the slider-on-cantilever model of Figure 6.5(a),
to a model with a sliding mass m on node 3 and a non-sliding mass M —m on node 2, as
shown in Figure 6.5(b). Figure 6.8 compares NSBA with the flat slider in terms of predicted
sliding, using a set of 30 ordinary records selected and scaled to be hazard-consistent at the
intensity with a 10% in 50 years probability of exceedance for VVan, Turkey (Kohrangi et al.,
2018), and m /M ranging within 1% to 100%. For values of m/M < 0.05, NSBA gives near
perfect results, as CSSI has a minor effect. Values of 0.05 <m /M < 0.8 lead to an unbiased
median, yet a steadily increasing standard deviation, either on the low side (16%) or the high
side (84%). In other words, NSBA would not be an accurate, or even safe alternative (for
m/M > 0.3), despite being unbiased. On the other hand, for high m/M > 0.8 the sliding
overestimation grows exponentially, starting from a mean value of 110% (median of 100%)
form/M = 0.8, up to 170% for m/M = 1.0. Still, how this translates to a multi-degree-of-
freedom (MDOF) racking system with multiple load levels and modes of vibration is not
apparent.

35
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Figure 6.8: Comparison of NSBA (“Approximated”) with a 2DOF slider-on-cantilever (“Exact”), in terms of
the predicted sliding for a system with T = 0.7 sec and u = 0.3. The 16%, 50% and 84% fractiles of 30 ground-
motions are shown, for m/M within 1% and 100%.

6.2.3 Equivalent damping ratio

From the previous analyses it was found that NSBA significantly overestimates the predicted
sliding displacements on 2DOF systems with large percentage of sliding inertia, i.e., for
systems with high values of m/M. Moreover, as CSSI is not explicitly simulated, the
predicted stress resultants and displacements are also overestimated. Herein, we propose a
simplified approach to capture CSSI in the context of an elastic response history analysis,
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which employs an equivalent damping ratio (&) that replaces the e.g., 3% damping ratio
typically used in racks. Inspired by Jacobsen (1960), ¢., does not have a solid physical
explanation, but instead comprises a proxy to empirically adjust the elastic response, to
account for the apparent reduction of inertial forces due to sliding. This approach was chosen
over the numerical reduction of the structure’s seismic mass, as it can mitigate the effect of
the seismic excitation without changing the periods and modes of vibration of the system.

The equivalent damping ratio should depend both on the seismic motion under consideration
and the friction constant. For relatively mild excitations, ¢, should be equal to the default
3% value and increase for more vigorous vibrations. Moreover, for the same seismic motion,
a wooden pallet (lower u) should have greater ., than a plastic or steel pallet. Additional
parameters such as the pulse period of pulse-like ground motions, or the dominant period of
the excitation in general, may be influential when considering the response under a specific
record (Nikfar and Konstantidis, 2017). Still, they are not considered as they cannot be easily
introduced in practical applications. Essentially, the sliding displacement, and consequently
the &4, of a 2DOF system with m = M, period T, and friction constant y, is tested against
the single variable Sa(T)/u that was selected as the normalized intensity measure (IM) for
the effect of pallet sliding, with Sa(T) being the spectral acceleration of a linear elastic
oscillator with period equal to T. Our intention is to derive an expression for &, on the
2DOF and employ it to approximate the response of MDOF racking systems.

Eleven 2DOF systems with periods within [0.3, 2.5] sec were selected. A total of 105
“ordinary” (i.e., no directivity, no long duration) ground motion records were selected from
the PEER-NGA strong motion database (Kazantzi et al., 2021) and scaled to eight
normalized intensity levels of Sa(T)/u in (1, 3]. Finally, four friction constants were
employed to account for different contact surfaces between the pallets and the racking
structure within [0.15, 0.40]. For each level and 2DOF system, the equivalent damping ratio
was adjusted by steps of 0.5% until the mean sliding predicted by NSBA matched the flat
slider model. Figure 6.9 shows an example of application for a 2DOF with T =0.75 sec,
Sa(T)/u=2.25, and u = 0.3. Using linear regression analysis on the 352 individual points
(11 models x 8 levels x 4 friction constants) of Sa(T)/u - ¢&., the following formula was
derived (Figure 6.10):

Sa(T
$eq =min{3%, 5.82% lE )

— 3.97%} Eq. (6.3)
with an error standard deviation of 0¢,,= 0.0061 or 0.61%. It is noted that even though Eq.

(6.3) was fitted for 1 <Sa(T)/u <3, the &, results are identical for different values of u

thanks to the normalization of the IM; thus, the validity of the expression can be extended to
larger values of Sa(T)/ u if needed.
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Figure 6.9: Boxplots of the ratio of the sliding displacement predicted by NSBA (“Approximated”) over the
estimate of the 2DOF slider-on-cantilever (“Exact”), for a system with T =0.75sec, u=0.3 and
Sa(T)/u = 2.25, using 105 ground motions (red asterisks indicate the mean values). The optimal &, = 9.5%
results to a mean ratio ~1.0.
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Figure 6.10: Linear regression analysis for the relation of Sa(T)/u with the equivalent damping ratio, &,
selected to optimally match NSBA with the 2DOF slider-on-cantilever.

The results of the RHASs can also be used to investigate how the period of the system T
affects the maximum sliding displacement. Figure 6.11 shows the mean values of sliding for
the aforementioned eleven 2DOF slider-on-cantilever systems with 4 = 0.3, subjected to 105
ground motions and 8 levels of IM. In general, the higher the period of the 2DOF system,
the greater the sliding (Konstantidis and Nikfar, 2017). Indeed, it has been shown
analytically that the maximum displacement of a sliding mass depends approximately on the
square of the dominant period of the excitation (Nikfar and Konstantidis, 2017), which for
sliding of contents it is practically equivalent to the period of the supporting rack that
dominates the narrow-band floor/level excitation (Kazantzi et al., 2020).
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Figure 6.11: Mean values of sliding displacement for 11 2DOF systems with different periods of vibration
and u = 0.3, subjected to 105 ground motions and 8 levels of 1M.

6.3 RHA for MDOF systems

6.3.1 CSSI for MDOF structures

Flat slider elements can be used in the numerical model of a MDOF racking system to
explicitly account for the effect of CSSI. In the case of systems with one pallet resting on
two pallet beams, like the cross-aisle direction of the well-known APRs, the horizontal force
H acting on the unit load produces an overturning moment H-e,, (EN 16681, 2016), where
ey Is the vertical eccentricity between the center of gravity of the unit load and the beams.
Subsequently, this overturning moment is transferred as a pair of axial forces H-e, on the
supporting beams and uprights (Figure 6.12). A detailed simulation of this load transfer
mechanism requires a sub-system of 5 nodes for each pallet; Nodes 1-3, 2-3 and 4-5 are
connected by “rigid” beam elements, while nodes 3-4 by a flat slider element. As the stiffness
of the supporting upright frame should not be affected, the entire sub-system is attached to
the frame by rotational hinges in nodes 1 and 2. It should be stressed that this complex
simulation is not always required. Indeed, there are cases, such as the down-aisle direction
of APRs or the cross-aisle direction of multi-depth ARSWSs, where the overturning forces
are nullified by the adjacent pallets that also tend to overturn, as shown in Figure 6.13.
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Figure 6.12: Modelling of pallets along the cross-aisle direction of an APR system using flat sliders and rigid
elements.
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Figure 6.13: When multiple pallets are resting on pallet/rail beams, the pair of overturning forces H-e,
produced by the vertical eccentricity of the pallet and the supporting beams is cancelled by its adjacent pallets.
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Figure 6.14: Substitution of the full cross-aisle frame of multi-depth systems with a single upright frame or a

single stick that employs horizontal axial springs at the top, to simulate the lateral restraint offered by the
roofing system.

For low-rise racking systems with a limited number of pallets, one can employ the
aforementioned sub-system of flat sliders and dummy elements to simulate the behavior of
each pallet, without affecting considerably the robustness of the numerical model. On the
other hand, the numerical simulation of all pallets on a multi-depth high-rise racking system
may require hundreds of flat slider elements, leading to convergence difficulties.

In general, as pallet sliding is an issue only in the cross-aisle direction (where pallets can
slide off the rack), one can take advantage of the similar/repeated upright frames to
substantially reduce the model size (Chapter 5, Tsarpalis et al., 2021). Herein, we chose to
consider a single upright frame instead of the full cross-aisle frame, as they have very similar
periods and modes of vibration. By closely matching the dynamic characteristics of the full
frame, the sliding behavior of pallets can be well approximated. For the case of racking
systems that also act as supporting structures for the roof, so-called automated rack
supported warehouses (ARSWSs), axial horizontal springs are considered at the top level of
the single upright frame to account for the roof lateral restraint (Figure 6.14). The stiffness
of the axial springs was calibrated to match the first five eigenmodes and eigenvalues of the
full cross-aisle frame. Finally, another simplification strategy to reduce the number of DOFs
of the numerical model is to substitute the single upright frame with a *“stick” model
comprising Timoshenko beam elements that account for the shear flexibility of the system
(Tsarpalis et al., 2021). Due to the aforementioned issue of overturning forces, when the
focus is on the design of the upright frame, rather than on the assessment of the sliding
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displacement, this final simplification can only be accurately applied in cases where said
forces are counteracted by multiple pallets, e.g., multi-depth cross-aisle frames (Figure 6.14).
When only sliding is concerned, the stick simplification is always a viable option.

6.3.2 Five modelling approaches

Five modelling approaches will be tested to simulate CSSI for MDOF systems in the context
of a response history analysis, each characterized by a different level of accuracy and
computational efficiency (Table 6.1). The first one, termed the full model (FM) approach,
comprises flat sliders to simulate the contact surface between the rack and the unit loads. It
is the benchmark modelling approach to assess the accuracy of the other simpler options.
The second technique, the stick model (SM), also incorporates flat sliders but the upright
frame is substituted with a stick model to decrease the number of DOFs. The third approach,
the Newmark’s block model (NM), does not use any special elements or implicit methods to
account for the pallet sliding; the absolute floor accelerations are recorded and an NSBA is
conducted for each load level.

The fourth approach, namely the Newmark’s block with equivalent damping model (NDM),
also uses NSBA together with an equivalent damping ratio to capture the isolation effects of
pallet sliding. Specifically, for each record the first and second-mode spectral accelerations
are calculated, namely Sa(T,) and Sa(T), respectively. Then the corresponding ¢; ., and
&2,eq» Can be derived by Eq. (6.3) and a mean equivalent damping ratio is calculated as:

: fl,eq + fz,eq
eq — 2
A more natural choice would have been to apply &; ., and &, ., to the first and second mode
instead of using a mean value. Indeed, Rayleigh damping formulation allows different
damping ratios to form the damping matrix:

Eq. (6.4)

[ﬂ=%WH%W“%Q=HngﬂG3 Eq. (6.5)
where:

[C], [M] and [K] the damping, mass and stiffness matrix, respectively;

w; and w; the angular frequency of modes i and j (not necessarily the first and second mode);
¢&; and &; the damping ratio of modes i and j;

a, and a, the mass and stiffness coefficients of the Rayleigh damping formulation.

Solving Eq. (6.5) for a, and a, leads to:

_ —20w(§w; — §w;) 0 = 2(§iw; — §0))
L=

%o = w? — wjz ’ w? — wjz Eq. (6.6)
For &; = ¢; = &, the classical Rayleigh coefficients are derived (Chopra, 1995):
Za)l-a)j 2
W= w $, a3 = o T wjf Eq. (6.7)
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Table 6.1: Selected modelling approaches, indicating the use of flat slider elements, equivalent damping, or

none.
i~ . Equivalent damping
# Model Description Flat sliders .
ratio
1 FM full model v x
2 SM stick model 4 x
3 NM Newmark’s block model x x
4 NDM Newmark’s block model with x v

mean &eq

Newmark’s block model with
. v
5 NWDM weighted mean &4 *

Using Eq. (6.7), a, and a, are always positive values as they involve multiplications and
additions of positive terms. On the other hand, the coefficients derived from Eg. (6.6) can
also be negative, which leads to negative damping matrices that are not physically
meaningful. To illustrate this issue with an example, a typical case of a racking system is
selected with periods of vibration T; = 1.5 sec and T, = 0.5 sec and a constant damping ratio
in the first mode &; = 3%. Figure 6.15 illustrates the values of a, and a, for increasing &,,
using Eq. (6.6). As the difference between &; and &, grows, i.e., the ratio &, /&, increases,
the mass coefficient a, becomes negative and thus the contribution a,[M] to the damping
matrix leads to a dynamically unstable system. To avoid such issues, applying the averaged
damping of Eq. (6.4) uniformly to both modes is preferrable.
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Figure 6.15: Rayleigh damping coefficients for &; = 3% and &, varying from 3% to 30%.

The fifth modelling approach, the Newmark’s block with weighted mean equivalent
damping model (NWDM), also incorporates an NSBA framework together with an
equivalent damping ratio, similarly to the NDM, with the difference that a weighted mean
of the &; ¢4 and &, ¢4 is Used:

éw,eq =Wy fl,eq +w; - fz,eq Eq. (6.8)
where w; and w, are weights for the first and the second mode, to take into account the
higher influence of the first mode:
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* *

my m,
W

Eq. (6.9)

1241

= * *x 7 = * *

where m] and m; are the effective modal masses of mode 1 and 2, respectively.

6.3.3 Description of case studies

To illustrate the application of the proposed method, three case studies will be examined.
The first example comprises the multi-depth case study CS2 of Chapter 3, but represented
herein for convenience. Specifically, it has been designed by professional engineers
according to EN 1993 (2005), EN 15512 (2009) and EN 16681 (2016) to be installed in the
city of Van, Turkey, a site with 10%/50yr peak ground acceleration of a;, =0.3 g and a
friction constant u = 0.3. The overall plan dimensions are 65.80 m x 71.50 m in the cross-
and down-aisle direction, respectively, while the total height is about 25.60 m. There are
nine load levels, each comprising four storage cells of 13 unit-load capacity (Figure 6.16),
thus each cross-aisle pallet frame supports up to 468 pallets. Load levels 1 to 2 are for
1000 kg pallets, 3 to 5 for 800 kg and 6 to 9 for 600 Kkg.

Herein, a single cross-aisle pallet frame is considered, comprising 48 uprights, connected in
pairs to form 24 “K-type” upright frames of 1.35 m width (Figure 6.16). The cross-section
area of the diagonal braces of the upright frames was reduced to 10% to account for the
reduced shear stiffness due to their bolted connection (Talebian et al., 2018). To decrease
the number of involved flat sliders and corresponding DOFs, the simplification procedure
discussed earlier is followed. Thus, a single upright frame is isolated and properly calibrated
axial springs are employed at the top nodes of the model to account for the effect of the roof
(Figure 6.14). Regarding the mass distribution, the most critical upright frames of a 13-pallet
storage cell lie one frame away from its edges and they are assumed to support 2 pallets per
load level.
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Figure 6.16: Cross-aisle view of the multi-depth Case Study 1, consisting of 24 “K-type” upright frames and
a connecting shallow roof truss (units in meters).
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Figure 6.17: Cross-aisle view of: (a) the medium-rise APR Case Study 2 and (b) the low-rise APR Case
Study 3 (units in meters).

Table 6.2: Cross-section properties of structural members. Cross-section areas are rounded to the 3rd digit
while moments of inertia to the 5th.

Member Case study  Section Steelgrade A (mm?) I (mm?)

Lower bracing upright (reinforced) 1 Qr S350GD 1300 3000000

Lower bracing upright 1 Q S350GD 900 2000000

Upper bracing upright 1 c™ S350GD 500 150000

Lower pallet upright 1 C S350GD 300 340000

Upper pallet upright 1 | S350GD 1640 5410000

Lower upright frame diagonal 1 Q S350GD 680 610000

Upper upright frame diagonal 1 C S350GD 330 110000

Lower vertical bracing (floor-5th level) 2,3 Q S350GD 580 480000

Lower vertical bracing (6th level-top) 2,3 C S280GD 100 20000

* Q: Q-type upright section; ™ C: channel section with lips; ™ I: I section.

Table 6.3: Periods and mass participation factors for the three considered case studies along the cross-aisle

direction.
Mode # Case Study 1 Case Study 2 Case Study 3
Period (sec)  Mass Part.  Period (sec)  Mass Part.  Period (sec)  Mass Part.
1 1.79 66% 1.02 75% 0.47 86%
2 0.62 17% 0.30 17% 0.16 11%
3 0.32 5% 0.17 4% 0.09 2%
4 0.23 2% 0.12 2% 0.08 1%
5 0.17 1% 0.09 0% 0.07 0%
6 0.07 8% 0.08 0% 0.06 0%

The second case study consists of a medium-rise back-to-back indoor APR system with eight
load levels, designed to be installed in a facility at Aspropyrgos, Greece, a site with 10%/50yr
peak ground acceleration a,; = 0.24 g and a friction constant u = 0.3. Load levels 1 to 5 and
7 are designed to carry 3x480 kg unit loads per compartment, while load level 6 and 8 carry
3x640 kg and 3x240 kg, respectively. To accommodate a variety of unit loads, the vertical
distance between the load levels is not constant. In the cross-aisle direction (Figure 6.17(a))
two upright frames are connected with 3 spacers (at 1.33, 4.93 and 8.53 m from the floor),
to form the back-to-back storage system. Each individual upright frame has an X bracing
pattern up to 3.13 m distance from the floor and it continues upwards with a D system, as
the seismic loads are lower. The cross-section area of the diagonals was also reduced to 10%
of their gross area, to account for the flexible bolted connection. Herein, a single upright
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frame is considered, assuming that the spacers do not offer adequate stiffness and the two
upright frames can be analyzed individually. Finally, the third example comprises a low-rise
back-to-back APR system which was derived by considering the four upper load levels of
Case Study 2 (Figure 6.17(b)), but using a friction constant 4 = 0.37. Table 6.2 summarizes
the cross-sectional properties for the main structural members of all case studies, while Table
6.3 contains the periods and mass participation factors for the first six modes of each
structure. The high-rise ARSW (Case Study 1) has a relatively low mass participation factor
on the first mode and thus, the contribution of higher modes on the CSSI is expected to be
more significant. On the other hand, the low-rise APR (Case Study 3) comprises a first-
mode-dominant structure, while the medium-rise APR (Case Study 2) is an in-between
scenario of the other two examples.

6.3.4 Seismic hazard and record selection

For each site, a set of 30 natural records was used (set #1 for Van (Kohrangi et al., 2018)
and set #2 for Athens (Kohrangi and Vamvatsikos, 2016)), that match the conditional spectra
(CS) (Baker, 2010; Lin et al., 2013a; Lin et al., 2013b) using the geometric mean of spectral
accelerations, AvgSa (Eq. (3.14)), as the IM (Kohrangi et al., 2017). We employed a single
period range for both sites of [0.3s, 3.0 s] with an increment of 0.2 s. Figure 6.18 illustrates
the AvgSa hazard curves of Van and Athens. Crossing the hazard curves with a horizontal
line at the design level (i.e., 10% in 50 years), the corresponding IM in Athens is equal to
0.11 g while in Van 0.24 g, or more than twice.

To compare the five modelling approaches, a series of RHASs is conducted using the
aforementioned 30-records sets for multiple IM levels. Table 6.4 shows the selection of
seismic input for each case study, presented in terms of probability of exceedance. In general,
racks are characterized by low or non-existent ductility, therefore brittle failures tend to
govern the response. For reasons of checking sliding displacements of large magnitude, we
have chosen herein not to simulate such failures, assuming instead that members remain
elastic and the only source of nonlinearity comes from geometric considerations (i.e., P-A
effects). In general, this is considered to be a more severe test of the different modelling
formulations, as it leads to larger sliding displacements. Allowing earlier failures or even
material nonlinearity would either stop the analysis earlier, or reduce sliding due to the
beneficial reduction of (absolute and relative) peak accelerations at each floor (see for
example NIST (2017)).
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Figure 6.18: Hazard curves for the sites of Athens and Van, using AvgSa as an IM.

Table 6.4: Selection of seismic input for Case Studies 1, 2 and 3.

Probability of exceedance Case Study 1 Case Study 2, 3
2% in 50 years - set #2 ™™ (IM = 0.25 g)
3% in 50 years set#1 ™ (IM ™ =0.43 g) set #2 (IM = 0.21 g)
5% in 50 years set #1 (IM =0.33 g) set#2 (IM=0.16 g)
10% in 50 years set #1 (IM =0.24 g) set#2 (IM =0.11 g)
20% in 50 years set#1 (IM =0.19 g) -

* set #1: 30-records set for Van; ™ IM: AvgSa(0.30 — 3.0 sec); ™" set #2: 30-records set for Athens

6.3.5 Comparison of modelling approaches

Each case study was analyzed using 4 scales of IM and 30 ground-motions (see Table 6.4),
for a total of 360 RHASs. The four “Approximated” quantities, resulting from the SM, NM,
NDM and NWDM approaches, were compared with the “Exact” approach, FM. From each
RHA, the maximum (over height and time) base shear, roof drift, interstorey drift and sliding
displacement were derived, and the “Approximated/Exact” (or A/E) ratios were estimated.
A useful approximating approach would be considered to have a mean A/E close to 1.0, thus
being unbiased, with low dispersion of the overall results, as large dispersions indicate higher
uncertainties.

Figure 6.19(a)-(d) illustrate the resulting ratios using boxplots. It should be noted that the
range of sliding ratios can be misleadingly large; low “Exact” values of pallet movement of,
e.g., 0.1 mm coupled with an “Approximated” value of 0.3 mm will lead to an A/E of 3.0.
This seems quite high, but it is of little engineering significance as the pallets in both models
remain practically idle. To alleviate this issue, we chose to only consider sliding ratios
corresponding to “Exact” displacements higher than 5 mm.

The SM approach shows excellent predictive ability, both in terms of mean value and
coefficient of variation (CoV) for all recorded structural responses. The only statistic that
may be cause for worry is the CoV = 0.41 in the pallet sliding ratio; this is expected, as the
absolute floor accelerations are quite variable themselves (Miranda and Taghavi, 2005;
Ramirez and Miranda, 2012). Nevertheless, as the record-to-record variability dominates the

Ductile seismic design, performance assessment and taxonomic characterization of steel racking systems



138 Chapter 6

dispersion of pallet sliding, it is safe to consider this error to be of secondary importance.
Thus, one can easily choose to substitute FM with the more frugal SM, reducing the
computational cost and gaining in numerical robustness.
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Figure 6.19: Boxplots of the “Approximated/Exact” ratio of (a) Base Shear, (b) Roof Drift, (¢) Interstorey Drift
and (d) Sliding, for all the 30x12 = 360 RHAS shown in Table 6.4 (the FM approach was considered the “Exact”
solution, and the rest four “Approximated” were compared against it).

On the other hand, the NM approach overestimates all responses, giving a mean A/E of 1.37
for the base shear, 1.46 for the roof drift, 1.43 for the interstorey drift and 1.73 for the pallet
sliding. Recalling Figure 6.8, NSBA on a 2DOF slider-on-cantilever with T =0.7 sec
showed a similarly mediocre performance, overestimating sliding by a factor of 1.70 when
m/ M is greater than 0.95, as expected for a typical rack. Instead, employing the equivalent
damping ratio &, per the NDM approach reduces the bias and the variability, bringing mean
AJE values closer to 1.0 and decreasing CoVs. Contrarily, the NWDM approach, where
higher weight is applied to the first mode of vibration per Eq. (6.9), is inferior to the NDM.
Perhaps this should not be totally unexpected as local responses (such as sliding) tend to be
heavily influenced by higher modes, whereas the weighting of the modes in NWDM was
derived per their contribution to the roof displacement, disproportionately favoring the
fundamental mode.
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6.4 MRSA for MDOF systems

6.4.1 Reduction of lateral loads for simplified CSSI

Targeting practical code-compatible design or assessment applications, where MRSA is the
method of choice, the use of a lateral load reduction factor similar to Ep; (Eq. (6.1)) is a
simple and effective way to account for CSSI. Comparing the results of the FM approach
with NM, is equivalent to comparing the effect of sliding versus non-sliding masses. By
dividing said results, one can calculate a reduction factor to convey the effect of CSSI per
each RHA. When thus considering the resulting base shears, one can determine by proxy a
reduction factor that can be applied to the design spectrum to estimate the “effective” lateral
loads as Eny = Vi, ry / Vi nm, Where Vy, gay and Vy, vy are the maximum recorded base shear
of the FM and the NM approach, respectively. Three IMs were considered, namely
Sa(T,)/u, Sa(T,)/u, and their geometric mean /Sa(T;)Sa(T,)/u. Figure 6.20(a)-(c)
illustrates the Ey,; —IM data points for all the 360 RHAs, fitted with a simple linear
regression, Ey; = bo+b;-IM. A higher R?=0.54 (with an error standard deviation of

o = 13.64%) is achieved using /Sa(T;)Sa(T,) /u as the IM, with respect to R? = 0.43 and
R? =0.36 when using Sa(T;)/u and Sa(T,)/ u, respectively. The resulting expression for
Ey1, bounded within [0.4, 1.0] for compatibility with EN 16681 (2016), is:

Eni = max{04, —0.1966 -/Sa(T)Sa(T,)/u + 1.0995} < 1.0 Eq. (6.10)

In general, it should be understood that the code-compatible approach of Ey is a practical
yet fairly limited solution, compared to RHA with flat-sliders or &,,. If Figure 6.20 is not
enough warning, Figure 6.21 and Figure 6.22 illustrate the reduction of the roof drift and the
maximum interstorey drift, respectively. One can observe that the reduction of the roof drift
is strongly related to Sa(T;)/ u, a well-known behavior of any building-like structure with a
relatively dominant first mode. On the other hand, the reduction of the maximum interstorey

drift is also sensitive to \/Sa(T;)Sa(T,)/u, as the effect of higher-order modes becomes
significant locally, e.g., at the lower levels of a racking system where the maxima tend to

appear. Thus, in general we expect the Ey; approach to work well for base shear, but become
less accurate for roof drift, and even worse for story drifts.
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Figure 6.20: Linear regression analysis for Ey,; (FM/NM base shear reduction) given the IM of (a) Sa(T,)/u,
(b) Sa(T,)/p, and (c) \/Sa(T,)Sa(T,) / u.

14

12 L

Roof drift reduction

02 |

06 |

04 |

14

[e) case study 1
o o case study 2

[e) case study 3

08 [ @4

o°
° 9
0 é 4 6
Sa(T)/p

Sa(Tz)/n
(b)

10

14

12 |

08 L

06 |

04 L

02

VSa(Ti)Sa(Tz)/ 1
(c)

Figure 6.21: FM/NM roof drift reduction given the IM of (a) Sa(T,)/u, (b) Sa(T,)/ u, and (c)

JSa(T)Sa(T,)/ u.

Finally, as a side note, Figure 6.23(a)-(c) show scatter plots of the maximum recorded pallet
sliding for each of the 360 RHAs. These are the results of the FM models, as MRSA cannot
be used to assess sliding. One can observe that sliding is loosely dependent on any of the
three considered IMs. Essentially, there is a high record-to-record variability in sliding
responses that cannot be easily captured: Small changes in the absolute floor accelerations
may lead to large deviations on the corresponding goods movement. Another significant
observation is that in most cases the taller rack experiences greater sliding displacements
than the shorter, similarly to what was found for 2DOF systems of long versus short periods
(Figure 6.11).
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6.4.2 Comparison of MRSA approaches
As shown previously, the most efficient method to implicitly consider the positive effect of
pallet sliding in the context of a RHA, without using any special slider elements, is to adopt
the equivalent damping ratio of Eq. (6.4), i.e., the NDM approach. This equivalent damping
ratio can also be used to modify the design spectrum in an MRSA, for example by using the
damping modification n-factor of EN1998-1 (2004):

n= /10/(feq +5) = 0.55

VSa(T1)Sa(Tz)/ 1
(©)

Eq. (6.11)

On the other hand, one may also use the Ey; reduction factor given in Eq. (6.10) to
straightforwardly decrease the design seismic forces. To compare the two approaches, the
high-rise ARSW Case Study 1 is used, employing the 30-records set for the city of Van
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(Kohrangi et al., 2018), scaled to intensity levels corresponding to 3%, 5% and 10% in 50
years probability of exceedance. Five sets of analyses are conducted for all records:

(1) RHA: RHA using flat slider elements, which is considered as the benchmark.

(2) MRSA-Ep,: MRSA using the actual spectrum of each record with 3% damping ratio, a
reduction factor Ej; according to EN 16681 (2016) given by Eq. (6.1) and a CQC modal
combination.

(3) MRSA-¢,,: MRSA using the actual spectrum of each record with the equivalent damping
ratio given by Eq. (6.4) and a CQC modal combination.

(4) MRSA-Ey: MRSA using the actual spectrum of each record with 3% damping ratio, a
reduction factor Ey; given by Eqg. (6.10) and a CQC modal combination.

(5) MRSA-1.1Ey;: A modified version of (4), where the coefficients in Eq. (6.10) are
multiplied by a factor of 1.10. While MRSA-1.1E ) is expected to overestimate the average
response of the rack, it is a conservative approach that may be preferrable for design.

Geometric nonlinearities (i.e., P-A effects) were treated explicitly in RHA via a first-order
approximation, while in MRSA their effect was incorporated according to EN 16681 (2016).
Specifically, modal analysis was performed by taking into account the geometric stiffness
matrix, which makes the structure more flexible and thus elongates the periods of vibration.
Moreover, the lateral seismic forces were multiplied by a factor 1/(1 — @), where 6 is the
sensitivity coefficient, calculated as:

0=qq- PE/Pcr,E Eq. (6.12)
where Py is the total gravity load of the rack in the seismic design situation, P, g is the Euler
critical load and g, the displacement-related behaviour factor, assumed equal to 1.0 as the
structural model does not incorporate any ductility. Figure 6.24(a)-(f) shows the A/E ratios,
with RHA considered as the “Exact” result, for various response parameters.

The MRSA-E}, analysis overestimates practically any parameter of interest, namely base
shear, upright/diagonal axial forces, and roof drift, by 20% to 40%. MRSA-¢,, tends to
decrease, but not nullify this overestimation, while MRSA-Ey; offers the best overall
performance, both in terms of a nearly-unbiased mean value and smaller CoV. Given that
the lower bound in MRSA-E,; over RHA predictions tends to lie around 0.90, a 10%
increase of Ey,; can help achieve a higher level of safety, commensurate with the current
norm represented by MRSA-E,; over RHA. This is demonstrated by the MRSA-1.1Ey,
approach, which achieves a code-like lower bound (i.e., similar safety), while having
reduced dispersion (i.e., lower overestimation and higher economy) when compared with
EN 16681 (2016).
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Figure 6.24: Boxplots of the MRSA/RHA ratio of (a) maximum bottom upright axial force, (b) maximum
bottom diagonal force, (c) maximum top upright axial force, (d) maximum top diagonal axial force, (€) base
shear and (f) roof drift, for the upright frame of Case Study 1, using the 30-records set #1, scaled to 3%, 5%
and 10% in 50 years probability of exceedance (red asterisks indicate the mean value while red horizontal lines
the median).

6.5 Conclusions

Three different methods for tackling CSSI are offered, distinguished by their need for RHA
versus MRSA analysis, as well as the level of modelling detail, requiring friction slider
elements versus adjustments of damping or lateral loads. A distinct advantage of RHA-based
methods is their capability to assess content sliding displacement, at the cost of requiring
ground motion records. From the RHA-based methods, definitely the best results are
obtained by employing friction slider elements to simulate the sliding of the pallets, with the
cost of increasing the numerical complexity of the model. On the other hand, completely
excluding the effect of CSSI during the execution of RHAs leads to large overestimations
on the predicted mean pallet sliding (+73%) and the corresponding base shear (+37%) and
interstorey drift (+43%) of the rack. To alleviate this issue while keeping the numerical
model as simple as possible, it was found that a good solution is to adjust the damping ratio
of the model via a simple regression expression. Achieving the same feat of the RHA with
MRSA is not easy, as it requires modal combination approaches to predict peak floor
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accelerations (presently available, e.g., by Moschen et al. (2016)), plus some (presently
unavailable) approximation approach to convert such accelerations to sliding displacements.
Still, even the lowly MRSA approach combined with the proposed empirical lateral-load
reduction formula, can offer unbiased prediction of forces, moments and deformations,
suitable for application within the code in tandem with the desired factor of safety. In the
case study examined, the MRSASs using the Ej, factor of EN 16681 (2016), overestimate the
forces on the uprights and diagonals by 20% — 40% on average, which means that lighter
(and hence more economical) sections could be potentially used. On the other hand, using
the proposed E), offers better overall performance, largely removing the bias and decreasing
the dispersions, while reducing the overestimation of member forces to 2% — 15% on average
for a more economical design. In any case, it cannot be stressed enough that the trend for
taller racking systems leads to a higher propensity for excessive pallet displacement, as racks
with longer periods of vibration tend to experience larger sliding. Thus, the structural design
of high-rise racking systems may need to be accompanied by a series of RHAs (or some
practical equivalent), to estimate the magnitude of pallet sliding and assess whether
precautions have to be taken to arrest pallet movement.
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7 Conclusions

7.1 Summary

The present dissertation attempted to fill gaps on several issues regarding the seismic
behaviour of steel racking systems.

Following a brief introduction and problem statement, Chapter 2 presents a comprehensive
review of the macro-characteristics of various racking typologies, focusing on their
structural behaviour under seismic actions. Based on the Building Taxonomy of the Global
Earthquake Model (Brezv et al., 2013), an extensible taxonomic categorization for racking
systems is proposed, comprising five basic “Attributes”, which are broken down to several
“Attribute Levels”, and then further discretized to “Options”. The proposed taxonomy was
designed to be user-friendly and intuitive, with the considered macro-characteristics being
easily identifiable by non-experts. Finally, the classification of several analytical and
experimental publications demonstrated that most case studies tend to conform to the low-
rise APR systems. On the other hand, the semi- and fully-automated systems, like the multi-
depth pallet shuttle racks or the high-rise ARSWSs, have not yet received enough academic
attention, despite being very popular systems in the market.

As a first step towards understanding the seismic behaviour of the innovative ARSWS,
Chapter 3 presents the seismic assessment of five multi-depth case studies, designed by
professional engineers according to the current European standards. The study employed a
series of 15 RHAs in each direction, using natural records that respect the hazard of the
installation site. The calculation of the component resistances demonstrated the inadequacy
of all case studies to develop reliable ductility, as brittle member/connection failure modes
were dominant. Along the cross-aisle direction, the weakest components were typically the
pallet uprights and their anchorage system. On the other hand, the pallet diagonals and their
bolted connections were under-stressed, due to a capacity design rule foreseen by EN 16681
(2016). A non-ductile behaviour was also observed in the down-aisle direction, with the
bracing anchors, diagonal connections, and uprights being first in the hierarchy of
criticalities.

Subsequently, the effect of the cumulative seismic load multiplier was investigated, by
realizing a series of “what-if” scenarios for each case study. It was found that, even if
favorable design assumptions are adopted, one also has to employ (or essentially assume) a
q = 2 between 1.5 and 2.0, to drop the UFs of the (pallet and bracing) uprights and diagonals
under 1.0. However, the actual overstrength (£2) of an ARSW may be lower than e.g., 1.5,
as high optimization leads to razor-thin overstrength margins. Finally, it was found that a
seismic design of anchorage systems using solely MRSA underlies significant uncertainties,
as, even in the most pleasing scenarios, most RHAs (scaled at the design level) experienced
a base failure.

To counter the issues arising from the application of standard design methods to
unconventional rack typologies, such as the high-rise ARSWSs, Chapter 4 adopts a ductile
approach for seismic designing along the cross-aisle direction, the plastic ovalization
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strategy (POS). POS relies on the bearing deformation of the diagonal bolt hole to “dissipate”
the seismic excitation, while the rest structural components remain elastic by employing ten
new capacity design rules. A parametric study, using existing analytical equations (EN 1993-
1-8, 2005; prEN 1993-1-8:2021, 2021) and finite element models, demonstrated that a
ductile connection behaviour can be accomplished, as long the diagonal is thick enough to
prevent local buckling of its web. To assess the performance of POS, the cross-aisle frames
of one double- and one multi-depth ARSW was examined by means of multi stripe analysis
(Jalayer and Cornell, 2009), using 30 records and six IM levels. A clear advantage of the
POS design was reported, especially for stripes that exceed the design level. This enhanced
seismic behaviour was possible without necessarily increasing the overall cost of the
structure. This is indeed a very promising finding, as POS sets the ground for resilient
racking systems, while at the same time respects the principles of the rack industry that
demands simple bolted connections and light steel members.

A simplified modelling approach for the seismic assessment of high-rise ARSWs is proposed
in Chapter 5, which can reduce the size of the numerical problem by orders of magnitude.
It is based on the substitution of truss beams and columns with equivalent Timoshenko
beams (Belleri et al., 2017; Kalochairetis and Gantes, 2012), but surpasses previous
methodologies by providing the ability for inelastic simulations. This is achieved with the
use of link elements that incorporate distinct nonlinear springs to account for each of the
modes of relative deformation of their two ends. To assess the robustness and efficiency of
the simplified method, the cross-aisle frames of one multi- and one double-depth ARSW
was investigated. The simplified models were validated by means of linear modal analyses,
static pushover tests, and RHAs, showing a negligible loss of accuracy and remarkable time
savings, decreasing the cost of one dynamic analysis from more than an hour down to few
seconds. As the evaluation of ARSWSs’ seismic behaviour is an on-going research process,
the proposed simplified model can suitably fit in the context of performance-based
assessment and design (Cornell and Krawinkler, 2000), where low complexity without loss
of fidelity is a primary goal.

A comprehensive study on the effect of content-structure-sliding interaction (CSSI) is
presented in Chapter 6, focusing on the case of steel racking systems. Three approaches
were investigated to capture CSSI: (i) employing friction sliders per pallet and running
nonlinear RHAS, (ii) increasing the model viscous damping and using elastic RHAs, and (iii)
reducing the horizontal seismic loads in tandem with MRSA. Definitely, the most accurate
way to simulate CSSI is approach (i), with the cost of increasing the numerical complexity
of the model. On the other hand, completely disregarding CSSI during the execution of
RHAs leads to large overestimations on the predicted response of the rack. To alleviate this
issue while keeping the numerical model as simple as possible, it was found that approach
(ii) is a good alternative, which adjusts the damping ratio of the model via a simple regression
expression, but also negates the need for nonlinear slider elements.

Finally, a method to account for CSSI in the context of MRSA is proposed (approach (iii)),
which is based on the reduction of the horizontal seismic loads by a calibrated E factor.
Contrarily to what current codes assume, it was found that the second mode of vibration
majorly affects the magnitude of CSSI. In this sense, Ey, was fitted via linear regression by
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employing /Sa(T;)Sa(T,)/u as input IM, instead of the Sa(T,)/u used by the Ej, factor
of EN 16681 (2016). In the case study examined, E; overestimated the forces on the
uprights and diagonals by 20% — 40% on average, while the proposed Ey; showed better
overall performance and reduced the overestimation to 2% — 15%. In this sense, correctly
considering CSSI can lead to lighter steel members and, thus, to a more economical design.
Moreover, the 360 RHA data points were used to define a relationship between the rack’s
periods of vibration and the magnitude of sliding displacement. It was observed that the
high-rise (and flexible) ARSWSs are more vulnerable to excessive sliding than the low-rise,
first-mode-dominant APRs. Thus, the structural design of racking systems with long periods
of vibration may need to be accompanied by a series of RHAS, using approaches (i) and (ii)
to estimate the magnitude of pallet sliding and assist decision-making on whether
precautions should be taken.

7.2 Limitations and future work

While the results of the present study are based on solid methodologies and comprehensive
analytical studies, they are still bound to limitations that call for improvements by future
work. Chapter 2 described the structural configuration and macro-characteristics of most
rack typologies, but there are several systems, like the mezzanine floor pallet racking
systems, excluded from the discussion. In addition, the proposed taxonomy followed the
principles of GEM’s Building Taxonomy (Brezv et al., 2013), and thus was mainly designed
for seismic vulnerability assessment, giving less heed to other hazards, like extreme rain or
wind actions. However, the abstract and inclusive nature of the five basic “Attributes”
renders the extension/modification of the taxonomy quite easy and straightforward.

The seismic assessment presented in Chapter 3 employed five multi-depth ARSWs case
studies, disregarding completely their “sister” systems, the double-depth racks. In this sense,
the hierarchy of criticalities is expected to be modified if additional double-depth ARSWs
are considered, but only slightly, as the domination of brittle failure modes is prevalent in
both systems. More refined results could have also been obtained if a larger set of records
was used, i.e., 30 ground motions per case study instead of 15. Another limitation is related
to the modelling method, as 2D models were employed to capture the seismic response of
three-dimensional structures. Of course, 3D models of high-rise multi-depth ARSWs are
extremely cumbersome for seismic assessment (Tsarpalis et al., 2021), but the simplification
method presented in Chapter 5 is a promising tool that can shed light on whether the cross-
and down-aisle direction can be simulated separately without loss of accuracy or important
three-dimensional effects being ignored.

The plastic ovalization strategy proposed in Chapter 4 majorly improved the seismic
response of the two case studies when examining global failure. In the future, additional
damage states can be introduced, by defining engineering demand parameters that are
applicable to racking systems, like excessive bearing deformation or pallet displacement.
Indeed, defining additional damage states can be beneficial to the rack community, as it sets
the ground for a performance-based earthquake assessment (Cornell and Krawinkler, 2000)
of racking systems installed in high-seismicity areas. Moreover, the proposed capacity
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design rules shall be modified in the future, as the parametric finite element study
demonstrated that the thickness of the diagonal plays an important role in the ductility of the
connection. Thus, a more consistent comparison between the standard and the POS design
can be achieved, if the POS models are re-designed by introducing an additional rule that
limits the d /t ratio to be lower than e.g., 5. Finally, the finite element simulations presented
in this thesis shall be verified by experimental tests, to determine whether all important
connection details were captured. Indeed, in the context of the European project
STEELWAR (2017) an experimental campaign that comprises several monotonic and cyclic
tests is under way at the time of writing; this will offer a clearer view on the behaviour of
the diagonal-to-upright connection and open fruitful discussions in the upcoming months.

The simplified modelling method proposed in Chapter 5 was validated by means of 3D
elastic and 2D inelastic static and dynamic tests, respectively. However, the methodology
has not been verified yet on 3D inelastic models, which will require the use of three-
dimensional link elements and, consequently, the calibration of six translational and
rotational springs. Moreover, in the present study the shear springs were calibrated to capture
the buckling and yielding of the diagonals, while in the future the method can be extended
to also simulate the bearing deformation of the bolt holes, for racks designed according to
the POS.

Finally, the investigation presented in Chapter 6 examined the effect of CSSI by only
considering cross-aisle case studies. Although pallet sliding is not so crucial in the down-
aisle direction, as the uprights can arrest the contents from falling-off, additional studies are
required to evaluate its actual effects, especially when weak and flexible MRFs are
concerned. In addition, the proposed modelling approaches employed 2D models to capture
CSSI, however it is understood that sliding is a complex three-dimensional phenomenon
(Castiglioni et al., 2018). Future work, using 3D beam element models accompanied by
detailed finite element analyses, may give a clearer view on the sliding problem along the
complete horizontal space.
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Annex A: Spring stiffnesses of two-node link element

Given L, E, A and I the elastic properties of an Euler Bernoulli beam element, a triplet K,
K, and K, resembling springs’ linear stiffnesses has to be determined. In the consolidated
system (Figure A.1), an axial nodal displacement &, leads to an equal axial spring-
displacement &, spring = 84, @ potential energy U and axial force N related as:

U ! K, 62 = K 6 o N E4 K, E4 Eqg. (Al
= — = = — = = — > = —
2 ara ava aaa L a L q' ( . )
Similarly, a transversal nodal displacement &, leads to a shear force F:
1 5 au 12E1 12E1
U =2Ksds = K6 =a—55=F =3 =K =3 Edg. (A.2)

On the other hand, a nodal rotation ¢ excites a coupled behaviour between the shear and
rotational spring, producing both a shear displacement & and rotation a ¢ (Figure A.1). For
small displacements, it can easily be shown that § = ¢L /2 holds, leading to:

1 , 1 ) L? oU 4EI EI
U=§KS(S +§Kr(p $K51$+Kr¢=%=T:Kr=T EQ(A3)

Same procedure can be followed for the case of a Timoshenko beam element with the
difference that Eq. (A.2) is transformed to account for a potential shear deformation:
12E1 12E1

Kyp= o =
ST+ D)3 IZGA, Eq. (A4)
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Figure A.1: Unit nodal displacement/rotation for the derivation of springs’ elastic stiffnesses (axial, shear and
rotational spring).
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Annex B: MATLAB function for performing NSBA on
an idealized body sliding on a moving platform

function [a_rel, v_rel, d_rel] = NewmarkSlidingBlock(time, acc_plat, acc_y)

e INEUT ———————————————c——ccccccececeeee %%
% time: a vector of size N, containing the time-points to account for a
non-constant time step.

acc_plat: a vector of size N, containing the absolute accelarations
% of the platform.

% acc_y: the yield accelaration.

Y%h—————————————————m—m———————— OUTPUT ———— e e 9%
% a_rel: a vector of size N, containing the relative-to-the-platform

% accelaration of the body.

% v_rel: a vector of size N, containing the relative-to-the-platform

% velocity of the body.

% d_rel: a vector of size N, containing the relative-to-the-platform
% displacement of the body, i.e. the sliding.

timesteps = size(time, 1);

v_rel = zeros(timesteps,1);
a_rel = zeros(timesteps,1);
d_rel = zeros(timesteps,1);

for i=2:timesteps
dt = time(i) - time(i-1);

if(v_rel(i-1) == 0.0)
%idle condition
a_rel(i) = acc_plat(i) - sign(acc_plat(i)) * acc_y;
avg = 0.5*(a_rel(i)+a_rel(i-1));

if(abs(acc_plat(i))>acc_y)
% sliding occurs
v_rel(i) = v_rel(i-1) + avg * dt;

else
% body remains stick to the platform
a_rel(i)=0.0;
v_rel(i)=0.0;
avg = 0.0;
end
else

a_rel(i) = acc_plat(i) - sign(v_rel(i-1)) * acc_y;
avg = 0.5*(a_rel(i)+a_rel(i-1));
v_rel(i) = v_rel(i-1) + avg * dt;

iIf(v_rel(i)*v_rel(i-1)<0.0 && avg*v_rel(i-1) < 0.0)
% body re-sticks to the platform
a_rel(i)=0.0;
v_rel(i)=0.0;
avg = 0.0;
end
end

d rel(i) = d_rel(i-1) + v_rel(i-1) * dt + 0.5 * avg * dt * dt;

end
end
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