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EKTENHZ NEPIAHWH

EIZArQrH

H napouUoa Texvikn 'EkBean anoteAei To Mapadoteo M8a Tng Apdong (Empépouc Epyaaiac) A8
Tou EpeuvnTikoU MpoypdupaTog Ke TiTAO:

OAAHZ-EMN (MIS 380043)

MpwToTUNOG ZXEd100UOG BaBpwv Mepupmv o€ PeuoTonoinoipo ‘Edagog pe Guoikn
Zeiopikn Movmon

pe Zuvtoviotn (EpeuvnTmikd YneUBuvo) Tov lewpyio MnoukoBdha Kabnynmi EMM, kar e
EmoTtnuovikd YnetBuvo Tng Apaong A8 Tov Xapn Mavte, Kabnyntn EMI.

JUYKEKpPIYEVA, N ev Aoyw Apaon A8, Je TiTAo:
"Eappoyn o XaAupdivn (KahwdiwTr) MFEpupa”.

apopd oTnv €@apuoyr Kal OUYKPITIK a&loAoynon Tng npoTelvodevnG veag pebBodoloyiag
oxediopoU oe XaAUBdIvVN YEPUPA, EVK TO AVTIKEIMEVO TOU ev AOyw napadoTéou NePIypAQETal
OTNV EYKEKPIMEVN EPEUVNTIKN NPOTACN WC AKoAOUBWC:

"O okorioc 1n¢ Epevvntikiic Oudoac eivar va OIEpEUVIIOE! T OUvaToTNTA EPAPLOVIIC TNG
MIPOTEIVOUEVNG LEBODOAOYIaE OxedIaoLoU Kal Ta MPOTEPHLATA EVaVTi OUUBATIKWV HEBOOWY
axediaoyoy yia TNV MEPINTWOT) UIAS KAAWOIWTIIC YEQUPAS, ME XAAUBOIVOUC NMUAWVEC Kai
OUULIKTO KaTdoTpwua. AUTOC O TUMOC VEQUPAS, av Kai eivai AIyoTepo OIadedOUEVOC aTnv
EAMada, propel va anoTeAEoel pia TEXVIKG Kal OIKOVOUIKG KAAUTEPN AUOT) O€ MEPINTWOEIS
YEQUPWV LIECAIWV-LEYAAWY avolyuidTwV avdueoa oTa pueodpaboa (n.x. peyaAutepa ano 80m).
lTapdlAnAa, napouoidler OUYKEKPIUEVEC I0IQITEPOTNTEC OE OXEON E TIC VEPUPEC ario
OKUPOOELA TwV Apdoewv 6 kai 7, AOyw Twv dIGPOPETIKWV UMKWYV KATAOKEUI¢ dAAd kai AOyw
TIG 1710 EUKAUITIG AriOKPIOTIC, 1) 0rloia Lnopel va odnyrioer o€: (a) AlyoTepo auoTnpd KoITrpia
EMITEAEOTIKOTNTAG PACEI TWV EMTPENOUEVWV LETAKIVIIOEWY TG Beueliwong, aldd emiong (B)
avéavouevo KIVOUVO OUVTOVIOLIOU ToU QOpPEa TN¢ avwdiouric kard Tn Asmoupyia Tou
PEUCTOINOINUEVOU E0APOUC WS «PUOIKOU» OUCTIILATOC TEICLIKIIC LIOVWOT)C.

O1 KUpPIEG OpaoTnpIOTNTES oU 6a rpenel va npayparonoinBouv yia tnv oAokAripwon autric g
Apdong eivai o akoAouvBecg:

(a) Apyikwg, Ba ripensr va ekTiunBouv Ol EMITPENOUEVEC LETAKIVIIOEIC OTn Beuediwon
(KkaBIgrioeIc kai OTPOPEC) via OIdPOpoUS TUMOUC KAAWOIWTWV YeQUPWY, KAl OUYKEKDIUEVA Yid
TUno «dpracx» (harp) kar akTivwTo (fan), Le LHOVONAEUpPO 1 aupinAeupous nuAwves, kabwe kai
yia QVipTuEVEC YEQPUPEG IIE KUPIO KAAWOIO LETAEU TwV KOpUP@V TwV MUAWVWY Kar
Karakopupous avaptipes. Oa AngBouv unown T4 ENTPENCUEVA erineda PAGBRG kai



Asiroupyikotnrac (n.x. oxAnon ornv 0dnynorn, ENoKeUdoes BAJBEC, Il EMIOKEUAOWIES
BAdBec) kabwe¢ kar To avaueVOUEVO EMNEDO OeIOUIKOTNTAC (11.X. OcIouiKi} Oleyepon e 90, 450
1 900 xpovia nepiodo enavapopdc) kar 8a kabopioTouv LETA ano lia ouAoyikri a&ioAoynon
TWV NapakdTw:

o uia exTETAUEVN BIBAIOYPAPIKT} EPEUVAC TWV OUVAPWY KAVOVIOTIKQV OIaTAéEwV Kal
oonyiwv (n1.x. Eupwkwoikag 2 — Mepoc 2, Eupwkwdikac 8 — Mepoc 2, Eupwkadikac 7,
MCEER & FHA — kepdAaio 11.4),

o 11GpadEiyLIara ariokpIone arno 1on KATAOKEUAOUEVEC VEPUPEC Kkard TN OIdpKeId
pooPATWV CEICUWYV, KaI

*  [IGPAUETPIKEC aVAAUOEIC OIapopwVv JOUIKWV OTOIXEIWY TNG Yepupac (11.x. Heoopabpa,
KaAwoia, KaTdoTpwlia) Urio OTaTIKEG KAl AVAKUKAILOUEVES OUVALIIKES QPOPTIOEIS.

(B) 2 ouvexeia, Ta BaBpa piac TUMIKIIGC KAAWOIWTIIC YEQUPACS, TUMOU «dprnac» i akTIvwTou,
ME peoaio dvoryua 80-120m peraéu Twv nuAwvwy, Ba oxediaoTouv Le Bdon Tnv ouuBariki
LeBodoloyia Bsuchivwonc, pe xprion ouddac nacodAwv kar kabolikii BeATiwon Tou ddpous
omnv nepioxr ¢ Beuediwong. MpoBeori pac eivar va emAséouue pia undpkTr} yepupa i pia
HEAETNUEVN YEQUPa O OTAOIO OPIOTIKIIC MEAETNC OE NEPIOXT] MOTALIOU, OroU O OUVOIKES ToU
unedapouc eival kKaBopIoUEVES ario NMANPEIC YEWTEXVIKEC LEAETEC, v riPOBAENETaAI EKTETAUEVN
PEUCTOrNOINGN KATW ario Eva 1j NEPICOOTEPA LABpa ¢ Vepupdag.

(v) T7EAog n OdiaoracioAdynon Tn¢ yepupac o OTATIKOU Kal OEIOUIKOUC OUVOUAOLIOUG
QopTicewv Ba enavaAnpBel yia 1n vea LEBodoAoyia TG <«PUOIKIIGCY OEICUIKIIG LIOVWOTIC,
EQapLolovTac empavelakry BeueAivon Kkai UEPIK BEATIWON Tou peuoTonoIooy E04PoUC LIE
onuIoupyla ermpaveiakiic Lovov KpouoTas, O OUVOUAOLO LE TIC EMITPENOUEVEG LETAKIVIIOEIC
orn Beuehiwone nou Ba kabBopioTouv oTo Priya (a) rou nepypdPnke napandvw. Ta
nAgovekTriuara alAd kai or nepiopioliol TnN¢ veag pebodoAoyiac Ba ouykpiBouv LE Ta avTioToixa
e ouuparikric Avonc kar 8a a&iodoynBouv e Ldon TOOO TEXVIKWY 000 Kal OIKOVOLIKWYV
KDITNpIWV.

H napoloa Epeuvnrikr ‘EkBeon - napadoTeo, apopd otnv Enmpépoug Epyaocia (a) avwTépw,
evw ol Empépouc Epyaoiec (B) kar (y) BpiokovTal og €EENIEN Kal Ba nepiypapouv O ENOPEVN
EpeuvnTikr ‘EkBeon - MapadoTéo (M8R).

Emonpaiverar 611, kaTa TA NpWTA BAPATA AUTNC TG diEpEUivNoNg, dlanmioTWONKE OTI Ol TACEIG
£0Apouc AOyw HOVidwv QopTiwv OTIC BECEIC TwV BABPWY KOIVDV KAAWSIWTWY I KPEHACTWV
YEQUPWV NTaV PEYaAUTEPEC anod Ta Opia nou Bewpndnkav w¢ anodekTA yia TNV NPOTEIVOUEVN
KaivoTopo AUon, yia BaBpa nou BOepehiovovral oe peucTonoinoida &dagn. M’ autd
ano@acioTnke va PeAeTNBei N NepinTwon HIAC TOEWTNC WETAANIKAG YEQUPAC PE AVNPTNUEVO
OUMMIKTO KATAOTpwHa, Mou e€ivalr yia ouvnéng Auon vépupag Pe kaAwdla via HIKpOTEPA
avoiyyaTta Kal ENOPEVIC 00NYEl O HIKPOTEPEC TATEIC £0AMOUG AOYW Hovidwv @opTinv. Mépav
TOUTOU, 0 &V AOYW TUMNOC YyEPupac diaTnpei NOANG anod Ta XAapakTnpIoTIKA TWV KAAWIINTWV
YEQUPWV (N.X. MEYaAUTEPN avoxn O€ PETAKIVAOEIC TNG BepeAinonc) kal £T01 IKAvonolei NARPWG
TIC ANAITACEIG TOU EPEUVNTIKOU NPOypAlKaToC.

MEOGOAOAOTITA KAI AMMOTEAEZMATA

'Onw¢ npoava@epOnke, MeAeTATal pia oIk TOEWTN HETAMIKN YEQUPA HE AVNPTNHEVO
OUMHIKTO KATAoTpwpa OU0 au@IEPEIOTWY TUNHATWY, KATA TNV €niBOAN] HETAKIVAOEWV Kal
oTpo@wVv OTn Bdon Tou PecoBdBpou AOYw PEUCTOMOINONG TWV UMOKEIMEVWV €DAPIKDV
oxnuaTiopwv. H yEpupa Bewpeital Nnwe BePeNIOVETAI ENIPAVEIAKA O £DAPOC PEUCTONOINTIHO
o€ PJeyalo Baboc. 2Tdxoc TnG digpelivnonc cival o NpoadIopITUOC TWV AVEKTWV KaBICoEWV Kal
OTPOPWV Nou Wnopei va napaAdBel n yepupa Xwpic va acToxnoel.

H vépupa nou peletarar anoteAsital and 000 apgiépeloTa avoiydata BewpnTikoU HRKOUG
42.00m TO KAaBEva, Ta onoia CcuvdEovTal PETAEU TOUC WE NAGKA OUVEXEIC. To BewpnTiko



NAGTOC TOU KATAOTPWHATOC IooUTal pe 14.70m. To KATACTPWHA TNG YEPUPAC €ival GUPHIKTO
Kal To kabe davoryua anoTteAsiTal and duo KUpieg dokouc kal dekaspTa diadokidec. Kabe kupia
0ok0OG avapTaTal and éva TOEO PE Tn Xprion avapTipwv evew Ta dUo TOEA Tou kABE avoiyuaTog
OuUVOEOVTal JETAEU TOUG HE EyKAPOIOUC Kal dIaymVIouG ouvOECHOUG duakauyiac. To Uyog Twv
TOEwv eival ico pe 10.00m. O1 dokoi, ol diadokideC, Ta TOEA kal ol oUVOECHO! dUuoKaPwiag
£XOUV KATAoKeUaoTel anod dopiko XaAupa. To pecdBabpo anoteAeital anod Tn doko £dpaong Kai
TPEIG OTUAOUC KUKAIKNG Gupnayouc dIaTounG and onAICHEVO OKUPODEUA HOPPWVOVTAC £TOI £va
nAgiolo oTnv €ykapaola &vvold TnG YEPUPAc, €xel O€ Uwog 10m oupnepIAaPBavopEVnG TNG
dokou £dpaonc. Ta akpoBabpa BewpouvTal NoAU dUOKAUNTA OE OXEON ME TN YEQUPA Kai yI’
auTo Aaupavovral unown we akAovnTa.

EmBaAovTal  kaTakOpUPeC METAKIVAOEIC KAl OTPOQEC OTO eninedo Ogpehinong Tou
HEoOBABPOU, eknOvOUVTAl PN YPAUMIKEG avaAUoelc, AauBavovTac unown Tn YEWHETPIKN MWN
YPAUUIKOTNTA, KABWE KAl TN KN YPAUMIKOTNTA TWV UAIK®V. H PN YPAUUIKT) CUMNEPIPOPA TWV
OTUANWV TOU WeooBdBpou and OMAIOUEVO OKUPODdEUa €xel NPOoooIwBel Pe TN XprAon
dlaypapudtwv ponwv — KagnulotnTwv. Kataypd®eral n oupnepipopd OAwV TV KPICINWV
MEAWV TNC YEPUPAC, OUMMEPIAGKPBAVOUEVWY TWV WETAAIKWY OTOIXEIWV TNG avwOOMNG, TwV
£PeOPAVWV KAl TOU PHECORABPOU, £WC TNV NPWTN AcToXid. G NpwTn acToxia opileTal n NpwTN
dlappor| oTn BAon Twv oTUAWV Tou PeooBABpou, 0 OXNUATIONOC NAACTIK®Y ApOpWOEWV OTNV
KOpu®pn Twv OTUA®WV auTwv, N n aoToxia Kupiwv PETAANIKOV oToIxEiwv. AgToxia o oToixeia
onwe epedpava, NAAKa CUVEXeIag n dlaywviol oUVOEoUol duoKapwiag PeTa&l Twv TOEwv dev
MMopoUV va NPOKAAEGOUV KATAPPEUCT TNG YEPUPAG KAl JNOPOUV va EMICKEUACTOUV I Kal va
avTikataotaBolv eukoha. Enopévwg Oev AapBdavovrar unodywn yid Tov KaBopiopo Twv
ENITPENOPEVWV  €0APIKOV HETAKIVAOEWY. Q0TO0O0, OTIGC avaAUoeic Aaupaveralr unown n
METABOAN TnG Ouokapwiag Touc Oc nepinTwon nou ugiotavral PAABec. Mapdalnha, Oev
MeAeTATal n anokpion Tng dokoU £dpaong kabwg sival apkeTa dUokaunTn Kal dev ennpedaleTal
ONMAvTIKA ano TIC eNIPBAAOUEVEG JETAKIVIOEIG KAl OTPOPEC.

Ano TIC avaAUOEIC NPOEKUWE NwC KPIOIMOTEPN €ival n oTpo®n nepi To dlaunkn agova Tng
YEQUPACG, MPOKAAWVTAG NAACTIKEG ApPBPWOEIG OTIGC KOPUPEG TWV OTUAWV Tou HeooBabpou.
AvTigToIXa, n oTpo®r Nepi Tov £ykApalo AEova TNG YEPUPAC NPOKAAEI ONUAVTIKEG KAWMTIKEG
ponEC oTn Bdaon Twv oTUA®V, KaBIOTWVTAG Kpiolun T diappony Twv JIATOUWV OTIC BECEIC
gkeivec. QoTO00, Oev NApaTnpeiTal aoToxia oTta YeTAANIKA GTOIXEId TNG yEPUPAC, Napd Hovo
kanoia gaivopeva AuyiopoU aToug SIaymvioug ouvOECHOUG duokauyiag, ol onoiol gival eUKOAA
avTIKATaoTAoIJol kal Ogv UMNopouv va MPOKAAECOUV KATAPPEUON TG YEpupac. Emiong Oev
napartnpeital kapia BAARn ota £@pedpava. H pIKkpOTEPN avekTtn kabilnon p nou pnopei va
UMoGTEl N YEPUPA XWPIC va npokAnBouv avenavopBbwTeg BAABEC Nou Pnopei va odnynoouv o€
KATAPPEUON €ival TNG TAEEWG TWV Pmax=24CM, €V@ N OUVOUACKEVN OTPOPN WG NPog Tuxaio
agova avépyeTal OE Omax=0.05pmax= 1.2°.
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Chapter

INTRODUCTION

This Technical Report constitutes part of Deliverable 8 of the Research Project entitled:
THALIS-NTUA (MIS 380043)

Innovative Design of Bridge Piers on Liquefiable Soils with the use of Natural
Seismic Isolation

performed under the general coordination of Professor George Bouckovalas (Principal
Investigator) and Professor Charis Gantes (Scientific Responsible for WP8).

Namely, it presents the actions taken and the associated results of Work Package WPS,
entitled:

"Application to large span, cable-stayed bridges”

The Scope of Work Package WPS8, has been described in the approved Research Proposal
as follows:

"The aim of this WP is to explore the feasibility of the proposed new design methodology, and
the resulting advantages over conventional design methods, in the case of a cable-stayed
bridge, with steel piers and composite deck system. This bridge type, although less common
in Greece, may provide a technically and economically optimum solution for cases of medium-
large spans between the piers (e.g. larger than 80 m). In parallel, it presents specific
peculiarities as compared to the RC bridges of WP 6 and WP 7, due to the different
construction materials, as well as due to the more flexible response which may lead to: (a)
less strict performance criteria with regard to the allowable foundation movements, but also
(b) increased risk of structure-to-excitation resonance when part of the liquefied ground will
act as a "natural” base isolation system.

The main work tasks required to achieve the aim of this WP are the following:

(a) Initially, the allowable foundation movements (settlements and rotations) will have to be
established for different types of cable-stayed bridges, namely “harp” and "fan” types, with
one or two pylons, as well as cable suspended bridges with a main suspension cable between
the pylon tops and vertical hangers. The relevant criteria will take into account the permissible
damage and serviceability levels (e.g. driving discomfort, repairable damage, non-repairable
damage), as well as the anticipated seismicity level (e.g. seismic excitation with 90, 450 or
900 years return period), and will be established after a joint evaluation of:

e an extensive literature survey of relevant codes and guidelines (e.g. Eurocode 2-Part
2, Eurocode 8-Part 2, Eurocode 7, MCEER & FHA-chapter 11.4),
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e examples of actual bridge performance during recent earthquakes, and

e parametric analyses of various bridge components (e.g. pylons, cables, deck) under
static and cyclic dynamic loading.

(b) Next, the pylons of a typical “"harp” or "fan” type cable-stayed bridge, with a midspan of
80-120m, will be designed using the conventional foundation approach, i.e. pile groups with
ground improvement between and around the piles. It is our intention to select an actual
(existing or in the design stage) river bridge site, where the subsoil conditions are well
established by geotechnical surveys, while extensive liquefaction is expected underneath one
or more of the bridge piers.

(c) Finally, the static and seismic design of this bridge will be repeated with the new
methodology of "natural” seismic isolation (i.e. shallow foundation and partial improvement, of
the top part only of the liguefiable soil), in connection with the allowable foundation
movements which were established in work task (1) above. The comparative advantages and
limitations of the new design methodology, relative to the conventional ones, will be
consequently evaluated on the basis of technical, as well as cost criteria.”

The present Research Report -Deliverable (D8a) refers to work task (a) above, while the
remaining work tasks (b) and (c) are currently in progress and will be described in a separate
Research Report - Deliverable (D8b).

It should be clarifiied in advance that, during the initial phases of this investigation it was
established that the soil stresses due to permanent loads developing under the piers of
common cable-stayed and cable suspended bridges exceeded the values which are considered
as acceptable for the proposed innovative solution of piers seated on liquefiable soil. It was
therefore decided to address in this WP the case of an arch steel bridge with suspended deck,
which is a solution adopted for smaller spans and therefore leads to smaller soil stresses
under permanent loads. Furthermore, this bridge type maintains a number of basic
characteristics of cable suspended bridges (i.e. the capacity to sustain relatively large
foundation displacements) and consequently satisfies all relevant project requirements.
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2.1 Geometry and cross sections

The bridge under investigation is situated over a riverbank and it is a steel arch road bridge
with two simply supported spans, with total length 87.60m. The total width of the deck is
equal to 15.00m, while at the supports it becomes 15.55m. The steel members of each span
include two (2) main beams, seventeen (17) transverse beams, two (2) arches connected with
transverse and diagonal bracing members. Each main beam is suspended by each arch with
seven (7) hangers. The distance of the transverse steel beams is 2.625m. A composite deck is
formed using trapezoidal profiles of type SYMDECK 150 and a concrete slab. The total
thickness of the composite slab is 35cm. The concrete slab is connected with the transverse
and main beams through steel shear connectors in order to ensure composite action.

The characteristics of the bridge’s steel members are listed in Table 2.1. The elevation view of
a single span is illustrated in Figure 2.1, the arrangement in plan view of the main and
transverse beams is shown in Figure 2.2, the plane view of the bridge in Figure 2.3 and the
section of the bridge at mid span in Figure 2.4.

Table 2.1: Characteristics of the bridge’s steel members
Mivakag 2.1:  XapakTnpioTIKA TwV HETAANIK®V OTOIXEIWV TNG YEPUPAG
Total . Length of h Theoretical
Type number | Crosssection | RO N | epanirise
Main beams 4 HEB900 43.30m 42.00m
Transverse beams 34 HEB900 14.30m 14.70m
Arches 4 CHS750/20 47.70m 42.00m / 10.00m
Transverse bracing members 10 CHS244.5/8 13.95m 14.70m
Diagonal bracing members 16 CHS139.7/8 8.45m 9.13m
Hangers 28 CHS168.3/8 3.90m -9.625m | 4.375m — 10.00m
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Figure 2.1:  Elevation view of a single span
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Figure 2.2:  Arrangement in plan view of the deck’s beams of a single span
IxApa 2.2:  AidTagn doKWV KaTaoTpwHaTog EVTOC avoiyUaTog YEQUPAG
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Figure 2.4: Section of the bridge at midspan
IxAua 2.4:  Eykapoia Toun yEpupag oTo PHECOV TOU avoiydaTog

The pier consists of three circular reinforced concrete columns, 8.00m tall, having a circular
cross section of 1.50m diameter. The distance between the three columns is equal to 7.35m.
They are connected at the top with a 17.00m long concrete beam, having the rectangular
cross—section of dimensions 4.50m x 2.00m. Fixed supports are considered at the base of the
columns. The geometry of the pier in the longitudinal direction of the bridge is shown in
Figure 2.5. The section of the bridge at the pier is given in Figure 2.6. The elevation view of
the bridge is illustrated in Figure 2.7.
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Figure 2.5: Geometry of the pier in longitudinal section
IxAHa 2.5: TewpeTpia pecoBddpou oTn diapnkn Evvoia
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Figure 2.6: Section of the bridge at the pier
IxAupa 2.6:  Eykapoia Toun yEpupag oTn B£an pecoBadpou

Figure 2.7:  Elevation view of the bridge
Ixnua 2.7:  ‘Oyn yepupag

The connection of the deck and the pier and the abutments is realized with anchored
elastomeric bearings type NB4 800x800x282 (162). The bearings consist of nine (9) layers of
elastomer, with thickness te=0.018m. The total thickness of the elastomer is t=0.162m.
Details of the bearings are shown in Figure 2.8.
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Figure 2.8: Details of the elastomeric bearings: (a) plan view, (b) vertical section, (c) perspective
view

IxAua 2.8:  AenTOpEPEIEG EANAOTOUEPIKWY EPEDPAvVV: (a) kaTown (B) KaTakopuen Toun (Y)
NpOONTIKO

2.2 Materials

All steel members are made of S355 structural steel. For the composite deck reinforced
concrete C35/45 is used, for the sidewalks C20/25, for the columns and the beam of the pier

C30/37. The reinforcement steel is B500C.
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3.1

Bridge deformations

Barker et al. [1] provide the definitions illustrated in Figure 3.1, concerning possible types of
deformations (settlements) that may occur in bridges. According to their investigation, bridge
deformations may appear in the form of uniform settlement (p), uniform tilt (w) or rotation
(8) and differential settlement (3).

where,

Uniform settlement (p) is described as the rather theoretical situation in which each of
the bridge foundations settles by the same amount. Even though no distortion of the
superstructure occurs, excessive uniform settlement can lead to issues such as
insufficient clearance at underpasses, as well as discontinuities at the juncture
between approach slabs and the bridge deck, also referred to as “the bump at the
end of the bridge” [2] and inadequate drainage at the end of the bridge.

Uniform tilt (w) or rotation (B) relates to settlements that vary linearly along the
length of the bridge. Such type of deformation is most likely to occur in very stiff
superstructures and single-span bridges. Usually, no distortion occurs in the
superstructure, except in the case of non-monolithic connection between bridge
components. In terms of traffic disturbance the same problems (bumps, drainage and
clearance height) as mentioned above may occur.

Non-uniform settlements correspond to the case when the settlement at each support
of a multi span bridge is different. It may be either regular or irregular. A regular
pattern in deformation (Figure 3.1c) is characterized by a symmetrical distribution of
settlement, from both ends of the bridge towards the center. In the irregular pattern
(Figure 3.1d), deformation is randomly distributed along the length of the bridge.

The non-uniform settlement of bridge foundations is also responsible for the onset of
angular distortion (), which affects the structural integrity of the superstructure. It is
schematically described in Figure 3.1c and Figure 3.1d, and defined as:

joe)
1
wn|on

(3-1)

is the angular distortion (dimensionless)
is the differential settlement between two consecutive foundations; in units of length

is span length expressed in the same length units as the differential settlement.
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(a) Uniform Settlement (p)

(b) Uniform tilt (w) or rotation (8)
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(c) Non-uniform settlement (regular pattern of settlement)
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(d) Non-uniform settlement (irregular pattern of settlement)
Figure 3.1: Components of settlement and angular distortion in bridges (Barker et al., [1])

IxAHa 3.1:  ZuvioTWOoEG Kabidnong Kai YwVIAKNG Napapoppwong oc YEQupeg (Barker et al., [1])

Differential settlements induce bending moments and shear in the bridge superstructure when
the spans are continuous over supports. These moments and shears can potentially cause
structural damage. Distress in the superstructure consists of cracks or other evidence of
excessive stress in beams, girders, struts and diaphragms as well as cracking and spalling of
the deck. To a lesser extent, differential settlements can also cause damage to a bridge
consisting of simple spans. However, the major concern with simple spanned bridges is the
operational problems, i.e. inadequate drainage and insufficient clearance height at
underpasses and mainly quality surface and aesthetics. Due to a lack of continuity over the
supports, the changes in slope of the riding surface near the supports of a simple spanned
bridge induced by differential settlements may be more severe than those in a continuous
span bridge [3].

In addition to the various types of settlements previously illustrated by Barker et al. [1],
horizontal displacement may also be induced in the foundation of bridges founded on spread
footings. Excessive horizontal displacements may cause damage to the bearings and to the
expansion joints of the bridge. Damage to bearings includes tilting or jamming of rockers, as
well as cases where rockers have pulled off the bearings, or where movement resulted in an
improper fit between bearing shoes and rockers requiring repositioning. Neoprene bearing
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pads are deformed, anchor bolts in the bearing shoes are sheared and cracking of concrete at
the bearings is apparent. Other problems due to horizontally imposed displacement may
involve horizontal movements occurring to the floor system, causing loss of the support of the
deck or deck extending beyond the abutment and beams, jammed against the abutment,
requiring to be cut. Sometimes, cutting of relief joints may also be necessary [4].

3.2 Movement Criteria

The selection of limiting values of imposed displacements constitutes a difficult issue to
handle, due to a great number of factors affecting them, namely the type of structure (type of
spans, length and stiffness of spans), the type of construction material, the type of soil, the
proposed use of the structure, the confidence with which the acceptable value of the
movement can be specified, the occurrence and rate of ground movements, etc.

On the other hand, the limit between tolerable and non-tolerable movement is often difficult
to discern, and may depend on factors other than the physical condition of the bridge, such as
the cost and practical problems involved in repair and maintenance. Generally, the definition
for non-tolerable damage proposed by the Transportation Research Board’s Committee A2K03
on “Foundations of bridges and other structures” is adopted: “Movement is not tolerable if
damage requires costly maintenance and/or repairs and a more expensive construction to
avoid this would have been preferable’.

3.2.1 Literature survey

In the following, a literature overview is attempted of the existing allowable values of
deformation under static loading. The results are mainly based on field studies of humerous
existing bridges founded on spread footings. This outline provides useful insight as to the
order of magnitude and the type of such deformations as well as, to their effect on the
serviceability and on the structural integrity of bridges.

Bozozuk [5] attempted to distinguish tolerable from non-tolerable displacements for
abutments and piers founded on spread footings. His survey involved 120 cases of spread
footings, without specific distinction in terms of type or size. He classified displacements as
tolerable, when the maintenance needs of the bridge are moderate, despite the magnitude of
the displacements and as non-tolerable when considerable maintenance and repair works are
required. The work of Bozozuk was parallel to that of Walkinshaw [6] and Grover [7] and was
documented via an extensive research on allowable displacements undertaken in the U.S.A.
and Canada and published by the Transportations Research Board (TRB). Therefore Bozozuk’s
definition of tolerable and non-tolerable displacements also applies to the limiting values
proposed by Walkinshaw and Grover.

DiMillio [8] attempted to evaluate the behavior of 148 highway bridges supported by spread
footings on engineered fills, in conjunction with detailed survey investigations of the
foundation movement of 28 selected bridges. It was found that bridges easily tolerated
differential settlements of 1 to 3 inches (25 to 75 mm) without significant distress, especially
when high embankments of good quality borrow materials are constructed over satisfactory
foundation soils.

Moulton et al. [4] carried out a survey that was based on a nationwide study of 314 concrete
and steel bridges on spread footings in USA and Canada. In this study, an effort was made to
provide information regarding the possible structural damage induced by excessive vertical
and horizontal displacement. The definition for non-tolerable damage proposed by the
Transportation Research Board’'s Committee A2K03 was adopted. The results were classified
according to the type of spans, to the length and stiffness of spans and to the type of
construction material. It was shown that many highway bridges can tolerate significant
magnitudes of total and differential vertical settlement without becoming seriously
overstressed, sustaining serious structural damage, or suffering impaired riding quality. In
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particular, it was found that a longitudinal angular distortion (differential settlement to span
length) of 0.004rad would most likely be tolerable for continuous bridges of both steel and
concrete, while a value of angular distortion of 0.005rad would be a more suitable limit for
simply supported bridges. In this project, it was also pointed out that, in the case of
coexistence of vertical and horizontal movements, the tolerable horizontal movement should
be limited to 25mm, while in the case where the vertical displacement is small, the tolerable
horizontal movement can be increased by 50%.

According to their surveys, Wahls [2] and [9] and Stark et al. [10] arrived to the conclusion
that angular distortions of 1/250 of the span length for continuous spans and 1/200 for simply
supported spans were considered acceptable. Additionally, differential movements not greater
than 2 inches (50 mm) laterally and less than 4 inches (100 mm) vertically, appear to be
tolerable, assuming that approach slabs or other provisions are made to minimize the effects
of any differential movements between abutments and approach embankments.

Engineering performance of bridges examined in the aforementioned studies, in terms of
vertical and horizontal displacements of abutments and piers are illustrated in Table 3.1,
classified in increasing order of magnitude. In Table 3.2, proposed serviceability criteria for
bridges by the aforementioned researchers are summarized.

Table 3.1: Damage levels on bridges due to displacement of spread footings
Mivakag 3.1:  Enineda BpdBng o€ YEPUPEG AOYW HETAKIVAOEWY TWV BEUENWV
Type of .
deformation Magnitude Damage Level Reference
<50 Tolerable Bozozuk [5]
63 Harmful but tolerable (Ride quality) Walkinshaw [6]
25.4-76.2 Harmful but tolerable DiMillio [8]
Settlement 50 - 100 Harmful but tolerable Bozozuk [5]
pv (mm) > 63 Structural damage Walkinshaw [6]
> 100 Intolerable Bozozuk [5]
102 Intolerable (Ride quality and structural damage) Grover [7]
>102 Intolerable (for abutments) Wahls [2]
<25 Tolerable Bozozuk [5]
. 25.4-50.8 Harmful but tolerable Moulton et al. [4]
dis":gg’éﬁ{gﬂ 25-50 Harmful but tolerable Bozozuk [5]
P (mm) Pr 50 Structural damage Walkinshaw [6]
> 50 Not tolerable (Ride quality and structural damage) Bozozuk [5]
> 51 Intolerable (for abutments) Wahls [2]
Table 3.2: Serviceability Criteria for bridges proposed by various researchers
Mivakag 3.2:  Kpitripia AEITOUPYIKOTNTAG YIa YEPUPEG TUUPWVA HE DIAPOPOUG EPEUVNTEG
Type of . .
deformation Magnitude Bridge type Reference
0.004 Continuous steel / concrete bridges
(1/250) with L > 15.24m (50ft) steel Mouiton et al. [4]
Angular 0.005 Simply supported steel / concrete
Distortion (1/200) bridges with L > 15.24m (50ft) Moulton et al. [4]
B [rad] 1/250 Continuous bridges (Bridge abutment) | Wahls [2], Stark et al. [10]
Simply supported bridges
1/200 (Bridge abutment) Wahls [2], Stark et al. [10]
Differential Bridge abutment for bridge lifetime
Settlement Ap <76.2 (steel / concrete bridges) Moulton et al. [4]
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(mm) Bridge pier for bridge lifetime
<508 (steel & concrete bridges) Moulton et al. [4]
Bridge abutment following bridge
<508 completion (steel & concrete bridges) Moulton et al. [4]
Bridge pier following bridge
<3175 completion (steel bridges) Moulton et al. [4]
<38.1 Brldge_pler following bf'dge Moulton et al. [4]
completion (concrete bridges)
Horizontal
displacements <38 Acceptable Moulton et al. [4]
(mm)
Horizontal
along with
vertical <25 Acceptable Moulton et al. [4]
displacements
(mm)

3.2.2 Provisions of Codes

Codes, currently in effect in Europe and other areas (Eurocodes, AASHTO, etc.), do not
directly correlate the desired performance of a bridge to limiting values of measurable
deformations either of the structure or the foundation (performance levels). However, the
main attitude of the Codes is that the desired behavior of a structure (in terms of service and
damage level) becomes more demanding, as the importance of the structure and the
probability of an earthquake increase. The requirement for a specific behavior of a bridge
under static and dynamic actions is today indirectly fulfilled, when the structure satisfies two
limit states, the Ultimate Limit State (ULS) and the Serviceability Limit State (SLS).

e Ultimate Limit State (ULS) is associated with the safety of the people and / or the loss
of the bearing capacity of the structure. This limit condition can occur either due to
structural failure or a failure of the soil.

e Serviceability Limit State (SLS), deals with the functionality and service requirements
of a structure to ensure adequate performance under expected conditions. Conditions
of total collapse are not involved here. Nevertheless, conditions are examined, which
prevent the intended use of the structure and criteria are set concerning deformations
affecting the appearance and the comfort of the users, vibrations that cause
discomfort to people or restrict the operational efficiency of the structure and finally
damage that affect the appearance, durability or the function of the project.

According to AASHTO [11] and [12], for bridges on spread footings, movement of foundations
in both vertical and lateral directions shall be investigated in the frame of Serviceability Limit
State, i.e. settlements and / or horizontal displacements, as well as the angular distortion
caused by differential settlements of adjacent footings. Design shall be based on rideability
and cost criteria. Immediate settlement shall be determined using the service load
combinations while for time dependent settlements only the permanent loads shall be taken
into account. Concerning proposed limiting values for movement of footings, appropriate
criteria should be developed, consistent with the function and type of structure, anticipated
service life and consequences of unacceptable movements on structure performance and
should be established by empirical procedures or structural analyses.

Due to the complexity of the phenomenon, only in the comments of the Code, limiting values
are suggested for angular distortion (6/S) between adjacent foundations, as a function of the
structural system of the bridge, namely 0.008rad for simple span bridges and 0.004rad for
continuous span bridges. For rigid frames special analyses are required. These limits lead to
relatively high values of acceptable differential settlements, for example for a span of 30m a
differential settlement of 120mm for a continuous span and 240mm of a simple span are
acceptable. It should be noted that such high values of differential settlements create concern



Chapter 3: DEFORMATION LIMITS FOR BRIDGES

for structural designers who often arbitrarily limit the criteria to one-half or to one-quarter of
the suggested values, not so much for reasons related to the structural integrity of the bridge
but mainly for practical reasons based on the tolerable limits of deformation of other
structures associated with a bridge e.g. approach slabs, wingwalls, pavement structures,
drainage grades, utilities of the bridge, deformations that adversely affect quality of ride, etc.
[3]. That is why, the suggested criteria should be considered in conjunction with functional or
performance criteria not only for the bridge structure itself but for all the associated facilities
as well.

Finally, according to AASHTO, when designing against seismic actions in the frame of the
ultimate limit state, foundation movements are not taken into account. In Division I-A of the
Code, referring to the design of foundations in seismically active areas, it is pointed out that
special consideration should be given to the potential settlement of footings on sand, resulting
from ground motions induced by earthquake loadings.

A similar approach is also followed in Eurocodes. According to EN1992-2:2005 [13], the effects
of uneven settlements of the structure due to soil subsidence should be considered for the
verification for serviceability limit states. Concerning ultimate limit states, they should be
considered only where they are significant, for example where second order effects are of
importance. In other cases for ultimate limit states they need not be considered, provided that
the ductility and rotation capacity of the elements are sufficient.

Moreover, according to EC1997-1:2004 [14], the assessment of the behavior of bridges on
shallow foundations involves both, displacement of the entire foundation and differential
displacements of parts of the foundation. Specifically, as suggested in Appendix H of the
Code, the following components of foundation movement should be considered: settlement,
relative (or differential) settlement, rotation, tilt, relative deflection, relative rotation,
horizontal displacement and vibration amplitude. According to the code, any differential
movements of foundations leading to deformation in the supported structure should be limited
to ensure that they do not lead to a limit state in the supported structure and this is achieved
when design values remain lower of certain limiting values. As limiting value for a particular
deformation is defined the value of the deformation at which a serviceability limit state, such
as unacceptable cracking etc., is deemed to occur in the supported structure. As noted in the
Code, selection of design values for limiting movements and deformations is not an easy task
and should take into account various factors, such as the type of structure, the type of
construction material, the type of foundation, the services entering the structure, etc. Thus,
certain limiting values are not given and it is suggested that they should be agreed during the
design of the supported structure. However, in the absence of specified limiting values of
structural deformations of the supported structure, it is proposed that for normal, routine
structures the values of structural deformation and foundation movement given in Annex H of
the Code may be used. More specifically, to prevent the occurrence of a serviceability limit
state in the structure, permissible values of relative rotations of various types of structures
could range from 1/2000 to about 1/300, while a maximum relative rotation of 1/500 is
judged as acceptable for many structures. The relative rotation likely to cause an ultimate limit
state is proposed to be 1/150. For normal structures with isolated foundations, total
settlements up to 50mm are often acceptable. Larger settlements may be acceptable provided
the relative rotations remain within acceptable limits and provided the total settlements do not
cause problems with the services entering the structure, or cause tilting etc. On the other
hand, an ultimate limit state due to differential vertical and horizontal foundation
displacements could be avoided by adopting appropriate prescriptive measures. The above
criteria are summarized in Table 3.3.
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Table 3.3: Tolerable movement criteria for bridges proposed by various Codes
Mivakag 3.3:  KpITrpia avekT®V WETAKIVAOEWY YIa YEQUPEG CUMPVA WE diapopoug Kavoviopoug
Type of . . Limit
Code deformation Magnitude Bridge type State
AASHTO 2002, | p 0 jar Distortion | 0.004 (1/250) Continuous
2007 with B [rad] SLS
2009 Interims 0.008 (1/125) Simply supported
Angular Distortion | 0.002 (1/500) all normal, routine structures SLS
EN1997-1 B [rad] 1/150 all normal, routine structures uLS
(Annex H) normal structures with isolated
Total settlement 50 mm foundations SLS

According to EN 1998-2:2005 [15], the desired behavior of a bridge against seismic actions is
qualitatively defined in terms of service and damage level after the seismic event, as a
function of the importance of the bridge and the probability of the earthquake. For Ultimate
Limit State (ULS), the bridge is implicitly anticipated to preserve its structural integrity and
hold adequate residual resistance in order to avoid total collapse. Considerable damage is
expected to occur, mainly in the form of flexural yielding of specific sections (i.e. the formation
of plastic hinges) in the piers, which in the absence of seismic isolation is a desirable situation.
The bridge deck should in general be designed to avoid damage, except for breakage of
secondary components, such as expansion joints and continuity slabs. Also, the bridge deck
must be able to accommodate loads from piers experiencing plastic hinging and must not
become unseated under extreme seismic displacement. In the case of rare seismic actions,
the parts of the bridge contributing to energy dissipation should be designed to enable
emergency traffic and inspections in the post-earthquake period and to be easily repairable.
For Serviceability Limit State (SLS), a high probability of occurrence seismic scenario may
cause only minor damage to secondary components and to contributing to energy dissipation
parts of the bridge. All other components of the bridge are expected to remain untouched;
traffic should not be disturbed and repairs should not be urgent. Although the design seismic
criteria proposed in the Code aim explicitly at satisfying the no-collapse requirement, they
implicitly cover the damage minimization requirement as well.

Further, as noted in EN1998-2, the aforementioned requirements are satisfied for ULS (and
consequently for SLS as well), by verifying the structure against seismic combinations that do
not include action effects due to imposed deformations caused by settlements of supports or
residual ground movements due to seismic faulting. An exception to this rule is the case of
bridges in which the seismic action is resisted by elastomeric laminated bearings, where
elastic behavior of the system shall be assumed and the action effects due to imposed
deformations shall be accounted for. In the code, no limiting values for foundation movements
under seismic conditions are proposed.

3.2.3 Other approaches

On the other hand, other approaches may be adopted to specify limiting values for foundation
movements of bridges. According to the Japanese method JBDPA '90-91, which applies to the
post-earthquake inspection and rapid damage assessment of buildings, a damage
classification is attempted according to the maximum inclination of the building after a certain
event [16]. The classification according to the inclination angle 8 is illustrated in Table 3.4.
Although the method refers to the damage assessment of buildings, the magnitude of the
inclination angle of the piers may also be considered as a criterion for the damage assessment
of bridges.
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Table 3.4: Damage classification according to JBDPA 90-91 [16]
Mivakag 3.4:  Kartaragn BAaBwv oUP@wva pe JBDPA 90-91 [16]
Type of deformation Magnitude | Damage level
<0.01 Small
N 0.01 - 0.03 Moderate
Inclination angle 6 (rad) 0.03-0.06 Severe
> 0.06 Collapse

Finally, according to FEMA-356 [17], four discrete Structural Performance Levels related to
certain post-earthquake damage states, are defined for buildings:

e Immediate Occupancy (S-1), defined as the post-earthquake damage state that
remains safe to occupy, essentially retains the pre-earthquake design strength and
stiffness of the structure

o Life Safety (S-3), defined as the post-earthquake damage state that includes damage
to structural components but retains a margin against onset of partial or total collapse

e Collapse Prevention (S-5), defined as the post-earthquake damage state that includes
damage to structural components such that the structure continues to support gravity
loads but retains no margin against collapse

e Not Considered (S-6), defined as the post-earthquake damage state where a building
rehabilitation does not address the performance of the structure.

Appropriate acceptance criteria relate these Structural Performance Levels to limiting damage
states for vertical elements of lateral-force-resisting systems, in terms of drift values. The drift
values proposed by FEMA are presented in Table 3.5 and are discerned into transient and
permanent. They are typical values provided to illustrate the overall structural response
associated with various Structural Performance Levels. In this sense, these values may also be
adopted as limiting drift values for piers of bridges.

Table 3.5: Structural Performance Levels and damage for common vertical elements of lateral-
force-resisting systems of buildings according to FEMA-356 [17]

Mivakag 3.5:  Eningda enireAeoTIKOTNTAC kai BAABwV yia ouvnBiopéva KaTakdpupa oToIXEIa KTIpiwV
oUpQwva pe FEMA-356 [17]

Type of deformation Magnitude S SRS
Level
4% transient or permanent Collapse Prevention
Drift  (rad) 0 T D pse
Concrete Frames 2% transient and 1% permanent (S-5) Life Safety
1% transient and negligible permanent (S-3) Immediate Occupancy
. 2% transient or permanent Collapse Prevention
Drift ¢ (rad) - -
Concrete Walls 1% transient and 0.5% permanent (S-5) Life Safety
0.5% transient and negligible permanent (5-3) Immediate Occupancy

3.3 Performance criteria for the case study

As previously presented, limiting values of various types of displacements are generally not
directly associated with certain limit states of the structure. Thus, only simplified approaches
are possible. Most researchers (see Table 3.1) have the opinion that settlements less than
5cm are tolerable or acceptable; which could constitute a performance criterion for the
Serviceability Limit State. The same value is also suggested by EN1997-1 in Annex H (see
Table 3.2). Furthermore, in Table 3.1, vertical displacements from 5cm up to 10cm are
considered harmful but tolerable. This could correspond to an Ultimate Limit State condition.
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Assuming that the settlement of the abutment is practically zero, limiting values of differential
settlements will correspond to the allowable vertical displacement of the pier. For simply
supported steel bridges, which is our case, Moulton et al. [4] set a limit in the allowable
angular distortion equal to 0.005rad (see Table 3.2), corresponding to a differential settlement
of 21cm considering the 42m span of the bridge. Moreover, Moulton et al. [4] specify a
differential settlement of less than 3.2cm to be acceptable for a bridge pier of a steel bridge
following completion, which is a rather conservative value and should not be taken into
consideration. In addition, AASHTO [11] and [12] sets a limit of 0.008rad in the allowable
angular distortion of simply supported bridges (see Table 3.3), which corresponds to 33.6cm
of differential settlement. Finally, according to EN1997-1 [14] (see Table 3.3), a limiting value
of 0.002rad is set in the allowable angular distortion of normal structures for Serviceability
Limit State corresponding to 8.4cm of differential settlement. Further, for Ultimate Limit State,
a limiting value of 1/150 is proposed, corresponding to 28.0cm of differential settlement.

Conclusively, maximum allowable settlements for the Serviceability Limit State should not
exceed 8.5cm, while for the Ultimate Limit State the limit arises at 28cm.

For statically determinate bridges the most critical structural member is the pier, which
essentially dictates the tolerance of the entire system to liquefaction-induced deformations. In
such systems, where the piers are simple cantilevers, when rotations in the transverse
direction of the bridge prevail, the formation of plastic hinges at their base is not allowed,
since the structural system becomes a mechanism, unable to carry even the vertical loads
(Figure 3.2). Moreover, when rotations about the longitudinal axis are dominant, the pier of
the bridge under investigation acts as a statically indeterminate frame o, thus, the formation
of plastic hinges is allowed at the top of its columns (Figure 3.3). Hence, the maximum
permissible ground settlement and rotations correspond to the first yield at the pier’s base, or
the plastic hinge at the top of the pier, or the plastic resistance of the steel members,
whichever occurs first. Regarding the inclination angle of the pier a limit of 0.04rad is
considered for ULS, accounting for “Severe” damage level and 0.02rad for SLS referring to a
“Moderate” damage level.

[+

Figure 3.2: A statically determinate bridge becomes a mechanism after the formation of a plastic
hinge at the base of the pier

IxAupa 3.2:  OI I000TATIKEG YEPUPEG LETATPENOVTAI OE UNXAVIOHO WETA TN Snuioupyia NAAGTIKNG
apBpwaong oTn Bacn Tou PecoBadpou
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By
p p p

Figure 3.3:  For rotation about the longitudinal axis of the bridge, the pier acts as a frame and plastic
hinges are allowed at the top of its columns

IxAupa 3.3:  Ta oTpo®EG nepi Tov dlapnkn agova Tng yépupag, To HeEcOBaBpo AsiToupyei wg nAaicio
Kal ENITPENETAI 0 OXNUATIOPOC NAAQCTIKAG ApBpwong TAV KOpUPH TWV OTUAWV TOU
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Chapter

APPLIED CODES

The codes that are used for the design of the bridge are the following:

Eurocode 0: Basis of structural design;

Eurocode 1-1.4: Actions on structures — General actions, Wind actions;

Eurocode 1-1.5: Actions on structures — General actions, Thermal actions;

Eurocode 1-2: Actions on structures — Traffic loads on bridges;

Eurocode 2-1.1: Design of concrete structures — General rules and rules for buildings;

Eurocode 2-2: Design of concrete structures — Concrete Bridges — Design and
detailing rules;

Eurocode 3-1: Design of steel structures — General rules and rules for buildings;
Eurocode 3-1.8: Design of steel structures — Design of joints;
Eurocode 3-2: Design of steel structures — Steel Bridges;

Eurocode 4-1.1: Design of composite steel and concrete structures — General rules
and rules for buildings;

Eurocode 4-2: Design of composite steel and concrete structures — General rules and
rules for bridges;

Eurocode 8-1: Design of structures for earthquake resistance — General rules, seismic
actions and rules for buildings;

Eurocode 8-2: Design of structures for earthquake resistance — Bridges;

DIN 4141-14: Structural bearings, laminated elastomeric bearings — design and
construction;

EN1337-1: Structural bearings — General design rules;
EN1337-3: Structural bearings — Elastomeric bearings;

DIN 4014: Bored Cast-in-place Piles - Formation, Design and Bearing Capacity.
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MODELING ISSUES

5.1 Model of the bridge

All members are modeled with beam elements. Moment releases are applied at the ends of
the transverse beams, the diagonal bracing members and the hangers. The concrete slab is
simulated by shell elements with a thickness of 25cm, accounting for the mean value of the
slab’s thickness. The numerical model of the bridge is shown in Figure 5.1.

e
Figure 5.1:  Model of the bridge
IxAupa 5.1:  lMpooopoiwya yepupag

The connection between the nodes of the slab, simulated with shell elements, with the ones
of the main and secondary beams is realized by rigid links, taking into account the eccentricity
between them, as shown in Figure 5.2. Hinges are considered at the ends of the continuous
slab after the application of the vertical loads, accounting for damages after the earthquake.
To this end, double nodes are taken into account, (Figure 5.3) connected with rotational
springs about the y global axis, which is the transverse axis of the bridge, having large value
of stiffness constant, equal to 10°kNm/rad. These springs act when the permanent and live
loads are applied on the bridge. They cease to exist when the ground displacement and
rotations begin to evolve. Rigid links connect these double nodes referring to the other
degrees of freedom (x, y and z translational and x and z rotational).
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>0vdeon TN NAGKAC KATAOTPWHATOG KE TIG OOKOUC, HEOW AKAMMTWY OTOIXEIWV
Double nodes for the modeling of the plastic hinges of the continuous slab

ZxnHa 5.2
Figu:ré 5.3:7 7

(5-1)
(5-2)

are modeled

with equivalent elastic springs. For the horizontal springs the stiffness of the bearings is:
J ~2x10%N/m

3556 kN/m
2000000kN / m?

of type NB4 800x800x282 (162),

+

A

.
0.80m x 0.80m

0.162m
Ey

5x 900kN /m? x11.112

1
5xGxS?
where S is the shape factor of the elastomeric bearing equal to:

|

Ainhoi kOUBoI yia TNV NPOCOK0IWON TwWV NAACTIKWY apBPWOEWV TNG NAAKAG CUVEXEIAG
0.162m x

GxA 900kN/m? x0.8mx0.8m

Ztix

900kN/m? is the conventional shear modulus, A the overall plan area of the bearing

and t the total thickness of the elastomer layers. The vertical springs have a stiffness constant

equal to:

Kn
Kp=
Kp=

The bearings at the abutments and the pier

Ixnua 5.3
where G
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A 0.80m x 0.80m

S - -
Lxt. 2x(0.80m+0.80m)x0.018m

=11.11 (5-3)

with A the overall plan area of the bearing, L the perimeter of the bearing, te=0.018m the
effective thickness of an individual elastomer layer and the bulk modulus is taken equal to
E»r=2000MPa.

Figure 5.4 shows with red lines the three translational springs, simulating the bearings at the
abutments. The ends of these springs are fixed. Similarly, Figure 5.5 illustrates the
corresponding springs at the pier. In this case, the ends of the springs are connected with the
top of the pier’s columns via rigid links.

Figure 5.4:  Springs simulating the bearings at the abutments
ZxAHa 5.4:  EAaTrpia nou NpocopoInVOUV Ta epedpava aTa akpdpadpa

\\\\\\\ "‘ ; II::::i;:i::-
\ -’:*’iiF I':::’:f;-.
-r"ﬁ#\# II:::::;.
AN
iy
‘k}\

Figure 5.5:  Springs simulating the bearings at the pier
Ixnua 5.5:  EAaTripia nou Npooopolmvouv Ta £pedpava aTo pecoBabpo
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The horizontal translational degree of freedom and the rotational one about z-axis are fixed at
the base of the columns. The other three degrees of freedom (z-displacement, x-rotation, y-
rotation) are released, while the fixed supports referring to these degrees of freedom are
simulated by springs with large values of stiffness constant (k.=10'kN/m, kn=10'kNm/rad
and ky=10"kNm/rad) connecting the base of the columns with ground. These springs are
shown in Figure 5.6.

Figure 5.6:  Springs simulating the fixed support at the pier’s base
ZxAHa 5.6:  EAATrpia nou NpocopoInVoUV TIC OTNPIEEIC oTn Bdcn Tou YeooBadpou

The finite element analysis software that is used is ADINA v.8.5.0 [18]. The model has been
compared with the corresponding one using SOFiISTiIK [19] and the results showed a

satisfactorily agreement.

5.2 Constitutive laws of materials

5.2.1 Structural Steel S355
For the material of the structural steel S355, the design yield strength is:

f,

o = 355MPa

with yield strain:

f
SR L _35MPa__ 00169 = 0.17%
E,  210000MPa

where Es=210GPa is the elastic modulus. The stress-strain relation is described as:

0Os=Es - &s when 0 <& <€ 4

Os=fya when €,4<€ <¢,

(5-4)

(5-5)

(5-6)

(5-7)

where the ultimate strain is eu=22%. The diagram of Figure 5.7 describes the stress-strain

material law.
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600 -
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200 -

-30 -20 -10 10 20 30

-600 -
€ (%)
Figure 5.7:  Material law of structural steel S355
ZxAHa 5.7:  Nopog uAikoU XaAuBa S355

5.2.2 Reinforced Concrete C35/45 of deck’s slab

The material of the deck’s slab is assumed to be infinitely linearly elastic with elastic modulus
E=33282MPa.

5.2.3 Reinforced Concrete C30/37 of pier's beam

The material of the pier's beam is assumed to be infinitely linearly elastic with elastic modulus
E=31939MPa.

5.2.4 Reinforced Concrete C30/37 of the pier
According to EC2 the value of the design compressive strength of the concrete C30/37 is:

fa = Qg 10 = 0,85 30MPa
v 1.50

C

=17MPa (5-8)

where f«=30MPa is the characteristic strength, y.=1.50 is the partial safety factor and
a.c=0.85 is a coefficient which takes account of long term effects on the compressive strength
and of unfavorable effects resulting from the way the load is applied. The tensile strength of
the concrete is assumed to be equal to zero. The stress-strain relation is expressed as:

n

O = 41-[1-5-6) ] when 0 <g <€,
c2

(5-9)

oc=fcd When €, < €. <€,
where,
n=2 for concrete with characteristic strength f«< 50MPa
€2 is the strain at reaching the maximum strength (€:2=2%o0 for C30/37)
€2 is the ultimate strain (€ci2=3.5%o0 for C30/37)

Figure 5.8 illustrates the stress-strain relation of the concrete C30/37.
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o [MPa]

€ (%o)
Figure 5.8:  Material law of reinforced concrete C30/37

IxAupa 5.8:  Nopog uhikoU onAiopévou okupodépaTog C30/37

5.2.5 Reinforcing steel B500C

The design yield strength of reinforcing steel B500C is:

¢ _ Ty _ 500MPa

A 1.15

= 434.78MPa

with partial safety factor ys=1.15 and yield strain:

f
g —ya_ 434.78MPa ) 10010 0.217%

v4TE,  200000MPa

(5-10)

(5-11)

where Ers=200GPa is the elastic modulus. The stress-strain relation, shown in Figure 5.9, is

described as:

Ors=Ers  &r When 0 < g < €4
Ors=frya When €, 4 < &5 <&,

where the ultimate strain is €v=15%.
600 -
400 -

200 A

fal
T T T T U T T T 1

20 -15 -10 -5 5 10 15 20
-200 -

E—

-600 -
€ (%)
Figure 5.9:  Material law of reinforcing steel B500C
ZxAupa 5.9:  Nopog uhikoU xahuBa onAiopou B500C

o [MPa]

(5-12)
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5.3 Nonlinear behavior of the bridge’s components

5.3.1 Pier’s columns

The reinforcement of the pier’s columns is 45®25 (220.95cm?) arranged radially, as shown in
Figure 5.10, satisfying the minimum percentage of 1%. The cover of the longitudinal
reinforcement is assumed to be equal to 8cm. The design of the pier is obtained by the
analysis of the conventional solution.

| b4
- ' & ‘%
4 “ih \ G 3 \{9
> & . \
154
]'50 0. .o
b .
v [ e
L 4"
. . 2016/15
. .
. C30/37 7
- -
* .
- .
. .

Figure 5.10: Reinforcement of the pier’s columns
ZxAHa 5.10: OnAiopdc oTUAWV PHecoBadpou

The interaction diagram M-N of this cross-section of the pier’'s columns is calculated by the
free software Response-2000 [20] and it is shown in Figure 5.11. According to this diagram
the maximum absolute value of the bending moment is equal to maxM=8045kNm for axial
force N=-13870kN, while the maximum (tensile) axial force is maxN=9606kN and the
minimum (compressive) force is minN=38880kN.

100 \

3000 6000 9000

D

-3000

40000 3
M [kNm]

Figure 5.11: Interaction diagram M-N for the cross section of the pier’'s columns
Ixnua 5.11: Aidypappa alMnAenidpaong M-N yia Tn SiaTopn oTUAwWV JegoBaBpou

According to the interaction diagram M-N, twelve (12) curves of bending moment-curvatures
are calculated for characteristic values of the axial force N, using the program MyBiAxial [21]-
[22]. The maximum and minimum values of N are taken equal to N=8000kN and N=-
30000kN, respectively, which are almost equal to the strength of the cross section to uniaxial
tension and compression, respectively. The curves that are taken into account in the analysis
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are drawn in Figure 5.12. Due to the symmetry of the cross section and the reinforcement,
these curves are used for both bending moments, My and M.

10000

—— N=-30000kN
8000 —— N=-20000kN
6000 —— N=-10000kN
4000 —— N=-8000kN
_ 2000 —— N=-6000kN
é . . . —b ; . . N=-4000kN
= 004 003 002 0.0L G0 001 002 003 004 o000
40 —— N=0kN
N=2000kN
—— N=4000kN
10000 N=6000kN
N=8000kN

¢ x E-3 [rad/m]

Figure 5.12: Curves of moment — curvature (M-o) for the cross section of the pier’s columns
IxApa 5.12: KapnuAeg ponwv — kapnuAoThTwv (M-@) yia Tn diaTopr oTUAwV HEcoBABpou

Taking into account the diagram of the reinforced concrete of the pier’s columns, shown in
Figure 5.8, and the stress-strain diagram of the reinforcing steel B500C, plotted in Figure 5.9,
as well as their corresponding expressions of Egs. (5-9) and (5-12), respectively, the
compressive force is calculated as:

Nc=0cAc+0sAs (5-13)

where Ac is the cross sectional area of the columns and As is the total area of the
reinforcement 45025, thus:

Ac=nd?/4= n(1.50m)%4=1.767m? (5-14)

As=45%4,91cm?=220.95cm?=0.022095m? (5-15)
For the tensile branch only the reinforcement is considered:

Nt=0sAs (5-16)
The yield values of the diagram N-€ are given in Table 5.1, which are in accordance with the

maximum and minimum values of N of Figure 5.11. The diagram N-€ for the pier’s columns is
illustrated in Figure 5.13.

Table 5.1: Yield values of parameters in uniaxial tension and compression for the cross section of

the pier’s columns of structural steel S355
Mivakag 5.1:  Tipég napapéTpwv otn diappor| o€ Hovoa&oviko epeAKUCHO Kal povoagovikn BAiyn yia
Tn dlaTopr oTUAWV JecoBabpou

TENSILE BRANCH

COMPRESSIVE BRANCH

Maximum Force: Ultimate strain:

Minimum Force: Ultimate strain:

Nmax=9606kN €=2.17%o0

Nmin=-38880kN £=2.0%o0
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Figure 5.13: Diagram of axial force — axial strain (N-€) for the cross section of the pier’s columns

IxAHa 5.13: Aiaypappa agovikng dUvapng — avnydevng agovikng napapoppwonc (N-€) yia Tn diatoun
OTUAWV PeooBabBpou

5.3.2 Bearings

According to EC8, the shear strain gq,4 of the elastomer due to translational movement shall
not exceed 2.00. The shear strain is given by the expression:

€

5
ag = —p- <2 (5-17)

where

0qd: is the maximum resultant horizontal relative displacement of parts of the bearing
obtained by vectorial addition of dx4 and &y,d

Ox,d: is the maximum horizontal relative displacement of parts of the bearing in the direction of
dimension a of the bearing due to all design load effects

dy,d: is the maximum horizontal relative displacement of parts of the bearing in the direction of
dimension b of the bearing due to all design load effects

t : is the total thickness of the elastomer in shear including the top and bottom cover, unless
relative movement between the outer plates of the bearing and the structure is restrained by
dowelling or other means

The design strain due to compressive loads, €cd is given by the expression:

. _L5-Ny
475 GA (5-18)

where S=11.11 is the shape factor of the elastomeric bearing calculated by Eq. (5-3),
G=900kN/m? is the conventional shear modulus, Nsd¢ is the compressive design load at the
bearing and A: is the reduced effective plan area due to the loading effects, where A is given
by the expression:

Oyd Oy
A = A(l - ? - %J (5-19)
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with A the overall plan area of the bearing, with a and b are the width and the length of the
bearing.

The nominal strain due to angular rotation is given by the expression:

aZXGa,d"r‘bzXGbld
2xt, xt

€q.d (5-20)

where aa,q is the angle of rotation across the width, a, of the bearing and abd the angle of
rotation (if any) across the length, b, of the bearing.

According to EN1337-3, at any point in the bearing the sum of the strains (&tq4) due to the
design load effects is given by the expression:

€d = KL (€q,d + Ecd + €a,d) < Eua=7 (5-21)
where:
€q,d is the design shear strain due to design translational movements (Eq. (5-17))
€c,d is the design strain due to compressive design loads (Eq. (5-18))
€q,d is the design strain due to the design angular rotation (Eq. (5-20))
KL is a type-loading factor equal to 1.

The maximum design strain &€,q shall not exceed the maximum value eud given by the
expression:

=7 (5-22)

where eux is the maximum permissible value of 7 for ULS and ym=1.00 is a partial safety
factor.

The horizontal springs that simulate the stiffness of the bearings to horizontal displacements
are assumed to have a nonlinear behavior. As mentioned in section 5.1, Eq. (5-1) gives the
initial stiffness of the horizontal springs equal to kn=3556kN/m. According to EC8, the shear
strain of the elastomer due to translational movement shall not exceed the value of 2.00, as
defined in Eq. (5-17), thus:

maxdg g
Max €y = — - 2o maxd, g4 =2x0.162m = 0.324m (5-23)

Hence, the springs are considered to act linearly up to that limit.

Additionally, the sum of the strains (td4) due to the design load effects, including the design
strains due to compressive design loads and the design angular rotation, as well as the design
shear strain due to design translational movements, as defined in Eq. (5-21), shall not exceed
the value of 7. Thus:

max o
max e, 4 = Ttd =7 < maxd 4 =7x0.162m =1.13m (5-24)



Chapter 5: MODELING ISSUES

The maximum permissible horizontal displacement maxdtd=1.13m is almost equal to the
distance of the bearings from the edges of the pier’s beam, as shown in Figure 2.5 regarding
the longitudinal direction and in Figure 2.6 for the transverse direction of the bridge. Bearing’s
displacements larger than these overlap lengths would result in the unseating of the deck
causing the failure of the bridge. Hence, it is assumed that the springs lose their stiffness if
the limit of Eq. (5-23) is exceeded, but the analysis continues until the bearings’ displacement
reaches the value of maxdd. The load-displacement diagram that the horizontal springs follow
is shown in Figure 5.14. The vertical springs are assumed to be infinitely linear.

1500 ~
1000 o

500 A

P [kN]
P

-1.5 -1.0 -0.5 0 0.5 1.0 1.5

-1 0+

-1500 -
0 [m]

Figure 5.14: Constitutive law of horizontal springs simulating the bearings
ZxAHa 5.14: KataoTaTikdg VOUog opi{ovTiwv EAATNPiwV Nou NPocoHoIMVOUY Ta pEdpava

5.4 Load Cases

The load cases considered are the following:

LC 1: Self weight

The self weight is applied on all components of the bridges. The shell elements simulating the

deck’s slab are not activated. Their weight is applied on the secondary beams as linear load
(Figure 5.15).

A

s

Figure 5.15: Self weight of the slab applied on the secondary beams
IxAupa 5.15: E@appoyn idlou Bapoug £yxuTng nAdkag oTig S1adokideg

LC 2: Superimposed
Pavement and future layer: gp=0.20mx24kN/m3+0.50kN/m?=5.30kN/m?

Sidewalks: gs=(0.33m?x25kN/m3) / 1.25m = 6.60kN/m?
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Barriers: gb=0.95kN/m

The loads are applied on the bridge as shown in Figure 5.16, while Figure 5.17 illustrates the
loads on the model.

< 14.70 3
4 +
475 125 1125 L 125 478
— > o + iy
g, =6.60m" o, =530 g, =6.60kN/m"
9y =0.95kN/m 9y =0.95K/m

Il I
Figure 5.16: Superimposed permanent loads on the bridge
ZxAHa 5.16: [pocOsTa Yoviya gpopTia oTn yeQupa

e —— e RS N S e S,

(a) (b)

©)
Figure 5.17: Superimposed permanent loads on the model: (a) gp+gs, (b) gb, () perspective view
Ixnua 5.17: MNpdoBera podvipa gopTia oTo npocopoiwpa: (a) gp+3gs, (b) gb, (C) NpoonTikO

LC3: Uniform road traffic loads

The Traffic Load Model 1 consists of three lanes with width 3.00m. The loads considered for
this LC are listed in Table 5.2. A uniform load is applied to the shell elements equal to
4.67kN/m?, as illustrated in Figure 5.18.
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Table 5.2: Live Load of the road bridge
Mivakag 5.2:  KivnTo @opTio odoyEpupac
Load Width Length | Sum of Loads
Lane 1: 0.9*600kN=540kN
TS Lane 2: 0.9%*400kN=360kN 1080.00kN
Lane 3: 0.9%*200kN=180kN
uDL 9.00kN/m? 3.00m 87.60m 2365.20kN
uDL 2.50kN/m? 14.70m-3.00m | 87.60m 2562.30kN
Total Load 6007.50kN
Distributed Load 14.70m 87.60m 4.67kN/m?2

Figure 5.18: Live loads on the model
ZxAupa 5.18: Kivntda gopTia 0TO NPOCOUOIWKa

LC4: Ground settlement and rotations at the pier’s footing

It is assumed that the footing rotation is always combined with a uniform settlement
according to Eqg. (5-25).

6=0.05p (5-25)

where 0 is the rotation of the pier’s footing in degrees and p is the uniform settlement in cm.
Four cases are studied, listed in Table 5.3. The longitudinal rotation 6x is taken into account as
differential settlement on the two outside columns (Figure 5.19), while, for the transverse
one, denoted as 68y, imposed rotation is considered applied at the base of the three columns
(Figure 5.20).

Table 5.3: Combination between rotations and settlements at the pier’s footing
Mivakag 5.3:  Zuvduaopdg PeTa&u oTpodwy Kal Kabifoewv aTo NédIAO PEGOBABpou
Case O« (degrees) Oy (degrees) p (cm)
1 0.05 0 1
2 0 0.05 1
3 0.05 0.3 x 0.05 1
4 0.3 x 0.05 0.05 1
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Figure 5.19: Imposed longitudinal rotation 8y with combined settlement
IxAHa 5.19: EmBalopevn dIaunkng oTpo®r) Bx kal ouleuypévn Kabidnon

Figure 5.20: Imposed transverse rotation 8, with combined settlement
ZxApa 5.20: EmBalopevn ykapaoia oTpo®n 6, kal culeuypévn kabignon

5.5 Load Combinations at Ultimate Limit State (ULS)

The load combinations at ULS are described as:

jZZIEYGJ"ij +'Ya1 - Q'+ ;YQi'll-'m - Qi (5-26)
and
J%:Y(;j ‘G"+" Y1 - Qua "+ ;YQi'Wm -Qxi (5-27)

where € is a reduction factor for unfavorable permanent actions G and it is equal to £€=0.85,
while the partial factors yc and yq are listed in Table 5.4 and the factors wo in Table 5.5. In
this investigation the ground settlements are considered as permanent actions.

Table 5.4: Partial factors for actions in ULS
Mivakag 5.4:  EmiyEpoug ouvTeAeoTEG yia dpdaoeig oe OKA
Action Contribution Factor
Permanent actions unfavourable YGsup 1.35
favourable YGinf 1.00
unfavourable Yo 1.35
Traffic loads favourable Yo 0.00
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Table 5.5: Factors y for road bridges

Mivakag 5.5:  JuvTeheoTEC Y yia 0SOYEPUPEG
Actions Symbol Yo
i TS 0.75
Traffic load Grl (LM1) UDL 0.40
Thermal actions 0.60
Horizontal forces 0.00
Wind forces 1.00

The following ULS load combinations are considered:

Combination 1:

LC1x0.85x1.35 Self weight

+LC2x0.85%1.35 Superimposed

+LC3x1.35 Traffic load

+LC4x0.85%1.35 Ground displacements and rotations

This combination is considered crucial for the superstructure.

Combination 2:

LC1 Self weight
+LC2 Superimposed
+LC4x%x0.85%1.35 Ground settlement and rotations

This combination is considered crucial for the columns of the pier.
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Chapter

LINEAR BUCKLING ANALYSIS

6.1 Buckling modes

For the design of the steel members, first a linear buckling analysis (LBA) is conducted, taking
into account the permanent loads, i.e. the self weight (LC1) and the superimposed (LC2), as
described in section 5.4. The initial imperfections are calculated according to the buckling
modes for the in-plane (Figure 6.1) and out-of-plane (Figure 6.2) buckling of the middle
diagonal bracing members, the modes of Figure 6.3 for the out-of-plane buckling of the arch
and those of Figure 6.4 for the in-plane buckling of the outer diagonal bracing members.

@

(b)

Figure 6.1: In-plane buckling modes of the middle diagonal bracing members: (a) 5t mode, (b) 6t
mode

IXAHa 6.1:  EvToc emnédou IDI0HOoPPEG AUYIOHOU TV HETAIWV dIayQVIWV OUVOECHWV dUOKANWIAC:
(a) 5" 1diopoppn, (b) 6" 1BlopopPn
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Figure 6.2:  Out-of-plane buckling mode of the middle diagonal bracing members: 13" mode

IxApa 6.2:  ExTOC emnédou 19100p@r) AUYIoHOU TWV PECaiwV dIay®VIwV CUVOECH®WY SuoKapwiac:
13" 1310p0pon

(a

(b)

Figure 6.3:  Out-of-plane buckling modes of the arch: (a) 34" mode, (b) 40 mode
IxApa 6.3:  ExTOG emnédou 19100p@EG AuyiopoU TOEwv: (a) 34" 1diodoper), (b) 40" 1dlopopdn)
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Figure 6.4: In-plane buckling mode of the outer diagonal bracing members: 70" mode

Ixnua 6.4:  EvTog emingdou 1I810H0p@P AUYICHOU TV akpainv diaywviwy ouvdETUwY duokapyiag:
70" 1d10opPn

6.2 Initial imperfections

In order to verify the stability of the steel members automatically by means of nonlinear
analyses, rather than performing code-based buckling checks, initial imperfections are
considered, the amplitudes of which are calculated according EC3-1. For the diagonal bracing
members and a buckling curve c (cold formed hollow sections) a maximum initial imperfection
is considered equal to:

L/150=0.06m, where L=9.13m (6-1)
For the horizontal bracing members the maximum initial imperfection is:
L/150=0.098m, where L=14.70m (6-2)

According to EC3-2, for the out-of-plane buckling of the arches the maximum imperfection is
assumed equal to:

2% = 0.15m where ¢, =20 =20 x 42 = 28.98m (6-3)

where L=42m is the span of the arch. The total imperfection at each member, resulting from
the combination of all buckling modes that are taken into account, should not exceed these
limits. The initial imperfections considered in this study are given in Table 6.1.

Table 6.1: Initial imperfections
Mivakag 6.1:  ApXIKEG ATEAEIEG
Buckling mode | Initial imperfection | Direction Member Position
5 3.60cm X-tranlation | Middle diagonal bracing Figure 6.5
6 5.00cm X-tranlation | Middle diagonal bracing Figure 6.6
13 2.20cm Z-tranlation | Middle diagonal bracing Figure 6.5
34 13.50cm Y-tranlation Arch Figure 6.7
40 10.40cm Y-tranlation Arch Figure 6.8
70 -4.60cm X-tranlation Outer diagonal bracing Figure 6.9
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Figure 6.5:  Position of imperfection according to the 5% and 13t buckling modes
IxAupa 6.5:  Ofon spappoyng TNG atéAelag oUPPwva Je TV 51 kai 13N 1310HopPEG AUYICHOU
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Figure 6.6: Pbsition of imperfection according to the 6™ buckling mode
Ixnua 6.6:  Ogon epappoyng TNG aTehelag aUPGva e TNV 61 1310ope AuyIGHOoU
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Figure 6.7:  Position of imperfection according to the 34™ buckling mode
IXAHa 6.7:  Ofon epappoyng TNG aTeEAelag oUPpwva Pe Tnv 34" 1dioopPn AuyiopoU
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Figure 6.8: Position of imperfection according to the 40™ buckling mode
Ixnua 6.8:  Ogon epappoyng TNG aTehelag aUPpwva pe Tnv 407 1510poper AuyioHoU
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Figure 6.9: Position of imperfection according to the 70" buckling mode
IxApa 6.9:  OZon spappoyng TNG aTéAelag ouPPwva Ke Tnv 707 1dlopop@ny Auyiopou
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IMPOSED ROTATIONS AND SETTLEMENTS

7.1 Loading sequence

First, at t=0 until t=0.995, the self weight of the structure (LC1) is imposed, neglecting the
stiffness of the deck’s slab. Then, the shell elements are activated at t=0.995 and the
permanent loads (LC2) begin to evolve. When LC2 is completed, at t=2, the live loads (LC3)
are applied until t=2.99. Then, the rotational springs of the continuous slab die at t=2.995
and LC4 begins to evolve at t=3.00 until the first failure occurs and the analysis stops, close to
t=4. Table 7.1 gives the described sequence of the load imposition for the first load
combination, in which the live loads are taken into account, while Table 7.2 accounts for the
second load combination, in which the live loads are not included.

Table 7.1: Sequence of loads for Combination 1 (see §5.5)
Mivakag 7.1:  Zeipa spappoyng eopTiwv yia Tov Zuvduaouo 1 (BA. §5.5)
t LC1 LC2 LC3 LC4 | Shell elements | Slab’s springs
0 0% 0% 0% 0% - v
0.995 100% 0% 0% 0% - v
1 100% 0% 0% 0% v v
2 100% | 100% 0% 0% v v
2.99 100% | 100% | 100% 0% v v
2.995 100% | 100% | 100% 0% v -
3 100% | 100% | 100% 0% v -
4 100% | 100% | 100% | 100% v -
Table 7.2: Sequence of loads for Combination 2 (see §5.5)
Mivakag 7.2:  Zeipa epappoyng eopTiwv yia Tov Zuvduaouo 2 (BA. §5.5)
t LC1 LC2 LC4 | Shell elements | Slab’s springs
0 0% 0% 0% - v
0.995 100% 0% 0% - v
1 100% 0% 0% v v
2.99 100% | 100% 0% v v
2.995 100% | 100% 0% v -
3 100% | 100% 0% v -
4 100% | 100% | 100% v -
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7.2 Case 1 (0x+p)

7.2.1 Imposed settlement p and rotation 6«

A rotation at the footing of the pier along the longitudinal axis x (6x) is applied as a differential
settlement at the outer columns (Figure 7.1a,b), equal to:

p6=2h|_yex=:|:7.356x [m] (7-1)
where Ly=7.35m the distance of the columns and 6x is measured in [rad], while p in [m].
Moreover, Eq. (5-25) gives the combined uniform settlement, which, keeping the same units

[rad] and [m] for the rotation and settlement, respectively, becomes (Figure 7.1c):

180 180

=2~ 9, =0.05-100 - - == 9, ,-11.4596, [m -
— P=P=3505.100 1 x[m] (7-2)

The sum of settlements at the pier’s columns is shown in Figure 7.1d.

e ]

0

| |
718 : 2.3 1
1 .
A A |
8y l7.3sa. 7359.'
€)) (b)
= } )
p=11.4598 P P | f
18.8096,, 114596,  4.1098,
(© (d)

Figure 7.1: Imposed longitudinal rotation 8y and settlement p: (a) imposed rotation, (b) differential
settlement p®, (c) uniform settlement p, (d) sum of settlements at the pier’s columns

IxAua 7.1:  EmBal\opevn diaunkng oTpo@n B« kal kabiZnon p: (a) empBalopevn atpopn, (b)
dlapopikn kabifnon p°, (c) opoiopopen kabitnon p, (d) cuvohikn kabignon aToug
oTUMOUG PeagoBadpou
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7.2.2 Response of the bridge for Combination 1

The initial imperfections are assumed as described in section 6.2. The permanent loads are
applied with a loading factor &yc=0.85x1.35=1.15, and the live loads with a factor equal to
1.35, as defined in section 5.5. A maximum rotation 6x is assumed equal to max6x=0.026rad.
The analysis stops when 6x=0.0245rad=1.40°, at t=3.94, because of the bending failure at the
top of the middle column (column 2), which is defined in Figure 7.2. The deformed state at
the moment of failure is illustrated in Figure 7.3.

Figure 7.2:  Failure at the top of column 2
Ixnua 7.2:  Acroyia oTnv Kopu®r Tou aTUAou 2

Figure 7.3: Deformed state at failure
IxAHa 7.3:  Napagoppwyévn KaTaoTacn oTnv agToxia

The diagram M-@ is depicted in Figure 7.4 (a) for the top and (b) for the base of all three
columns, where it is noted that the sections at the base of the pier remain in the elastic zone,
while significant bending moments are evolved at the top of them, leading to the failure of the
pier. The corresponding magnitudes are also listed in Table 7.3. The M-t diagrams are plotted
in Figure 7.5, in which the first yield is detected, for t=3.643, occurring simultaneously at the
top of columns 1 and 2. In these diagrams, the bending moments that correspond to yield are
denoted with the dotted lines for the top section of each column.
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Figure 7.4: M- diagrams for (a) the top and (b) the base of the three columns
Ixnua 7.4:  Aaypapparta M-¢ yia (a) Tig kopu®ég kal (b) Tig BAoeIg Twv TpIwV oTUAWY

Table 7.3: Yield at the top of the pier’s columns
Mivakag 7.3:  Aigppor oTnV KopuPn TwV oTUAwV JecoBadpou
Columns t M [kNm] @ E-3 [rad]
1 3.643 5848.61 2.58
2 3.643 5331.41 2.48
3 3.711 6254.65 2.46
8000 - /
6000 -
= —_—1
é 4000 -+ 2
= —_—3
2000 -
O 1 1 1 1
0 1 2 3 4

Figure 7.5: M-t diagrams for the top of the three columns
IxAHa 7.5:  Aigypaupara M-t yia TiC KOpUPEG TwV TPIWV OTUAWV

Regarding the steel members, at the time of failure, they all remain in the elastic zone, except
of the diagonal bracing members, which slightly exceed the yield stress due to buckling. The
response of the steel members at the end of the analysis, as well as at the time of the first
yield at the top of the pier’s column, is summarized in Table 7.4. At the time of the first yield,
but also when the pier's failure occurs, the steel members’ stresses are smaller than the
ultimate stress fu=510MPa. The diagonal bracing members are considered replaceable, thus,
their buckling does not indicate an overall bridge failure. More specifically, the maximum
stress of the arches (Figure 7.6) at the time of the pier's failure reaches the value of
254.78MPa (Figure 7.7), the one of the main beams (Figure 7.8) is 190.00MPa (Figure 7.9)
and the secondary ones (Figure 7.10) 111.10MPa (Figure 7.11), for the horizontal bracing
members (Figure 7.12) it is 256.23MPa (Figure 7.13), for the diagonal bracing members
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(Figure 7.14) it is 363.06MPa (Figure 7.15) and for the hangers (Figure 7.16) it reaches the
value of 272.26MPa (Figure 7.17).

Table 7.4: Maximum stresses in the steel members at the time of the first yield (t=3.643) and the
time of failure (t=3.94)

Mivakag 7.4:  MéEyioTeg TAOEIC 0TA HETANNIKA OTOIXEIA TN OTIYH TNG NPWTNG diappor|c (t=3.643) kal
TN oTIyUn TnG acToxiag (t=3.94)

t=3.643 t=3.94
Members o [MPa] € % o [MPa] €%
Arches 233.96 0.11 254.78 0.12
Main beams 176.19 0.08 190.00 0.09
Secondary beams 111.02 0.05 111.10 0.05
Horizontal bracing 161.24 0.08 256.23 0.12
Diagonal bracing 359.21 0.76 363.06 1.30
Hangers 269.55 0.13 272.26 0.13
o
v y*t .O
max o T
z

Figure 7.6:  Point of maximum stress in the arches
IxAHa 7.6:  Znueio pEyIoTNG TAONG OTA TOEA
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Figure 7.7:  Maximum stress — strain diagram for the arches
IxAHa 7.7:  AIGypappa PEYIOTWV TAOEWV — NAPAPOPPOOEWY Yid Ta TOEA
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Figure 7.8: Point of maximum stress in the main beams
IxApa 7.8:  Snueio péyioTNG TAONG OTIC KUPIEG SokoUg
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Figure 7.9:  Maximum stress — strain diagram for the main beams
IXAHa 7.9:  AIGypappa PEYIOTWY TAOEWV — NAPAROPPOOEWY YId TIC KUPIEC dOKOUC

Figure 7.10: Point of maximum stress in the secondary beams
Ixnua 7.10: Znpeio péyioTng TAoNG oTIG d1adokideg

22
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Figure 7.11: Maximum stress — strain diagram for the secondary beams
Ixnua 7.11: Aidypappa PEYIOTWV TACEWY — NAPAHOPPOOEWY YId TIG SIadoKIdES
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Figure 7.12: Point of maximum stress in the horizontal bracing members
IxAHa 7.12: 3nueio PEYIOTNG TAONG OTOUC EYKAPTIOUC CUVOECHOUC SuoKauWiag
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Figure 7.13: Maximum stress — strain diagram for the horizontal bracing members

IxAHa 7.13:  AIGypaupa PEYIOTWV TAOEWV — NAPAPOPPOOEWY YIA TOUC EYKAPOIOUG OUVOECHOUG
duokapyiag
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Figure 7.14: Point of maximum stress in the diagonal bracing members
IxAHa 7.14: Znueio PEYIOTNG TAONG OTOUG dIAYmVIOUC GUVOECHOUG duaKaUyiag
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Figure 7.15: Maximum stress — strain diagram for the diagonal bracing members

ZxAHa 7.15: AiGypappa PEYIOTWY TAOEWY — NapaPopPPOEWVY Yid TOUG dIayWVIOUG OUVOETHOUG
duokapyiag

‘ | ' max o

Figure 7.16: Point of maximum stress in the hangers
IxXAHa 7.16: nueio pEyIOTNG TAONG OTOUC AVAPTIPEC
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Figure 7.17: Maximum stress — strain diagram for the hangers
IxApa 7.17: Aidypappa pEYIoTWY TAOEWY — NAPapoPPWOEWY YId TOUC avapTrpEeS

The load — displacement diagrams of the horizontal springs in the transverse direction of the
bridge are illustrated in Figure 7.18 for the abutment and in Figure 7.19 for the pier, where it
is noted that the springs behave elastically, until the end of the analysis. The maximum force
and the horizontal displacement of the springs arise at 288kN and 0.08m, respectively, for the
bearings of both abutment and pier.

1500 -
1000 4
< 500 -
o
0 T T T 1
0.0 0.3 0.6 0.9 1.2

0y [m]

Figure 7.18: Diagram of load — displacement for the abutment’s bearings
ZxnHa 7.18: AiGypaupa ¢opTiou — Napapoppwong epedpdvwv akpoBadpou
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Figure 7.19: Diagram of load — displacement for the pier’s bearings
IxAHa 7.19:  Aidypaupa ¢opTiou — Napapoppwons epedpavamv HecoBadpou
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In Figure 7.20 the evolution of the shear strains of the abutment’s bearings is plotted, while
Figure 7.21 refers to the pier’s bearings. The shear strain due to translational movements €q,q
remains at low levels for the vertical loads, and it increases when the rotation and settlement
at the base of the pier are imposed, but it never exceeds the limit of 2 (see Eq. (5-17)), while
the maximum design strain €4 remains smaller than the limit of 7 (see Eq. (5-21)), until the
end of the analysis.

2 8 7
6 -
1 7 4
§ / 52_
0 1 T T 1 0 T T T 1
0 1 2 3 4 0 1 2 3 4
t t
@ (b)

Figure 7.20: Strains of the abutment’s bearings: (a) shear strain due to translational movements &q,q,
(b) maximum design strain €4

IxAupa 7.20: MapagopPuoslc epedpavmv akpoBabpou: (a) SiaTunTIKr Napapop@waon Aoyw
HETAKIVNONG £q,4, (b) OUVOAIKN BIATUNTIKI NAPAUOPPWON &t

27 8 -
6 -
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) - N —
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Figure 7.21: Strains of the pier’s bearings: (a) shear strain due to translational movements gq,4, (b)
maximum design strain &q

IxAHa 7.21: NapayopPpwoels epedpavmv Heoofabpou: (a) dIaTunTIKN Napauopewan Aoyw
METAKIVNONG €q,4, (b) GUVOAIKR SIATUNTIKI NAPAUOPPWON €t

7.2.3 Permissible rotation and settlement for Combination 1

Plotting the diagrams of the longitudinal rotation 6x (Figure 7.22) and the uniform settlement
p vs t (Figure 7.23), the settlement occurring at the first yield of the pier's columns, t=3.643,
is equal to py=19.16cm, corresponding to a rotation 6xy=0.0167rad=0.96°. Nevertheless, as
explained in section 3.3, the exceedance of the yield stress at the column tops is permitted for
rotation about the longitudinal axis of the bridge, because the pier acts as a frame (Figure
3.3). Hence, in this case, the admissible settlement for the simply supported bridge under
investigation corresponds to the time of the failure, arising at pr=28cm and a corresponding
rotation equal to 6xr=0.0244rad=1.40°. Moreover, in order to take into account the
combination loading factor for LC4, as described in section 5.5, which is equal to
&€ve=0.851.35=1.15, the maximum permissible values of the settlement and rotation should
be equal to the F-values corresponding to failure, divided by the loading factor 1.15, leading
to pp=24.4cm and 6xp,=0.0212rad=1.22°. In these diagrams the dotted lines correspond to the
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imposed rotation and settlement at the time of the first yield of the pier’s columns. All values
of the calculated settlement and rotation are given in Table 7.5.

/
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Figure 7.22: Longitudinal rotation 6y vs t
Ixnua 7.22: Aigpnkng oTpogr B¢ ouvapTtroel t
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Figure 7.23: Uniform settlement p vs t
IxAHa 7.23:  Opoiopop®n kabilnon p ocuvaptioel t

Table 7.5: Maximum, yield and permissible values of rotation 8 and uniform settlement p
Mivakag 7.5:  MEyioTn TiPn, TIUR TNV NpwTn diappor| Kal EMNITPENOHEVN TIUN OIAUNKOUG OTPOPNG Bx
Kal opoIOop®NG kabilnong p

t p [cm] 0y [rad] | Oy [degrees]
Yield (Y) 3.643 19.2 0.0167 0.96
Failure (F) 3.940 28.0 0.0244 1.40
Permissible (P=F/1.15) - 24.4 0.0212 1.22

7.2.4 Inclination angle of the pier for Combination 1

The diagram of Figure 7.24 gives the evolution of the inclination angle 6i of the pier’s columns
during the analysis. At the time of failure, the inclination angle is 8ir=0.0104rad=0.60°, and at
the time of the first yield, it is 0iy=0.0078rad=0.44°. Dividing with the loading factor
&yc=0.85%1.35=1.15 the inclination angle at failure corresponds to the permissible settlement,
thus 6;,=0.0090rad=0.52°, which is smaller than max8i=0.04rad, as specified in section 3.3.
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Figure 7.24: Inclination angle of the pier’s columns 6; vs t in (a) [rad] and (b) [degrees]
IxAHa 7.24: Twvia khiong oTUAwV pecoBabpou 6; oe oxéon We To Xpovo oe (a) [rad] kai (b) [Hoipec]

7.2.5 Response of the bridge for Combination 2

Similarly, considering only the permanent loads with a loading factor equal to yc=1.00 and the
initial imperfections as described in section 6.2, a maximum rotation 6x is assumed equal to
max6x=0.0255rad. The analysis stops when 6x=0.0249rad=1.43°, at t= 3.975, because of the
bending failure at the top of the middle column again (column 2). The diagram M-@ is
depicted in Figure 7.25 for the top and the base of the three columns. Even in this
combination, the bending moments at the pier's base remain at low levels, while large
bending moments at the top of them cause the failure of the pier.
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Figure 7.25: M- diagrams for (a) the top and (b) the base of the three columns
IxAHa 7.25: Aiaypauparta M-o yia (a) T kopu®eG Kai (b) Tig BATEIC TV TPIMV OTUAWV

The bending moments that correspond to yield are given in Table 7.6 and the M-t diagrams
are plotted in Figure 7.26, in which the first yield is detected for the outer column 1, for
t=3.613. In these diagrams, the dotted lines denote the bending moments that correspond to

the first yield of each column.
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Table 7.6: Yield at the top of the pier’s columns
Mivakag 7.6:  Aiappor) aTnV KOpU®r| TwV OTUAWV ecoBabpou
Columns t M [kNm] ¢ E-3 [rad]
1 3.613 5130.65 2.43
2 3.622 4981.69 241
3 3.704 5953.96 2.52
8000 -
6000
= ‘ —_—1
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Figure 7.26: M-t diagrams for the top of the three columns
IxAHa 7.26: Aiaypauparta M-t yia TIC KOpUPEG TwV TPIWV OTUAWV

As noted in section 7.2.2 all steel members remain in the elastic zone, except of the diagonal
bracing members, which buckle. The response of the steel members at the end of the
analysis, as well as at the time of the first yield, is summarized in Table 7.7. Until the end of
the analysis, corresponding to the bridge’s failure, the steel members’ stresses remain smaller
than the ultimate stress fu=510MPa. As mentioned in section 7.2.2, the buckling of the
diagonal bracing members, that are considered replaceable, does not indicate a bridge failure.
Comparing with the stresses of Table 7.4 it is pointed out that Combination 1 is more crucial
for the superstructure.

Table 7.7: Maximum stresses in the steel members at the time of the first yield (t=3.613) and the
time of failure (t=3.975)

Mivakag 7.7:  MEyIOTEG TAOEIC 0TA PETAANIKA OTOIXEIA TN OTIYHN TNG NpwTNG diappong (t=3.613) kai
TN OTIYMR TNG aoToxiag (t=3.975)

t=3.613 t=3.975

Members o [MPa] €% o [MPa] € %
Arches 162.34 0.08 185.16 0.09

Main beams 134.62 0.06 158.05 0.08
Secondary beams 59.22 0.03 78.37 0.04
Horizontal bracing 142.34 0.07 222.30 0.11
Diagonal bracing 356.83 0.43 361.84 1.13
Hangers 171.44 0.08 174.58 0.08

Regarding the bearings, the load — displacement diagrams of the horizontal springs in the
transverse direction of the bridge are illustrated in Figure 7.27 for the abutment and in Figure
7.28 for the pier, where it is noted that the springs behave elastically, until the end of the
analysis. The maximum force and the horizontal displacement of the springs at the abutment
arise at 288kN and 0.08m, respectively, for the bearings of both abutment and pier, showing a
similar behavior with the one of Combination 1.
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Figure 7.27: Diagram of load — displacement for the abutment’s bearings
IxAHa 7.27: Aidypappa ¢popTiou — NapapopPuong epedpdvwv akpoBadpou
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Figure 7.28: Diagram of load — displacement for the pier’s bearings
IxAHa 7.28: AiGypaupa ¢opTiou — Napapoppwong epedpavamv HecoBadpou

The shear strains of the abutment’s bearings are plotted in Figure 7.29, while the ones of the
pier's bearings are shown in Figure 7.30. The shear strain due to translational movements €q,q
does not exceed the limit of 2, and the maximum design strain &4 the limit of 7.
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(a) (b)
Figure 7.29: Strains of the abutment’s bearings: (a) shear strain due to translational movements €q,q,
(b) maximum design strain &4
IxAHa 7.29: NapadopPwoels epedpavav akpoBdadpou: (a) diaTunTIKA NApapopPwon Aoyw
METAKIVNONG €q,4, (b) GUVOAIKR BIATUNTIKF NAPANOPPWON €t
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Figure 7.30: Strains of the pier’s bearings: (a) shear strain due to translational movements &q,4, (b)
maximum design strain &q
IxAupa 7.30: MapapopPuosic epedpavmv HecoBaBpou: (a) SIaTUNTIKN NApapopPwan Aoyw
HETAKIVNONG £q,4, (b) OUVOAIKN BIATUNTIKI NAPAUOPPWON &t

7.2.6  Permissible rotation and settlement for Combination 2

The diagrams of the longitudinal rotation 6x (Figure 7.31) and the uniform settlement p vs t
(Figure 7.32) show that the maximum rotation at failure is BxrF=0.0249rad=1.43° with a
corresponding settlement is pr=28.5cm, defining the admissible values. The first yield, shown
with dotted lines in the diagrams, occurs at t=3.613 and corresponds to a uniform settlement
py=17.9cm and a longitudinal rotation B6xy=0.0156rad=0.90°. Taking into account the
combination loading factor for LC4, equal to &yc=0.85-1.35=1.15, the maximum permissible
values of the settlement and rotation should be equal to per=pr/&ys=24.8cm and
Bx,p=0xr/EYs=0.0217rad=1.24°. All values of the calculated settlement and rotation are given
in Table 7.8. Comparing with the values of Table 7.5, it is concluded that, both Combinations
lead to similar permissible settlements and rotation, although Combination 1 is more crucial
for the superstructure.
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Figure 7.31: Longitudinal rotation 6y vs t
Ixnua 7.31: Aiapnkng oTpo®r B¢ ouvaptroel t
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Figure 7.32: Uniform settlement p vs t

IxAupa 7.32: Opoiopop®n kabilnon p ouvaptnoel t

Table 7.8: Maximum, yield and permissible values of rotation 8« and uniform settlement p
Mivakag 7.8:  M&yioTn TIn, TIUR TNV Np®TN diappor] Kal EMNITPENOUEVN TIUN SIAUNKOUC OTPOPNG By

Kal opoIOop®NnG kadidnong p

t p [cm] O, [rad] O« [degrees]
Yield (Y) 3.613 17.9 0.0156 0.90
Failure (F) 3.975 28.5 0.0249 1.43
Permissible (P=F/1.15) - 24.8 0.0217 1.24

7.2.7 Inclination angle of the pier for Combination 2

Figure 7.33 gives the diagrams of the inclination angle 6; of the pier’s columns in rad and
degrees. At the first yield of the pier's columns, the inclination angle is equal to
8i,v=0.0072rad=0.41°, while the one that corresponds to the permissible settlement and

rotation is:

Bip= 06ir/€yc=0.0088rad=0.50°<max6;=0.04rad

where 6;r=0.0101rad=0.58°.
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Figure 7.33: Inclination angle of the pier's columns 6; vs t in (a) [rad] and (b) [degrees]
Ixnua 7.33: Twvia k\iong oTUAwvY pecoBadpou B; oe oxéon We To Xpovo o€ (a) [rad] kai (b) [Hoipec]
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7.3 Case 2 (6y+p)

7.3.1 Imposed settlement p and rotation 6y

A rotation at the footing of the pier along the transverse axis y (6y) is applied at the base of
all three columns. The combined uniform settlement will be equal to:

180 180

180G 005100 dz=dz=— 99 6 _11.4598, [m ]
noY = %= 0.05-100-n Y vim] (7-4)

where 0y is given in [rad]. The imposed rotation and settlement are shown in Figure 7.34.

I

oy |! By

lp=u.4sge. l p p J

Figure 7.34: Imposed transverse rotation 8, and settlement p
Ixnua 7.34: EniBal\opevn eykapoia atpopn 6y kai kabignon p

7.3.2 Response of the bridge for Combination 1

Considering the initial imperfections as described in section 6.2, the permanent loads are
applied again with loading factor &§y6=0.85x1.35=1.15 and 1.35, respectively, as defined in
section 5.5 for Combination 1. A maximum rotation By is assumed equal to max8y=0.047rad.
The analysis stops when 8y=0.0468rad=2.68°, at t=3.995, because of the bending failure at
the base of the outer column 1 and the middle column 2, as shown in Figure 7.35. Although
the structure, as well as the imposed rotation and settlement are symmetric, the failure state
is not symmetric (with failure at the base of column 1 but not at column 3), due to the initial
imperfections. The deformed state at the moment of failure is illustrated in Figure 7.36.

Figure 7.35: Simultaneous failure at the base of columns 1 and 2
ZxnHa 7.35: Tautoxpovn actoyia aTnv Bacn Twv oTUAwv 1 kai 2
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Figure 7.36: Deformed state at failure
IxAHa 7.36: lNapayop®wyévn KaTaoTacn oTnv acToxia

The diagram M- is depicted in Figure 7.37 (a) for the top and (b) for the base of all three
columns, where it is noted that the sections at the top of the pier remain in the elastic zone,
while significant bending moments are evolved at their base, leading to the failure of the pier.
The dotted lines indicate the bending moments that correspond to yield for the section at the
base of each column. The outer columns 1 and 3 behave in a similar way, due to the
symmetry of the structure and the applied loads. Insignificant differences, between the two
columns due to the asymmetric initial imperfections, can be noted in the magnitudes of M and
¢ that correspond to the yield of each column, listed in Table 7.9. The M-t diagrams are
plotted in Figure 7.38, in which the first yield is detected, for t=3.723, occurring at the base of
column 3.
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¢ x E-3 [rad] ¢ x E-3 [rad]
(a) (b)

Figure 7.37: M- diagrams for (a) the top and (b) the base of the three columns
IxnHa 7.37: Aiaypauparta M-o yia (a) T kopu®eG kai (b) Tig BATEIC TwV TPIMV OTUAWV

Table 7.9: Yield at the base of the pier’s columns
Mivakag 7.9:  Aiappor) oTn Bacn Twv oTUAWV EcoBadpou
Columns t M[kNm] | ¢ E-3 [rad]
1 3.724 5959.98 2.42
2 3.749 5469.71 2.52
3 3.723 5962.90 241
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Figure 7.38: M-t diagrams for the base of the three columns
IxAHa 7.38: Aiaypaupara M-t yia Ti¢ BAOEIC TwV TPIWV OTUAWYV

All steel members, at the time of failure, remain in the elastic zone. The response of the steel
members at the end of the analysis, as well as at the time of the first yield at the base of the
pier's column, is summarized in Table 7.10. The maximum stresses in the steel members of
the bridge do not exceed the yield stress. Comparing with the corresponding Table 7.4 of
Case 1 it is observed that the longitudinal rotation causes larger stresses in the steel
members, except for the secondary beams. Nevertheless, in both cases the steel members of
this bridge do not determine the limits of the permissible settlement at the base of the pier.

Table 7.10: Maximum stresses in the steel members at the time of the first yield (t=3.723) and the
time of failure (t=3.995)

Mivakag 7.10: MéyioTeg TAOEIC 0Ta HETANNIKG OTOIXEIa TN OTIYH TNG NpwTNG diappor|c (t=3.723) kal
TN OTIyUn TG acToxiag (t=3.995)

t=3.723 t=3.995

Members o [MPa] €% o [MPa] €%
Arches 178.21 0.08 179.00 0.09

Main beams 147.91 0.07 152.12 0.07
Secondary beams 134.44 0.06 130.14 0.06
Horizontal bracing 63.21 0.03 63.34 0.03
Diagonal bracing 97.81 0.05 97.94 0.05
Hangers 260.72 0.12 261.72 0.12

Figure 7.39 gives the load — displacement diagram of the horizontal springs in the longitudinal
direction of the bridge for the abutment, while the diagram of Figure 7.40 refers to the pier’s
springs. The springs behave elastically until the end of the analysis. The maximum force and
the horizontal displacement of the springs arise at 600kN and 0.17m respectively, for the
bearings of the abutment and 638kN and 0.18m, respectively, for the bearings of the pier,
showing a larger deformation with respect to the one of Case 1 (Figure 7.18 and Figure 7.19).
The diagrams of the shear strains with respect to time t are shown in Figure 7.41 for the
abutment’s bearings and in Figure 7.42 for the pier's bearings. For both abutment and pier,
the shear strain due to translational movements €q,0 remains below the limit of 2, while the
maximum design strain &4 is smaller than the limit of 7, until the end of the analysis.
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Figure 7.39: Diagram of load — displacement for the abutment’s bearings
IxAHa 7.39: AiGypappa ¢opTiou — Napapoppwong epedpavamv akpoBadpou
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Figure 7.40: Diagram of load — displacement for the pier’s bearings
IxAHa 7.40: AiGypappa ¢opTiou — NapapopPpwong epedpavemv HecoBadpou
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(a) (b)
Figure 7.41: Strains of the abutment’s bearings: (a) shear strain due to translational movements €q,q,
(b) maximum design strain &4
IxnHa 7.41: NapadopPwoels epedpavmv akpoabpou: (a) diaTUNTIKA NApAPopPwon Aoyw
METAKIVNONG €q,d, (b) GUVOAIKR BIATUNTIKI NAPANOPPWON €t
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Figure 7.42: Strains of the pier’s bearings: (a) shear strain due to translational movements &q,4, (b)
maximum design strain &q

IxAua 7.42: TapagdopPuosiG ePedpavmv HecoBadpou: (a) SIaTUNTIKN NApapoppwan Aoyw
HETAKIVNONG £q,4, (b) OUVOAIKN BIATUNTIKI NAPAUOPPWON &t

7.3.3 Permissible rotation and settlement for Combination 1

The evolution of the transverse rotation 8y is plotted in Figure 7.43 and the uniform settlement
p in Figure 7.44. The dotted lines refer to the values at the time of the first yield of the pier’'s
columns. The maximum rotation at failure is 8y,F=0.0468rad=2.68° and the corresponding
settlement is pr=53.59cm. The settlement at the first yield (t=3.723) is pv=38.91cm,
corresponding to a transverse rotation 8y,y=0.034rad=1.95°. The maximum permissible values
of the settlement and rotation are equal to the Y-values corresponding to first yield, divided by
the loading factor 1.15, leading to pr=33.83cm and 6xp=0.03rad=1.70°. The values of the
calculated settlement and rotation are given in Table 7.11. Comparing with the ones of Case
1, given in Table 7.5, it is concluded that the longitudinal rotation 6x is more critical.

0.05 -

0.04

0.03

0.02

By [rad]

0.01

0-00 T T T 1

Figure 7.43: Transverse rotation 6, vs t
Ixnua 7.43: Eykdpoia oTpogn B, ouvapTtroel t
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Figure 7.44: Uniform settlement p vs t
Ixnua 7.44: Opoiopop®pn kabinon p ouvaptroel t

Table 7.11: Maximum, yield and permissible values of rotation 8, and uniform settlement p
Mivakag 7.11: Méyiotn TIun, TIUA 0TV NpwTn diappon Kal ENITPENOPEVN TIUR EYKAPOIAG OTPOPG By
Kal opoIOop®NnG kadidnong p

t p [cm] 0y [rad] Oy [degrees]
Yield (Y) 3.723 38.9 0.0340 1.95
Failure (F) 3.995 53.6 0.0468 2.68
Permissible (P=Y/1.15) - 33.8 0.030 1.70

7.3.4 Inclination angle of the pier for Combination 1

The diagram of the inclination angle 6; of the pier's columns is plotted in Figure 7.45. At
failure, the inclination angle arises at 8;r=0.0352rad=2.01°, while the one that corresponds to
the permissible settlement and rotation for Combination 1 is:

Bip= 6iy/Eyc=0.0228rad=1.30°<max06i=0.04rad (7-5)

where 6;,y=0.0262rad=1.50°.
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Figure 7.45: Inclination angle of the pier’s columns 6; vs t in (a) [rad] and (b) [degrees]
ZxAupa 7.45: Twvia khiong oTUAwv pecoBadpou 6; og oxeon pe To Xpdvo oe (a) [rad] kai (b) [poipeg]
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7.3.5 Response of the bridge for Combination 2

Taking into account Combination 2, where the initial imperfections as described in section 6.2
are considered and only the permanent loads with a loading factor equal to ys=1.00, a
maximum rotation 6y is imposed equal to max6y=0.048rad. The analysis continues until
8y=0.0428rad=2.45°, at t= 3.892, when bending failure occurs at the base of the middle
column (column 2), shown in Figure 7.46. The diagrams M- plotted in Figure 7.47 for the top
and the base of the three columns, show that the bending moments at the pier’s top are small
during the analysis, while the ones at the top of them increase significantly, leading to failure.
The dotted lines correspond to the magnitudes at the time of the first yield of the pier's
columns. The bending moments that correspond to yield are given in Table 7.12 and the M-t
diagrams are shown in Figure 7.48, in which the first yield is noted for the middle column 2,
for t=3.625. In all diagrams it is proved that columns 1 and 3 behave in a similar way.

Figure 7.46: Failure at the base of column 2
IxAua 7.46: AcToyia otnv Bacn Tou oTUAOU 2
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Figure 7.47: M- diagrams for (a) the top and (b) the base of the three columns
Ixnua 7.47: Aaypapparta M-¢ yia (a) Tig kopu®ég kal (b) Tig Baoeig Twv TpIwv oTUAWY

Table 7.12: Yield at the base of the pier’s columns
Mivakag 7.12: Aiappon otn Bacn Twv oTUAWV PecoBabpou

Columns t M [kNm] @ E-3 [rad]
1 3.661 5711.93 2.55
2 3.625 5101.53 2.43
3 3.661 5717.53 2.55
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Figure 7.48: M-t diagrams for the base of the three columns
ZxnHa 7.48: Aiaypaupara M-t yia Tn Baon Twv TpIwv oTUAWY

The maximum stresses in the steel members at the time of the first yield of the pier’'s column
and the time of failure are given in Table 7.13, which remain smaller than the ultimate stress
fu=510MPa. These stresses are larger than the ones of Table 7.10 confirming again that
Combination 1 is more unfavorable for the superstructure.

Table 7.13: Maximum stresses in the steel members at the time of the first yield (t=3.625) and the
time of failure (t=3.892)

Mivakag 7.13: MéyioTeg TAOEIC 0Ta HETAANIKG OTOIXEIa TN OTIYH TNG NpwTNG diappon|c (t=3.625) kal
TN OTIyUn TG acToxiag (t=3.892)

t=3.625 t=3.892

Members o [MPa] € % o [MPa] €%
Arches 112.11 0.05 112.44 0.05

Main beams 103.16 0.05 106.91 0.05
Secondary beams 99.59 0.05 94.53 0.05
Horizontal bracing 60.12 0.03 60.02 0.03
Diagonal bracing 74.82 0.04 74.94 0.04
Hangers 162.12 0.08 162..87 0.08

The load — displacement diagrams of the horizontal springs in the longitudinal direction of the
bridge are illustrated in Figure 7.49 for the abutment and in Figure 7.50 for the pier. The
springs behave elastically, until the end of the analysis. The maximum force and the horizontal
displacement of the springs arise at 520kN and 0.15m respectively, for the bearings of the
abutment and 555kN and 0.16m, respectively, for the bearings of the pier, being slightly
smaller than the corresponding ones of Combination 1 (see section 7.3.2). The shear strains
of the abutment’s bearings are given in Figure 7.51, while the ones of the pier’s bearings are
depicted in Figure 7.52. The shear strain due to translational movements €q,4 does remain
smaller than 2, and the maximum design strain €4 does not exceed the limit of 7.
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Figure 7.49: Diagram of load — displacement for the abutment’s bearings
IxAHa 7.49: Aidypappa gpopTiou — NapapopPuong epedpdvwv akpoBadpou
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Figure 7.50: Diagram of load — displacement for the pier’s bearings
IxAHa 7.50: AiGypappa gopTiou — NapapopPpwaong epedpavemv HecoBadpou
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Figure 7.51: Strains of the abutment’s bearings: (a) shear strain due to translational movements €q,q,
(b) maximum design strain &4

ZxAHa 7.51: MNapapoppwoel epedpavav akpoBdadpou: (a) diaTUNTIKA NAPAHOpPwon AOyw
METAKIVNONG €q,d, (b) GUVOAIKR BIATUNTIKI NAPANOPPWON €t
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Figure 7.52: Strains of the pier’s bearings: (a) shear strain due to translational movements &q,4, (b)
maximum design strain &q

IxAua 7.52: MapapopPuosic epedpavmv PecoBaBpou: (a) SIaTUNTIKN NApapoppwan Aoyw
HETAKIVNONG £q,4, (b) OUVOAIKN BIATUNTIKI NAPAUOPPWON &t

7.3.6  Permissible rotation and settlement for Combination 2

The diagram 6y vs t is plotted in Figure 7.53 and the uniform settlement p vs t in Figure 7.54,
with the dotted lines showing the values at the time of the first yield of the pier’s columns.
The maximum rotation at failure is 8y,F=0.0428rad=2.45° and the corresponding settlement is
pr=49.02cm. The settlement at first yield (t=3.625) is pv=34.38cm, corresponding to a
transverse rotation 6y,y=0.03rad=1.72°. The maximum permissible values of the settlement
and rotation are equal to the Y-values corresponding to first yield, divided by the loading
factor 1.15, leading to pr=29.90cm and By,=0.026rad=1.50°. The values of the calculated
settlement and rotation are given in Table 7.14, leading again to smaller values, compared
with Combination 1 (see Table 7.11). Thus, for both transverse and longitudinal rotations,
Combination 1 is more unfavorable for the superstructure, but Combination 2 leads to lower
permissible imposed rotation and settlement.
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Figure 7.53: Transverse rotation 6y vs t
Ixnua 7.53: Eykdpoia otpogr 6, ouvapTtroel t
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Figure 7.54: Uniform settlement p vs t
IxAua 7.54: Opoiopop®n kabilnon p ouvaptnoel t

Table 7.14: Maximum, yield and permissible values of rotation 8, and uniform settlement p
Mivakag 7.14: Méyiotn TIUA, TIUA oTnV NpwTn diappon Kal ENITPENOPEVN TIUR EYKAPOIAG aTPOPnG By
Kal opoIOop®NnG kadidnong p

t p [cm] 0y [rad] Oy [degrees]
Yield (Y) 3.625 34.4 0.0300 1.72
Failure (F) 3.892 49.0 0.0428 2.45
Permissible (P=Y/1.15) - 29.9 0.026 1.50

7.3.7 Inclination angle of the pier for Combination 2

At failure, the inclination angle reaches the value of 6ir=0.0307rad=1.76°, while the one that
corresponds to the permissible settlement and rotation for Combination 2 is:

Bip= 6iv/Eyc=0.0194rad=1.11°<max6i=0.04rad (7-6)

where 6iy=0.0223rad=1.27° (Figure 7.55)
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Figure 7.55: Inclination angle of the pier's columns 6; vs t in (a) [rad] and (b) [degrees]
IxAupa 7.55: Twvia k\iong oTUAwv peaoPadpou 6; og oxEan pe To Xpodvo oe (a) [rad] kai (b) [poipec]
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7.4 Case 3 (0x+0.36y+p)

7.4.1 Imposed settlement p and rotations 6x and 8y

In this case, the imposed settlements of Figure 7.1d are considered simulating the rotation
Bx=06 and the corresponding uniform settlement p=11.4596. A rotation at the footing of the
pier along the transverse axis y (8y) is also applied at the base of all three columns, with
magnitude 6y=0.300. The imposed rotations and settlement are shown in Figure 7.56.

8, |! 8y=0.308 8, ||
\
18.8098 '11.4599 4.1098

Figure 7.56: Imposed longitudinal rotation 8,=86, transverse rotation 6,=0.300 and settlement p
Ixnua 7.56: EniBalopevn diapnkng oTpo@n Bx=0, eykdpoia aTpopr 8,=0.300 kai kabilnon p

7.4.2 Response of the bridge for Combination 1

In this Case, in which the longitudinal rotation 6x prevails, the bridge responds in a similar way
as in Case 1, in which only the longitudinal rotation is imposed, while the transverse one is
neglected. In this Case, assuming a maximum rotation 8x=0 equal to max8x=max8=0.026rad
and a corresponding max6By=0.30max6=0.0078rad, the analysis stops when
8x=6=0.0244rad=1.40°, and 6,=0.300=0.0073rad=0.42°, at t=3.94, due to failure at the top
of columns 2 and 3 (Figure 7.57). The deformed state at the moment of failure is illustrated in
Figure 7.58.

Figure 7.57: Simultaneous failure at the top of columns 2 and 3
IxAua 7.57: TauToxpovn acToxia oTnv Kopur Twv GTUAWV 2 kai 3
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Figure 7.58: Deformed state at failure
IxAua 7.58: lMapagop@wpévn KaTaoTacn oTnv acToxia

The diagrams M- (a) for the top and (b) for the base of all three columns are plotted in
Figure 7.59. The base of all three columns remains in the elastic zone, as in Case 1, while
failure takes place at the top of them. In the M-¢ diagrams, the dotted lines indicate the
bending moments that correspond to yield for the section at the top of each column. The
magnitudes M and ¢ that correspond to the yield of each column are given in Table 7.15,
while the M-t diagrams are shown in Figure 7.60, in which the first yield is detected, occurring
simultaneously at t=3.641 at the top of columns 1 and 2.

—_—1 2 ——3
8000 8000
6000 6000
€
4000 - < 4000 o
= =
<
= 2000 - 2000 A
=
0 T T T T T T T 1 0 T T T T T T 1
01 2 3 45 6 7 0 1 2 3 4 5 6 7
¢ x E-3 [rad] ¢ x E-3 [rad]
(a) (b)

Figure 7.59: M- diagrams for (a) the top and (b) the base of the three columns
IxAHa 7.59: Aiaypauparta M- yia (a) TIc kopu®eg Kal (b) TIC BATEIC TV TPIOV GTUAWV

Table 7.15: Yield at the top of the pier’s columns
Mivakag 7.15: Aiappor} 0TV KopuPn TwV OTUAWV JecoBadpou

Columns t M [kNm] | ¢ E-3 [rad]
1 3.641 5836.79 2.58
2 3.641 5324.33 2.48
3 3.706 6214.99 2.44
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Figure 7.60: M-t diagrams for the top of the three columns
ZxAHa 7.60: Aiaypauparta M-t yia TIC KOPUPEG TwV TPIWV OTUAWV

As noticed also in Case 1, all steel members, at the time of failure, remain in the elastic zone,
except of the diagonal bracing members, which exceed the yield stress due to buckling, but
being replaceable, do not determine the permissible settlement, since they do not reach the
ultimate stress fu=510MPa. The response of the steel members at the end of the analysis, as
well as at the time of the first yield at the base of the pier’s column, is summarized in Table
7.16. The maximum stresses in the steel members are comparable with the ones of Table 7.4
referring to Case 1.

Table 7.16: Maximum stresses in the steel members at the time of the first yield (t=3.641) and the
time of failure (t=3.94)

Mivakag 7.16: Mé£yioTeg TAOEIC 0Ta HETAANIKG OTOIXEIA TN OTIYHN TNG NPWTNG diappon|c (t=3.641) kal
TN OTIyUR TNG aoToxiag (t=3.94)

t=3.641 t=3.94

Members o [MPa] €% o [MPa] €%
Arches 225.68 0.11 249.95 0.12

Main beams 168.52 0.08 183.52 0.09
Secondary beams 116.76 0.06 121.61 0.06
Horizontal bracing 186.03 0.09 264.99 0.13
Diagonal bracing 358.61 0.76 363.04 1.30
Hangers 273.06 0.13 277.10 0.13

The load — displacement diagrams of the horizontal springs in the transverse and longitudinal
direction of the bridge are given in Figure 7.61 for the abutment and in Figure 7.62 for the
pier. The springs behave elastically until the end of the analysis. The maximum force and the
horizontal displacement of the springs in the longitudinal direction arise at 288kN and 0.08m,
for both abutment and pier, which are the same as in Case 1 (Figure 7.18 and Figure 7.19).
The diagrams of the shear strains with respect to time t are shown in Figure 7.63 for the
abutment’s bearings and in Figure 7.64 for the pier's bearings. For both abutment and pier,
the shear strain due to translational movements €q,4 remains below the limit of 2, while the
maximum design strain €qd is smaller than the limit of 7, until the end of the analysis,
confirming their elastic behavior.
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Figure 7.61: Diagram of load — displacement for the abutment’s bearings (a) in the longitudinal and
(b) transverse direction

IxApa 7.61: Aidypappa @opTiou — napapoppwong epedpavwv akpoBadpou (a) atn diapnkn kai (b)
oTNnV €ykapaolia vvoia
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Figure 7.62: Diagram of load — displacement for the pier’s bearings (a) in the longitudinal and (b)
transverse direction

IxAHa 7.62: AiGypappa popTiou — NnapapopPpuong epedpavav HecoBabpou (a) oTtn diaunkn kai (b)
oTnVv gykapaia évvola

2 8
6 -
1 A 4

&d

€qd
N
1

(a) (b)
Figure 7.63: Strains of the abutment’s bearings: (a) shear strain due to translational movements €q,q,
(b) maximum design strain &4
ZxnHa 7.63: Napadoppwoel epedpavav akpoBdadpou: (a) diaTuNTIKA NApApopPwon Aoyw
METAKIVNONG €q,d, (b) GUVOAIKR SIATUNTIKR) NAPANOPPWON €t
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Figure 7.64: Strains of the pier’s bearings: (a) shear strain due to translational movements &q,4, (b)
maximum design strain &q

IxAua 7.64: TapadopPuosic epedpavev PecoBaBpou: (a) SIaTUNTIKN NApapoppwan Aoyw
HETAKIVNONG £q,4, (b) OUVOAIKN BIATUNTIKI NAPAUOPPWON &t

7.4.3 Permissible rotation and settlement for Combination 1

The evolution of the rotation’s components in the longitudinal and transverse direction of the
bridge, 6x and 8y respectively, is plotted in Figure 7.65, while the resultant rotation and the
uniform settlement p are shown in Figure 7.66, with the dotted lines referring to the values at
the time of the first yield of the pier's columns. The values of the calculated rotations are
given in Table 7.17, while the values of the total rotation and settlement are listed in Table
7.18, which are close to the ones of Case 1, given in Table 7.5.
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Figure 7.65: Components of the rotation vs t: (a) longitudinal 6y, (b) transverse 6y
ZxApa 7.65: ZuvioTwoeG TNG OTPOPNG cuvapTnioel t: (a) diapnkng By, (b) eykapoia 6,
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Figure 7.66: (a) Resultant rotation vs t, (b) Uniform settlement p vs t
IxAHa 7.66: (a) Zuviotapévn oTpo@r| cuvaptnoel t, (b) Opoidpopen kabidnon p ouvapTnosl t

Table 7.17: Maximum and yield values of rotations 6x=6 and 6,=0.300
Mivakag 7.17: MéyioTn TIKN Kai TP oTnv npwTn diappor] diaunkoug aTpoPnc Bx=6, eykapaiag
oTpoepng 8,=0.300

t Ox [rad] | O« [degrees] | 6, [rad] |6y [degrees]

Yield (Y) 3.641 | 0.0167 0.96 0.0050 0.29
Failure (F) 3.940 | 0.0244 1.40 0.0073 0.42
Table 7.18: Maximum, yield and permissible values of total rotation and uniform settlement p
Mivakag 7.18: MéeyioTn TIUn, TIUA 0TV NpwTn diappon Kal ENITPENOEVN TIUR GUVOAIKNG OTPOPNG Kal
OHoIOHOPPNG KaBilnong p
t p [cm] | Ban [rad] | 6an [degrees]
Yield (Y) 3.641 19.1 0.0174 1.00
Failure (F) 3.940 | 28.0 0.0255 1.46
Permissible (P=F/1.15) - 24.3 0.022 1.27

7.4.4 Inclination angle of the pier for Combination 1

Figure 7.67 shows the diagram of the inclination angle 6; of the pier’s columns vs t. At failure,
the inclination angle arises at 6ir=0.0119rad=0.68°, the one at the first yield is
0i,y=0.0087rad=0.50°, and the one that corresponds to the permissible settlement and
rotation is:

Bip= 6ir/€yc=0.0103rad=0.59°<max0;=0.04rad (7-7)
Comparing with the corresponding inclination angle of Case 1 for Combination 1, calculated in

section 7.2.4, Case 3 leads to larger inclination angles of the pier, while the permissible
settlement is the same.
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Figure 7.67: Inclination angle of the pier's columns 6; vs t in (a) [rad] and (b) [degrees]
ZxAHa 7.67: Twvia khiong oTUAwV pecoBdabpou 6; oe oxéon We To Xpovo oe (a) [rad] kai (b) [Hoipec]

7.4.5 Response of the bridge for Combination 2

For Combination 2, a maximum rotation 6x=0 is assumed equal to maxBx=max8=0.026rad
and maxBy=0.30max6=0.0078rad. The analysis stops when 6x=6=0.0249rad=1.42°, and
8y=0.3006=0.0075rad=0.43°, at t= 3.956, because of the bending failure at the top of the
column 1 (Figure 7.68). The diagram M- is plotted in Figure 7.69 for the top and the base of
the three columns. As in Case 1, the bending moments at the pier’s base remain at low levels,
while large bending moments at the top of them cause the failure of the pier. The M-t
diagrams are depicted in Figure 7.70, in which the first yield is detected for the outer column
1, for t=3.601. It is reminded that the dotted lines denote the bending moments that
correspond to the first yield of each column. The bending moments and curvatures,
corresponding to the yield of each column, are listed in Table 7.19. Comparing with the
magnitudes of bending moments of Case 1 (Table 7.6), it is noticed that the bridge exhibits a

very similar behavior.

Figure 7.68: Failure at the top of column 1
ZxnHa 7.68: AoToxia oTnv Kopu®r Tou aTUAOU 1



Chapter 7: IMPOSED ROTATIONS AND SETTLEMENTS

—_—1 2 —3
8000 - 8000 -
6000 4 ; 6000 -
B
4000 - < 4000 -
= =
2
= 2000 2000 -
=
0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
0123 4567 8 01 2 3 4 5 6 7
® x E-3 [rad] ¢ x E-3 [rad]
(a) (b)

Figure 7.69: M- diagrams for (a) the top and (b) the base of the three columns
IxAupa 7.69: Aiaypaupata M-¢ yia (a) TIC kopu@eg kal (b) TIC BATEIC TWV TPIWV OTUAWV
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Figure 7.70: M-t diagrams for the top of the three columns
ZxAHa 7.70: Aigypdupara M-t yia TIC KOpUPEG TwV TPIWV OTUAWV

Table 7.19: Yield at the top of the pier’s columns
Mivakag 7.19: Aiappor oTnV KopuPn TwV oTUAwV JecoBadpou

Columns t M [kNm] ¢ E-3 [rad]
1 3.601 5134.58 2.43
2 3.622 4985.87 2.41
3 3.704 5895.70 2.50

As noted in Case 1 all steel members remain in the elastic zone, except of the diagonal
bracing members, which buckle. The response of the steel members at the end of the
analysis, as well as at the time of the first yield, is listed in Table 7.20 in terms of maximum
stresses and strains. Until the end of the analysis, corresponding to the bridge’s failure the
steel members’ stresses remain smaller than the ultimate stress fu=510MPa. As first
mentioned in section 7.2.2, the diagonal bracing members that experience buckling, are
considered replaceable. Thus, their failure does not indicate a bridge failure.
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Table 7.20: Maximum stresses in the steel members at the time of the first yield (t=3.601) and the
time of failure (t=3.956)

Mivakag 7.20: MéyioTeg TAOEIC 0Ta HETANNIKG OTOIXEIA TN OTIYH TNG NpwTNG diapporn|c (t=3.601) kal
TN OTIyUn TG acToxiag (t=3.956)

t=3.601 t=3.956

Members o [MPa] € % o [MPa] €%
Arches 158.73 0.08 191.77 0.09

Main beams 135.47 0.06 158.86 0.08
Secondary beams 72.63 0.03 81.00 0.04
Horizontal bracing 142.28 0.07 222.00 0.11
Diagonal bracing 356.83 0.43 361.85 1.13
Hangers 171.54 0.08 174.84 0.08

The behavior of the horizontal springs in the transverse and longitudinal direction of the
bridge is denoted by the load — displacement diagrams, given in Figure 7.71 for the abutment
and in Figure 7.72 for the pier. The springs always behave elastically until the end of the
analysis. The maximum force and the horizontal displacement of the springs in the
longitudinal direction arise at 287kN and 0.08m, for both abutment and pier, which are the
same as in Case 1 for Combination 2 (Figure 7.27 and Figure 7.28). The diagrams of the shear
strains with respect to time t are shown in Figure 7.73 for the abutment’s bearings and in
Figure 7.74 for the pier's bearings. For both abutment and pier, the shear strain due to
translational movements €q4 remains smaller than 2, and the maximum design strain €tq
smaller than 7, until the end of the analysis, confirming their elastic behavior.
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Figure 7.71: Diagram of load — displacement for the abutment’s bearings (a) in the longitudinal and
(b) transverse direction

IxAHa 7.71: AiGypappa gopTiou — Nnapapoppwong epedpavamv akpoBabpou (a) otn diapnkn kai (b)
oTnVv gykapaia évvola
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Figure 7.72: Diagram of load — displacement for the pier’s bearings (a) in the longitudinal and (b)
transverse direction

IxAua 7.72: Aidypappa @opTiou — napapopwong epedpavwv ecoBddpou (a) otn diaunkn kai (b)
oTNnV €ykapaolia vvoia
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Figure 7.73: Strains of the abutment’s bearings: (a) shear strain due to translational movements €q,q,
(b) maximum design strain 4

IxAHa 7.73: Napayoppooels epedpavav akpoBabpou: (a) diaTunTIK NApapoppwon Aoyw
METAKIVNONG €q,4, (b) GUVOAIKR BIATUNTIKI NAPAUOPPWON €t
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Figure 7.74: Strains of the pier’s bearings: (a) shear strain due to translational movements &q,4, (b)
maximum design strain €4

IxAHa 7.74: NapaydopPpwoel epedpavav HeooBabpou: (a) dIaTUNTIKN Napauopewaon Aoyw
METAKIVNONG €q,d, (b) GUVOAIKR BIATUNTIKI NAPANOPPWON €t
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7.4.6 Permissible rotation and settlement for Combination 2

The diagram of the rotation’s components 6x and 6y, in the longitudinal and transverse
direction of the bridge, respectively, with respect to t, is plotted in Figure 7.75. The
corresponding one of the resultant rotation and the uniform settlement p are shown in Figure
7.76. The dotted lines refer to the values at the time t=3.601, which corresponds to the first
yield of the pier's columns. The values of the calculated rotations are given in Table 7.21,
while the values of the total rotation and settlement are listed in Table 7.22, which are similar
to the ones of Case 1 — Combination 2, given in Table 7.8.
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Figure 7.75: Components of the rotation vs t: (a) longitudinal 8, (b) transverse 6y
Ixnua 7.75: ZuvIoTWOEG TNG OTPOPNG ouvapTnoel t: (a) diapnkng By, (b) eykapoia By
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Figure 7.76: (a) Resultant rotation vs t, (b) Uniform settlement p vs t
IxAua 7.76: (a) ZuvioTapévn oTpodr ouvaptnoel t, (b) Oloidpopen kabidnon p ouvapTioel t

Table 7.21: Maximum and yield values of rotations 6x=6 and 6,=0.300

Mivakag 7.21: MEyioTn TIPn Kai TIFA oTnv NpwTn diappor) diapnkoug oTpo@nc Bx=0, eykapalag
oTpo®png 8,=0.300

t Ox [rad] | 64 [degrees] | O, [rad] |06y [degrees]

Yield (Y) 3.601 0.0133 0.76 0.0040 0.22

Failure (F) 3.956 0.0249 1.42 0.0075 0.43
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Table 7.22: Maximum, yield and permissible values of total rotation and uniform settlement p
Mivakag 7.22: MéeyioTn TIURA, TIKA TNV NpwTn diappon Kai ENITPENOEVN TIUR OUVONIKAG OTPOPIG Kal

OpoIOHOPPNG KaBilnong p
t | p[cm] | 0. [rad] | 0.i [degrees]
Yield (Y) 3.601 | 153 | 0.0139 0.80
Failure (F) 3.956 [ 28.5 | 0.0260 1.49
Permissible (P=F/1.15) - 24.8 0.023 1.30

7.4.7 Inclination angle of the pier for Combination 2

Figure 7.77 shows the evolution of the inclination angle 6; of the pier’s columns. At failure, the
inclination angle arises at 6ir=0.0116rad=0.67°, the one at the first vyield is
0i,y=0.008rad=0.46°, and the one that corresponds to the permissible settlement and rotation

is:
Bip= 6ir/€yc=0.0101rad=0.58°<maxBi=0.04rad (7-8)

Comparing with the corresponding inclination angle of Case 1 for Combination 2, calculated in
section 7.2.7, Case 3 leads to larger inclination angles of the pier for smaller permissible
settlement.
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Figure 7.77: Inclination angle of the pier’s columns 6; vs t in (a) [rad] and (b) [degrees]
IxAupa 7.77: Twvia khiong oTUAwv pecoBddpou 6; og oxeon pe To Xpdvo oe (a) [rad] kai (b) [poipeg]

7.5 Case 4 (0.30x+6y+p)

7.5.1 Imposed settlement p and rotations 6x and 6y
A rotation at the footing of the pier along the transverse axis y (6y) is applied at the base of

all three columns, with magnitude 6,=6. Another rotation along the longitudinal axis x (6x)
with magnitude 6x=0.3080, is also considered as a differential settlement at the outer columns,

equal to:
p®=+£L,0x=%7.350.306=%2.2056 [m] (7-9)
where 0 is measured in [rad], while p in [m]. The combined uniform settlement is equal to:
p=11.4590 [m] (7-10)

The sum of imposed rotations and settlements at the pier’s columns is shown in Figure 7.78.
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Figure 7.78: Imposed longitudinal rotation 8,=0.308, transverse rotation 8,=6 and settlement p
Ixnua 7.78: EniBalopevn diapnkng otpo@n 8x=0.300, eykapaoia oTpo@n 8,=0 kai kabifnon p

7.5.2 Response of the bridge for Combination 1

For Combination 1, a maximum rotation 8y=0 is imposed equal to maxBy=max6=0.047rad,
while the corresponding longitudinal maximum rotation is 8x=0.0141rad. The analysis stops
when 68y=6=0.0466rad=2.67°, at t= 3.991, when bending failure occurs at the base of the
middle and the outer columns (columns 2 and 3), as shown in Figure 7.79. The deformed
state at the time of failure is illustrated in Figure 7.80. In the diagrams M-¢ shown in Figure
7.81, referring to the top and the base of the three columns, it is noted that the bending
moments at the pier’s top are small during the analysis, while the ones at the top of them,
increased significantly as the rotation and settlement increase, lead to failure. The dotted lines
correspond to the magnitudes at the time of the first yield of the pier’s columns. The bending
moments that correspond to yield are given in Table 7.23 and the M-t diagrams, plotted in
Figure 7.82, show that the first yield takes place at the outer column 1, for t=3.734.

@
Figure 7.79: Simultaneous failure at the base of columns 2 and 3

IxAua 7.79: TauToxpovn acgToxia oTnv Bacn Twv oTUAWY 2 kai 3
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Figure 7.80: Deformed state at failure

Ixnua 7.80: lMapagopPwpévn KAaTaoTacn oTnv acToxia
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Figure 7.81: M- diagrams for (a) the top and (b) the base of the three columns
IxAHa 7.81: Aiaypauparta M- yia (a) TIc kopu®eg kai (b) TIC BATEIC TV TPIMV GTUAWV

Table 7.23: Yield at the base of the pier’s columns
Mivakag 7.23: Aiappor} oTn Bacn Twv oTUAWV eooBadpou
Columns t M [kNm] | ¢ E-3 [rad]
1 3.734 6327.24 2.67
2 3.760 5870.57 2.70
3 3.786 6864.16 2.71

[rad]
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Figure 7.82: M-t diagrams for the base of the three columns
IxAHa 7.82: Aiaypaupara M-t yia Tic BACEIG TwV TPIWV OTUAWV

As far as the steel members are concerned, at the time of failure, they all behave elastically.
The response of the steel members at the time of the first yield at the base of the pier's
columns, as well as at the end of the analysis, is given in Table 7.24. The maximum stresses
in the steel members of the bridge do not exceed the yield stress. The stresses are larger than
the ones presented in Table 7.10 of Case 2 for the same Combination, but they are
comparable, with the ones of Combination 1 of Case 3, given in Table 7.16. Nevertheless, the
Case 3 gives larger values of stresses for the arches and the diagonal bracing members. From
these analyses it is concluded that the longitudinal rotation 6x results in large response of the
bridge.

Table 7.24: Maximum stresses in the steel members at the time of the first yield (t=3.734) and the
time of failure (t=3.991)

Mivakag 7.24: MEyIOTEG TAOEIC 0TA PETAANIKA OTOIXEIA TN OTIVHN TNG NpWTNG diappong (t=3.734) kai
TN OTIYMR TNG aoToxiag (t=3.991)

t=3.734 t=3.991

Members o [MPa] €% o [MPa] €%
Arches 222.72 0.11 235.52 0.11

Main beams 176.17 0.08 188.68 0.09
Secondary beams 125.24 0.06 124.05 0.06
Horizontal bracing 104.39 0.05 146.40 0.07
Diagonal bracing 355.42 0.23 356.84 0.43
Hangers 273.21 0.13 275.49 0.13

Regarding the bearings, the load — displacement diagrams of the horizontal springs in the
transverse and longitudinal direction of the bridge are plotted in Figure 7.83 for the abutment
and in Figure 7.84 for the pier. Even in this Case, the springs behave elastically until the end
of the analysis. The maximum force and the horizontal displacement of the springs in the
longitudinal direction reach the values of 677kN and 0.18m, for the abutment and 651kN and
0.18m, for the pier, which are larger than the ones of Case 2 for the same Combination
(Figure 7.39 and Figure 7.40). The evolution of the shear strains is illustrated in Figure 7.85
for the abutment’s bearings and in Figure 7.86 for the pier’s bearings. For both abutment and
pier, the shear strain due to translational movements €q,4 remains below the limit of 2, while
the maximum design strain €4 is smaller than the limit of 7, until the end of the analysis,
confirming their elastic behavior.
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Figure 7.83: Diagram of load — displacement for the abutment’s bearings (a) in the longitudinal and
(b) transverse direction

IxAHa 7.83: AiGypaupa gpopTiou — Nnapapoppwong epedpavamv akpofabpou (a) otn diapnkn kai (b)
oTnVv gykapaia évvoia
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Figure 7.84: Diagram of load — displacement for the pier’s bearings (a) in the longitudinal and (b)
transverse direction

ZxnHa 7.84: AiGypaupa ¢opTiou — Nnapapoppwons epedpdvav HeooBabpou (a) otn diaunkn kai (b)
oTnVv gykdapaoia évvoia
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Figure 7.85: Strains of the abutment’s bearings: (a) shear strain due to translational movements &q,q,
(b) maximum design strain €4

IxAupa 7.85: TMapauopPuosig epedpdvmv akpoBabpou: (a) SiaTuNnTIKr Napapop@waon Aoyw
METAKIVNONG €q,4, (b) OUVOAIKR BIATUNTIKT) NAPAUOPPWON &t
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Figure 7.86: Strains of the pier’s bearings: (a) shear strain due to translational movements &q,4, (b)
maximum design strain &q

Ixnua 7.86: TMapapopPuosiC ePedpavmv HecoBaBpou: (a) SIaTUNTIKN NApapopPwan Aoyw
HETAKIVNONG £q,4, (b) OUVOAIKN BIATUNTIKI NAPAUOPPWON &t

7.5.3 Permissible rotation and settlement for Combination 1

The diagrams of the rotation’s components in the longitudinal and transverse direction of the
bridge, 6x and By respectively, with respect of t, are plotted in Figure 7.87, while the ones of
the resultant rotation and the uniform settlement p are shown in Figure 7.88, with the dotted
lines referring to the values at the time of the first yield of the pier's columns. The values of
the calculated rotations are given in Table 7.25, while the values of the total rotation and
settlement are listed in Table 7.26, which are close to the ones of Case 2, given in Table 7.11.
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Figure 7.87: Components of the rotation vs t: (a) longitudinal 6y, (b) transverse 6y
IxApa 7.87: ZuvioTWOEG TNG OTPOPNG ouvapTioel t: (a) diapnkng By, (b) eykapoia 6,
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Figure 7.88: (a) Resultant rotation vs t, (b) Uniform settlement p vs t
ZxnHa 7.88: (a) uviotapévn oTpo@r| cuvapTtioel t, (b) Opoidpop®n kabidnon p ouvapTnosl t

Table 7.25: Maximum and yield values of rotations 64,=0.306 and 6,=0
Mivakag 7.25: Méyiotn TIKN Kal TiPR otnv npwTtn diappor| diaprkoug aTpo®nc 8x=0.300, eykapaoiag

oTpoPriG 8y=06
t Ox [rad] | O« [degrees] | 6, [rad] |6y [degrees]
Yield (Y) 3.734 | 0.0103 0.59 0.0345 1.98
Failure (F) 3.991 | 0.0139 0.80 0.0465 2.67
Table 7.26: Maximum, yield and permissible values of total rotation and uniform settlement p
Mivakag 7.26: MéeyioTn TIUn, TIUA TNV NpwTn diappon Kal ENITPENOEVN TIUR OUVONIKAG OTPOPIG Kal
OHOIOHOPPNG KaBilnong p
t p [cm] | Ban [rad] | 6an [degrees]
Yield (Y) 3.734 | 39.6 0.0360 2.06
Failure (F) 3.991 | 53.4 0.0486 2.79
Permissible (P=Y/1.15) - 34.4 0.031 1.80

7.5.4 Inclination angle of the pier for Combination 1

Figure 7.89 shows the evolution of the inclination angle 6; of the pier’s columns. At failure, the
inclination angle reaches the value of 6ir=0.0365rad=2.09°, the one at the first yield is
0i,y=0.0275rad=1.57°, and the one that corresponds to the permissible settlement and
rotation is:

Bip= 6iv/Eyc=0.0239rad=1.36°<max06i=0.04rad (7-11)
The values are comparable with the ones of Case 2 for Combination 1, given in Figure 7.45.

Nevertheless, this Case is not the most unfavorable for the bridge, as it results in larger
permissible settlements than Case 3.
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Figure 7.89: Inclination angle of the pier's columns 6; vs t in (a) [rad] and (b) [degrees]
ZxnHa 7.89: Twvia khiong oTUAwWV pecoBdabpou 6; oe oxéon We To Xpovo oe (a) [rad] kai (b) [Hoipec]

7.5.5 Response of the bridge for Combination 2

Taking into account only the permanent loads for Combination 2, a maximum rotation 6y=80 is
imposed maxBy=max6=0.046rad, and a corresponding maximum longitudinal rotation
0x=0.0138rad. Bending failure occurs at the base of the two outer columns (columns 1 and 3),
as shown in Figure 7.90 and the analysis stops when 8y=08=0.0426rad=2.44°, at t= 3.926. In
the diagrams M-@ are given in Figure 7.91, referring to the top and the base of the three
columns. The bending moments at the pier’'s top remain small, while the ones at the top of
them, increase significantly as the rotation and settlement evolve, leading to failure. The
dotted lines correspond to the magnitudes at the time of the first yield of the pier's columns.
The bending moments that correspond to yield are given in Table 7.27 and the M-t diagrams,
plotted in Figure 7.92, show that the first yield takes place at the outer column 1 and middle

column 2, for t=3.664.

@
Figure 7.90: Simultaneous failure at the base of columns 1 and 3

ZxAHa 7.90: Tautoxpovn acToyia aTnv Bacn Twv oTUAwv 1 kai 3



Chapter 7: IMPOSED ROTATIONS AND SETTLEMENTS

— 1 2 ——3
10000 - 10000 -
8000 - 8000 -
6000 - 6000
'S 4000 - ‘e 4000
= =
2 2
= 2000 - = 2000
0 0

¢ x E-
(a) (b)
Figure 7.91: M- diagrams for (a) the top and (b) the base of the three columns
Ixnua 7.91: Aaypapparta M-¢ yia (a) Tig kopupég kal (b) Tig BAoeig Twv TpIwv oTUAWY

Table 7.27: Yield at the base of the pier's columns
Mivakag 7.27: Aiappor) oTn Bacn Twv oTUAWV JecoBadpou

Columns t M [kNm] @ E-3 [rad]
1 3.664 6406.82 2.76
2 3.664 5408.64 2.58
3 3.731 6864.16 2.64
10000 -
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é 2
s 4000 A —_—3
2000 A
O 1 1
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Figure 7.92: M-t diagrams for the base of the three columns
IxAHa 7.92: Aiaypdupara M-t yia Tic BACEIG TwV TPIWV OTUAWV

Regarding the steel members, at the time of failure, they all behave elastically. The diagonal
bracing members reach and slightly exceed the yield stress. The response of the steel
members at the time of the first yield at the base of the pier's columns, as well as at the time
of failure, is given in Table 7.28. With this final analysis, it is concluded that the steel
members are not crucial for the bridge, thus, they do not determine the permissible
settlement.



Chapter 7: IMPOSED ROTATIONS AND SETTLEMENTS

Table 7.28: Maximum stresses in the steel members at the time of the first yield (t=3.664) and the
time of failure (t=3.926)

Mivakag 7.28: MéEyioTeg TAOEIC 0TA HETAANIKG OTOIXEIA TN OTIYH TNG NPWTNG diapporn|c (t=3.664) kal
TN OTIyUn TnNG acToxiag (t=3.926)

t=3.664 t=3.926

Members o [MPa] € % o [MPa] €%
Arches 146.14 0.07 159.75 0.08

Main beams 123.35 0.06 135.80 0.06
Secondary beams 90.62 0.04 88.57 0.04
Horizontal bracing 83.17 0.04 117.39 0.06
Diagonal bracing 355.02 0.17 355.72 0.27
Hangers 169.34 0.08 172.06 0.08

As far as the bearings are concerned, the load — displacement diagrams of the horizontal
springs in the transverse and longitudinal direction of the bridge are shown in Figure 7.93 for
the abutment and in Figure 7.94 for the pier. The springs always behave elastically, with
maximum force and horizontal displacement of the springs in the longitudinal direction equal
to 581kN and 0.16m, for the abutment and 564kN and 0.16m, for the pier.
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Figure 7.93: Diagram of load — displacement for the abutment’s bearings (a) in the longitudinal and
(b) transverse direction

IxAHa 7.93: AiGypaupa gopTiou — Nnapapoppwong epedpavamv akpoBabpou (a) otn diaunkn kai (b)
oTnV €ykapala evvoia
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Figure 7.94: Diagram of load — displacement for the pier’s bearings (a) in the longitudinal and (b)
transverse direction

Ixnua 7.94: Aidypaupa QopTiou — Napapopewong epedpdvwv peagoBabpou (a) otn Siapnkn kai (b)
oTNnv €ykapaolia vvoia
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The diagram of the shear strains with respect to t is illustrated in Figure 7.95 for the
abutment’s bearings and in Figure 7.96 for the pier's bearings. The shear strain due to
translational movements €q4 remains smaller than 2, and the maximum design strain €tq is
smaller than 7, until the end of the analysis, for both abutment and pier, confirming their
elastic behavior. Concluding with this analysis it is proved that in all cases the bearings are not
critical components of the bridge.
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Figure 7.95: Strains of the abutment’s bearings: (a) shear strain due to translatory movements &q,q,
(b) maximum design strain €4

IxAupa 7.95: MapagopPuosic epedpavmv akpoBabpou: (a) SiaTunTIKr Napapop@waon Aoyw
HETAKIVNONG £q,4, (b) OUVOAIKR BIATUNTIKI NAPAUOPPWON &t
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Figure 7.96: Strains of the pier’s bearings: (a) shear strain due to translatory movements €44, (b)
maximum design strain &q

IxAHa 7.96: MNapayoppwoels epedpavuv peoofabpou: (a) dIaTuNTIKN NApauopewan Aoyw
METAKIVNONG €q,4, (b) GUVOAIKR BIATUNTIKI NAPAUOPPWON €t

7.5.6 Permissible rotation and settlement for Combination 2

The evolution of the rotation’s components in the longitudinal and transverse direction of the
bridge, 6x and 6y respectively, are shown in Figure 7.97, while the ones of the resultant
rotation and the uniform settlement p are illustrated in Figure 7.98. The dotted lines refer to
the values at the time of the first yield of the pier's columns. Table 7.29 summarizes the
values of the calculated rotations, while the values of the total rotation and settlement are
listed in Table 7.30. In the cases in which the transverse rotation is dominant, the permissible
settlement are close to 30cm, exceeding the limit of 28cm defined in section 3.3 for the ULS.
Thus, the tolerable longitudinal rotation constitutes the most severe criterion for the design of
the pier’s footing.



Chapter 7: IMPOSED ROTATIONS AND SETTLEMENTS

0.03 - 0.05 -
0.04 -
0.02 -
0.03
= S 0.02 -
£ 0.01 - &
& S 0.01 -
0-00 1 1 T 1 0-00 1 1 T 1
0 1 2 3 4 0o 1 2 3 4
t t
(a) (b)

Figure 7.97: Components of the rotation vs t: (a) longitudinal 8y, (b) transverse 6y
Ixnua 7.97: ZuvIGTWOEG TNG OTPOPNG ouvapTnoel t: (a) diapnkng By, (b) eykapoia By

0.05 - 60 -
0.04 - 50 1
40 -
0.03 -
30 -
5 0.02 =
£ § 20
% 1 a
S 0.01 10
0-00 1 1 T 1 0 1 1 T 1
o 1 2 3 4 o 1 2 3 4
t t
(@) (b)

Figure 7.98: (a) Resultant rotation vs t, (b) Uniform settlement p vs t
IxAHa 7.98: (a) Zuviotapévn oTtpo@r cuvaptioel t, (b) Opoidpop®n kabidnon p cuvapTnosl t

Table 7.29: Maximum and yield values of rotations 64,=0.300 and 6,=0
Mivakag 7.29: MeyioTn TIPN Kal IR oTnv npwTn diappon diaunkoug oTpo@rg Bx=0.300, eykapoiag

oTpoprG 6y=06
t Ox [rad] | 6 [degrees] | O, [rad] | Oy [degrees]
Yield (Y) 3.664 | 0.0092 0.53 0.0305 1.75
Failure (F) 3.926 | 0.0128 0.73 0.0425 2.44

Table 7.30: Maximum, yield and permissible values of total rotation and uniform settlement p
Mivakag 7.30: MeyioTn TiPn, TIUA OTNV NpwTn diappon Kal EMNITPENOKEVN TIUN OUVONKAG OTPOPNG Kal

OpoIOHOPPNG KaBighong p
t p [cm] | Ban [rad] | Ban [degrees]
Yield (Y) 3.664 [ 35.0 | 0.0319 1.83
Failure (F) 3.926 | 48.8 | 0.0445 2.55
Permissible (P=Y/1.15) | - 30.4 | 0.028 1.59
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7.5.7 Inclination angle of the pier for Combination 2

The evolution of the inclination angle 6i of the pier's columns is shown in Figure 7.99. At
failure, the inclination angle reaches the value of 6ir=0.0317rad=1.82°, the one at the first
yield is 8;,y=0.0234rad=1.34°, and the one that corresponds to the permissible settlement and

rotation is:
Bip= 0iv/€yc=0.0203rad=1.17°<max6i=0.04rad (7-12)

The inclination angle of the pier results in all cases smaller than the max permissible angle,
defined in section 3.3, thus, this criterion is not the most crucial for the design of the bridge’s

footing.
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Figure 7.99: Inclination angle of the pier’s columns 6; vs t in (a) [rad] and (b) [degrees]
IxApa 7.99: Twvia khiong oTUAwv pecoBddpou 6; og oxeon pe To Xpdvo oe (a) [rad] kai (b) [poipeg]
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Chapter

SUMMARY AND CONCLUSIONS

The bridge under investigation is a steel arch road bridge with two simply supported spans,
with total length 87.60m. The steel members of each span include two main beams,
seventeen transverse beams, two arches connected with transverse and diagonal bracing
members. Each main beam is suspended by each arch with seven hangers. A composite deck
is formed using trapezoidal profiles and a concrete slab. The concrete slab is connected with
the transverse and main beams through steel shear connectors in order to ensure composite
action. The pier consists of three circular reinforced concrete columns. They are connected at
the top with a concrete beam, forming thus a frame in the transverse direction of the bridge.
Fixed supports are considered at the base of the columns.

The bridge is founded on liquefaction susceptible soil using spread footings. Additional
permanent ground movements, by means of settlements and rotations may evolve after a
major earthquake event. The behavior of the bridge is investigated in order to determine the
permissible ground movements without loss of its serviceability and resistance. These
permissible settlements and rotations will be used for the design of the pier’s footing.

Rotations about the transverse and longitudinal axes of the bridge are considered, as well as a
combination of these two rotations. Corresponding settlements are always taken into account
combined with these rotations. Hence, four cases of rotation and settlement combination are
considered, each for two loading combinations. In all cases, the first combination which takes
into account both permanent and live loads was proved to be the most unfavorable for the
superstructure, i.e. the steel members, while the second one, including only the permanent
loads, was the most unfavorable for the pier's columns, leading to smaller values of axial
forces and thus flexural resistance. In any case, the steel members never reach failure. In
some cases the diagonal bracing members exceed the yield stress fy=355MPa, due to inelastic
buckling, but considering them replaceable, they do not denote a total failure of the bridge.

In all cases, failure occurs at the pier’s columns, but, since a simply supported bridge is
investigated, plastic hinges at the base of the columns are not allowed, because they would
lead to the collapse of the bridge. Thus, when imposed rotations about the transverse axis of
the bridge prevail, large values of bending moments evolve at the base of the pier. In these
cases, the first yield defines the permissible settlements. Nevertheless, plastic hinges at the
top of the columns are permitted, caused by dominant longitudinal rotations imposed at the
pier's foundation. In these cases, the formation of the first flexural failure determines the
permissible settlements, while plastic hinges are formed at the top of all three columns of the
pier. This investigation proves that, for the specific pier consisting of three circular columns,
the longitudinal rotation at the foundation is more critical than the transverse one. For all
cases and load combinations considered, the permissible settlements are summarized in Table
8.1. In the cases in which the transverse rotation prevails the permissible settlement are close
to 30cm, which is larger than the limit of 28cm for the ULS. The smallest value of the
permissible settlements, which defines the allowable p for the design of the pier’s footing, is



Chapter 8: SUMMARY AND CONCLUSIONS

for the cases in which the longitudinal rotation prevails. The design of the pier's foundation
will be based on a permissible settlement equal to 24cm.

Table 8.1: Permissible values of rotation 6 and uniform settlement p and corresponding inclination
angles of the pier’s columns 6;

Mivakag 8.1:  EmiTpenopevn TIUR oTpo®ng 6 kal opolopop@ng kabidnong p kai avTioTOIXEG YWVIES
KAioNG Twv OTUAWV HeooBabpou 6;

Case Combination | p[cm] | 6 [rad] | 6 [degrees] | 6i [rad] | ©; [degrees]
1 24.4 0.021 1.22 0.0090 0.52
1 (6x+p)
2 24.8 0.022 1.24 0.0088 0.50
1 33.8 0.030 1.70 0.0228 1.30
2 (8y+p)
2 29.9 0.026 1.50 0.0194 1.11
1 24.3 0.022 1.27 0.0103 0.59
+0.30,+
3 (6:+0.38+p) 2 248 | 0.023 1.30 0.0101 0.58
1 34.4 0.031 1.80 0.0239 1.36
4 (0.30,+6,+p)
2 30.4 0.028 1.59 0.0203 1.17
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