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EKTENHZ NEPINAHWH

EIZArQrH

H napoloa Texvikn 'EkBeon anoteAsi To MapadoTtéo (M6B) Tou EpeuvnTikoU MpoypauuaTog
ME TiTAO:

©AAHZ-EMI (MIS 380043)

MpwToTUNOG ZXEd1a0NOG BABpwv Mepupmv oe Peuotonoinoipo ‘Edapog pe Puoikn
Zeiopikn Movwon

he Zuvtoviotr] (EpeuvnTikd YneuBuvo) Tov lewpyio MnoukoBaAa, Kabnyntn EMN kai pe
JuvTovioTr Tng Opadac Epyaciac kai Eniotnuovikd YneUBuvo Tng Apdaong A6 Tov Iwavvn
Wuxapn, Kabnyntn EMI.

JUYKeKpIPEva, napouoialovTal Ta anoTeAéopaTta TnG Apaong A6, We TiTAo:
"Eqpappoyn o€ oTaTikwg Opiopévn MNEpupa ano O0.5."

To avTIKEiPEVO TOU v AOyw NapadoTEou NEPIYPAPETAl OTNV EYKEKPIPEVN EPEUVNTIKI NPOTACT
Kal agopd Ta onpeia (2) kai (3) Tou M.E.6, wg akoAoUBwG:

(2) ©@a emeyel wa Turikn odikr} 17 o10NPodpouiKr} yepupa O.5. LE I000TATIKO QOPEd, O
olaoTaupwon ME NoTauo  ano TiIC MoAEC nou karaokeud{ovral 1} EXOUV  1ion
KaraokeuaoTel oTn Xwpa pag, e avoryua 40-60u. ueraéu Twv BdGowv kai 6a yivel o
OTaTIKOG Kal O AVTIOEIOUIKOG OXEOIaoLOC Twv BdBpwv e Tn ouuBarikr eBodoloyia
Beuchiwonc (ndooalor kar kaBolikr BEATIwon Tou peuoTonoinooy £04pouc). Baoikr
11POUNOBETN anoTeAel n Unapén nANpouc yYewTeEXVIKIIG EpEUVAg oTn BTN Tou EPYoU Kai 1)
unapén eKTeVoUC PEUOTOINOINGTIC TOU £04POUC OTIC BETEIC TwV LdBpwy.

(3) ©a enavainpBei 0 oTATIKOG KAl O AVTIOEIOLIKOG OXEOIAOLIOC TG YeQUPAc, aAAa ue mn vea
HEBOOOOYIa «PUOIKIIC» OEICUIKIC LIOVWOTNIC TG BeLEAiwonc (eriipaveiakn) Gsuelivon Kkar
onuIoupyia EniPaveiaric Lovov KpouoTaq BEATIOUEVOU E0APOUC), OE oUVOUAoLO LE TIC
AVEKTEC LETATOMIOEIC Tou BAdBpou rou npoekuwav ano 1nv dpaocrnpiotnta (1) rou 1diou
[1.E. @a akolouBrioer aéioAdynon Tn¢ veac LeBodoloyiac, o€ ouykpion LE TN oULBaTIKT,
TOOO LIE TEXVIKG OO0 KAl LIE OIKOVOLIKG KPITIPIA.



MEOGOAOAOTIIA KAI AMMOTEAEZMATA

MeAeTatal pia Tunikn odIKr, OTATIKWG OpPIoHEVN, Yeépupa O.%. ot diaoTalpwaon HE NOTAo,
nou BsueAIVETal O €DAPOC PEUCTONOINCIYO O Peyalo BaBoc. To YEWTEXVIKO MPoPiA Tou
£0AgouC £xel enIAeyel anod pia unapkTh yépupa oTnV MEPIOXN TOU MoTapgoU ZTpupva Kal
ouvenwg diaTifeTal pia NANPNG YEWTEXVIKA £peuva oTtn B£on Tou €pyou. Eniong npoBAéneTal
EKTEVNG peUCTONOINon Tou £dAgouc atn B€on Tou pecoBadpou. Bewpeital OTI Ta akpoPabpa
BspehimvovTal oTo Bpaxwdeg avaduouevo unoBabpo To onoio, puaikd, dev dIaTPEXEl KivOUvo
peuaTONnOINONG.

H vépupa nou peletatal anoteheital and dU0 aAP@IEPEIOTA avoiydaTta BewpnTIKOU HNKOUG
42.00m TO kaBéva, Ta onoia cuvdEovTal PETAEU TOUG PE NAAKA Ouvéxelac. To NAGTOC Tou
KaTaoTpwuaTog IoouTal pe 11.25m, pe nedodpopia nAaToug 1.25 m ekatépwBev. AnoTeAsiTal
ano 14 (=2x7) NpoKATAOKEUAOUEVEG, NPOEVTETAUEVEG DokoUC Wnkoug 40.50m n kabe pia,
nou otnpifovral oTta akpdBadpa kali To HecOBaABPO PECW eAAOTOHETAAIKWY €pedpdvwy. To
HeoOBabpo anoTeAsiTal and Tn dokd £dpacnc kai €va oTUAO TOIX0e€Id0UC dIATOMUNG MAKOUC
8.35m «kai naxoug 1.5m and onhiopévo okupOdepa, €xel O Uwog  10.0m
oupnepiAapBavopévng Tng dokol €dpaong (8.0+2.0m).

3TO NPWTO WPEPOC TNG £PYACIAG AUTNG EMIXEIPEITAl O OXeSIAOUOC TNG YEPUPAG WE Baon Tn
oupBaTikn peBodoloyia BepeAimong, nou ouviotatar oTn Xpron Babiag Beueliwong pe
naocoalouc kal kaBoAikr) BeATiwon Tou peucTonoinoigou €dagouc. MNa To Okonod auTo
HOPPWONKAV XwpPIKA NMPOCOUOIMUATA and MNENEPACHEVA YPAUMIKA Kal enipavelakd oTolxeia
nou avTinpoownslouv Ta PEAN TNG kaTaokeunc. H aAlnAenidpacn €dApOUG — KATAOKEUNG
eEANPON unodywn peE TN XPNon KaTAMnAwv opIfOVTIWV Kal  KATakOpupwv eAaTnpiwv.
ExTeAéOTNKAV YPAUMIKEG €NAOTIKEG aAVAAUOEIG €vavTl OTATIKWV KAl CEIOHIKOV OpPACEwV
(duvauikn gaopatiki avaiuon). MNa Tov npoodIiopIoPd TNE CEIOHIKNAG OpACNG XPNOoIHonoInénke
KaTtaAAnAo @aopa nou diaTednke and Tn MewTexvikr Opada yia To BEATIWPEVO £DAPOC OTNV
neploxn Tou HeECOBABpPoU, yia OiopoO e nepiodo enavagopdc 1000 xpovia. H yepupa
e€etaotnke yia TIc Opiakég KataoTdoeig AsiToupyikOTNTAG Kal AoToxiag oUPpwva HE TOUG
Eupwk®dIKeg, an’ Onou MPOEKUWav ol TEAIKEC JIACTACEIC Kal OMAION TWV EMIPEPOUG WEAWV
(ToixoeIdéc BABPo, KEPAANODECHOG NACCAAWV, NACOANOI, MPOEVTETAUEVEC OOKOI Kal MAAKa
KATaoTpwHaTog, Epedpava, apyoi).

>70 OeUTEPO PEPOG TNG £pyaAciac, n yépupa enavacyedialeTal Ye pia véa (piAogogpia ouupwva
ME TNV onoia To £€0agoc KATw ano Tn BepeAinon agrveTal va peucTonoindei NpooPEPovTag
HIa  «QuUOIK}» OEIOUIKI) JOVwor) OTNV  KATAOKEUr. Twpd, YiveTrar Xprnon €enipaveiakng
BepeNioong eni HIag emipavelakng, MIKpoU naxoug, kpoloTac BeEATIWPEVOU €5AMOUC EMi TOU
PEUCTOMOINCIJOU  €dAgouG. lNa TIG avayKeC Tou VEOU OXedIAOMOU GCUVTACOETAl Id
peBodoloyia cUP@wva Pe Tnv onoia:

e TiveTal apxika pia npodiacTacioAdynon TG YEPUPAG EvavTl OTATIKWV KAl OEIOUIKOV
Opdoswv yia osiopoUc Ye nepiodo enava@opdc 225 kal 1000 xpovia Pe Xprnon Twv
avaloywv GpacuaTwv onwe diaTednkav ano Tn MewTexvikr Opada. YnevOupiletar ot
oUUpWVA PE TN YEWTEXVIKN MEAETN yIQ TOV OEIOPO TwV 225 XpOvwv To £DaPog dev
PEUCTOMOIEITAl, EV® YId TO OEIoPO Twv 1000 xpdvwv TOo £3apOG pEUCTOMOIETAl.
3TNV MeEPINTWON Mag, yia OAa Ta PEAN nAnv Tng OepeAinong xpnoidonoinénkav
apxika ol dlaoTACEIG Kal n OGNAION Mou Npogkuyav anod Tn cupBaTikn Auon.

e Tiveral €é\eyxog guaioBnaiac Tou BaBpou (To onoio, O I000TATIKOUC (POPEIC ANOTEAEI
TO KPIOIMOTEPO OTOIXEIO YId TO OXEdIAOPO €vavTl CEIOHIKWV OpAoeEwv) yia TIG
gloayopeveg kabIfoeIg kal oTpoPEG oTn Bgpeliwon Tou, Adyw peuaTonoinong, Me
anaitnon Tnv npakTikd eAacTIKn AsiToupyia Tou. To Brjpa auTtd éxel Non eKTEAECTEI



Kal napouoiaotei oto [Mapadotéo M6a, Onou n pEYIOTN €nITPENTn kabdidnon
unohoyioTnke ion pe 23cm.

e TiveTal n diaoTacioAoynon TnG veéag Bepehinong (Bspélio kal enipaveiakr kpouoTa).
ApXIka diaoTacioloyeiTal To BPENIO EvavTl EKKEVTPOTNTAC OE OEIOUIKEG OPACEIC. 3TN
ouvéxela kabopilovTal ol TEAIKEG OIAOTACEIG Tou Bgpehiou kal TNG kpoUaTac &vavri
OUo KpITNPIWV:

- H napayopevn kabi{non Aoyw peuaTonoinong va ivai JIKpOTePN TNG HEYIOTNG
EMITPENOMEVNG ONWG kaBopioTnKe GTo NPonyoUpEVo Brua.
- O anopevwv OUVTEAEOTNG ao(AAelag WETA Tn PeucTonoinon va eivai
peyahuTepoc Tou 1.10.
Ma To okono auTd YiveTal Xprion KaTtaAAnAou AoyiopikoU nou €TOINACTNKE ano T
VEWTEXVIKA) ohadd. STnv MepINTwor Pag n napayouevn kabidnon Ppébnke ion pe
6.8cm noAU PIKpOTEPN TNG MEYIOTNG KaBiCnong Twv 23cm Kal GUVEN®S AnodeiXTNKE
KPIOILOC yIa TO OXedIaoPd O AMOMEVWV OUVTEAEOTNG AoPAAelac. TeAIKA, NPOEKUYE
BepeNio dlaoTaoewv 8x15m? eni BeATIWHEVNG €3APIKNG KpoUOTAg naxoug 4m. Me
Baon TIG dlIaoTACEIC AUTEG UNoAoyioTnKav OTn CUVEXEIQ ano Tn YEWTEXVIKA ouada,
Yl OTATIKEG Kal OUVAMIKEG OUVONKEG, KATAAMNAEG oOTaBepeg eAaTnpiwv  Kal
anooBeoTNpwY Yia TNV avaiuon, yid TIC MNEPINTWOEIC PEUCTONOINONG 1 W Tou
€0ApOUC,

e Tivetal n TeAikny dlaOTACIOAOYNON TNG YEPUPAG EvAVTI TWV CEIOUIKOV OpACEWY HE
Xprion OUVAMIKNAG (paocuaTIKAG avaiuonc. EEetalovral o osiopoi Twv 225 Ypovwv
(nepinTwon pn peucTonoinong) kai Twv 1000 xpovwv (NEPIiNTwon peuaTonoinong).
TNV NePINTWaon peuaTonoinong eEetalovral dUo KATAOTACEIC:

(a) Kata Tn d1GpKela Tou giopoU, 6nou epappolovTal Pe KaTaAAnAo auvduacpo,
adpavelakec OpACEIG OIoNoU CUM@WVA PE TO (PACHA TNG NEPIOXNG TOU
MeooBabpou kabwg kar npoobeTol  £da@ikoi  kaTavaykaouoi (opilovTia
eNIBAMOPEVEG PETAKIVAOEIG) oTn Bdon Tou PeooPabpou woTe va AngOsi
unown n aolyxpovn kivnon akpoBadpou-pecoBdbpou Adyw dIAQOPETIKWY
ouvenkwv Bepeliwong. 2Tnv  nepinTwon pag  enmBAnGnkav  opilOVTIEG
METAKIVACEIG TNG TAENG TwV 12 &K.

(B) ApEowg PETA TO TEAOG TOU OeioWoU, Onou epapuolovTal ol CUCOWPEUMEVEG
KaBIfnoeic kalr oTpoPéC AOyw peuaTonoinong otn Pacn Tou pecoPabpou
(oTnv nepinTwor| pag 6.8 cm).

Ano Tnv avaiuon anodeiXTnke OTI 0 MO KPIoIJOG ouvOUaouOC ATAv auTog yid TNy
NePINTWON TNG KN PeUcTOnoinoNnG Tou £dAgouc Pe BAon Tov onoio MPoEKuyav ol
TeNIKEG DIAOTACEIC Kal ONAION TWV HEAWV TNG YEPUPAg (ToixoedEc BaBpo, Bepéio,
KaTaoTpwia, Epedpava, apuoi).

e 3t nepinTwon diagoponoinong Twv dIdoTACEWV i} TNG ONAIoNG Tou PecoBdabpou n
dladikacia enavahappaveral anod 1o deUTEPO Brida. A€dopEVOU OTI OTNV NEPINTWOTN
MAC MPOEKUWE WEiwan Tou anaitoUPEVOU OMNAIOPOU OF OXEON HE €KEivOv TNG
oupBaTikng AUong enaveAéxbnke n euaiobnoia Tou WPeooBdBpou Evavtl TwV
£10ayOPEVWY, AOYW PEUCTONOINONG, KABINOEWV Kal OTPoPwV OTn BgpeAiwon Tou.
AlanioTwBnke OTI n TEAIKA WEYIOTN emITpenopevn kabidnon nrav ion pe 20cm kai
NAapEPEVE ONUAVTIKA WEYaQAUTEPN TNG napayouevng AOyw peucTonoinong (6.8cm).
Juvenwg n diadikacia oxediacuoU gixe OAOKANPWOEI.

KaTta Tn ouykpiTikh diepelvnon Twv dUo AUCEwV dlanioTwlnke OTI KATA Tov MpwTOTUMNO
OoXeDIAOUO Ol €I0AYOMEVEC OEIOMIKEG €VTACEIC €ival ONUAvTIKG MIKPOTEPEC EKEIVWV TOU
oupBarikoU, akopa kal yia Tnv MePINTwon Tng Wn peucTonoinong. EidikdTepa yia Tnv
nePINTWAN PEUCTONOINONG N MEYIOTN AvanTUOOOMEVN EMITAXUvON eival katd 50% nepinou



MIKPOTEPN ano €KeivnVv TNG GUPBATIKAC AUONC Kal NpAyuaTi n pEUCTONoINON AEITOUPYE WC Mia
«QUOIKTT» OEIOUIKI] LOV@WOoT Yid TNV KATAokeun. EvToUToIC 0 NepinTwaon peuoTonoinong, katd
Tn OIAPKEIQ TOU CEIoPOU €loayovTal NPOaBeTol £5aPIKOi KaTavaykaouoi oTn BgpeAinon Aoyw
acuyxpovng Kivnong akpoBadpou-pecoBdabpou. € TEToIoU €idouc kaTavaykaopoug (opilovTia
€NIBaMOPeVEC peTATONIOEIG) TO HeoOBaBpo anodeixTnke 101aiTEpa suaiobnTo. EvrouTolg, yia
TNV TAEN Meyeboug Twv KaTavaykaopwv nou emPAnOnkav (nepinou 12cm  opilovTia
METATOMION) O OUVOUAOMOC auToc Oev anodeiXTnKE KpiolwoG.  EminA£ov, ol €10ayOUeveC
kadifnosig (oTnV NePINTWOoN Wag 6.8 cm) kal OTPOPEC APECWE META TO NEPAG TNG dovNong dev
anodeixTnkav KPIioIHEG yia To Oxedlaopd, agou NapEUEVav ONUAvTIKa MIKPOTEPEG TNG
MEYIOTNG ENITPENOKEVNG KaBidnong yia Tnv eAacTIKn AsiTroupyia Tou Babpou. Kpioiun yia Tov
NpwTOTUNO OXeOIAOPO anodeiXTnKE TENKA N NEPINTWON Wn PEUCTOMNOINONC, N OMnoid ENEPEPE
Meiwon Tng évraong Tou Toixoeidous PBabpou katd 15% é£vavri Qutnig TOU OCUMBATIKOU
oxedlaopou. Mpenel navrwe va enionuavBei 6T, Adyw Tng suaiobnoiac nou napoucialel To
BaBpo otnv sioaywyn e0a@IKWV KATAVAYKAoHwV AOYw PEUCTONOINONG, TOOO KATA TN OIAPKEIQ
000 Kkal YETA TO NEPAC TNG OEICUIKNAG dovnong, npenel va Oiveral 151aiTepn Npoooxn oTnv
OWOTN EKTIUNON Tou HeyEBoug Touc. Ta Aoind pEAN TNG KAaTaokeung (kaTaoTpwpa, Epedpava,
KAM), OTNV NEPINTWON TOU 1000TATIKOU (POpEA Nou €EETACTNKE, dev anodeixTnkav Kpioiua yia
TO oxedIaouo.

EnixeipvTac Hia OIKOVOMIKN oUykpion Twv OUo AUCEwv OIanioTwOnke OTI kAatd Tov
NpwTOTUNO OXEOIAOUO EMITEUXONKE ONMAVTIKN HEIWON TWV ANAITOUMEVWY MOCOTNTWV
OoKUPODEPATOG Kal XAAuBa €vavTi autwv Tng oupBaTiknG. H peyaAUTtepn e€€oikovounon
oQeINOTav OTNV Ueiwan Tou Oykou Tou BeATiwpévou €5AMOUC Kal TNV anoudia Nacoaiwv
BePENiWONG. SUYKEKPIYEVA, O OYKOC TWV XAAIKONAoOAAWV BEATIWONG TOU €dAPOUC HEINBNKE
katd 80%, To oKUpOdEPa kal 0 XAAuBag TngG véag Bepeliwong kata 60% nepinou, kai o
onAIopOG Tou Badpou katd 12%. EnNABE eniong Peiwon Twv NOCOTATWY TWV EPEdPAVWV Kal
Twv appwv (katd 16% kai 20% avrioToixa). O1 YEIMOEIG auTEC 0dNynNoav O HiId ONUAvTIKN
MEiWON Tou KOOTOUG BepeAiwong TNG YEQUPAC KATd 67% Kal TOU OUVOAIKOU KOOTOUG TNG
vépupag katda 12% nepinou.
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1.

INTRODUCTION

This Technical Report presents the actions taken and the associated results of Work Package
WP6, entitled: "Application to statically determinate concrete bridges”

The Scope of Work Package WP6 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 statically
determinate concrete bridges, which probably consist the most common type of bridge in our
country.

The main work tasks presented in this deliverable are extensively described at the approved
proposal as points (2) and (3) of W.P.6, as follows:

2)

3

Next, a typical statically determinate concrete bridge with spans of 40-60 m, 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.

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.



2. APPLIED CODES

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

Eurocode 0: Basis of structural design;

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 7-1: Geotechnical design - General rules;

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 — Elastomeric bearings;
DIN 4014: Bored Cast-in-place Piles - Formation, Design and Bearing Capacity;
DIN Fachbericht 101 & 102;

Odnyiec yia Tnv AVTIOEIONIKR) MeAETN Tepupwv os ouvduaoud pe DIN-FB 102, 103,
104 (OAMI-FB), IoUvioc 2007.



3. GEOTECHNICAL AND SEISMOLOGICAL DATA

3.1. Soil profile

The selected site is located within the riverbed of Strymonas River in Serres, Greece. The
results of the geotechnical investigation of the foundation of “Strymonas river” bridge of
“Egnatia Odos” Highway were processed by the geotechnical team of this project (as part of
the actions of Work Package 4, see Deliverable D4) and are used in the present design. The
soil profile at the site has been created from river deposits and consists of loose liquefiable
silty sands and soft clays, while the ground water table is located on the ground surface, a
fact that is further enhancing the liquefaction susceptibility. More specifically, the following
soil layers were identified:

Layer 1 (0-28m): Silty sand (SM) and locally non-plastic silt (ML)

Layer 2 (28-31m): Low plasticity clay (CL)

Layer 3 (31-34m): Silty sand (SM) and locally low plasticity clayey sand (SM-SC)
Layer 4 (34-43m): Low plasticity clay (CL)

Layer 5 (43-50m): Non-plastic silt (ML) and locally well graded silty sand (SW-SM).

In more detail, the soil profile that is used for the numerical analyses is plotted in Figure 3.1,
along with the factor of safety against liquefaction (according to the Geotechnical Report, see
Deliverable D4).
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Figure 3.1: Examined soil profile and factor of safety against liquefaction with depth
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3.1.1. Conventional design - Spring constants for the analysis

The Young’s Modulus of the soil’s layers is given in Table 3.1 together with the coefficient of
the horizontal subgrade reaction to be used for the calculation of the equivalent soil springs
along the piles. The horizontal coefficient of the subgrade reaction was calculated using the
formula Kn=E/D, where D is the pile’s diameter; however, for D>1.0m, D is taken equal to
1.00 m.

Table 3.1: Young Modulus E of the soil’s layers and horizontal coefficient of subgrade reaction for
piles of diameter D=1.00 m

Mivakag 3.1: M£Tpo eAacTikOTNTAg E Tou £da®oug Kal opifOVTIOC GUVTEAEDTNG €DAMOUG Yid NACGAAO
dlapéTpou D=1.00 m

Depth (m) E (MPa) Kh (MN/m3)
0-24 20 20
24 - 28 25 25
28-31 30 30
31-34 30 30
34-43 55 55
43 -50 38 38

These values of Kn given in Table 3.1 correspond to a single pile and have to be reduced
according to the methodology described in DIN1054 to take into account the effect of group
of piles.

The reduced values K, are calculated as follows:

Kn,i=ai - kn for /L < 4.00

Kni=ai33 - kn  for ¢/L > 4.00

where £ is the pile’s length and L the elastic length of the pile which is given by:

E-N>?

The reduction coefficient ai is calculated as: ai = ar-aq, where a. is the coefficient in the
direction in which the force is applied and aq is the coefficient in the normal to the force
direction. The factors aL and aq are calculated from Figures 3.2 and 3.3.

Q

Figure 3.2: Definition of coefficients a. and aq
Ixnua 3.2:  OpiopdG OUVTEAEDTWV . Kal dq
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Figure 3.3:  Coefficients a, kai aq for the calculation of the reduction of horizontal pile stiffness
according to DIN1054

Ixnua 3.3:  YNoAOyIOHOG CUVTEAEOTAV AL KAl dg YId TNV anopeinon TnG opIfovTiag eEATNPIAKAG
oTaBepdc kata DIN1054

In Table 3.2, the vertical springs for pile’s diameter D=1.00 m and piles of various lengths are
given. These values have also to be reduced to take under consideration the group effect.
The corresponding reduction factors Rs calculated according to Poulos and Davis (1974) are
given to Table 3.3.

Table 3.2: Vertical spring’s constant for pile’s diameter D=1.00m
Mivakag 3.2: Kartakdpupa eAaTrpia yia nacoalo diapétpou D=1.00m

L (m) Ky (MN/m) for D=1.00m
15 124
20 150
25 178
30 210
35 251

Table 3.3: Reduction factor Rs for the vertical springs of a group of piles
Mivakag 3.3: MeIWTIKOG OUVTEAEOTNC Rs YIA TA KATAKOPUPA €AATNPIA OUAdAC NACTAAWY AIXHNG

Length / Diameter | Distance / Diameter Number of piles in the group
(L/B) (e/B) 4 | 9 | 16 | 25
Pile’s Stiffness K
10 | 100 {1000{ oo | 10 | 100 |1000| co | 10 | 100 [1000{ c | 10 | 100 |1000| oo
2 1.52|1.14|1.00|2.02|1.31|1.31|1.00(1.00(2.39(1.49(1.00|1.00|2.70|1.63|1.00|1.00
10 5 1.15/1.08|1.00|1.23|1.23|1.12|1.02|1.00(1.30{1.14{1.02|1.00|1.33|1.15|1.03|1.00
10 1.02|1.01{1.00|1.04|1.04|1.02|1.00(1.00(1.04{1.02{1.00|1.00|1.03|1.02|1.00|1.00
2 1.88|1.62|1.05|1.00|2.84|2.57|1.16|1.00(3.70(3.281.33|1.00|4.48|4.13|1.50| 1.00
25 5 1.36(1.36(1.08(1.00{1.67({1.70(1.16{1.00{1.94{2.00{1.23{1.00{2.15{2.23{1.28|1.00
10 1.14{1.15({1.04{1.00{1.23{1.26(1.06{1.00{1.30{1.33{1.07{1.00{1.33{1.38{1.08 | 1.00
2 2.54|2.26|1.81|1.00(4.40(3.95(3.04|1.00|6.24|5.89|4.61|1.00|8.18|7.93|6.40 | 1.00
100 5 1.85(1.84(1.67(1.00{2.71{2.77(2.52{1.00{3.54(3.74(3.47(1.00(4.33{4.68 |4.45|1.00
10 1.44(1.49(1.46(1.00({1.84({1.99(1.98(1.00{2.21{2.48(2.53{1.00(2.53{2.98(3.10(1.00




3.2.2. Conventional design - Bearing capacity of the piles

For the given soil profile of Figure 3.1, the bearing capacity of the piles is calculated in the
Geotechnical Report (see Deliverable D4), for three pile diameters, ®100, ®120 and ®150

(Figure 3.4).

Qs (MN)
0 5 10 15 20

depth

(a)
Bearing capacity of piles: (a) Ultimate load due to lateral friction; (b) Tip ultimate load;
(c) Total ultimate load

Figure 3.4:

ZxnHa 3.4:

=0 100

-0 120
Qp (MN)

5

10

(b)

-— ® 150

Qult (MN)
0 5 101520 25 30

(©

depouaa IkavoTnTa nacodAwv: (a) Opiakd gopTio TPIRAG, (b) Opiakd popTio aixung, (c)
ZUVOAIKO opIakd (opTio

For the calculation of the design bearing capacity, safety factors 2.00 and 1.30 were
considered for the static combinations and seismic ones, respectively. Thus, the bearing
capacity of a pile with a diameter 1.00m and depth of 28.00m (25.00+3.00m) is 8.50MN/
2.00=4.25MN for static loads and 8.50MN/1.30=6.54MN for seismic loads.

10



3.3. Seismic loading

3.3.1. Conventional design (totally improved ground)

According to the Geotechnical Report (see Deliverable D4), the seismic actions are calculated
from the design spectrum of Eurocode 8 for soil type D with soil factor S=0.80 and peak
ground acceleration ag=0.32g accounting for the Seismic Scenario A described in the report,
with the following characteristics:

e return period Tret = 1000 years
e earthquake magnitude Mw = 7.0
e peak ground acceleration at outcropping bedrock PGA, = 0.32 g

The following parameters were considered:

e Behavior factor agr=1.50
qv=1.00 (8§4.1.6(12)P of EC8-2)
e Damping correction factor n=1.0
e Peak ground acceleration agh=0.32g, agv=0.90x0.32 g=0.288 g
e Soil factor S$=0.80

e Characteristic periods for horizontal component (Tg=0.20s, Tc=0.80s, Tp=2.00s)
e Characteristic periods for vertical component (Te=0.05s, Tc=0.15s , To=1.00s)

The horizontal elastic response spectrum is illustrated in Figure 3.5(a), while Figure 3.5(b)
shows the vertical one.

se(T) (m/sec2)
Se(T) (m/sec2)

T (sec) T (sec)
@ (b)
Figure 3.5: (a) Elastic response spectrum in the horizontal direction; (b) Elastic response spectrum

in the vertical direction — improved ground

ZxAMa 3.5: (@) EhaoTikd paocpa anokpiong atnv opifovTia dicubuvaon, (b) EAaoTikd paopa
anokpiong oTnv KatakopuPn dieliBuvaon — BEATIWHEVO €DAPOC

3.3.2. Innovative design (natural ground)

According to the Geotechnical Report (see Deliverable D4), the seismic actions were
calculated for the following two Seismic Scenarios (A and B):

Scenario A

In this case the ground is not liquefied. The seismic actions are calculated from the design
spectrum of Eurocode 8 for soil type D with soil factor S=0.96 and peak ground acceleration
ag=0.22g, as follows:

11



return period Tret = 225 years
earthquake magnitude Mw = 6.2
peak ground acceleration at outcropping bedrock PGA, = 0.22 g

The following parameters were considered:

Behavior factor agr=1.50

qv=1.00 (8§4.1.6(12)P of EC8-2)
Damping correction factor n=1.0
Peak ground acceleration agh=0.22g, agy=0.90x0.22 g=0.198 g
Soil factor S$=0.80

Characteristic periods for horizontal component (Ts=0.20s, Tc=0.80s, Tp=2.00s)

Characteristic periods for vertical component (Te=0.05s, Tc=0.15s, To=1.00s)

The horizontal elastic response spectrum is illustrated in Figure 3.5(a), while Figure 3.5(b)
shows the vertical one.
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5 300
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am 1,00 2m EL) 400 2,00 100 2,00 30 400
T (sec) T (sec)
(a) (b)

Figure 3.6: (a) Elastic response spectrum in the horizontal direction; (b) Elastic response spectrum

in the vertical direction — Natural ground — Scenario A

Zxnua 3.6:  (a) EhaoTikd paopa anokpiong otnv opifovTia dicubuvaon, (b) EAacTikd pacpa

anokpiong oTnv KatakopuPn dielbuvon — OUCIKO £0aPog — Zevapio A

Scenario B

In this case the ground is liquefied. The seismic actions are calculated from the design
spectrum of Eurocode 8 for soil type C with soil factor S=0.50 and peak ground acceleration
ag=0.32g, as follows:

return period Tret = 1000 years
earthquake magnitude Mw = 7.0
peak ground acceleration at outcropping bedrock PGA, = 0.32 g

The following parameters were considered:

Behavior factor agh=1.50

qv=1.00 (84.1.6(12)P of EC8-2)
Damping correction factor n=1.0
Peak ground acceleration ag,h=0.32g, agv=0.90x0.32 g=0.288 g
Soil factor S=0.50

12



e Characteristic periods for horizontal component (Ts=0.20s, Tc=0.60s, Tb=2.00s)

e Characteristic periods for vertical component (Te=0.05s, Tc=0.15s, To=1.00s)

The horizontal elastic response spectrum is illustrated in Figure 3.5(a), while Figure 3.5(b)
shows the vertical one.
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2 | 50 |
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Figure 3.7: (a) Elastic response spectrum in the horizontal direction; (b) Elastic response spectrum
in the vertical direction— Natural ground — Scenario B
IxAua 3.7:  (a) EAaoTiko @acpa andkpiong atnv opildvTia dicuBuvan, (b) EAaoTikd ¢pdaoua

anokpIiong oTnV katakopupn dielBuvan — duaoikd £dagog — Sevapio B
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PART A:
CONVENTIONAL DESIGN OF THE BRIDGE
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4. BRIDGE DESCRIPTION

4.1. Geometry and cross sections

The bridge under investigation is a statically determinate, two-span (2x42.00 m) concrete
bridge crossing a river. The deck is 11.25 m wide, plus 1.25 m wide pavements at each side.
It is composed of 2x7 precast, prestressed concrete beams of length 40.50 m. A cast in-situ
slab of 0.25 m min thickness is constructed. The concrete beams are resting upon the
abutments and the mid-pier via elastomeric anchored bearings with dimensions 400x500mm?
(ta=121mm) for the abutments and 350x450mm? (te=99 mm) for the pier. Bearings with
external striped plates can also be used. The pier is a wall-type column of cross section 1.50
m x 8.35 m founded on a soil prone to liquefaction under seismic action. The conventional
design of the deep foundation on liquefiable soil involves 3x4 @100 concrete piles of 25.00 m
length, combined with improvement of the liquefiable soil layers.

The plan view of the bridge is illustrated in Figure 4.1 and the plan arrangement of the
precast prestressed beams of the deck in Figure 4.2. The longitudinal section of the bridge is
shown in Figure 4.3, while in Figure 4.4 the plan view of the foundation of the bridge is

depicted. The geometry of the midpier is illustrated in
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Figure 4.5. The cross section of the bridge at the midspan is given in Figure 4.6. The plan,
elevation and cross section of the precast, prestressed beam are illustrated in Figure 4.7.
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Figure 4.6:  Cross section of the bridge at midspan
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Figure 4.7:  Precast, prestressed beam: (a) Semi-plan, semi-elevation view, (b) cross section view
IxAHa 4.7:  poKATAOKEUAOHEVN, NPOEVTETAUEVN OOKOG: (a) nuikaTtown, nuiown (b) diatoun

4.2. Materials

The prestressed precast beams are made of concrete of grade C35/45, the cast in-situ reinforced
concrete slabs of concrete C30/37, the pilecap, the columns and the beam of the pier of concrete
C20/25 and the piles of concrete C20/25. The reinforcing steel grade is B500C while the prestressing
tendons are of steel 1600/1860.
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5. DESIGN OF THE SUPERSTRUCTURE

5.1. Model

For the design of the superstructure against static loads and the determination of the internal
stresses and forces as well as of the displacements of the prestressed beams and the slab, a grid of
beams representing a single span was analyzed. The main prestressed beams were modeled with
beam elements with appropriate geometry and stiffness characteristics. Transverse beam elements
were used for the modeling of the stiffness of the slab at the transverse direction. Construction
phases were also taken into account.

The bearings at the abutments and the pier were modeled with equivalent elastic springs, with
appropriate stiffness for static combinations. The considered horizontal and vertical stiffness of the
springs for static load combinations was:

Abutment (400x500x121-mm) : Kb,st,hor=1454 kKN/m, Kb,stvet=603400 kN/m
Pier (350x450x99-mm) 1 Kb,st,hor= 1396 kN/m, Kb,st,vert=473500 kN/m

The abutments were modelled with springs connected in series with the springs modelling the
bearings. The ‘abutment’ springs were determined from a separate finite element analysis of the
abutment-soil system, thus the flexibility of the soil was also considered. More specifically, the
horizontal and vertical stiffness of these springs were:

Kh=30000 kN/m
Kv=900000 kN/m

All the analyses were performed using the code Sofistik. The model of the structure and the sections
of the members are shown hereafter.

Figure 5.1:  Model of the superstructure and sections of the members

IxAHa 5.1:  lNpocopoinpa avwdopng Kai SIaTOHEG HEA®YV
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5.2. Load Cases

The load cases considered are the following:

5.2.1. Self weight of the beams (1t phase — beam section) — LC1

It is automatically calculated by the program for specific weight of the RC: gcon=25 kN/m?3.

5.2.2. Self weight of the slab (1° phase — beam section) — LC2
0.27 m x 25.0 kN/m3 = 6.75 KN/m?

5.2.3. Prestress (1°t phase — beam section) — LC50

4 tendons of type Preco 12T15 per beam (12 strands per tendon), with the following characteristics:

Tensile strength fp : 1860 MPa

Yield stress (proof load 0.1%) fpok : 1670 MPa
Nominal diameter of strands : 0.60” = 15.70 mm
Nominal area of strands : Ap = 150 mm?
Slip at prestressing anchor : S = 6mm

Prestress load:
max gp = min (0.65fptk, 0.75fx0k) = min (0.65x1860, 0.75x1600) = 1200 MPa
Fp = 1200x150 = 180.00 kN per strand, Fp= 12x180 = 2160 kN per tendon
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Figure 5.2: Arrangement of the prestressing tendons (elevation view of the beam)
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Figure 5.3:  Section of the beam (a) at the support, (b) at the mid-span
IxAupa 5.3:  Aiatopn dokoU (a) otn othpi&n, (b) oTo HETOV TOU avoiyuaTog

5.2.4. Prestress losses

(@) Friction losses (1% phase — beam section)

They are automatically calculated by the program (see Figures 5.4 to 5.7) according to the following

relationship:
Py = Po @ -(Ha+kx)

where py = 0.20 rad? and k = 0.01 rad/m
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Figure 5.4: Diagram of friction losses for tendon 101
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(b) Creep and shrinkage (1% phase — LC9, 2™ phase — LC11)

The relevant coefficients are calculated according to EC2.

o

o

o

G e g g o gt
|

o o

2 2 2

Figure 5.8:
ZxnHa 5.8:

(a)
(a) Cross section of the 1%t phase (beam), (b) Cross section of the 2" phase (beam-+slab)
(a) Aiatopn 17 @aonc (0okog), (b) Alatoun 2% ¢pdaong (dokog +nAaka)
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Table 5.1: Characteristics of the cross section of the beam (Acis the cross-sectional area, u the perimeter of
the member in contact with the atmosphere and hg the notional size of the member)

Mivakag 5.1: XapaktnpioTikd diaTopng Sokou

Ac (m?) u(m) ho=2A¢/u (mm)
15t phase (beam) 0.823 7.41 222
2" phase (beam-+slab) 1.31 9.57 270

According to EC2 — Annex B, the creep coefficient ¢(Z &) may be calculated from:
@ (Lto) = Qo Pt to)

where:

@o is the notional creep coefficient and may be estimated from:

Qo=@rr B(fem) B(to) and ftm=43 MPa (C35/45)

@ry is a factor to allow for the effect of relative humidity on the notional creep coefficient and for
fm=43MPaq is:

1-RH/100
1]02

SRS
RH 0.13/h,

RH is the relative humidity of the ambient environment in %. In our case RH=80

ai, a2 are coefficients to consider the influence of the concrete strength:

a;= [f—5]°'7 =0.87 and a,= [%5] 02 =096

mc
Thus @rw = 1.24
B(fem) is a factor to allow for the effect of concrete strength on the notional creep coefficient:
16.8
,B(f&m)= 7 = 2.56

cm

B(tv) is a factor to allow for the effect of concrete age at loading on the notional creep coefficient. For
to=15 days (the age of concrete at loading) is:

B(to) = 0.55

01+8%) "
Then
@o= 1.24x2.56x0.55 = 1.75

It is also:

(t'to) ]0.3
(By +t-t)

Bi=1.5 (1+(0.012 RH)'8) o+ 250as and  a3= f—s] 05 =0.90

mc

B(tb) =[

Thus, S+ =718 and for t=90 days (the age of concrete at the moment considered)
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L(th)=0.49
Finally:
@ (90, 15) = 1.75x0.49 = 0.86

The final creep coefficient can be calculated as previously or taken directly from Figure 3.1 of EC2 for
RH=80 (outside conditions) and quality of concrete C35/45, as equal to:

@ (c0, 15) = 1.75

The total shrinkage strain €s may be calculated from:
€cs = Ecd + Eca
where € is the drying shrinkage strain and €. the autogenic shrinkage strain.
Itis:
€cd(t) = Bas(t,ts) kn €cd0
where, gu,0 the basic drying shrinkage strain equal to 0,30x103
t-t

(t-t)+0.04- /h03

For the 1%t phase t=90 days, ts=15 days and ho=222 mm, then Bus(t,ts)=0.36

Bds(t,tS) =

From Table 3.3 of EC2 for ho=222 mm, kn=0.83 and
€d(90) = 0.36x0.83x0.30x1073 = 8.96x1073
It is also:
€ca(t) = Pas(t) £ca(0)
where £ca(0) = 2.5 (f -10)x10® and in our case f«=35 MPa and gca(0) = 6.25x107
Bas(t) = 1 — exp(-0.2t%°) resulting to Bas(90) = 0.85 and then for the 1% phase to:
€a(90) = 0.85x6.25x10° = 5.31x107
For the 1%t phase the total shrinkage strain ecs (90) is then calculated as:
€5(90) = €d(90) + €a(90) = 8.96x10 + 5.31x10° = 14.27x10°
Accordingly for the 2™ phase:
£cs(00) = £cd(0) + €ca(0) = 23.4x107° + 6.25x10° = 29.65x10°>
Finally for the 1%t phase (beams only) the following values were taken into account for the analysis:
¢ (90, 15) = 0.86
€s(90) = 14.27x10°
and for the 2" phase (beams and deck):
for the deck: @ (o0, 90) = 1.75, £c(0) = 29.65x10" and
for the beams: ¢ (o0, 90) = 1.75 -0.86 = 0.89 and
€cs(00) = 29.65x10° — 14.27x10> = 15.38x107
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5.2.5. Additional dead loads — LC3
Pavement layer and lining concrete

0.09x22.0 + 0.06x25.0 = 1.98 + 1.50 = 3.48  ~ 3.50 KN/m?

5.2.6. Live Loads (TS — LC101-141 and LC142-153, UDL — LC170)

Tandem System of Traffic Load Model 1

The carriageway width is 11.25 m, thus, three lanes are considered with width 3.00 m and a tandem
system is applied at varied positions on the bridge, as:

Lane 1: 0.9x150 kN = 135 KN/wheel (four wheels)
Lane2: 0.9x100 kN = 90 KN/wheel (four wheels)
Lane3: 0.9x50 kN = 45 KN/wheel (four wheels)
UDL System of Traffic Load Model 1

A distributed load is applied on the deck equal to 2.5 KN/m?2. At Lane 1 an additional distributed load
was applied, equal to 6.5 KN/m?,

Key

(1) Lane N1. 1 : Oy =300 kN : ¢y = 9 KN/m’
(2) Lane Nr. 2 : Oy =200 kN : g = 2.5 KN/m’
(3) Lane N1. 3 : O3 =100 kKN : g3, = 2.5 KN/m’
*For w; =3.00m

[SS 3N )

Figure 5.9: Details of Traffic Load_Model 1
Ixnua 5.9:  Mpdtunn @option 1

To obtain the most adverse results, Lane 1 was placed near the sidewalk. The tandem system was
moving along the bridge with a step of about 1.0 m, which represents the 1/40 of the span length
(LC 101-141). In the design, the envelope of the internal forces was taken into account (LC 142-153).
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5.3. Serviceability Limit State (SLS)
5.3.1. Load Combinations at Serviceability Limit State
The load combinations at the SLS are:

Characteristic combination: Zij"+" Pk"+"Qk1"+"Z‘/’o Qi

j>1 i>1

Frequent combination: ZGKj"+" B+ w11 -le"+"Zl//2i Qi

j>1 i>1

Quasi-permanent combination: Zij"+"Pk"+"ZW2i ‘Qui

j>1 i>1

For characteristic and frequent combinations, where prestress Pk is critical, it is set: Pk,inf=0.9-Pk and

Pk,sup =1.1-Pk.
The load factors y for road bridges are given in Table 5.2:

Table 5.2: Factors y for road bridges
Mivakag 5.2: SuvTeAeoTEC W yia 0d0YEPUPEG

Actions Symbol Yo Y1 P2

] TS 0.75 0.75 0.00
Traffic load Grl (LM1)

UDL 0.40 0.40 0.00

The following SLS load combinations were considered:
LC80 : LC1+LC50 (Combination: Go+Po)
LC81 : LC1+LC50+ LC2+LC9 (Combination: Go+Po+Gi1+Creeps)

Characteristic combinations

LC82 (& LC91): LC1+40.9*LC50+ LC2+LC3+0.9*LC9+0.9*LC11+maxLC(142-153)+LC170
(Combination: Gt+0.9*Po+TS+UDL)

LC83 (& LC92): LC1+1.1*L.C50+ LC2+LC3+1.1*LC9+1.1*L.C11+maxLC(142-153)+LC170
(Combination: Gt+1.1*Pw+ TS+UDL)

Quasi-permanent combinations

LC84 : LC1+0.9*LC50+ LC2+LC3+0.9*LC9+0.9*LC11
(Combination: Gt+0.9*Px)

LC85: LC1+1.1*LC50+ LC2+LC3+1.1*LC9+1.1*LC11
(Combination: Gt+1.1*Poo)

Freguent combinations

LC90 (& LC95): LC1+LC50+ LC2+LC3+LCI9+LC11+0.75*maxLC(142-153)+0.4*LC170
(Combination: Gt+1.1*P»+0.75*TS+0.4*UDL)
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5.3.2. Verification of the members at Serviceability Limit State

Table 5.3: Checks per SLS combination (according to FB102 and EC2)
Mivakag 5.3: 'EAeyxol ava ouvduaouo AsitoupyikdTnTag (kata FB102 kai EC2)

ﬁ

SLS combination Check LC
1. Characteristic a) 0c<0.60f« 82, 83
b) Limitation of concrete tensile stresses 0t<fcm 82, 83
c) Limitation of crack width — Indirect calculation of min | 91, 92
reinforcement (wx=0.2mm)
2. Frequent a) - If maxoc<-1 MPa => min reinforcement for crack control | 90
-If -l1<maxo.<fam => goto 1c,
- Otherwise direct calculation of crack width
b) Main oblique tensile stresses o1<fe,0.05 95
3. Quasi-permanent | a) 0.<0 84, 85
b) 0.<0.45f« 84, 85
€) 0s<0.65fy (for prestressed steel) 84, 85
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Figure 5.10: Chart of beam stresses for load combinations 80 (Go+Po) and 81 (Go+Po+G1+Creeps)
ZxAHa 5.10: Aidypaupa Tdoswv Tng dokoU yia Toug ouvduacououg popTioewv 80 kal 81
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Figure 5.12: Plot of stresses for load combination 83 (Gt+1.1*Po+ TS+UDL): top: slab
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Figure 5.14: Plot of stresses for load combination 85 (Gt+1.1*Pw): top: slab
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Figure 5.15: Plot of stresses of external beam for load combination 90 (Gt+1.1*Pw+0.75*TS+0.4*UDL):
top: slab; bottom: beam

IxAupa 5.15: Aidypappa Taoswv TnG akpaiag dokou yia To auvduacuo popTicewe 90 (navw yia Tnv nAdka,
KATW yia Tn dOKO)

Materials

Material 1 (beam) : C35/45 with fam=3.2 MPaq, fax,0.0s=2.2 MPq, f«=35 MPa.
Material 2 (slab) : C30/37 with fam=2.9 MPQq, fctk,0.05=2.0 MPaq, f«=30 MPa.
Also, fpk=1860 MPa.

The max values of concrete and steel stresses for material 1 (beam) and material 2 (slab) for various
combinations are presented below.

Characteristic combinations
CHECKS: mingc = —12.85 > 0.60x(-35) = -21.0 MPa
maxo: = 2.3 < 3.2 MPa

Freguent combinations
CHECKS: maxoc = —2.93 < —1.0 MPa — min reinforcement
maxor = 0.1 < 2.0 MPa

Quasi-permanent combinations

CHECKS:  Only compressive stresses: maxoc < 0
minoc = —9.78 < 0.45x(-35) = —15.75 MPa
maxos = 1108.7 < 0.65x1800 = 1170 MPa
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5.4. Ultimate Limit State (ULS)

The load combination at ULS is:

ZVGJ Gy"+"7p R+ 1 ‘leu"'"Z?/Qi Vo Qu

j>1 i>1

where the partial factors ys and yq are listed in

Table 5.4:

Table 5.4: Partial factors for actions in ULS
Mivakag 5.4: EnipEpouc ouvTeAEOTEC yia dpdoeig ae OKA

Action Contribution Factor S/V
Permanent actions unfavourable YGsup 1.35
favourable YGinf 1.00

Prestress unfavourable Yp 1.00
favourable Yp 1.00

Traffic loads unfavourable Ya 1.35
favourable Ya 0.00

Other variable actions unfavourable Ya 1.50
favourable ) 0.00

S: Persistent design situation, V: Transient design situation

The following ULS load combinations were considered:

Design against flexure

LC100: 1.35xLC1+0.9xLC50+ 1.35xLC2+1.35xLC3+0.9xLC9+0.9xLC11

+1.35xmaxLC(142-153)+1.35xLC170
(1.35xGt+0.9xPoo+1.35xTS+1.35xUDL)

Design against shear and torsion

LC110: 1.35xLC1+0.9xLC50+ 1.35xLC2+1.35xLC3+0.9xLC9+0.9xLC11

+1.35xmaxLC(142-153)+1.35xLC170
(1.35xGt+0.9xPoo+1.35xTS+1.35xUDL)
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5.5. Required reinforcement

The required reinforcement was calculated from the results of the analysis taking under consideration
the minimum reinforcement specified in the Codes. In Figures 5.16 and 5.17, the prestressing
tendons and the reinforcing steel of the beam and the slab respectively are presented.
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Figure 5.16: Beam reinforcement at midspan
ZxAHa 5.16: OnAiopoc dokol OTO PEGOV TOU avoiyuaTog
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Figure 5.17: Slab reinforcement
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6. DESIGN OF SUBSTRUCTURE

6.1. Model

For the design of the substructure (pier and its foundation) against static and seismic loads and the
determination of the internal forces and displacements of the structure, the model illustrated in Figure
6.1 was considered. The superstructure, the pier column-cap, the pier column and the foundation
piles were modeled with beam elements representing in detail the geometry and stiffness
characteristics of the various members. The concrete pile-cap with a thickness of 1.80m, was
simulated using shell elements.

The bearings at the abutments and the pier were modeled with equivalent elastic springs, with
different stiffness for static and seismic combinations. The following values were considered:

- For static load combinations, shear modulus G= 0.90 MPa
Abutment (400x500x121-mm) : Kb,sthor=1454 kKN/m, Kb,stvert=603400 kN/m
Pier (350x450x99-mm) : Kb,st,hor=1396 kN/m, Kb,st,vert=473500 kN/m

- For displacements under seismic load combinations, G=1.25x0.90=1.125 MPa:
Abutment (400x500x121-mm) : Kb,st,hor=1820 kKN/m, Kb,stvert=720615 kN/m
Pier (350x450x99-mm) : Kb,st,hor=1745 kKN/m, Kb,stvert=570145 kN/m

- For internal forces under seismic load combinations, G=1.20x1.25x0.90=1,35 MPa:
Abutment (400x500x121-mm) : Kb,st,hor=2180 kKN/m, Kb,st,vert=827820 kN/m
Pier (350x450x99-mm) : Kb,st,hor=2095 kN/m, Kb,stvert=659900 kN/m

Figure 6.1:  Finite element model of the bridge
ZxAHa 6.1:  NpooopoinPa NENEPATHEVWV OTOIXEIWV TNG YEPUPAC
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Figure 6.2: Young’'s modulus E of soil with respect to the piles’ length

IXAHa 6.2:  ME£Tpo eAACTIKOTNTAC £0APOUC E 0g OXEON WE TO UNKOC NAOCAAWY

The soil-structure interaction was taken into account with equivalent springs acting on the piles. More
specifically, first the spring constant of a single pile was calculated based on the values of Table 3.1
and the values of soil’s Young’s modulus shown in Figure 6.2. Thus,

Kh = En / D = kn = 20000 kN/m?3 for the upper 21.00 m of the pile,
Kn = En/ D = kn = 25000 kN/m?3 for the next 4.00 m of the pile
Kn = En/ D = kn = 30000 kN/m?3 for the remaining length of the pile

where D is the pile diameter (considered equal to 1.00 m since the pile diameter is larger than 1.00
m).

According to DIN1054, the above calculated values should be reduced to take into account the group
effect (see section 4.1). The elastic length of the pile L is:

0.25 6 4
(E)" _(30-10° 1-1.00"/64
k,D 20000 -1.00

0.25
J =L =2.92m

Thus, {/L = 25.00 / 2.92 = 8.56 > 4.00 (where { is the pile’s length).
Also, Kni=ai** kn and a =aLaq

For the specific arrangement of the piles in plan presented in Figure 6.3(b), the resulting reduction
factors for the springs’ constants are 0.64 in the longitudinal direction of the bridge and to 0.55 in the
transverse direction of the bridge. In the analyses, the mean value of 0.60 was taken into account for
both directions. Thus:

Kh1= 0.60 - kn
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Regarding the vertical springs of the piles, the constant for a pile of L=25.00 m is given in Table 4.2
and it is equal to kv = 178 MN/m3, while the reduction factor Rs according to Table 4.3 is equal to
1.05, considering L/B = 25, e¢/B = 4.50 and K = 2000. Thus, the vertical spring’s constant for the
piles of diameter 1.00 m is:

kv = 178000 kN/m / 1.05 = 170000 kN/m

The resistance of the system abutment — backfill is modeled in the analysis with a set of springs,
placed below the bearings’ springs, with the following characteristics:

Knx = 184000 kN per meter of width of the abutment for the longitudinal direction, and
Kny = 84830 kN per meter of width of the abutment for the lateral direction
Vertically, the abutments are supposed to be practically fixed.

The model of the bridge is shown in Figure 6.1. The analyses were performed using SAP2000.
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6.2. Loads

The following load cases were considered:

6.2.1. Self-weight — LC1

It is automatically calculated by the program for gcon=25 kN/m?3

6.2.2. Additional dead loads — LC2
Pavement layer and lining concrete:

0.09x22.0 + 0.06x25.0 = 1.98 + 1.50 = 3.48  ~ 3.50 KN/m?
Sidewalk with parapets: g=(0.30 m? x 25k N/m3 + 1.00 kN/m) = 8.50 kN/m
Earth weight on the pilecap:  g=1.50 m x 22 kN/m?3 = 33.0 kN/m?

6.2.3. Shrinkage and creep — LC3

An equivalent uniform decrease of temperature was used to simulate the shrinkage of the concrete
beams, calculated as follows:

Elastic movement due to prestress :
_ Pl 4-12-180-(0.5-40.5)
Ec - Ac 34-10°-1.31

Remaining creep coefficient after the placement of the beams: ¢(o0, 90) = 0.89 (see section 5.2):

Oel =3.92mm

Thus, &« = 0.89x3.92 = 3.5 mm which is equivalent to a thermal decrease of:

. d; _ 35-100
DT=—S=————=173C
a-L 10°-405-05

2

Remaining shrinkage coefficient after the placement of the beams: &«s(c0)=15.38x10" (see section
5.2), equivalent to DT = 15.4° C.

Finally for the beams: DT’ = 17.3+15.4° = 32.7° C
For the continuity slab, DT is taken equal to 30° C

6.2.4. Live Loads — LC4-LC7

Tandem System of Traffic Load Model 1 (see also section 5.2)

The carriageway width is 11.25 m, thus, three lanes of width 3.00 m were considered and a tandem
system was applied at varying positions of the bridge with the following loads:

Lane 1: 0.9x150 kN = 135 kN/wheel (four wheels)
Lane2: 0.9x100 kN = 90 kN/wheel (four wheels)
Lane3: 0.9x50 kN = 45 kN/wheel (four wheels)
UDL System of Traffic Load Model 1

A distributed load was applied on the deck, equal to 2.5 kN/m?2. At Lane 1 an additional distributed
load was applied, equal to 6.5 kN/m?2.

6.2.5. Uniform road traffic loads — LC10

This load case was used for the seismic combinations and was based on Load Model 1.
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Qi =2x0.9x (300+200+100)+84.0x (3.0x9.0+2x3.0x2.542.45x2.5) = 5122.5 kN
The distributed uniform load over the bridge’s deck is:

Qi/ (11.25 m x 84.00 m) = 5.45 kN/m?

6.2.6. Braking load (+/- LC11-LC12)

The total braking load is:

Qik = 0.6-0q-(2Qik)+0.10-aq-qi-w1-L = 0.6x0.9%x2x300+0.10x1.0x9x3x84.00 = 550.8 kN
It is: 180xaqi < Qk < 900 — 180x0.9 < Qi < 900 — 162 < Qi < 900.

The distributed uniform horizontal load over the bridge’s deck is:

Qik/ (11.25 m x 84.00 m) = 0.58 kN/m?

6.2.7. Uniform difference of temperature on deck

Considering an initial temperature To = +10° C, a minimum shade air temperature Tmin = —15° C and
a maximum one Tmax = +45° C, the uniform temperature fluctuations were determined according to
EC1-Part.1-5 (for concrete bridges, Type 3) as: Temin = =7° C and Temax = +47° C. Thus:

ATn,con = To—Te,min = —17° C (LC13)
ATnexp = Temax — To = +37° C (LC14)
The temperature variations were applied to the members of the superstructure.

For the check of bearings and the expansion joints, the uniform difference of temperature was
calculated as:

ATN,Con_ZO =-37°C and ATN,exp+20 = +57°C.

6.2.8. Farthquake loads

Modal response spectrum analysis was performed to calculate the natural frequencies and vibration
modes of the bridge. The spectra presented in section 4.2 were used. For the inertial loads of the
design seismic action the masses associated with all gravity loads were considered following the
following combination rule:

Zij"+"Zl//E -Q,; where we=0.20 for road traffic loads.

i>1 i>1

It was ensured that the sum of the effective modal masses for the modes taken into account was at
least 90% of the total mass of the structure without including the piles’ mass. The modal maximum
displacements, the modal internal loads and the modal stresses were superimposed according to CQC
(Complete Quadratic Combination) method. The following load cases were examined:

Earthquake x-x (horizontal longitudinal direction of the bridge) — LC15
Earthquake y-y (horizontal lateral direction of the bridge) — LC16
Earthquake z-z (vertical direction of the bridge) — LC17

6.3. Vibration modes and natural frequencies

The natural frequencies and periods of the first six vibration modes are listed in Table 6.1, while in
Figure 6.1 the corresponding modal shapes are depicted.
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Table 6.1:

First six eigenfrequencies and eigenperiods of the bridge

Mivakag 6.1: 'EEI npwTeC 1I5100UXVOTNTEG Kal IB10MEPiodol TNG YEPUPAG

Mode number Eigenfrequency Eigenfrequency Period
(rad/sec) (Hz) (sec)

1 4.026 0.641 1.56

2 4.044 0.644 1.55

3 4.907 0.781 1.28

4 14.14 2.250 0.44

> 14.17 2.256 0.44

6 15.78 2.512 0.40

(c) third mode

T

(b) second mode

(d) fourth mode

wes

Loaae o eNeS

Figure 6.1:
Zxnua 6.1:

(e) fifth mode

Six first eigenmodes of the bridge
'E&l NpwTEG IDIOPOPPEG YEPUPAG
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6.4. Load Combinations at Ultimate Limit State (ULS)

The following load combination was considered at ULS for persistent and transient design situation:

ZVGJ Gy"+"7p R+ 1 ‘leu"'"Z?/Qi Vo Qu

j>1 i>1

where the partial factors y are listed in

Table 5.6.2.

Table 6.2: Partial factors for actions in ULS
Mivakag 6.2: EnipEpouc ouvTEAEDTEC yia dpdoeig ae OKA

Action Contribution Factor S/V
Permanent actions unfavourable YGsup 1.35
favourable YGinf 1.00

Prestress unfavourable Yp 1.00
favourable Yp 1.00

Traffic loads unfavourable Ya 1.35
favourable Ya 0.00

Other variable actions unfavourable Ya 1.50
favourable ) 0.00

S: Persistent design situation, V: Transient design situation

For the seismic design situation the following load combination at ULS was considered:

ZVGJ G+ e B g - Qe

j>1
where the partial factors y are listed in

Table 5.6.3.

Table 6.3: Factors y for road bridges
Mivakag 6.3: ZUVTEAEOTEG W yIa 000YEPUPEG

Actions Symbol Yo 1173
i TS 0.75 0.20
Traffic load Grl (LM1)
uDL 0.40 0.20
Thermal actions 0.60 0.50

Based on the above, the following ULS load combinations were considered:

Persistent design situation

1.35xLC1+ 1.35xLC2+1.35xLC3+1.35xmaxLC(4-7)+1.35xmaxLC(11-12) +1.50x0.60xmaxLC(13-14)
(1.35xGt+1.35xTS+1.35xUDL%1.35xBr+1.50x0.60xDT)

Seismic design situation

LC1+LC2+LC3+0.2xLC10£LC15+0.3xL.C16+0.3xLC17 (Gt+0.2xQxEx+0.3Ey+0.3EZ)
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LC1+LC2+LC3+0.2xLC1040.3xLC15£LC1640.3xLC17 (Gi+0.2xQ+0.3Ex+Ey+0.3E7)
LC1+LC2+LC3+0.2xLC1040.3xLC15+0.3xLC16£LC17 (Gi+0.2xQ+0.3Ex+0.3Ey+Ez)
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6.5 Results

6.5.1. Piles’ internal forces due to "Persistent design situation”
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Figure 6.5: Piles internal forces due to persistent design situation: (a) normal forces N; (b) Shear forces Vy;
(c) Moments My

Ixnua 6.5:  EvTaTtikd peyedbn nacodhwv Aoyw kataoTacewv oxediaopoU Ye Sidpkeia: (a) a&ovikeg duvapeig N,
(b) AiaTpnTikeg Suvapelg Vx, (c) Ponég My
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Bn nacodAwv yia To dUopEV
(Ge+0.2Q+0.5DT'+Ex+0.3Ey-0.3Ez): (a) afovikeg duvapeig N,

Pongg My

KQ Peyel

Piles internal forces for the most unfavorable seismic load combination
(Gt+0.2Q+0.5DT'+Ex+0.3Ey-0.3Ez): (a) normal forces N; (b) Shear forces Vy;

EvraT

Figure 6.6
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6.5.3. Pier’s internal forces due to "Persistent design situation”

Figure 6.7:

ZxnHa 6.7:

(a (b) (©)

Pier internal forces due to persistent design situation: (a) normal forces N; (b) Shear forces Vx;
(c) Moments My

EvTaTikd pey£Bn oTUAou peooBaBpou AOYw KaTaoTaoswv oxediacuou pe diapkela: (@) afovIKEG
duvapeig N, (b) AiatunTikég duvapeig Vy, (c) Ponég My
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6.5.4. Pier’s internal forces due to "Seismic design situation”

Figure 6.8:

ZxnHa 6.8:

(a) (b) (©)

Pier internal forces for the most unfavorable seismic load combination
(Gt+0.2Q+0.5DT"+Ex+0.3Ey-0.3Ez): (a) normal forces N; (b) Shear forces Vy; (c) Moments M,
EvraTikd peyédBn oTUAOU MECOBABPOU  yia TO OUOCMEVEOTEPO  OEIOUIKO  OUVOUAOMO
(G¢+0.2Q+0.5DT'+Ex+0.3Ey-0.3E2): (a) afovikéc duvapelg N, (b) AlaTunTikég duvapelg Vy , (c)
Ponég My
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6.6. Design of piles

6.6.1. Bearing capacity

According to the calculations presented in section 4.2, the bearing capacity of a single pile of
diameter 1.0 m and length 25.00 m is 8.50 MN/2.00 = 4.25 MN for static loads and 8.50 MN/1.30
=6.54 MN for seismic loads. In these calculations, the considered safety factors were 2.00 for the
static combinations and 1.30 for the seismic ones.

These values are compared with the maximum axial load at the top of the pier’s piles (Figures 6.5
and 6.6):

Static combinations: ~ minN = 4012 kN < 4250kN v
Seismic combinations: minN = 4923 kN < 6540kN v

6.6.2. Required reinforcements

Longitudinal reinforcement

Based on the results of the analyses, the max required longitudinal reinforcement of the piles for the
most unfavorable seismic load combination (Gt+0.2Q+Ex+0.3Ey-0.3Ez), where P=-180.5kN,
Mx=296.01kNm and My=952.41kNm, is equal to 48.8cm? (upper cross section). Taking under
consideration that a minimum ratio of 1% is required by the Code, the piles’ reinforcement was set to
16325 (78.56cm?). This reinforcement was reduced to one half at the lower one half of the length of
the piles (825 = 39.3 cm?).

Confining reinforcement

According to the results of the analyses, the max required shear reinforcement of the piles for the
most unfavorable seismic load combination (Gt+0.2Q+Ex+0.3Ey-0.3Ez), where Vx=517.8kN and
Vy=160.03kN, is equal to 7.5cm? (upper cross section). Nevertheless, the final ratio reinforcement is
dictated by confining reasons.

For the most unfavorable load combination (Gt+0.2Q+Ex+Ey-0.3Ez), the maximum compressive load
of the piles under seismic action is Nc=3295 kN.

Since
ng = fN; = 4923 / (20000x3.14x1.0%/4) = 0.31 > 0.08

ckMc

i.e. the normalized axial force nk exceeds the limit of 0.08, confining reinforcement should be
provided. For spiral reinforcement:

O =1.40-:—C-)\-nk20.18 = 1.40x1.0% 0.842x0.37x0.31 = 0.17 < 0.18 > ® = 0.18

cc

The required confining reinforcement is defined by the mechanical reinforcement ratio which is:

20x103
minp, = Wmyin de = minp, = 0.18 x 1> = minpw = 0.0055
fya 500 x 103

1.15

A spiral @12/9 (25.1cm?) is used accounting for a volumetric ratio equal to:
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4A
P 4% 1.13cm?/ (84 cm x 9 cm) => pw = 0.006 > minpw

Pw= DspSL

The spacing of the spiral should satisfy the limits:
st=9cm < 6do. = 6 x 2.5 cm = 15 cm (where duL is the longitudinal bar diameter) and

sL=9cm < De/5 =84 cm /5 = 16.8 cm (where D is the diameter of the confined concrete core).

The required longitudinal and shear reinforcement of the pier is presented in Figure 6.9.

Figure 6.9: Pile reinforcement (upper section)
IxAHa 6.9:  OnAhiopoc nacodiwv (diaTopn avw)

6.7. Design of the pier

According to the results of the calculations, for the base section of the pier and for the most
unfavorable seismic load combination (Gt+0.2Q+Ex+0.3Ey-0.3Ez), it is: P=-17891.3kN,
Myx=12963.8kNm, My=25237.7kNm, Vx=3286.8kN and Vy=1093.7kN. The max required longitudinal
reinforcement of the base section for this case is 486.1 cm? which was finally set to 10425 (510.6
cm?). The required longitudinal and shear reinforcement of the pier is presented in Figure 6.10.

‘ 40925 |
e e ! &\
[k} 1‘; / | | . \ l"\ .
N ﬁ T T:@‘:l 30 |
N | = e =] )
\ \ T [~ | »
\ /
40925 916,15 (19)

Figure 6.10: Pier reinforcement (base section)
ZxAHa 6.10: Onhiopdcg pecoPabpou (diaTtoun Baonc)
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6.8. Design of the pilecap

The required reinforcements of the pilecap against static and seismic actions are presented in Figure
6.11, where the main direction is parallel to the longitudinal direction of the pilecap and the cross one
is parallel to the lateral one. A reinforcement grid of ®20/10 is used for the upper reinforcement of
the pilecap while a double reinforcement grid of ®20/10 is used for the lower one.
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(a) Top cross reinforcements (b) Top main reinforcements

Figure 6.11: Pilecap reinforcement
Ixnua 6.11: OnNoOPOG KEPANODESHOU NACCAAWV
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7. DESIGN OF BEARINGS AND EXPANSION JOINTS

7.1. Abutment’s bearings

1. CHECK OF BEARING 5 FOR SEISMIC CONDITION §
[(ACCORDING TO EC8)

ABUTMENT

LONGITUDIN AL
DIRECTION X-X

1. Geometrical characteristics

Width b= 400 mm
Length I= 500 mm
Ovwerall thickness of bearing h= 20 mm
Thickness of extemal rubber laver t.= 0 mm
Thickness of intemal rubber layer 1= 11 mm

Mo ofintemal ubber layers 11

Mo of external mbber layers 0

Thickness of steel plate t; = 4 mm

MNo of steel plates 10

E fiective rubber thickness H= 121 mm

E flective plan area of bearing A= 195525 mm°
Shape coefiident s= 10,10

F ailure elongation Vo = 5

Shear moduluz G G= 1125 HWPa

H orizontal stifiness ofthe bearing Ke= 18179 KN/m
Wertical stiffnrezs ofthe bearing Ky= 720816 KM /m
Rotational stifiness ofthe bearing Kipyy= 7858 KNm/rad
Rotational stifness ofthe bearing Kpo= 19210 KNm/rad

2 . Loads - displacements - rotations
2.1 Vertical loads (Compression positive)

Dead loads = T96,17 KN
Super dead loads Rga = 210,38 KN
P restress and prestress losses R, = 0,00 KM
Live loads (MA&X) = 45396 KN
Uniform road trafiic lcads Rg= 163,52 KN
Longitudinal earthguake REgem= 10810 KN
Lateral eathguake REgyy= 304,595 KN
Vertical earthguake REaz= 327,00 KN
Live loads (MIN} = 0,00 KN
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2.2 Displacements

Displacement x-x

Dizplacement dueto dead load dyq = -3,50 mm

Displacement dueto uniform road traffic loads .= 3,57 mm

Displacement dueto creep and shrinkage dese = 12,71 mm

Dizplacement dueto temperature dr,= 14,35 mm

Displacement v

Displacement dueto dead load de1y= 0,00 mm

Dizplacement dueto uniform road traffic loads dezy= 0,00 mm

Dizplacement dueto creep and shrinkage deay = 0,00 mm

Dizplacement dueto temperature tr, = 0,00 mm

2.3 Rotdationz

Rotation o

Rotation dueto dead load Oy 5 0,00 %10 rad

R.otation dueto uniform road traffic loads Oz 5= 0,00 x10™rad

F.otation dueto creep and =hrinkage Opix = 0,00 w107 rad

Rotation dueto temperature Orx= 0,00 =10%rad

Rotation oy

Rotation due to dead Ioad Qg1 y= 4,55 x107rad

Retation duete uniform mad traffic loads Opzy= 0,87 %10 rad

Rotation dueto creep and =hrinkage Oeay = 0,00 x10™rad

Rotation due to temperature Oy = 0,00 x107rad

3. Check in direction X-X (LONGITUDINAL DIRECTION}

3.1 Max displacements and rotations of bearing

From dynamicanahsis dgax= 20910 mm
deqy = 57,09 mm

Design displacement =x dese= 224,52 mm

Design displacement y-y desy= 57,09 mm
des= 232,05 mm

From dynamic anahysis s 0,00 x10™rad

s 0,82 %10 rad

Design rotation m: U= 0,00 %10 rad

Design rotation my Oy = 8,24 107 rad

3.2 Design shear strain dueto horizontal displacement

CHECK Eqq=dE./E<20 Eqa= 1,92 < 2,0 0.K

3.3 Design shear stmin dueto compressive load

Seismic design displacement des= 232,05 mm

E fiective area of bearing in x-x A= 904328 mm2

Max compressive load for the design earthquake M.g= 13370 KN

M ax effective nom al stress Os = 14174 KN/m=

Shear modulus G= 1,125 MPa

Deformation due to vertical loads Eoa=1. 500/ 5G= 1,871
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3.4 Des=ign =hear strain dueto angular distortion
£.4= (Fa, + b))t/ 25}

CHECK Max design strain: £, 4#E, 4+ £ 45y 4

3.5 Check again=t slip (anchorage)
M ax shear force

Min verical design force

CHECK o,=HNga/ A, >»=3,0 MPa
Wal Ng

o+ flme=0,10 + 1 5x0 8 / 0. =

CHECK VeslNes<=0,10+09/0.

O+ pig.=050 + 1 S} 6 /7. =
CHECK Ved/Nese=0,50+09/0,

3.6 Check against buckling
M ax vertical design force

E.a= 0,375

4,164 <7,0 0.K

i
n

421 85 KN
7417 KN
7,86 > 3,0 0.K
057
0,21
FOR BEARING S

AnMCHORAGE VT H EXTERNAL
RIUUBBER LAYER

- 0,61
FOR BEARING S

0.K. VITHEXTERMAL
STRIFEDFLATES

=
[
o

Hego = 13370 kN

T =Nzl A, = 1417 kN

2mink ) G5 /3 I = 25,04 kN

CHECK o,.<2 min{b,l)G 5/ 3 i, 0.K.

4, Check in direction Y-Y (LATERAL DIRECTION)

4.1 Max displacement of bearing

From dynamic analysis ey, = 62,74 mm
ey = 190,31 mm

Design displacement =x Oe= 78,56

Design displacement vy

From dynamic analysis

Design rotation ox
Des=ign rotation oy

4.2 Design shear strain due to horzontal displacement
CHECK gj4=dE,/E<20

4.3 Design shear stmin due to compressive load
Seismic design displacement

E flective area of bearing in x-x

M ax compressive load for the design earthguake

M ax effective nom al stress
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degy= 180,31 mm
des = 20528 mm

sx= 0,28 x107rad

l:l;;,-= DIEE x1|:|'3rE|E|

Ozie= 0,28 »10°rad

Qg = 8,37 x10°rad
= 1,70 < 2.0 O.K

des= 205,38 mm
A= 83372 mm®

Nea = 14748 KN
o.= 16589 KN/m?



Shear modulus
Deformation due to vertical loads

4.4 Design shear strain dueto angular distortion
£20= (Fo, + b o)t/ 258

CHECK Max design strain: £ 0#E; 0+ £ 455y 2

4.5 Check against slip (anchorage)
I ax shear force

G= 1,125 MPa

£.=1.50,56= 2,203

E.q= 0,409

4,314 <7,0 0.K

Vg = 37428 KN

Min verical design force Ney = 6039 KN
CHECK os=Heal Ar >=3,0 MPa = 6,83 = 3,0 0.K
Vel M = 082
04+ Biz.=010 + 1,506 /0= = = 0,23
FOR BEARING 5
CHECK VealNes<=0,10+09/0, awcreorass VITHEXTERMAL
RLIBEBER LAYER
o+ fim.=0 50 + 1 520 8 / 7. = = 0,63
CHECK Vgy/Nes<=0,50+089/7, FOR BEARING S
0O .K VATHEXTERMAL
STRIFECFLATES
4.6 Check against buckling
I ax vertical design force Nea = 14748 kN
T = Nl A = 16,69 kN
2minb Iy G 513 = 25,04 kN
CHECK @.q<2 minib,l)G 5/3 O.K.
2. CHECK OF BEARINGS FOR STATIC CONDITIONS
(ACCORDING TO DIN 4141 )
[im enzions of bearing b= 400 mm
I= 500 mm
Overall ubberthicknezss H=1H mm

Bearing area

Total displacement . dG+1 5%0,65dDT+1,5dbr=
M ax vertical load
Min vertical load
Mo Tte=h'5 —= tamyen=0.70
Mo Zi==b'5 —= tanyem=0.70-[( 2tk )-0.2]

M ax nomal stress of beanng : C..=Fil&=
Min nomal stress of beanng . o=P/A=
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As= 195825 mm®

u= 41,78 mm

Pmax= 14703 KN

Pmin= 100858

tany .= —
tany, = 0,5975
tame=u/kh 0,345 0K

Omey= T,52 < 15,0 MPa
O = 5,15 > 5,0 Mpa



7.2. Pier’'s bearings

1. CHECK OF BEARING S FOR SEISMIC CONDITION 5
(ACCORDING TO ECSE)

PIER

LOMGITUDIN AL e -
DIRECTION X-X - [&] :

1. Geometrical characteristics

Width b= 350 mm
Length I= 430 mm
Owerall thickness of bearing = 1T I
Thickness of extemal rubber layer t.= i mm
Thickness of intemal rubber layer = 11 mm

Ho ofintemal rubber layers 9

Mo of external ubber layers i

Thickness of steel plate t:= 4 mm

Mo of steel plates &

E ffective rubber thickness i, = 99 i

E ffective plan area of bearing A= 153525 mm*
Shape coefficient = 855

Failure elongation Wou = 5

Shear modulus G G= 1125 MPa
Harizontal stifiness ofthe bearing Ko= 17446 KNMN/m
Vertical sliffness ofthe bearing Kye= 570144 KM /m
Rotational stifiness ofthe bearing Hpyy= 4435 KMm/rad
Rotational stifiness ofthe bearing Kipo= 12131 KNm/rad

2 . Loads - displacements - rotations
2.1 Vertical loads (Compression positive)

Dead loads R,= 78523 KN
Super dead lnads Rpa= 213,92 KN
P restress and prestress losses R, = 0,00 KN
Live loads (M&X) = 37454 KN
IIniform road traffic loads Rae= 167,50 KN
Lengitudinal earthguake REgm= 313,26 KN
Lateral earthquake REgyy= 25883 KN
Vertical earthguake REa== 32518 KN
Live loads (MIN} = 0,00 KN
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2.2 Displacements

Displacement x-x

Dizplacement dueto dead load dy = 7,89 mm
Dizplacement dueto uniform road traffic loads des= 1,75 mm
Displacement dueto creep and =hrinkage dyye = 0,34 mm
Displacement dueto temperature .= 0,40 mm
Displacement v
Displacement dueto dead load deqy= 0,00 mm
Dizplacement due to uniform road trafiic loads dezy= 0,00 mm
Dizplacement dueto creep and shrinkage tesy = 0,00 mm
Displacement dueto temperature dr, = 1,84 mm
2.3 Rotations
Rotation oox
Rotation due to dead load O x 0,09 x10"rad
Retation dueto uniform road traffic loads Oz = 0,04 x107rad
Rotation dueto creep and shrinkage Opax = 0,00 %10%rad
Retation dueto temperature Ors = 0,00 x10rad
Rotation oy
Rotation dueto dead load Qg1 y= -3,85 x107rad
Rotation dueto uniform road traffic loads Opzy= 0,79 x10rad
Rotation dueto creep and shrnkage Opay = 0,00 x10~rad
Retation dueto temperature O, = 0,00 x10 rad
3. Check in direction X-X (LONGITUDINAL DIRECTION)
3.1 Max displacements and rotations of bearing
From dynamicanalysis ®Wax= 163 45 mm
By = 533,69 mm
Design dizsplacement = desx= 173,54 mm
Design dizplacement y-v Ozgy= 24,81 mm
des = 182,03 mm
From dynamic analysis Uay= 0,00 x10~rad
Q= 5,84 x10”rad
Design retation ox Oeax= 0,13 %107%rad
Design rotation oy Oegy= 10,28 w07 rad
3.2 Design shear strmin dueto horizontal displacement
CHECK &£q4=dEa ! E<20 Eqa= 1,84 =20 0.K
3.3 Design =shear strain dueto compressive load
S eismic design displacement dea= 182,03 mm
E fledtive area of bearing in x-=x A= B8 mm2
M ax compressive load for the design earthguake M. = 15211 KN
W ax effective nom al stress Oy = 18633 KMN/m=
Shear modulus G= 1,125 MPa
Deformation due to vertical loads Eoa=1.50.5G= 2,776
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3.4 Design shear strain dueto angular distortion

£.4=(Fa, + b*a,)t i 25t} Eoa= 0,590
CHECK Max design strain: £ 4#E, 4+ £ 45E, 4 5,205 <TF,0 0K
3.5 Check against slip (anchorage)
I ax; shear force V= 317,56 KN
Min verical design force Ney = 544 7 KN
CHECK o, =HNgal A, >=3,0 MPa = 6,67 = 3,0 0.K
W i Mg = 0,58
0+Big==0,10 + 1,506 /G- = = 0,23
FOR BEARIMNG 5
CHECK Vea/Nes<=0,10+090, AwcpoRASE VT HEXTERNAL
RLIBEBER LAYER
0+Pime=050 + 1508 /0= = = 0,63
CHECK Vea/Nes<=0,50+090y FORBEARINGS
O.K. VITHEXTERMAL
STRIPEDFLATES
3.6 Check against buckling
M ax vertical design force Hew = 15211 kN
O.= Mgl A, = 18,63 kN
2mink G S/3 i = 23,73 kN
CHECK o,.<2 min(bl)G 5/3 H, O.K.
4, Check in direction Y-Y (LATERAL DIRECTION)
4.1 Max displacement of bearing
From dynamic analysis ds,, = 45 04 mm
®yy, = 1TE598 mm
Design displacement = 59,22

Des=ign displacement y-v

From dynamicanalsis

D esign rotation o
D es=ign rotation oy

4.2 Design shear gtrain due to horzontal displacement
CHECK £g4=dE,/H<20

4.5 De=ign shear strain dueto compressive load
Seismic de=ign dizsplacement

E flective area of bearing in x-x

I ax compressive load for the design earthquake

M ax effective nom al stress
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dey= 179,80 mm
dey = 185,40 mm

Osx= 0,18 %10 rad
Osy= 0,99 x10%rad
Ogtr= 0,31 x10%rad
Ueay= 5,43 %10 rad
= 1,91 <20 0.K

dea= 189,40 mm
A= 858472 mm*

Mea= 14828 KN

T = 22307 KNim=



Shear modulus
Deformation due to vertical loads

4.4 Design shear strain dueto angular distortion

G= 1,125 MPa

£.=1.50,/5G= 3,324
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E.q= (Fa, +b*a,)t 1 25t} E.a= 0,334
CHECK Max design strain: £ 0% g+ Eo aSEy o 5567 <T7,00.K
4.5 Check against slip (anchorage)
Max shear force Ve = 330,42 KN
Min verical design force He = 2825 KN
CHECK .= Hgal A == 3,0 MPa = 8,76 = 3,0 0.K
Val Nz = 057
0+ fig.=010 + 1,50 6 /0. = = 0,20
FOR BEARINGS
CHECK VealNes<=0,10+09/04 ancuorace VWITHEXTERNAL
RUBBER LAYER
a+fig.=050+1 50 8/0: = = 0,60
CHECK WVgo/N<=0,50+08/7, FORBEARINGS
O .K VWITHEXTERMAL
STRIPEDFLATES
4.6 Check against buckling
M ax vertical design force Hes = 1482 2 kN
Oz = Na /Ay = 2231 kN
2minb I} G S/ 3 i = 2373 kN
CHECK Tsq<2 minfb,l)G 5/ 3 O.K.
. CHECK OF BEARING S FOR STATIC CONDITIONS
(ACCORDING TO DIN 4141 )
Dvim engions of bearing b= 350 mm
I= 450 mm
Overall ubber thickness =99 mm
Bearing area A= 153525 mm*
Total displacement : dG+1,5*0,6*dDT+1,5dbr= u= 22,4 mm
M ax vertical load Pmax= 13732 KM
Min vertical load Pmin= 955,15
Mo Zt==t5s —= tamfea=0.70 BNy mm= —
Mo Zi=='5 —= tanym-=0.7 - Zt/b)}-0.2] any = 0,617143
tam=u/kt, 0,225 oK
M ax nomal stress of beanng | Ga.=PlA= Tmay= 0,30 <150 MPa
Min nomal stress of beanng ;| O.,=PlA= Ton= 6,51 > 5,0 Mpa



7.3. Expansion joints

CHECK OF EXPANSION JOINTS

A) SEISMIC CONDITIONS

Design displacement forthe loading direction i-i
dzar=+-0.4d=tdp +-0.5dr

where:
d== Design seismic displacement
and de=(d e +d &) max relative dizplacement betwesn
two statically independent sedlions 1 and 2
dz= Displacement of permanent or guasi-pem anent actions
(creep, shrinkage)
4= Digplacement due to temperature actions [DT=-37/+57"C)
'jEA:=|:'j;E-c +d;5’:_}1-;
where: dgg design displacement in main loading direction (i -i}) and
d=y 30% of the design displacem ent in the lateral direction (j -}
® CHECK OPEMING CLOSURE
In direction x-x
Sk 222 44 mm 72 44
d-.= 0,00 mm 0,00
dg= 222 44 mm 272 44
dG= 20,47 mm 0,00
dT= 15,63 mm -24,10
g™ 0 8dz+dp+0.5d= 117,26 mm -101,03 mm
In direction y-v
dz1= 217,81 mm 217,81
A== 0,00 mm 0,00
dz= 217,91 mm 217,51
dG= 0,00 mm 0,00
di= 0,00 mm 0,00
o= 0 2de+dp+0.5d= 87,16 mm -&7,16 mm
Finally da=((0, 30 e d e} = 34,00 mm -52,28 mm
dzo=(d 2e+ (0, 30z, ) = 120,14 mm 104,36 mm

B) STATIC CONDITIONS

Design displacement forthe loading diredtion i-i:  d=dG+-1,5%0,6dT+1,5dbr
tda= Digplacement of pemmanent or quasipermmanent actions
dr= Displacement due to temperature actions IDT=-3?J'+5?°C]
th= Digplacement due to braking

® CHECK OPEMNING CLOSURE
In direction »-x
dae= 13,94 mm 5,10
dG= 20,47 mm 0,00
di= 15,63 mm -2410
d=dG+-1,5*0,6*dT+1,5*Dbr= 55,45 mm -35,34 mm
An expansion joint type Algaflex or similar is chosen: T250 (+-125 mmj)
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Gap

230,73

217,91
230,53
259,11
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PART B:
INNOVATIVE DESIGN OF THE BRIDGE



8. INTRODUCTION

8.1. Generally

In this part, the static and seismic design of the bridge will be repeated with a new methodology -
that of “natural” seismic isolation (i.e. shallow foundation and partial improvement, of the top part
only of the liquefiable soil), in connection with the allowable foundation movements which were
established in work task 1 (see Deliverable D6a).

|//_7\\‘|
l'\M %

Pier axis

Improved curst

footing t . *

Ztot=20m

liquefiable
zone

|II

Figure 8.1:  Description of the “natural” seismic isolation at pier site.

ZxAMa 8.1:  Nepiypar) TnNG “"PUOIKNG” HOVWONG OTN NEPIOXH TOU HETOBABpou

The steps to be followed are described hereafter:

1. A preliminary design of the innovative bridge with shallow foundation is carried out. In order
to initially estimate the min dimensions of the footing, a check of its eccentricity against
seismic loading is carried out. At this stage, the support conditions of the pier, i.e. the inertial
characteristics of the springs at the base of the pier, are arbitrary assessed. For the rest of
the members of the bridge, the dimensions defined in the conventional design are taken into
account.
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Two seismic loading cases are considered: a weak seismic motion with return period Tret
equal to 225years not causing liquefaction at the liquefiable sand and a strong motion with
return period Tret equal to 1000 years causing liquefaction at the liquefiable sand.

According to the results of the first step, the max allowable foundation movements pai are
calculated, taking also into account appropriate serviceability criteria. To this end, the
diagram M-p of the moments at the base of the pier (where the first plastic hinge is formed)
against imposed settlements is produced. This procedure has already been realized and
presented in Deliverable D6a.

In this step, the final dimensions of the footing along with the dimensions of the improved
curst are defined. Two conditions should be satisfied:

- The static safety factor FSdeq, immediately after the seismic event should be greater than
1,0.

- The remaining settlements p should be lower than the max allowable foundation
movements pai which were established in work task 1 (see Deliverable D6a).

To this end, an iterative procedure is carried out, by means of an appropriate software in
EXCEL form, prepared by the Geotechnical team.

Taking into account the dimensions of the footing and the curst defined in step 2, the static
and dynamic characteristics of the support springs are defined by the Geotechnical Team.

Considering the dimensions of the footing and the characteristics of the support springs
defined in the previous steps, the bridge is now redesigned against seismic actions, for the
two following conditions:

- No liquefaction state (weak motion): The bridge should perform practically elastically
(q=1.5). This check corresponds to “Immediate Occupancy” performance level.

- Liquefaction state (strong motion): This check corresponds to “Life Safety” performance
level. The bridge should tolerate loads and displacements imposed during and immediately
after the seismic motion. The asynchrony motion of abutment and pier due to different
foundation conditions should be considered.

According to the results of the calculations the final dimensions and reinforcement of the
various members of the bridge are defined.

In case where, from step 5, a different reinforcement ratio of the pier results, leading to a
different resistance moment of the pier and, in consequence, to different max allowable
foundation movements pai, the whole process is repeated until convergence is succeeded.



9. BRIDGE DESCRIPTION

9.1. Geometry and cross sections

The longitudinal section of the bridge according to the innovative design, is shown in Figure 9.1. The
dimensions of the foundation system will be estimated to the next section. For the rest of the
members of the bridge, the dimensions defined in the conventional design are taken into account.

42.Q0 1 ! 42.00

Figure 9.1: Londitudinal section of the bridge
IxApa 9.1:  Kata pnkog Toun yEpupag

Namely, the deck is 11.25 m wide, plus 1.25 m wide pavements at each side and it is composed of
2x7 precast, prestressed concrete beams of length 40.50 m. A cast in-situ slab of 0.25 m min
thickness is constructed. The concrete beams are resting upon the abutments and the mid-pier via
elastomeric anchored bearings of Algabloc NB5 type with dimensions 400x500mm? (te=121mm) for
the abutments and 350x450mm? (te=99 mm) for the pier. The pier is a wall-type column of cross
section 1.50m x 8.35m.

9.2. Materials

The prestressed precast beams are made of concrete of grade C35/45, the cast in-situ reinforced
concrete slabs of concrete C30/37, while the rest of concrete members are made of concrete C20/25.
The reinforcing steel grade is B500C while the prestressing tendons are of steel 1600/1860.
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10. DESIGN OF THE FOUNDATION

10.1. Check of eccentricity against seismic actions (Step 1)

A preliminary design of the innovative bridge with shallow foundation is carried out. In order to
initially estimate the min dimensions of the footing, a check of its eccentricity against seismic loading
is carried out. Eccentricity should satisfy the requirement to be less than the 1/3 of the length of the
footing at the certain direction. A footing of dimensions BxL=8,0x13,0m? is initially selected.

10.1.1. Model

For the analysis, the model presented in Figure 10.1 was considered. The superstructure, the pier
column-cap and the pier column were modeled with beam elements representing in detail the
geometry and the stiffness characteristics of the members. The resistance of the foundation system
was simulated using appropriate springs at the base of the pier, the inertial characteristics of which
are, at this stage, arbitrary assessed. More specifically, the following values have been used:

Knx = 5.3E+05 kN/m for the longitudinal direction,

Kny = 5.5E+05 kN/m for the lateral direction,

Kz = 1.7E+06 kN/m for the vertical direction,

Krx = 3.3E+07 kNm/rad about the longitudinal direction, and
Kry = 2.6E+07 kNm/rad about the lateral direction.

Figure 10.1: Finite element model of the bridge
ZxAHa 10.1: Npooopoinua NENEPATHEVWY OTOIXEIWV TNG YEPUPAC

10.1.2. Loads
(for details see Conventional Design, section 6)

The following load cases were considered:

10.1.2.1. Self weight
It is automatically calculated by the program for gcon=25 kN/m3

10.1.2.2. Additional dead loads
Pavement layer and lining concrete: 3.50 KN/m?
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Sidewalk with parapets: 8.50 kN/m

10.1.2.3. Shrinkage and creep
DT is taken equal to 32.7°C for the beams and to 30°C for the continuity slab.

10.1.2.4. Uniform road traffic loads
g = 5.45 kN/m?

10.1.2.5. Uniform difference of temperature on deck
ATN,con =-17° C
ATN,exp = +37° C

10.1.2.6. Earthquake loads

Modal response spectrum analysis was performed. Two seismic loading cases were considered: a
weak seismic motion with return period Tret equal to 225 years not causing liquefaction at the
liquefiable sand and a strong motion with return period Trt equal to 1000 years causing
liquefaction at the liquefiable sand.

According to the Geotechnical Report (see Deliverable D4), for the natural soil and the weak
motion, the design spectrum of Eurocode 8 is used, for soil type D with soil factor S=0.96 and
peak ground acceleration ag=0.22g, while for the strong motion the design spectrum for soil type
C with soil factor S=0.50 and peak ground acceleration ag=0.32g is taken into account (see
Figures 3.6 and 3.7 of this report respectively). For the design of the foundation, the behavior
factor g was taken equal to 1.0.

The following load cases were examined:

Earthquake x-x (horizontal longitudinal direction of the bridge)

Earthquake y-y (horizontal lateral direction of the bridge)

Earthquake z-z (vertical direction of the bridge)

10.1.3. Load Combinations

For the seismic design situation the following load combination at ULS were considered:

(1) G+0.2xQ+0.5xDT'+Ex+0.3Ey+0.3Ez
(2) G+0.2xQ+0.5xDT'+0.3Ex+Ey+0.3Ez
(3) G+0.2xQ+0.5xDT'+0.3Ex+0.3Ey+Ez

10.1.4. Results

The

most unfavorable load combination concerns the weak seismic motion with return period

Tret=225 years, not causing liquefaction at the liquefiable sand (maxa=0.528g).

Table 10.1:  Forces and moments at the base of the pier

Mivakag 10.1: Auvdpeig kal poneg aTn BAcn Tou oTUAOU

o N Vx Vy Mx My
Load Combinations
KN KN KN KNm KNm
(1) min 20757,95 3971,04 1288,92 15745,53 31540,54
(1) max 18324,92 -3971,04 -1288,919 -15745,53 -31540,53
(2) min 20757,95 1191,31 4296,40 52485,10 9462,16
(2) max 18324,92 -1191,31 -4296,40 -52485,11 -9462,16
(3) min 23596,48 1191,31 1288,92 15745,54 9462,17
(3) max 15486,40 -1191,31 -1288,92 -15745,54 -9462,16
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In Table 10.1 the forces and moments at the base of the pier are presented where, Mx the moment
about the longitudinal direction of the bridge, My the moment about the lateral direction, Vx the
shear force in the longitudinal direction, Vy the shear force in the lateral direction and N the vertical
force.

Forces and moments at the center O of the footing are calculated as:

M=My + Vy * He + Gr * ag * Hy/2

My°=My + Vx * He + Gr * ag * He/2

N°= N+ G

where, M. the moment about the longitudinal direction of the bridge, M,° the moment about its

lateral direction, N° the vertical force, Hr the thickness of the footing equal to 1.80m, Gr the weight of

the footing and ag the seismic factor equal to 0.22x0.96=0.211. Forces and moments at the center O
of the footing are shown in Table 10.2.

Table 10.2:  Forces and moments at the center O of the footing
Mivakag 10.2: Auvapeig kal poneg aTo kevTpo O Tou nedilou

0 0 0

Load Combinations Iz/ll\)l(m Iz/ll\}lm EN ex ey
(1) min 18954.32 39577.14 25437.95 0.75 1.56
(1) max -18954.32  -39577.14 23004.92 -0.82 -1.72
(2) min 61087.35 12475.25 25437.95 2.40 0.49
(2) max -61087.35  -12475.25 23004.92 -2.66 -0.54
(3) min 18934.33 12495.25 28276.48 0.67 0.44
(3) max -18934.33  -12495.25 20166.40 -0.93 -0.62

The max eccentricities satisfy the aforementioned requirement, namely:
ex = 2.66m < L/3 = 13.0/3 = 4.33m and
ey = 1.72m < B/3 = 8.0/3 = 2.66m

10.2. Estimation of max allowable foundation settlement pan (step 2)

The max allowable foundation settlement par was established in work task 1 to be equal to
approximately 23cm (see Deliverable D6a).

10.3. Estimation of footing and curst dimensions (step 3)

The final dimensions of the footing along with the dimensions of the improved curst were defined. To
this end, an iterative procedure was carried out, by means of an appropriate software in EXCEL form,
prepared by the Geotechnical team. Two conditions should be satisfied:

- The static safety factor FSdeg, immediately after the seismic event should be greater than 1.0.

- The remaining settlements p should be lower than the max allowable foundation settlement pai
which was established in work task 1 to be equal to approximately 23cm (see Deliverable D6a). It
should be noted that the remaining settlements p is the sum of the settlements po produced by
the permanent loads and of the settlements pdyn produced by the seismic event. From the
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analysis, po was found to be equal to 1.2cm. Thus, it should be: pdgyn < par — po = 23 - 1.2 =
21.8cm.

Table 10.3: Iterative procedure (in EXCEL form) for the estimation of footing and curst dimensions
Mivakag 10.3: EnavaAnnTikn Siadikacia (o€ poper) EXCEL) yia Tov UunoAoyioHo Twv d1aoTagewy Tou nedilou
Kal Tng kpouaTag

Input

Soil Properties Range
Relative Density of the natural soil, Dr,0 (%) 60 Dro (%)=35-70
Excess Pore Pressure ratio in the improved zone, ru,design 0,3 lydesign=0.3-0.5
Buoyant unit weight, y' (kN/m?3) 9,81

Soil Geometry
Total Thickness of the liquefiable layer, Ztot (m) 20
Thickness of the improved zone, Himp(m) 4 Himp(m) = 1-10
Thickness of the liquefiable layer, Ziq (m) 12,7
Width of the improved zone, Limp(m) 13

Excitation
Maximum input acceleration, dmax (g) 0,17
Predominant period, T (sec) 0,25
Number of cycles, N 12
Footing Properties
Footing width, B(m) 8
Footing Length, L(m)>B(m) [use 0 for strip footing] 15
Embedmennt depth, D(m) 3,3
Total static load from footing, go (kPa) 248
Output

Improved Soil
Length of the imroved zone (m) 20
Volume of the imroved zone (m3) 1040
Replacement ratio, as 0,132
Relative Density of the improved zone, Dr,imp (%) 81
Friction Angle of the improved zone, @imp (deg) 40
Permeability of the improved zone, keq (m/s) 1,50E-03
Pore Pressure Ratio below footing, U3 0,824

Infinite Improvement
Degraded factor of safety, F.S.deg"™ 1,39
Seismic settlements, payn,inf(mM) 0,056
Differential settlements, d(m) 0,038
Rotation, 6(degrees) 0,182
Finite Improvement

Degraded factor of safety, F.S.deg 1,10
Seismic settlements, pdyn(m) 0,068
Differential settlements, 8(m) 0,046
Rotation, B(degrees) 0,222
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According to the results of the calculations, it was found that a footing of 8x15m? resting on an
improved curst 4m thick, results to a degraded factor of safety FSdeg equal to 1.10 and a remaining
settlement payn equal to 6.8cm much lower than the max permissible 21.8cm (see Table 10.3).

The degraded factor of safety FSdeg (the lower limit of which was selected to be 1.10) proved to be
the critical factor for the design of the foundation. The final dimensions of the footing and the
improved curst are presented in Figure 10.2.

1 1,00
A A
0.85

2,55 8.35 2.55 ,
A A

€20/25 1_

I 15.00 L Improved curst

@) (b)

Figure 10.2: Final dimensions of the footing and the improved curst: (a) in longitudinal direction , (b) in lateral
direction of the bridge

ZxAHa 10.2: Tehikég diaoTdoelg nedilou kal BeATiwpévng kpouoTag: (a) ortn Oiaunkn dielBbuvon, (b) otnv
gykapaoia dieubuvon TG yEpupag

10.4. Estimation of the stiffness characteristics of the support springs for the analysis
(step 4)

Taking into account the dimensions of the footing and the curst, previously defined, the dynamic
resistance of the pier support was defined by the Geotechnical Team, as a function of its static
stiffness and the eigenperiod of the bridge. More specifically, the support was supposed to consist of
a spring and a dashpot, whose the dynamic stiffness characteristics, were calculated according to the
following formulae:

Dynamic Impedance: K* = K + i (2n/T) C = Kstatic (ki(T) +i*k2(T) )
Spring Coefficient: K = Kstatic*k1(T)
Dashpot Coefficient: C =Kkstatic *k2(T)*T/2n
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ki(T) and kz(T) are the dynamic correction factors of the static spring coefficients kstatic , common for
the longitudinal x and the lateral y direction of the bridge. They are presented in Table 10.3 as a
function of the eigenperiod of the bridge.

v
Figure 10.3: Model of pier support
ZxAHa 10.3: lpooopoiwan oTHPIENG HecoBadpou
Table 10.3: Dynamic correction factors of static spring coefficients (common for horizontal x and y

direction) in case of liquefaction and non liquefaction
Mivakag 10.3: Auvapikoi OIOpBWTIKOI OUVTEAEOTEG TWV OTATIKOV €AATNPIaK@WV OTaBepwv (KOIVOi yia TIG
opIZOVTIEC BIEUBUVOEIC X KAl Y) OTNV NEPINTWON PEUGTONOINGNG KAl KN PEUGTONOINCNG

NO LIQUEFACTION NO LIQUEFACTION
ky(T) ky(T)
T (sec) T (sec)
MODE 0,2 0,4 0,6 0,8 1,0 1,25 1,5 MODE 0,2 0,4 0,6 0,8 1,0 1,25 1,5
VERTICAL 0,48 0,74 0,76 0,88 0,91 0,93 0,94 VERTICAL 0,84 0,31 0,12 0,11 0,06 0,06 0,06
HORIZONTAL 1,00 0,85 0,86 0,87 0,83 0,91 0,95 HORIZONTAL 0,66 0,48 0,24 0,17 0,12 0,06 0,05
ROCKING 0,80 0,93 0,97 0,98 0,99 0,99 1,00 ROCKING 0,23 0,07 0,06 0,06 0,06 0,06 0,06
WITH LIQUEFACTION WITH LIQUEFACTION
ky(T) ky(T)
T (sec) T (sec)
MODE 0,2 0,4 0,6 0,8 1,0 1,25 15 MODE 0,2 0,4 0,6 0,8 1,0 1,25 1,5
VERTICAL 0,20 0,67 0,78 0,51 0,54 0,62 0,68 VERTICAL 2,40 1,20 1,10 0,81 0,53 0,36 0,28
HORIZONTAL 1,18 1,02 0,96 0,90 0,94 0,90 0,76 HORIZONTAL 1,80 1,00 0,80 0,60 0,54 0,58 0,53
ROCKING 0,79 0,89 0,93 0,92 0,94 0,96 0,98 ROCKING 0,50 0,22 0,19 0,14 0,10 0,08 0,08

In Tables 10.4 and 10.5 are presented the dynamic stiffness coefficients of spring and dashpot
simulating the resistance of pier support, in case the ground liquefies and in case the ground does
not liquefy, respectively.

Table 10.4: Dynamic stiffness coefficients of spring and dashpot in case of non liquefaction
Mivakag 10.4: Auvapikd XapakTnpIoTIKa akapyiac eAatnpiou kal anooBeoTnpa oOTnv NEPINT®WON KN
pEUCTONOINGNG

Dynamic Impedance ;
NO LIQUEFACTION StatickSti.ﬁ ness (Toria=1,54sec) CoscaF;Filgignt Clz(aef?fri]gg:lt
- Ke(T) K(T) K g

Vertical, z (kN/m) 2.95E+06 0.94 0.06 2.77E+06 1.77E+05

Horizontal, x (kN/m) 2.28E+06 0.95 0.05 2.17E+06 1.14E+05

Horizontal, y (kN/m) 2.16E+06 0.95 0.05 2.05E+06 1.08E+05

Rocking, rx (around x 1.17E+08 1.00 0.06 1.17+08 7.02E+06
axis) (kNm/rad)

Rocking, ry (around y axis) 4.66E+07 1.00 0.06 4.66E+07 2.79E+06

(kNm/rad)
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Table 10.5: Dynamic stiffness coefficients of spring and dashpot in case of liquefaction
Mivakag 10.5: Auvaupikd XApakTnpIoTIKa — akapwiag eAatnpiou  Kal  anooBeoTripa  oTnV  MEPINTWON
pEUCTONOINGNG

Dynamic Impedance Spri
e pring Dashpot
WITH LIQUEFACTION Stat'ckst‘tt'_ff”ess (Torig=1,54s€c) Coefficient Coefficient
Static
Ky(T) Ka(T) K c
Vertical, z (kN/m) 7.95E+05 0.68 0.28 5.40E+05 2.22E+05
Horizontal, x (kN/m) 1.19E+06 0.76 0.53 9.04E+05 6.31E+05
Horizontal, y (kN/m) 1.13E+06 0.76 0.53 8.58E+05 5.99E+05
Rocking, rx (around x 7.18E+07 0.98 0.08 7.04E+07 5.74E+06
axis) (kNm/rad)
Rocking, ry (around y axis) 2.86E+07 0.98 0.08 2.80E+07 2.29E+06
(kNm/rad)
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11. FINAL DESIGN OF THE INNOVATIVE BRIDGE
(step 5)

11.1. Introduction

In this section, the bridge is redesigned against seismic actions, taking into account both cases: the
case of liquefaction and the case of no liquefaction. The geometry of pier footing, estimated in
section 10 and illustrated in Figure 10.2 is used. For the rest of the members of the bridge, the
dimensions defined in the conventional design are taken into account.

11.2. Model

For the analysis, the model presented in Figure 10.1 was considered. The resistance of the foundation
system of the pier was now simulated using the spring and dashpot illustrated in Figure 10.3. Their
dynamic stiffness coefficients are presented in Table 10.4 for the case of no liquefaction and in Table
10.5 for the case of liquefaction.

11.3. Loads
(for details see Conventional Design, section 6)

The following load cases were considered:

11.3.2. Self weight
It is automatically calculated by the program for gcon=25 kN/m3

11.3.3. Additional dead loads
Pavement layer and lining concrete: 3.50 KN/m?
Sidewalk with parapets: 8.50 kN/m

11.3.4. Shrinkage and creep
DT’ is taken equal to 32.7°C for the beams and to 30°C for the continuity slab.

11.3.5. Uniform road traffic loads
g = 5.45 kN/m?

11.3.6. Uniform difference of temperature on deck
ATN,con =-17°C
ATN,exp = +37° C

11.3.7. FEarthquake loads
Modal response spectrum analysis was performed. Two seismic loading cases were considered:

- No liguefaction case (weak motion): The bridge should perform practically elastically (q<1.5).
This check corresponds to “Immediate Occupancy” performance level.

- Liquefaction case (strong motion): This check corresponds to “Life Safety” performance level.
The bridge should tolerate loads and displacements imposed during and immediately after the
seismic motion. Since a uniform excitation was used for the whole bridge, the asynchrony
motion between abutment and pier due to their different foundation conditions should also be
considered. To this end, an additional horizontal displacement was imposed to the base of the
pier, accounting for the max relative horizontal movement between abutment and pier.
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Moreover, liquefaction-produced displacements, in the form of settlements and rotations,
gradually accumulate during vibration, receiving their maximum value at the end of the
seismic event (Karamitros et al. 2012, Karamitros et al. 2013a and Karamitros et al. 2013b).
These displacements should be considered as residual actions, which may produce
additional stress and deformations to the structural components of the structure (pier, deck,
bearings, etc.). To this sense, settlements and relevant rotations of the pier along with
accidentally residual horizontal displacements were taken into account immediately after the
end of the seismic event. It should be noted, however, that the max allowable foundation
settlement pai of the pier established in work task 1 was approximately equal to 20cm (see
Deliverable D6a), much lower than the seismic settlement of 6.8cm estimated for the
foundation of the innovative design in case of liquefaction (see Table 10.3).

A. No liquefaction

A weak seismic motion with return period Tret equal to 225 years not causing liquefaction at the
liquefiable sand was considered. According to the Geotechnical Report (see Deliverable D4), for the
natural soil and the weak motion, the design spectrum of Eurocode 8 was used, for soil type D with
soil factor S=0.96 and peak ground acceleration ag=0.22g (see Figure 3.6).

The following load cases were examined:

Earthquake x-x (horizontal longitudinal direction of the bridge)
Earthquake y-y (horizontal lateral direction of the bridge)
Earthquake z-z (vertical direction of the bridge)

B. With liquefaction

During seismic excitation

Inertial seismic loads “E”, along with relative horizontal displacements “0"” were taken into account.

A strong seismic motion was taken into account with return period Tret equal to 1000 years causing
liquefaction at the liquefiable sand. A design spectrum for soil type C with soil factor S=0.50 and peak
ground acceleration ag=0.32g was considered (see Figure 3.7).

Table 11.1: Peak and average transient displacements of liquefied ground
Mivakag 11.1: MEyIoTEG Kal HETEG £DAPIKEG HETAKIVIOEIG PEUCTOMNOINKUEVOU £DAMOUC
Peak horizontal displacement, 38(cm)
o Ground Surface
" Excltation Oul::;:zzli(ng with improved top layer | without improved top layer
Absolute Relative Absolute Relative
1 ITALY_BAG 13.13 19.12 10.49 27.64 20.59
2 ITALY_VLT 1.28 2.81 3.20 4.03 4.39
3 KOBE_TDO 13.47 17.17 20.00 14.46 21.47
4 LOMAP_AND 10.20 21.16 22.17 11.23 9.31
5 LOMAP_GIL 11.68 12.59 4.99 13.07 4.87
average 9.95 14.57 12.17 14.09 21.07
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In Table 11.1 prepared by the Geotechnical Team, the average transient displacements of liquefied
ground, for various seismic events are presented (see Annex A). Taking into account that the
abutment is founded on the outcropping bedrock and the pier on an improved top layer of the
liquefiable ground, the max relative horizontal displacements developed between abutment and pier
due to liquefaction are presented at the fifth column. For the analysis the average value of
0=12.17cm was used.

Considering that the max values of ground acceleration and of ground displacements are not
developed simultaneously (see time histories diagrams in Appendix A), inertial loads and relative
horizontal displacements were combined according to the rule presented in Equ. 11.1 and 11.2 and
justified in Appendix B:

(a) Inertial seismic loads and 30% of the relative horizontal displacements at the base of the
pier, statistically summed:

o [(:Ex£0.3Ey%0.3E2)? + (0.3(£5x£0.35y))2]¥2 (11.1a)
o [(%0.3Ex+Ey+0.3E2)? + (0.3(£0.30x+dy))2]2 (11.1b)

(b) 30% Inertial seismic loads and relative horizontal displacements at the base of the pier,
statistically summed:

e  [(0.3 (£Ex+0.3Ey+0.3E2))? + (£3x+0.30y)2]!2 (11.2a)
e  [(0.3 (£0.3ExEy+0.3E2))? + (+0.35x:+dy)?]!2 (11.2b)

Immediately after the seismic excitation

Liquefaction-produced displacements, in the form of settlements and rotations are taken into account
at the base of the pier as residual actions. In addition, an amount of residual relative horizontal
displacement is considered, as an accidental result of the seismic vibration.

According to Table 10.3 a residual seismic settlement payn equal to 0,068m was taken into account.
Settlements were considered to be related to accidental rotations, according to the following empirical
relationship - though derived for buildings (Yasuda, 2014):

®x = @y = 0.05-payn

where: payn is the induced settlement (in cm) and @x, @y the resultant rotations about the strong and
the weak axis of the pier, respectively (in degrees).

Moreover, a residual relative horizontal displacement 0res=0.01m is considered.
Finally, the following loading cases are examined:

e Ores + Payn + @y + 0.3«

e Ores + Pdyn + Ox + 0.3Qy

11.4. Load combinations

For the seismic design situation examined, the seismic loads described in paragraph 11.3.7 were
combined with Gt+0.2Q+0.5DT".
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11.5. Vibration modes and natural frequencies

A. No liquefaction

The natural frequencies and periods of the first six vibration modes are listed in Table 11.2, while in
Figure 11.1 the corresponding modal shapes are depicted.

Table 11.2: First six eigenfrequencies and eigenperiods of the bridge in case of no liquefaction
Mivakag 11.2: 'EE npwTeC I0100UXVOTNTEG Kal ID10MEPIOdOI TNG YEPUPAC GTNV NEPINTWON KN PEUGTONOINONG

Mode number Eigenfrequency Eigenfrequency Period

(rad/sec) (Hz) (sec)

1 4.15 0.66 1.51

2 4.23 0.67 1.48

3 4.88 0.78 1.29

4 12.37 1.97 0.51

5 14.35 2.28 0.44

6 14.45 2.30 0.43

(a) first mode (b) second mode

(c) third mode (d) fourth mode

(e) fifth mode (f) sixth mode

Figure 11.1: Six first eigenmodes of the bridge in case of no liquefaction
IxAHa 11.1: 'EE npwTeC IDIONOPPEC YEPUPAG OTNV NEPINTWAN KN PEUCTONOINGNG
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C. Ligquefaction

The natural frequencies and periods of the first six vibration modes are listed in Table 11.3, while in
Figure 11.2 the corresponding modal shapes are depicted.

Table 11.3: First six eigenfrequencies and eigenperiods of the bridge in case of liquefaction
Mivakag 11.3: 'EE npwTeC I0100UXVOTNTEG Kal 1I10MEPIOdOI TNG YEPUPAC OTNV NEPINTWON PEUGTONOINONG

Mode number Eigenfrequency Eigenfrequency Period
(rad/sec) (Hz) (sec)
1 4,12 0,66 1,53
2 4,19 0,67 1,50
3 4,88 0,78 1,29
4 12,37 1,97 0,51
5 12,88 2,05 0,49
6 14,32 2,28 0,44

(a) first mode (b) second mode

(e) fifth mode (f) sixth mode

Figure 11.2: Six first eigenmodes of the bridge in case of liquefaction
IxAupa 11.2: 'E& npwTeG IDIOPOPPEG YEPUPAG OTNV NEPINTWON PEUCTOMNOINONG
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11.6. Results

11.6.1. No liquefaction - Pier’s internal forces

In Figure 11.3 the internal forces for the seismic load combination in case of no liquefaction are
depicted. According to the results of the calculations, for the base section of the pier and for the most
unfavorable seismic load combination (Gt+0.2Q+0.5DT'+Ex+0.3Ey-0.3Ez), it is:

P=-18580.28kN, Mx=10930.21kNm, My=21636.23kNm, Vx=2599.30kN and Vy,=866.59kN.

?4,('!,3_@,7,!,,,.,”,,”.7

(a) (b) (©
Figure 11.3: Pier forces for the most unfavorable seismic load combination (Gi+0.2Q+0.5DT'+Ex+0.3Ey-
0.3Ez), in case of no liquefaction: (a) normal forces N; (b) Shear forces Vy ; (c) Moments My

IxAMa 11.3: Evramikd peyéBn oTUAOU  PecoBdBpou yia TO  OUOHEVEOTEPO  OEIOUIKO  OUVOUAOHO
(G¢+0.2Q+0.5DT'+Ex+0.3Ey-0.3E2z), o nepinTwon pn peucTonoinong : (a) agovikeg duvapeic N,
(b) AlaTunTikeg duvapeig Vy, (c) Pongg My
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11.6.2. Liguefaction - Pier’s internal forces

During seismic excitation

From the results of the analysis it was found that the most unfavorable seismic combination includes
the 30% of the inertial seismic loads and full horizontal relative displacements at the base of the pier,
namely:

Gt+0.2xQ+0.5xDT'+ [(0.3 (Ex+0.3Ey‘0.3Ez))2 + (6x+0.35y)2]1/2

In Figure 11.4 and 11.5 the internal forces of the pier due to inertial seismic loads and to relative
horizontal displacements “®x+0.30y” respectively are depicted. For the most unfavorable seismic load
combination, presented above, the internal forces at the base section of the pier were found to be:

P=-19310.38kN, M,=5460.67kNm, My=13075.77kNm, Vx=1555.05kN and Vy=461.13kN.

(a) (b) (©)

Figure 11.4: Pier's internal forces due to inertial seismic loads for the most unfavorable seismic loading
(Ex+0.3Ey-0.3Ez), in case of liquefaction: (@) normal forces N; (b) Shear forces Vy ; (c) Moments
My

IxAHa 11.4: EvraTika peyedn oTUAoU pecoBABpou AOYW adpavelakwv CECHIKOV POPTIWV yia Trn OUGUEVESTEPN
oeiopikn Opdon (Ex+0.3Ey-0.3Ez), o€ nepinTwon peucTtonoinong: (a) afovikeg duvapeig N, (b)
AlaTpnTikeg duvapelg Vy, (c) Pongg My
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Figure 11.5:

ZxAua 11.5:
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(a)

(b) (0

Pier’s internal forces due to relative horizontal displacements “dx+0.30y", in case of liquefaction:
(a) normal forces N; (b) Shear forces Vy; (c) Moments My

EvTaTikd peyédn oTUAoU PeooBaBpou AOYw OXETIKMY opIfovTiwv HETAKIVAoEwY “0x+0.3dy”, Ot
nepinTwon peuatonoinong: (a) a&ovikeg duvapeig N, (b) AiaTpnTikeg duvapelg Vx, (c) Ponég My



Immediately after the seismic excitation

In Figure 11.6, the moments developed at pier, immediately after the seismic excitation, due to
residual relative horizontal displacement 0Ores, settlement payn and the most unfavorable rotations
combination @y+0.3px separately are presented, where it is shown that the pier is very sensitive to

imposed rotations about its weak axis. Moreover, in Figure 11.7 are shown the internal forces
developed at the

pier for the most unfavorable seismic load combination
(Gt+0.2Q+0.5DT'+0res+payn+@y+0.3¢x). For this combination, the internal forces at the base section
of the pier were found to be:

P=19508.84kN, Mx=3730.76kNm, My=-13313.89kNm, Vx=-735.60kN and Vy=256.12kN.

@

(b)

(@
Figure 11.6: Pier's moments immediately after liquefaction due to: (a) residual relative horizontal displacement
Ores; (b) Settlement pgyn ; (¢) Rotations ¢y+0.3¢x

ZxAHa 11.6: KaunTikéG poneg OTUAOU HECOPRABpPOU apéowe WETA Tn peucTonoinon Aoyw,: (a) anopévouoag
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Figure 11.7:

ZxAua 11.7:
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(a) (b) (©

Pier's internal forces immediately after liquefaction, for the most unfavorable seismic load
combination G¢+0.2Q+0.5DT"+8res+pdyn+®y+0.39y : (@) normal forces N; (b) Shear forces Vy; (c)
Moments My

EvraTikd peyedn oTUAOU HECOBABPOU AUEOWC WETA T PEUCTOMNOINGN YiAd TO OUGCMEVECTEPO
ogIopIkd  ouvduaopd Ge+0.2Q+0.5DT +0res+pPayn+Py+0.30x @ (a) afovikeg duvapeig N, (b)
AiaTunTikeg duvapeig Vy, (c) Poneg My



11.6.3. Design of the pier

According to the results of the calculations presented in 11.6.2 and 11.6.3 the most unfavorable load
combination for the seismic design situation refers to no liquefaction case. The max required
longitudinal reinforcement of the base section for this case is 345.4 cm? and it was finally set to
114120 (357.96 cm?). In Figure 11.8, the longitudinal and shear reinforcements of the base section
of the pier are presented.

45220

sl | 1 =
c| T T Tz.wm 30
o g - —— —

\
\

—
\
\
\

45020

85 ¢12/15

Figure 11.8: Pier reinforcement (base section)
IxAua 11.8: OnAiopdg peooPabpou (diatoun Baocng)

11.6.4. Design of the footing

The model presented in Figure 11.9 was used in order to calculate the required reinforcements of the
footing against static and seismic actions. The slab with dimensions 8.0x15.0m? and a thickness of
1.8m was simulated using shell elements. The soil-structure interaction was taken into account with
equivalent springs. The spring constants were calculated based on the values of Table 3.1. The most
unfavorable case of no liquefaction was considered, as nodal loads at the pier basis.

In Error! Reference source not found.Figure 11.10 the required reinforcements of the footing are
presented, where the main direction is parallel to the longitudinal direction of the slab and the cross
one is parallel to its lateral one. Finally, a reinforcement grid of ®20/10 is used for the upper
reinforcement of the footing while a double reinforcement grid of ®20/10 is used for the lower one.

Figure 11.9: Model of the footing
Zxnua 11.9: Mpooopoiwpa nAakag BepeNinong
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(b) Top main reinforcements

OnANiopog nAdkag Bepehinang

(a) Top cross reinforcements
Footing reinforcement

Figure 11.10:
ZxfApa 11.10:
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11.7 DESIGN OF THE OTHER MEMBERS OF THE BRIDGE

11.7.1. Design of the superstructure

Considering that the prestressed superstructure of the bridge was designed against persistent design
situations, the design process presented in the conventional design is also here taken into account.

Moreover, an additional check of the superstructure was carried out, for the case of soil liquefaction
immediately after and after the seismic excitation. To this end, the displacements A at the base of the
pier bearings, resulted under liquefaction-produced settlements at the base of the pier, i.e. residual
seismic settlement payn =6,8cm along with the relevant rotations (see section 11.3.7), were induced
in the model of Figure 11.11.

The seismic combination (G+0.2Q+S) and the persistent combination (1.15G+1.35Q+S) were
examined. The results showed that all checks at the Serviceability Limit State as well as at the
Ultimate Limit State were satisfied.

Figure 11.11: Model of the superstructure and the imposed displacements at the base of pier bearings for a)
the seismic and b) the persistent combination

IxAHa 11.11: [pooopoinpa avwdoung Kal ol €NBAAOPEVEC PETATOMICEIC 0T BAon TwV €PedPAVWV ToU
MeooBABbpoU yia a) To OEIOMIKO Kal b) To povipo auvduaopo.
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11.7.2. Design of bearings and expansion joints

11.7.2.1. Abutments’s bearings

1. CHECK OF BEARING 8 FOR SEISMIC CONDITIONS
(ACCORDING TO ECE)

ABUTMENT

LOMGITUDIN AL -
DIRECTION XX - [&]

[

1. Geometrical characteristics

Width b= 400 mm
Length I= 500 il
Ovwerall thickness of bearing h= 17 mm
Thickness of extemal rubber layer t.= 0 mm
Thickness of intemal rubber layer t= 11 mm

No ofinternal rubber lavers 5

Mo of external ubber layers 0

Thickness of steel plate: t= 4 mm

Mo of steel plates &

E fiective rubber thick ness It, = 99 mm

E flective plan area of bearing A= 195525 mm
Shape coefficent = 1010

Failure elongation Vi = 3

Shear modulus G G= 1123 MPa
Horizontal stifiness ofthe bearing Ke= 222189 KNI/m
Wertical stiffnress ofthe bearing K,= 880753 KN.I/m
Fotational stifiness ofthe beanng Kpyy= 5817 KMm/mad
Rotational stiffness ofthe bearing Kpo= 23475 KNm/rad

2 . Loads - displacements - rotations
21 Wertical loads (Compression positive)

Dead loads Ry;= 796,07 KN
Super dead loads Roa= 210,31 KN
Prestress and prestress loszes R, = 0,00 KN
Live lnads (MAX) Ry= 463 48 KN
Uniform road trafiic loads Re= 163,93 KN
Longitudinal earthquake REax= 36,26 KN
Lateral earthquake REayy= 124,29 KN
Wertical eathquake REg:x= 165,38 KN
Live lnads (MIN} Ry= 0,00 KN
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22 Displacements

Displacement xx

Displacement due to dead load ty = -3,04 mm
Displacement due to uniform read trafiic loads s AP 0,80 mm
Displacement due to creep and shrinkage s 12,71 mm
Displacement due to temperature g, = 14,40 mm
Displacement
Displacement due to dead load dg1y= 0,00 mm
Displacement due to uniform read trafiic loads dzzy= 0,00 mm
Displacement due to creep and shrinkage ey = 0,00 mm
Displacement due to temperature dry = 1,05 mm
23 Rotations
Rotation oo
Rotation due to dead load Ogq 0,00 10 rad
Rotation due to uniform road trafiic loads Uz = 0,00 x10%rad
Rotation due to creep and shrinkage Opax = 0,00 10 rad
Rotation due fo temperature Ory= 0,00 «10*rad
Rotation oy
Rotation due to dead load Og1y= 427 x10%rad
Rotation due fo uniform road trafiic leads gz y= 0,90 x107°rad
Rotation due to creep and shrinkage Qpyy = 0,00 x107%rad
Rotation due to temperature Oy = 0,00 x10%rad
3. Checkin direction X-X (LONGITUDINAL DIRECTION)
31 Max displacements and rotations of bearing
From dynamic analysis = 16254 mm
By = 43 47 mm
Design displacement »xx desr= 178,81 mm
Design displacement y-y deay= 44 00 mm
e = 184,14 mm
From dynamic analysis gy 0,00 =10 rad
Q5= 0,20 10 rad
Design rotation oo Oy 0,00 x10°rad
Design rotafion oy Qg = 5,37 %10 rad
32 Design shear strain due to horzontal displacement
CHECK Egq=dEa/Et=20 Eqa= 1,86 = 2,0 O.K
3.3 Design shear strain due to compressive load
Seismic design displacement des= 134,14 mm
E flective area of bearing in x-x A= 114345 mm2
Max compressive load for the design earthguake HN,s=  1180,5 KN
Max effective normal stress T = 10324 KN/m=
Shear modulus G= 1,125 MPa
Deformation due to vertical loads Eo=1.50./5G= 1,363
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34 Design shear strain due to angular distortion
E.4=(Fa, +bia,)t ) 271} Eaa= 0,395

CHECK Max design straim £ 4+E, s+ €. 47Ey 2 3,618 <7,0 0K

3.5 Check against slip (anchorage)

Max shear force V== 405914 KN
Min vertical design force: Hes = 297 8 KN
CHECK o, = Nz /A, >=3,0 MPa = 7,86 > 3,0 0K
W Meg = 0,45
a+ple.=010 + 1,506 /0. = = 0,21
FORBEARING S
CHECK WgyNzy==0,10+09/c, ARCHORAGE VUITHEXTERNAL
RUBBER LAYER
o+fir.=050 + 1,5x0,6 /ga = = 0,61
CHECK VedNes==0,50+09/7. FORBEARINGS
0O.K. WITHEXTERMAL
STRIPEDPLATES
3.6 Check against buckling
Max wertical design force Hea = 11305 kN
o = Nal A = 1032 kN
Zmin )G S/3 i = 30,61 kN
CHECK o,4<2 min{bl)G 5/ 3 H, O.K.
4, Checkin direction Y-Y (LATERAL DIRECTION}
4.1 Max displacement of bearing
From dynamic analysis Eyx = 43,76 mm
By = 14452 mm
Design displacement ¢ s 65,03
Design displacement vy desy= 14545 mm

dey = 158,32 mm

From dynamic analysis s 0,18 10 rad

Uz = 0,16 x10rad
Diesign rotation ox T 0,18 x10%rad
Design rotation oy Oy= 5,33 x107rad

4.2 Design shear strain due to horizontal displacement
CHECK £5,=dE,/Et<20 = 1,61 < 2.0 0K

4.3 Design shear strain due to compressive load

Seismic design displacement dzy= 158,32 mm

E flective area of bearing in x-x A= 110724 mm*
Max compressive load for the design earthguake MNea = 12345 KN
Max effective normal stress Oe = 11601 KWim=
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Shear modulus G= 1,125 MPa
Deformation due to vertical loads Eoa=1.50./5G= 1,631
4.4 Design shear strain due to angular distortion
Eae= (Fa, + b o)t/ 258} E.a= 0,412
CHECK Max design strain: &g ¢%+Eq g% Ea e Eu g 3583 <T,0 0K
4.5 Check against slip (anchorage)
Max shear force V= 35389 KN
Min vertical design force He = 793,38 KN
CHECK o, = Ngg/ A, ==23,0 MPa = TAT =30 0.K
Wias [ Neg = 0,45
o+fiz.=010 + 1 520 6/ 0= = = 023
FOR BEARINGS
CHECK Vga/Nga<=0,10+09/c, ARCHORASE VWIT H EXTERMAL
RUBBER LAYER
a+fiz-=050 + 1,520 5/ 0= = = 0,63
CHECK Vea/Nes<=0,50+09/0. FOR BEARINGS
0 .K WTHEXTERMAL
STRIFEDPLATES
4.6 Check against buckling
Max verical design force Hes = 12845 kN
Oo = Mg/ A, = 11,560 kN
2minfl, ) G513 i = 30,51 kN
CHECK Tusqs<2 minfb,l)G 5/ 3 O.K.
. CHECK OF BEARING & FOR STATIC CONDITIONS
ACCORDING TO DIN 4141 )
Dimensions of bearing b= 400 mm
= 500 mm
Owerall rubber thickness =99 mm
Bearng area A= 195525 mm*
Total displacement . dG+1,5*0 6*dDT+1,5dbr= u= 42,25 mm
M ax wertical load Pmax= 14558 KN
Kin vertical load Pmin= 1005338
Mo Zt==b5 —= tany,=0.70 1Ay me=—
Mo Zter=W5 —= tanyem,=0. 70{{ b )-0.2] Y= 0,6525
tame=u/kt, 0,427 O.K
Max nomal stress of beanng ;| Gme=P/la= Tmay= 1,82 <150 MPa
Min nomal stress of beaning ;| G=Pila= Tein= 5,15 > 5,0 Mpu
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11.7.2.2. Pier's bearings

1. CHECK OF BEARING S FOR SEISMIC CONDITIONS
(ACCORDING TO ECE)

PIER

LONGITUDINAL -
DIRECTION XX - 6]

[

1. Geometrical characteristics

Width b= 350 mm
Length I= 450 mim
Ovwerall thickness of bearing h= 150 mm
Thickness of extemnal rubber layer t,= 0 mim
Thickness of intemal rubber layer L= 11 M

Mo ofinternal ubber layers &

No of external ubber lavers 0

Thickness of steel plate t:= 4 mm

No of steel plates &

E ffective rubber thickness = ] mm

E flective plan area of bearing A= 153555 mm*
Shape coefiicent = 8§85

Failure elongation ow = 3

Shear modulus G G= 1125 WPa
Horizontal stifiness ofthe bearing Ka= 19627 KM/m
Wertical stiffness ofthe bearing Ky= 841411 KN /m
Rotational stifiness ofthe bearing Kpyy,= 4554  KMmirad
Rotational stifiness ofthe bearnng Kipe= 13547 HKMNm/rad

2 . Loads - displacements - rotations
21 Vertical loads (Compression positive)

Dead loads R,= 72432 KN
Super dead loads Rga = 213,82 KN
Prestress and prestress losses R, = 0,00 KN
Live loads (MAX) Ry= 34062 KN
Uniform road traffic loads Raa= 167,33 KN
Longitudinal earthquake REax= 153,59 KN
Lateral earthquake REayy= 179,04 KN
Wertical earthguake REgz= 181,78 KN
Live loads (MIM} Ry= 0,00 KN
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22 Displacements
Dizplacement x-x

Dizplacement due to dead load dyy = 8,58 mm
Dizplacement due to uniform read traffic loads dsz = 1,79 mm
Displacement due to creep and shrinkage deye = 0,00 mm
Digplacement due to temperature P = 0,40 mm
Displacement v
Dizplacement due to dead load dg 4= 0,00 mm
Displacement due to uniform road trafiic loads dzzy= 0,00 mm
Displacement due to creep and shrinkage dezy = 0,00 mm
Digplacement due to temperature try = 1,20 mm
23 Rotatons
Hotation o
Rotation due o dead load Op1x 0,00 x10%rad
Rotation due to uniform road traffic loads P 0,00 x107°rad
Rotation due o creep and shrinkage Ogax 0,00 =107 rad
Rotation due o temperature Ors = 0,00 »10%rad
Rotation oy
Fotation due fo dead load Qg1 3= -3,17 x10%rad
Rotation due fo uniform road traffic loads Ogzy= 0,80 x10%rad
Rotation due fo creep and shrinkage Ogzy = 0,00 =10 rad
Rotation due o temperature Ory = 0,00 =10 rad
A Checkin direction X-X (LONGITUDINAL DIRECTIOHN)
31 Max displacements and rotations of bearing
From dynamic analysis degx= 138,83 mm
ey = 47 27 mm
Design digplacement =x dese= 149,40 mm
Design displacement vy desy= 47 87 mm
O = 155,838 mm
From dynamic analysis Oy 0,00 x107°rad
Uy = 3,87 x107rad
Dresign rotation oox I 0,00 x107rad
Dresign rotation oy Oy = 7,24 10 rad
3.2 Design shear strain due to horizontal displacement
CHECK Eqa=dEa/Et<20 £qa= 1,76 < 2,0 O.K
3.3 Design shear strain due to compressive load
Seizmic design displacement des= 156,838 mm
E fliective area of bearing in x-x A= 00220 mm2
Max compressive load for the design earthguake Hoa = 13384 KN
Max effective normal stress T = 14737 KMim=
Shear modulus G= 1,125 MPa
Deformation due to vertical loads Eoq=1.50./5G= 2,196
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34 Design shear strain due o angular distortion

E.a=(Fa, + b*a,)t ) 25¢} Eog= 0,496
CHECK Max design straim £y s+, a+Ey 456y 4 4475 < 7,0 0.K
3.5 Check against slip (anchorage)
Max shear force V= 307,91 KN
Min verical design force He = 724 8 KN
CHECK o, = Ngal A, ==3,0 MPa = 7,98 »3,00.K
1'-"'3 ! Na: = |:|,42
a+fig.=010 + 1 50,6 /g, = = 021
FORBEARING 5
CHECK WgyHg<=010+09c, ARCHORAGE VT H EXTERMAL
RUBBER LAYER
a+fig.=0,50 + 1 50,6 / G = = 0,51
CHECK Wezalles<=0,50+09c. FOR BEARINGS
O.K.  VWITHEXTERMAL
STRIFEDPLATES
3.6 Check against buckling
Max wverical design force Nes = 1338,4 kN
O = Nl Ay = 14,74 kN
2minb ) G5/ 3 i = 2569 kN
CHECK o.4<2 min(bl)G S/ 3 H, O.K.
4, Checkin direction Y-Y (LATERAL DIRECTION)
4.1 Max displacement of bearing
From dynamic analysis Eax = 41,85 mm
&y = 157,55 mm
Design displacement = L 5222
Design displacement yy desy= 15816 mm
des = 186,56 mm
From dynamic analysis Upe™ 0,15 %10 rad
U5y = 0,04 x107rad
De=ign rotation ox - 0,15 x10%rad
Design rotation oy Qzsy= 4,04 x10%rad
4.2 Design shear strain due to horizontal displacement
CHECK e5.=dE,/Et=20 = 1,89 < 2.0 0.K
4.3 Design shear strain due to compressive load
Seizmic design displacement des= 18856 mm
E flective area of bearing in x-x A= 78310 mm*
Max compressive load for the design earthquake Nea = 13248 KN
Max effective normal stress Te = 17360 KNm*
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Shear modulus G= 1,125 MPa
Deformation due to vertical loads Eos=1.50./5G= 2,687
44 Design shear stain due to angular distortion
.= (P o, + b))t/ 258} £~ 0,269
CHECK Max design strain: £qg+Eqa+Esq<Eu s 4,749 <70 0O.K
4.5 Check against slip (anchorage)
Max shear farce V= 326,90 KN
Min verical design forcs He = 738,5 KN
CHECK o, = Ngq/ A, >=23,0 MPa = 9,68 > 3,0 0.K
Wan { Mea = D|44
a+pig=010 + 1,50 5 /G = = 0,15
FOR BERRING 5
CHECK Wea/Nes<=0,10+09/0. ancHORASE VITTHEXTERMAL
RUBBER LAY ER
a+fig.=050 + 1 5x0 6 /0. = = 0,59
CHECK WealNes<=0,50+09/0, FOR BEARINGS
0 .K VITHEXTERMNAL
STRIPFEDFLATES
4.6 Check against buckling
Max wertical design force Hes = 13248 kN
T = Nzl A, = 17,36 kN
2min G S I3 = 26,69 kN
CHECK oOusa<2 minibl)G 5/ 3 H, 0.K.
. CHECK OF BEARING S FOR STATIC CONDITIONS
(ACCORDINGTODIN 4141 )
Dimensions of bearing b= 350 mm
= 450 mm
Owverall ubber thickness = 88 mm
Bearing area A= 153525 mm*
Total displacement : dG+1,5*0 65dDT+1,5dbr= u= 22,59 mm
I ax vertical load Pmax= 13472 KM
in vertical load Pmin= 592 14
Ma Tte=h5 —= tamy,=0.70 ANy e= —
Mo Ztz=5s —= tany,,,=0.70{(Ib)}-0.2] tany . .= 0,648571
tamy=u/xt, 0,257 0K
Maxnomal stress of beanng | Cme=P/A= Tmax= &,10 <150 MPa
Min nomal stress of beanng ; G,=Pla= Terin= 6,50 > 5,0 Mpa
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11.7.2.3. Expansion joints

A) SEISMIC CONDITIONS
Design displacement for the loading direction i-i
dega=+-0.4d=+ds+-0.6dr
where:
== Design =seismic displacement
and I:I;=|:|:I;;1 +|:I;;;}1'; max relative digplacem ent between
two statically independent sedtions 1 and 2
dz= Displacement of permanent or quasi-pemanent actions
{creep, shrinkage)
dr= Displacement due to temperature actions (DT=-37/+ H:'C.}

dE¢=|:d;5: +E|;zq }1.;
where d- design displacement in main leading direction (i - ijand

dzy 30% of the design displacement in the lateral direction (j 4}

® CHECK QOPEMING CLOSURE GAP
In direction =x
dzy= 172,93 mm 17953
deo= 0,00 mm 0,00
de= 172,93 mm 17953
dG= 20,33 mm 0,00
dT= 15,64 mm -2409
dgy,=0.4d=+d;+0.5d = 97,32 mm 24,02 mm 201,08
In direction y-v
dz1= 165,93 mm -165,93
dezz= 0,00 mm 0,00
dz= 165,93 mm -16593
dG= 0,00 mm 0,00
dT= 0,00 mm 0,00
dz,=0.4dz+dz+0 5dr= 85,37 mm £637 mm 165,93
Finally dee=((0, 30z ) +0 20y ) "= 72,51 mm 71,00 mm 175,56
=0 2+ (0, 3% )}~ = 99,34 mm -86,34 mm 207,15

B) STATIC CONDITION 5

Design displacement for the loading direction - d=dG+-1,50,6°dT+1,5dbr
de= Displacement of permanent or quasipermanent actions
dr= Displacement due to temperature actions :DT=-3?J'+5?°C]
d= Digplacement due to braking

& CHECK OPENING CLOSURE
In direction xx
ds= 13,38 mm -5.10
dG= 20,33 mm 0,00
dT= 15,64 mm -24.09
d=dG+-1,5*0 6*dT +1,5*Dbr= 24,48 mm -3333mm

An expansion joint type Algaflex or similar is chosen: T 200 (+- 100 mm)
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12. VERIFICATION (step 6)

According to the final design of the bridge presented in section 11, the reinforcement ratio of the pier
was modified as presented in Figure 11.8. Thus, an iteration of the design procedure from step 2 had
to be carried out.

Firstly, the yield bending moment Mrdy of the bottom section of the pier was recalculated. The
bending moment — curvature curve of this section was constructed by means of the software
Opensees. The design values of the properties of the materials were used.

Two load combinations were examined, in order to account for the maximum and the minimum axial
load of the pier, namely:
for Nmax : &Ye(G+S) “+” yp-P “+” yo-Q => (0.85x1.35)-G “+” P “+” 1.35Q =>

1.15G + 1.155 “+” P “+"1.35Q (12.1)
for Nmn : G +&yeS “+" P => G+ 1.158 “+" P (12.2)
The moment — curvature curve at the base of the pier is illustrated in Figure 12.1 and 12.2 for Nmax
and Nmin respectively. The bilinear approximation of the original curves is also shown. The rule of
almost equal areas above and below the actual curve is used, along with the fact that the initial

branch of the bilinear curve passes from that point of the actual curve which corresponds to 60% of
the resulting yield moment Mrd,y.

30000

M,, (KNm}

25000

Myy=23680KN
20000 1/r=0,00165

15000

10000

—

5000

= Nmax=25130KN

Bilinear approximation

0 | | !
0 0,002 0,004 0,006 0,008 0,01 0,012 0,014

(2/r) (m?)

Figure 12.1: Moment- curvature curve at the base of the pier and its bilinear approximation (for Nmax)

IxApa 12.1: Aidypaupa ponwv-kapnuAoTATwY oTn BAcn Tou pecoBabpou kai n dlypauuikr TOU NPOoLyyion
(y1a Nmax)
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Figure 12.2: Moment- curvature curve at the base of the pier and its bilinear approximation (for Nmin)

IxAua 12.2: AlGypappa ponwv-KagnuAoTATWY oTn BAcn Tou PecoBABpou kai n SlypappIKn ToU NPOCEYYION
(YICI Nmin)

The results are summarized in Table 12.1, where the yield moment at the base of the pier Mrdy, the
corresponding curvature (1/r)y, the failure moment Mrd,u and the corresponding curvature (1/r)u are
given. Also ke is the initial elastic stiffness and Kp the stiffness of the plastic branch.

Table 12.1: Bilinear approximations of moment-curvature curves at the base of the pier
Mivakag 12.1: AiypaupIKEG NPOCEYYIOEIG TOU diAyPAKUATOG PONWV-KAUNUAOTATWY OTn BAcn Tou JecoBadpou

Mea,y (1/r)y MRd,u (/1)
1 1 a=Kp/ke
(kNm) (m1) (kNm) (m1)
Nmax 23680 1.65 x 103 24793 10.20 x 103 0.91%
Nmin 21450 1.87 x 103 21917 15.50 x 103 0.30%

Then, a refined finite element model of the studied bridge, through the software Opensees, was
prepared and the maximum allowable settlement pai of the pier was calculated, as the settlement at
which the yield moment at the base of the pier was reached, under the persistent combinations of
loads, presented in equations (12.1) and (12.2). To this end, a nonlinear static (pushover) analysis
was performed through a step-wise procedure of gradually simultaneously increasing settlements and
rotations S at the base of the pier, according to equations (12.3) or (12.4).

S=p+ ¢y +0.30px (12.3)
S = p+¢Px + 03(py (124)

_96_



Moreover, settlements and rotations are considered to be related according to the following empirical
relationship, though derived for buildings (Yasuda, 2014):

®x = @y = 0.05-p (12.5)

where: p is the induced settlement (in cm) and @x, @y the resultant rotations about the strong and
the weak axis of the pier, respectively (in degrees).

A distributed plasticity model was adopted for the non-linear behaviour of the pier.

It was found that the most critical combination of imposed deformations S, is that of equation (12.3),
namely A = p + @y + 0.3px , mainly due to the imposed rotation ¢y about the weak axis of the
section. In Figures 12.6 and 12.7 the moment My, developed about the weak axis of the pier is
computed against the imposed settlement at the base of the pier, for Nmax and Nmin respectively.
Then, the allowable settlement is defined as the critical settlement producing the yield moment Mrq,y

at the base of the pier.
25000
/;T————r\\\
p=23.33/1.15=20.29%cm
M,,=23680KNm

20000 /

15000

M, (KNm)

10000

5000

0 0.2 04 0,6 0.8 1 12
p (m)

Figure 12.6: Moments at the base of the pier against imposed settlements derived from pushover analysis
(for Nmax)

IxAHa 12.6:  Aidypappa ponwv oTn Bdacn Tou pecoPBaBpou €vavTi eniBaANOpevwv KaBilnoswv, Onwc
NPOEKUYE ano TN KN YPAKIKN avaiuaon (Y1a Nmax)
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Figure 8: Moment at the base of the pier against imposed settlement derived from pushover analysis (for Nmin)
IxAupa 8: Aidypappa ponwv oTn Bacn Tou PecoBabpou evavTi eMBarOPevwy KabIZNoEwV OnwG NPOEKUYE ano
TN KN YPappikr avaiuon (yia Nmin)

The allowable values of the critical parameters for the design of the innovative bridge, according to
the aforementioned results are summarized in Table 12.2, along with the corresponding inclination
angles (drifts) 8 of the pier, defined as 8=06/h, where & the relative displacement between the top
and the bottom of the pier and h the height of the pier.

Table 12.2: Allowable values of critical parameters for the design of the innovative bridge derived from the

non-linear analysis

Mivakag 12.2: MEyIOTEG EMITPENTEC TINEG KPIOIMWV NAPAUETPWY YId TO OXEDIAOUO TNG NPWTOTUNNG YEPUPAC,

Mou NPOEKUYAV ano Tn [N YPauHiKn avaiuon

A Pall (Y Px,x 8y Meay
Combinat
ombination (cm) (rad) (rad) (rad) (kNm)
1.1 P+1.
5(G+S)+P+1.35Q 203 0.018 0.006 0.0116 23680
(for Nmax)
G+1.155+P 20.8 0.018 0.006 0.0108 21450
(for Nmin)

As a conclusion, for the most unfavorable loading case of Nmax, the allowable settlement of the
foundation was estimated equal to 20.3cm. Taking into account that, for the certain dimensions of
the footing and the curst, the value of the max settlement produced after liquefaction is limited to
6.8cm (as defined in section 10), there was no need to proceed to the next steps of the process.

_98_



13. COMPARISON OF THE RESULTS

13.1 Technical Comparison

As described in details previously, the concept of the innovative design is to allow to the ground
beneath the foundation system (the shallow footing and the curst) to liquefy. Thus, essentially lower
inertial seismic loads are induced into the structure, as it is clearly presented in Figure 13.1, where
the elastic response spectra for the cases of the conventional and of the innovative design are
illustrated. In fact, the accelerations developed in the structure in the latter case (innovative design
and seismic event with Tret=1000years which produces soil liquefaction) have been reduced to almost
the half values as compared to those of the conventional design. More specifically, Se,conv.=3.22m/sec?
in the case of the conventional design where the predominant eigenperiod of the bridge is
Tur=1.56sec, while Se,innov.=1.54m/sec? in the case where the soil is allowed to liquefy (innovative
design for Tret=1000years and Tbr=1.53sec).

On the other hand, the asynchrony motion between abutment and pier (due to their different
foundation conditions) resulted to additional horizontal displacements at the base of the pier, which
produced additional stress and deformations to the structural components of the structure. The
magnitude of these relative displacements, however, was limited to about 12 cm, as indicated by
appropriate data (time histories, see Appendix A) provided by the Geotechnical Team.

7.00 - - Conventional design - Tret =1000years
— |nnovative design - Tret =225years
6.00 4 = |nnovative design - Tret =1000years

5.00 A

L]
o
Q
@
D 400 A
E
=
£ a0 \
w
2.00 +
1.00
000 T T T 1
0.00 1.00 T 2.00 3.00 4.00
br

T (sec)
Figure 13.1: Elastic response spectra taken into account in the conventional and the innovative bridge design

Ixnua 13.1: EAaoTikd @daopata andkpiong nou Aednkav undyn Kata To oupBaTikO kal ToV NPWTOTUNO
oxedlaopd TNG yépupag
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As expected for statically determinate bridges, the most critical structural member of the bridge
proved to be the pier, which essentially dictated the behavior of the entire system against seismic
actions and liquefaction-induced deformations. In Table 13.1 are displayed the moments My at the
base of the pier developed for the conventional and for the innovative bridge design (about the weak
axis of the pier). Although the pier suffered essentially lower stress due to inertial seismic loads in
case of liquefaction, it proved to be sensitive to the imposed horizontal displacements. However, for
the magnitude of the displacements applied, the stress developed in total was significantly lower than
that of the conventional design.

Finally, for the innovative design, it was proved that the decisive seismic load combination was that of
the case of no liquefaction, obtained for the seismic event with Trt of 225 years. The stress
developed at the pier for this case, was by 15% lower than that of the conventional design, thus
leading to a lower required reinforcement ratio of the pier.

Table 13.1: Moments M, at the base of the pier developed for the conventional and for the innovative
bridge design (about the weak axis of the pier)

Mivakag 13.1: KapnTikég ponég M, atn Bdon Tou pecoBabpou yia To GUPPATIKO Kal ToV NPWTOTUNO OXEDIAOHO
™G YEpupag (YUpw and Tov aabevr a&ova Tou BaBpou)

M, My My
due to inertial due tc_> relative | for the seismic
seismic loads horizontal load

(kNm) displacements combination
(kNm) (kNm)
Conventional design - Tret=1000years 25238 - 25238
Innovative design - Tret=225years (no liquefaction) 21636 - 21636
Innovative design - Trt=1000years (liquefaction) 11240 12634 13076

As far as the rest of the members of the bridge concerns, the design of superstructure was not
maodified, while the required quantities of the bearings and the expansion joints were slightly reduced
as compared with the relevant ones of the conventional design.

It should also be noted that the liquefaction-produced settlements and rotations at the base of the
pier, after the end of the excitation, were not proved critical for the design.
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13.1 Economical Comparison

In Table 13.2 the final quantities of required materials for the foundation and the pier of the bridge
are shown, regarding the conventional and the innovative design.

It is observed that, for the innovative design as compared to the conventional one, a reduction of
80% was achieved for the ground improvement by means of gravel piles. In addition, about 60% of
the quantities of foundation concrete and steel reinforcement were saved, mainly due to non-use of
foundation piles. A reduction of 12% for steel reinforcement of the pier was also succeeded.

Moreover, it should be noted that a small decrease of the required quantities of bearings and joints
was also obtained, as presented in the following table.

Table 13.2: Bill of quantities for foundation materials
Mivakag 13.2: TMpopéTpnon UAIK®Y Bepelinong

CONVENTIONAL DESIGN INNOVATIVE DESIGN Difference (I/C)

Grave! piles 1387m 273m -80%
::;2:2:?" Cor:g;ete SIEZG;I Kgr/m?3 Co':sgete Sézfl Kgr/m3 (Concrete , Steel)
Piles 236 23000 98 - -
Foundation slab 276 28000 | 102 216 22000 102

Sum | 512 51000 216 22000 -58% , -57%
Pier 97 10500 | 108 97 9200 95 0% , -12%
Bearings 7401t 623It -16%
f:ﬂ:smn 27.5m of width 250mm 27.5m of width 200mm -20%

The overall cost of the bridge is estimated as 1000-+-1500€/m?. Taking into account the dimensions of
the bridge, with width 13.75m and length 85.20m, the total cost arises at 1171500.00+1757250.00€.
The itemized budget regarding the differences between the two solutions is presented in Table 13.3
for the conventional solution and in Table 13.4 for the innovative one. These budgets are based on
nominal prices for construction of public works issued by the Ministry of Infrastructure for 2013. The
total cost of the foundation for the conventional design is 218104€, while for the innovative one is
73062€, that is a saving of 67%. The difference between the total costs for two solutions is
310694.00-149036.00=161658.00€ with the cost of the innovative solution being smaller. This
difference arises at 9.2%+13.7% of the total cost of the bridge, with a mean value of about 11.5%.
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Table 13.3:

Itemized budget for the conventional solution

Mivakag 13.3:  AvaAuTIKOG NpoUnoAoyIGHOG yia T CUKBATIKA AUon

Table 13.4:

Description Quantity | Unit | Unit value (€) Cost (€)
Gravel piles 1387 m 58.00 80446.00
Piles ®100 300 m 135.00 40500.00
Pier’s pilecap 276 m3 158.00 43608.00
Reinf
einforcement | <1000 | kg 1.05 53550.00
(foundation)
Reinf t
einorcemen 10500 | kg 1.05 11025.00
(pier)
Expansion joints 27.5 m 473.80*%4.17 54333.00
Bearings 740 It 36.80 27232.00
Sum 310694.00
Itemized budget for the innovative solution
Mivakag 13.4: AvaAuTiKOG NpoUnoAoyIoHOG yia TNV KaivoTopo AUaon
Description Quantity | Unit | Unit value (€) Cost (€)
Gravel piles 273 m 58.00 15834.00
Pier’s footing 216 m3 158.00 34128.00
Reinf t
eintorcemen 22000 | kg 1.05 23100.00
(foundation)
Reinf t
einforcemen 9200 kg 1.05 9660.00
(pier)
Expansion joints 27.5 m 473.80*3.33 43388.00
Bearings 623 It 36.80 22926.00
Sum 149036.00
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APPENDIX A

Available Data of Time Histories
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Excitation ITALY_BAG — Displacements time histories at the outcrop and the surface
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Excitation ITALY_VLT — Displacements time histories at the outcrop and the surface
Kataypapr ITALY_VLT - XpovoioTopieg JeTaTonioswv aTo Bpaxwdeg unofabpo kai aTnv
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Figure A.5:  Excitation KOBE_TDO - Accelerations time histories at the outcrop and the surface
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Figure A.6: Excitation KOBE_TDO — Displacements time histories at the outcrop and the surface
ZxAHa A.6:  Kartaypagr) KOBE_TDO - XpovoioTopieg HeTaTonioswv oTo Bpaxwdes undpadpo kai atnv
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Figure A.8: Excitation LOMAP_AND - Displacements time histories at the outcrop and the surface
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APPENDIX B

Justification of the relationship adopted to express the asynchronous
application of the inertial seismic loads and of the relative horizontal
displacements at the base of the pier
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In the following, a comparative study is carried out for the justification of the relationship adopted to
express the asynchronous application of the inertial seismic loads and of the relative horizontal
displacements at the base of the pier. To this end, the results of the accurate non-linear analyses
were compared to those of the rougher linear elastic ones.

For the non-linear analyses the refined model of the bridge presented in Figure B.1 was used. Five
excitations provided by the Geotechnical Team were taken into account (see Appendix A), via the
software Opensees. More specifically, the displacement time histories referring to the rocky outcrop
were imposed to the abutments, while the relevant ones for the soil surface were applied to the base
of the pier (Dynamic Multiple-Support Excitation), for each seismic excitation separately.

1l

o —
—t
—

20 30 . 60

Figure B.1: Model of the bridge and displacement time histories applied to the foundation of the abutments
and of the pier

IxAua B.1:  Mpooopoinpa TnG YEPUPAG Kal XPOvoioTopieC WETATONIOEWY nou epappdlovral otn Baon Twv
akpoPabpwv kai Tou PegoPabpou

In Figure B.2, the time histories of the moments Myy, developed for each excitation at the base of the
pier about its weak axis, are presented.
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Figure B.2: Time histories of the moments My, developed for each excitation at the base of the pier about its
weak axis

Ixnua B.2:  XpovoioTopieg avanTuooOuevwy ponwv My, otn Baon Tou PeooBabpou (YUpw anod Tov acBevr)
Tou G&ova) yia TIG OIEYEPTEIG NOU EEETATTNKAV.
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Subsequently, five linear elastic analyses were carried out for each excitation separately. The model
of Figure 10.1 was used via the software SAP. Since, for such types of analyses, a uniform excitation
is used for the whole bridge, the asynchrony motion between abutment and pier due to their different
foundation conditions should also be considered. To this end, seismic loading consisted of two items:

- The spectrum of each excitation, as provided by the Geotechnical Team for the soil surface
where the pier is founded (see Figure B.3 and Deliverable D4).

- Relative horizontal displacements developed between abutment and pier due to liquefaction
and applied at the base of the pier. Their max values for each excitation are illustrated in
Table B.1, as provided by the Geotechnical Team (see also Deliverable D4).

0,7
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Figure B.3:  Spectra of examined excitations for the soil surface where the pier is founded
ZxAHa B.3:  Ta ¢douata Twv dlEyéposwy Nou €EETACTNKAY, OTNV EMIPAVEId TOU €dAPoug (Béan Bepehinong
HeooBabpou)

Table B.1: Peak and average transient displacements between abutment and pier due to soil liquefaction
Mivakag B.1:  MEyioTeg opIlOVTIEG OXETIKEG £DAMIKEC METAKIVAOEIG HETAEU akpoBadpou kal hegoBabpou AOoyw
PEUCTONOINGNG

no Excitation Relative displacement
9 (cm)
1 ITALY_BAG 10.49
2 ITALY_VLT 3.20
3 KOBE_TDO 20.00
4 LOMAP_AND 22.17
5 LOMAP_GIL 4.99

In Table B.2 the max values of the moments Myy at the base of the pier, as derived from the inelastic
and the elastic analyses are presented. For the elastic analyses the moments developed as a result of
inertial Einer and of the imposed displacements Edisp are depicted seperately. Then, two different
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relationships were adopted to express the asynchronous application of the inertial seismic loads and
of the relative horizontal displacements at the base of the pier, namely:

@) Einer+0.3 Edisp Or 0.3 Einer+Edisp

and

b) (Einer2+(0.3Edisp)2)1/2 or ((03 Einer)2+Edi5p2)1/2

(Equation B.2).

Table B.2:

(B.1)

(B.2)

In both cases the results of the elastic solution proved more unfavorable than those of the accurate
inelastic one (see Table B.2). Nevertheless, as shown in Figure B.4, the results of the elastic analysis
better adapted to those of the exact solution when the rule of the statistical aggregation was used

Results derived from the elastic and the inelastic analyses for the five excitations examined

Mivakag B.2: AnoTeAéopaTa YpapKIKOV EAACTIKQV KAl N YPAUHIK®V avaAUoewV yid TIC NEVTE DIEYEPTEIG NOU

g€eTaoTnkav
M,y at the base of the pier (KN)
Elastic static analysis
no Excitation Time
hiStor_y Due tO i:‘:ﬁsteod Einer+0-3 Edisp (Einer2+(0-3Edisp)2)1/2
analysis | jnertial loads displacements or or
Einer Edisp 0.3 Einer+Edisp ((0-3 Einer)2'|‘Edisp2)1l2
1 ITALY_BAG 16818 16797 10890 20064 17111
2 ITALY_VLT 3317 5582 3322 6579 5670
3 KOBE_TDO 17611 7500 20762 23012 20884
4 LOMAP_AND 23872 8228 23014 25482 23146
5 LOMAP_GIL 18166 18564 5180 20118 18629
2 +
My, el/My,in 18 (Einer2+(0-3Edi5p)2)1/2
u or
M Sel
e ((03 Einer)z-'-EdiS:pZ)l/2
14 # Serl Einer+0‘3 Edisp
* or
12 v u 0.3 Einer+E is|
. ¢ =
1- u = n
0,8
0,6 . . .
0 I-B -V K-T L-A L-G

Figure B.4:

inelastic analyses for the five excitations examined

ZxAua B.4 :

YPOUMIKEG avaAUCEIG yia TIG NEVTE SIEYEPTEIG NOU €EETACTNKAV
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APPENDIX C
Detailed Bill of Quantities
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1. GRAVEL PILES
Methodology

Volume of improved soil: Vimpr.

Diameter of gravelpile: Dgp.

Length of gravelpile: Hgp.

Volume of a gravelpile: Vgp= Hgp (NDgp?/4)
No of gravelpiles: N

Replacement coefficient: as = (N- Vgp)/ Vimpr.

Total length of gravelpiles: Htotal (= N-Hgp) = as*Vimpr/ (NDgp2/4)

CONVENTIONAL DESIGN (deep foundation with piles)
as=0.196, Dgp=0.80m, Himpr=24m, dimensions of pilecap L-B=13.55x11.30m?

Considering an improved soil area equal to pilecap layout increased by a perimetric zone of 1.0m
width:

Htotal (= N-Hgp) = as:(L+2)(B+2)-Himpr/ (NDgp?/4) =
=9.36(L+2)(B+2)=9.36x(13.55+1.0)x(11.30+1.0)=1675m

Finally, substracking the total length of the 12 foundation piles, it is:
Htotal = 1675 — 12x24 = 1387m

INNOVATIVE DESIGN (shallow foundation with footings)
From Table 10.3, it is:

Vimpr= 1040m3, as=13.2%

MNa Dgp=0.80m

Htotal (= N-Hgp) = 1.99 QsVimpr=1.99x0.132x1040=273m

2. FOUNDATION PILES

CONVENTIONAL DESIGN
Concrete

12 x 25 = 300m

300m x (n x 1.0%/4 ) = 236 m3
Steel

1875Kgr x 12 = 22500 Kgr = 23000 Kgr

3. FOUNDATION SLAB
CONVENTIONAL DESIGN
Concrete: 13.55m x 11.30m x 1.80m = 276 m?3

Stee/ : 28000 Kgr

INNOVATIVE DESIGN
Concrete: 15.00m x 8.00m x 1.80m = 216 m3

Steel: 22000 Kgr

-115-



4. PIER
CONVENTIONAL DESIGN
Concrete: [6.85m x 1.50m + (n x 1.5%/4 )] X 8.00 = 97 m3

Stee/ : 10500 Kgr
INNOVATIVE DESIGN

Concrete: 97 m3

Steel: 9200 Kgr

5. BEARINGS
CONVENTIONAL DESIGN
- 7 items per abutment 400x500x161 mm3: 2 x 7 x 40.0 x 50.0 x 16.1 = 450.80 It
- 2x7=14 items at pier 350x450x131 mm3: 2 x 7 x 35.0 x 45.0 x 13.1 = 288.86 It
Total 740 It
INNOVATIVE DESIGN
- 7 items per abutment 400x500x131 mm3: 2 x 7 x 40.0 x 50.0 x 13.1 = 366.80 It
- 2x7=14 items at pier 350x450x116 mm3: 2 x 7 x 35.0 x 45.0 x 11.6 = 255.78 It
Total 623 It

5. EXPANSION JOINTS

CONVENTIONAL DESIGN Joint width: 250mm
- 2x13.75m = 27.5m

INNOVATIVE DESIGN Joint width: 200mm
- 2x13.75m = 27.5m
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