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EKTENHZ NEPIANAHWH

EIZArQrH

H napouoca Texvikr) 'ExBeon anoteAei 1o Mapadotéo (M6a) Tou EpsuvnTikoU
MpoypauuaTog Ye TiTAO:
©OAAHZ-EMI (MIS 380043)
MpwTOTUNOG ZXE31a0H0GC BABpwv Mepupmv o€ PeuoTonoinoipo ‘Edagpog He
®duoIKkNn ZeIOHIK Movwon
he ZuvtovioTn (EpeuvnTikOd YnelBuvo) Tov Mewpylo MnoukoBaAa, Kabnynty EMN kai
Me ZuvTtovioTn TNG Opadag Epyaoiag kar EnioTnuovikd YnelBuvo Tng Apdong A6 Tov
Iwavvn Wuxapn, Kabnyntn EMI.

SUyKeKpIPéva, napouaialovTal Ta anoTeAéoparta Tng Apaong A6.1, pe TiTAO:
"Eqpappoyn o€ oTaTikwg Opiopévn MEupa ano O0.5."

To avTIKEIMEVO TOU €V AOYW NapadoTeoU NEPIYPAPETAl OTNV EYKEKPIMEVN EPEUVNTIKN
npoTaon wg akoAoUbwg:

"fia &va oTaTIkKwG OPIoHEVO OUOTNUA VEPUPAS ONAICUEVOU OKUPOOELATOS, Of
EMITPENOUEVEG KIVIIOEIC TNG BeleAiwons (kaBIfioeic kai oTpopes) Ba kaBopioTouv
Bdoer ¢ anodexouevns PAGBNS kai Tou EmnedoU AsitoupyikotnTac (n.x. aveon
odriynong, — emokevdonun  BAdBn, un - eniokevdonn  PAGBn) kabw¢ kai  Tou
QVaAIEVOLIEVOU EMINEOOU TEIOIKOTNTAG (11.X. OEIOUIKI] OIEYEPON MEPIOOOU EMAVAPOPAC
90, 450 rj 900 eTawv). OI EMNTPENOUEVES KIVIIOEIC TNC BelieAiwons Ba rpokuwouy aro
TNV ouyxpovn afloAdynon Twv KartwTeEpw.

»  MId¢ EKTETAUEVNG LEAETNG TwV OIGBEOILWY CXETIKWY KAVOVIOLIWV Kail 00nyiwv (11.X.
Eupwkawoikag 2 — Mepoc 2, Eupwkwdikac 8 — Mepog 2, Eupwkwdikac 7, MCEER &
FHA — kepdAaio 11.4),

»  [IEPINTWOEWY AriOKPIONG MPayLaTikwV yepupwv Kard T OIdPKEId [poo@arwv
OEIoUWV, Kal

" [IGPGUETPIKWY aQVaAUCEWV OIapopwV OOUIKWY OTOIXEIWV TNG yepupas (.x.
LEOOBGBpwY, KaTaoTpwAaTos, KAM) Uro OTATIKEG Kal OUVALIKEC QPOPTIOEIS. ”



MEGOAOAOTIA KAI ANTOTEAEZMATA

MeAeTdTal pia oTaTikwg opiopévn yépupa O.Z., Katd Tnv €niBoAr HETAKIVIOEWVY Kal
oTpOQWV OTn BAcn Tou HECOBABPOU AOYW PEUCTOMOINONG TWV UMOKEIPHEVWV
€0apIKwV OXNUATIOPWV. H yépupa Bewpeital Nw¢ OeyeNIMVETAl €NIPAVEIOKA OE
€dapoC peucTONOINOIO Ot peyalo Paboc. ZToxoc TnG OlgpelivnonG e€ival o
NpPocdIoPIOHOC TWV AVEKTWV KaBI(NOEWV KAl OTPOPWY NOU WNopei va napalaper n
YEQUPA XWPIC va aoTOXNOEl.

H yépupa nou peleTatal anoteAeiTal anod dUO AP@IEPEIOTA avoiyuaTa BewpnTikou
ufkoug 42.00m To kaBéva, Ta onoia ouvdgovTal HETAEU TOUG YE NAGKA OUVEXEIAC. To
nNAGTOC TOU KATAOTPWHATOC IoouTal Ye 11.25m pe dUo nelodpopia eKATEPWOEV
nA\atouc 1.25y ékaoto. AnoteAeital and 14 (=2x7) NPOKATAOKEUAOUEVEC,
NPOEVTETAMEVEG DOKOUC Mrkoug 40.50m n kabe pia, nou otnpidovral ota akpopabpa
Kal Ta PeooBabpa PEow €AAOTOUETANIKOV £pedpdvwy. To PeaoBabpo anoTeAeiTal
ano Tn dokO £dpacng kai eva GTUAO ToIX0€ID0UG dIATOUNG KKoug 8.35m kal naxoug
1.5m and onAiopévo okupddepa, €xel e Uwoc 10.0m ocupnepIAAPBAvoPEVNG TNG
dokou €dpaong (8.0+2.0m).

>€ OTATIKWC OPIOMEVEC YEQUPEC, TO MIO KPIoIJo OOMIKO OTOIXEIO yia TNV avoxn Tou
OUVOAOU TNG YEPUPAG O eMIBAMOUEVEC HETAKIVAOEIG AOyw peUCTONOINONG, €ival To
MEoOBaBpo kabwg n avantuén nAaoTIKAG apBpwonc oTn Baon Tou, odnyei Ot
METATPONN TOU OUVOAIKOU OTATIKOU OUOTAMATOG OE UNXaviopo nou Oev Wnopei va
PEPel OUTE Kav Ta katakopupa @optia. Actoxia oe deutepeuovTa aToixeia (ONwg
€QEDdpPava, NAAka GUVEXEIAG 1 appoi) nou dev PnopoUlV va NPOKAAECOUV KATAPPEUON
TNG YEPUPAG EVW KMNOPOUV va €MICKEUACTOUV I KAl va avTikataotabouv eUkoAa, dev
AapBavovTal unoywn yia Tov KaBopIoPO TWV ENITPENONEVWY EDAPIKWY HETAKIVAOEWV.

Méow NPOCOMOIWONG TNG YEPUPAG HE YPAMMIKA NENEpAcHEvVa oTolixeia enBallovTal
oTadlakd KATaKOPUQEG METAKIVACEIC Kal OTPOPEC OTo €ninedo BepeAinong Tou
MECOBABPOU Kal €KMOvVOUVTAl [N YPAMMIKEG avaAUOEIG WE XPron Tou AoyIOMIKOU
Opensees, AauBavovtag unown Tn YEWHETPIKA KN YPAMMIKOTNTA, KABWG Kal Tn Hn
YPAUUIKOTNTA TwvV UAKwv. ‘Eva npocopoimpa kataveunuévng nAAcTIMOTNTAG
AapBaverar unown yia TN KN YPAMMIK OUMNEPIPOPA TOU OTUAOU, n onoid
nePIypageTal pe Tn xpnon dlaypappaTwy ponwv—KaunuAoTATWY. Eni Twv kaunuAwv
auTwv, KaToniv kKataAAnAng diypappikonoinong, opiletal n ponr d1appong Mrd KaTdA
TNV onoia avanTuooeTal yia NpwTn popd NAAcTIKn apBpwan oTn Baon Tou oTUAOU.

AapBavovtag unown OTI of kaBi{nosiC KAl Ol OTPOPEG AOYW PEUCTONOINONG
ougowpevovTal oTadlakd kaTta Tnv didpkeia TnG dovnong kal AauBavouv Tnv WEYIOTN
TIUN TOUG OTO TENOGC TNG, OI €MIBANOMEVEG METAKIVAOEIC A epapupolovtal oTnv
KATAOKEUN ¢ MOVIMA @opTia und Toug akoAouBoug oTaTikoUc ouvOUaoMoUG:
1.15G+1.15A+P+1.35Q kai G+1.15A+P. O1 kaBifiosig BewpolvTal TUAMA TwV
HOVIJWV OpACEWV TNG KATAOKEUNG YETA TO O€IoUO Kal Aaupavouv Tn poppn A = p +
@y +03pxnNA=p+0.3p, + @x ONOU Ol GTPOPEC Px KAl Py NEPI TOV I0XUPO Kal
Tov acBevr) G€ova Tou BaBpou avTioTolxa, cuvdEovTal Aueoa Pe Tnv kabidnon p e
TNV EUNEIPIKN OXETN Ox = @y = 0.05p



Ano TIC avaAUoEIG NPOEKUYE NWGE KPIOIMOTEPOC €ival 0 cUVOUAOHOG NoU NEPIAAUBAVEI
oTpo®n nepi Tov acBevr) agova Tou Babpou. AlanioTwOnke 6T To BABpo cuveyilel va
AEITOUPYEI MPAKTIKA €AAOTIKA €wC Kabilnon p TNG TA&wC Twv 23cm, &vw N
ouvduaouevn oTpoPry wG npoc acBevr afova Tou PABpou avepyetar TOTE O€
0.020rad ka1 n avTioToixn ywvia kAiong Tou Badpou oc 1.10%.

TeNoC, €EETAOTNKE KAl WIa Mo anAonoinyévn HEBodOC, Onou n KAunuAn ponwv-
KAUNUAOTATWV OTn BAon Tou OTUAoU unoAoyiletar pe BAcn TIC ANAOMOINUEVEG
oxéoeic Tou KANEME, napaptnua 7A. Me dedopevec nia, Tn ponn Olapponc Tou
OTUAOU MRg,y, Kal TNV apxIKr €AACTIKr) aKAUWia TOU, ApKei va eKTEAEOTEI POVOV Hid
YPAUMIKR EAACTIKA avaAuon TNG YEPUPAC yia HIa Tuxadia TIUA Kabidnong Pact. EAV Mact
€ival n KaunTikn ponn otn Bacn Tou OTUAOU MOU QVTIOTOIXEI OE QUTN TN TIUA TNG
kaBidnong, n HeyioTn emimpenopevn kabilnon pai SiveTal ano Tn oxéon:

Pall = Pact X (Mrd,y / Mact)

AlamoTwOnke OTI Ta anoTeAéopaTa TnG anAonoinuévng pebodou ival napodyola, av
Kal Mo ouvTnpNTIKa, and ekeiva TnG nponyoUpevng HEBOdOU. ZUYKEKPIKEVA, TO BABPO
ouveyiCel va AsIToupyei NPakTIka EAACTIKA £wG kabidnan p TNG TAEEwe Twv 18cm, evw
N ouvduaouévn oTpoPr wG npoG acBevry afova Tou PABPOU aAVEPXETAl TOTE OF
0.016rad kai n avTioToixn ywvia kAiong Tou Babpou o 1.09%.

JUMNEPACUATIKA PaiveTal OTI YIA OTATIKWG OPIOUEVEC YEPUPEC, KaBILNOEIG TNG TAEEWS
Twv 23cm nou €icayovTal oTn Bguehinon AOyw peucTonoinong, MMopei va yivouv
QVEKTEG MPOKAAWVTAG MOVOV apeAnTeeg BAABec oto BABpo, TO 0OMoio MPAKTIKA
ouvexiCel va AerToupyei eAaoTiKa. AUTEG OI TIMEC paiveTal va €ival GUPPATEC JE EKEIVEG
nou npoTeivovTal aTn BiIBAIoypagia yia TV opiakr KaTaoTaon acToxiac.
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This Technical Report (D6a) presents the actions taken and the associated results of
the first part of the 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 required to achieve the aim of this first part of the Work
Package (WP6. 1) are the following.

"For a statically determinate concrete bridge, the allowable foundation movements
(settlements and rotations) will have to be established. The relevant criteria will take
into account the permissible damage and serviceability levels (e.g. driving
discomfort, repairable damage, non-repairable damage), as well as the anticipated
seismicity level (e.g. seismic excitation with 90, 450 or 900 years return period), and
will be established after a joint evaluation of:

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

e parametric analyses of various bridge components (e.g. piers, deck, etc.)
under static and cyclic dynamic loading.
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1. Introduction

The decisive factor for designing bridges with shallow foundations over liquefaction
susceptible soils is the magnitude of the additional ground movements permanently
induced to the bridge footings after soil liquefaction in the form of vertical
displacements (settlements) and rotations. This additional liquefaction-induced
displacements may produce additional stress and deformations to the structural
components of the superstructure (piers, deck, bearings, etc.) and potentially
contribute to the loss of its serviceability and its structural integrity. To this end, the
determination of the tolerable ground deformations to the superstructure is a
necessary and critical prerequisite for the design of such a foundation.

Unfortunately, contemporary seismic codes and guidelines do not provide specific
limits for foundation deformations, both during and after seismic excitation. Because
of the large number of factors involved (structural system, materials, soil type,
intended use and life of the structure, etc.) only approximate values of tolerable
settlements under static conditions are given in the international literature, usually
solely depending on the bridge structural configuration. An extensive literature
survey, as well as the provisions of various Codes are explicitly presented in chapter
2.

In chapters 3 and 4, for the statically determinate concrete bridge examined within
the frame of WP6, tolerable ground deformations (base settlements and rotations)
are defined, as the first step of the innovative design process. Limiting values are
defined on the basis of the structural integrity of the structure. Then, in chapter 5 a
review of the allowable ground deformations values concerning serviceability of the
bridge is made according to the information supplied in chapter 2.



2. Literature survey and codes provisions

In the following, a literature review as well as the provisions of contemporary seismic
codes and guidelines are presented, concerning existing allowable values of
deformation of the foundation of bridges founded on spread footings.

2.1. Definitions

Barker et al. (1991) provide the definitions illustrated in Figure 2.1, concerning
possible types of deformations (settlements) that may occur in bridges. According to
their investigation, bridge deformations may appear in the form of uniform
settlement (p), uniform tilt (w) or rotation (B) and differential settlement (d).

Uniform settlement (p) is described as the rather theoretical situation in which each
of the bridge foundations settles by the same amount. Even though no distortion of
the superstructure occurs, excessive uniform settlement can lead to issues such as
insufficient clearance at underpasses, as well as discontinuities at the juncture
between approach slabs and the bridge deck, also referred to as “the bump at the
end of the bridge” (Wahls, 1990) and inadequate drainage at the end of the bridge.

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

Non- uniform settlements, when the settlement at each support of a multi span
bridge is different. It may be either regular or irregular as noted in Figures 1(c) &
1(d). A regular pattern in deformation is characterized by a symmetrical distribution
of settlement, from both ends of the bridge towards the center. In the irregular
pattern, deformation is randomly distributed along the length of the bridge. The
non- uniform settlement of bridge foundations is also responsible for the onset of
angular distortion (B), which affects the structural integrity of the superstructure. It
is schematically described in Figures 1(c) and 1(d), and defined as:

where,
B = angular distortion (dimensionless)

0 =differential settlement between two consecutive foundations; in units of length



(c) Non uniform settlement (regular pattern of settlement)

S B
—4
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=

(d) Non- uniform settlement (irregular pattern of settlement)

Figure 2.1: Components of settlement and angular distortion in bridges (Barker et al.,
1991)

ZxAHa 2.1:0piouog kabIfioswv Kal YwVIAK®V NapapopPwoswy o YEQUPES (Barker et al.,
1991)



S = span length expressed in the same length units as the differential settlement.

Differential settlements induce bending moments and shear in the bridge
superstructure when the spans are continuous over supports. These moments
and shears can potentially cause structural damage. Distress in the
superstructure consists of cracks or other evidence of excessive stress in
beams, girders, struts and diaphragms as well as cracking and spalling of
the deck. To a lesser extent, differential settlements can also cause damage to
a bridge consisting of simple spans. However, the major concern with simple
span bridges is the operational problems, i.e. inadequate drainage and
insufficient clearance height at underpasses and mainly quality surface and
aesthetics. Due to a lack of continuity over the supports, the changes in slope of
the riding surface near the supports of a simple span bridge induced by
differential settlements may be more severe than those in a continuous span
bridge (Naresh et al, 2010).

In addition to the various types of settlements previously illustrated by Barker et al.
(1991), horizontal displacement may also be induced in the foundation of bridges
founded on spread footings. Excessive horizontal displacements may cause damage
to the bearings and to the expansion joints of the bridge. Damage to bearings
includes tilting or jamming of rockers, as well as cases where rockers have pulled
off the bearings, or where movement resulted in an improper fit between bearing
shoes and rockers requiring repositioning. Neoprene bearing pads are deformed,
anchor bolts in the bearing shoes are sheared and cracking of concrete at the
bearings is apparent. Other problems due to horizontally imposed displacement may
involve horizontal movements occurring to the floor system, causing loss of the
support of the deck or deck extending beyond the abutment and beams, jammed
against the abutment, requiring to be cut. Sometimes, cutting of relief joints may
also be necessary (Moulton et al., 1985).

2.2. Movement Criteria

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

On the other hand, the limit between tolerable and non-tolerable movement is often
difficult to discern, and may depend on factors other than the physical condition of
the bridge, such as the cost and practical problems involved in repair and



maintenance. Generally, the definition for non-tolerable damage proposed by the
Transportation Research Board’s Committee A2K03 on “Foundations of bridges and
other structures’ is adopted: "Movement is pot tolerable if damage requires
costly maintenance andy/or repairs and a more expensive construction to avoid this
would have been preferable”.

2.2.1. Literature survey

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

Bozozuk (1978) attempted to distinguish tolerable from non-tolerable displacements
for abutments and piers founded on spread footings. His survey involved 120 cases
of spread footings, without specific distinction in terms of type or size. He classified
displacements as tolerable, when the maintenance needs of the bridge are
moderate, despite the magnitude of the displacements and as non- tolerable when
considerable maintenance and repair works are required. The work of Bozozuk
(1978) was parallel to that of Walkinshaw (1978) and Grover (1978) and was
documented via an extensive research on allowable displacements undertaken in the
U.S.A. and Canada and published by the Transportations Research Board (TRB).
Therefore Bozozuk’s definition of tolerable and non-tolerable displacements also
applies to the limiting values proposed by Walkinshaw and Grover (see Table 2.1).

DiMillio (1982) attempted to evaluate the behavior of 148 highway bridges supported
by spread footings on engineered fills, in conjunction with detailed survey
investigations of the foundation movement of 28 selected bridges. It was found that
bridges easily tolerated differential settlements of 1 to 3 inches (25 to 75 mm)
without significant distress, especially when high embankments of good quality
borrow materials are constructed over satisfactory foundation soils.

Moulton et al. (1985) carried out a survey that was based on a nationwide study of
314 concrete and steel bridges on spread footings in USA and Canada. In this study,
an effort was made to provide information regarding the possible structural
damage induced by excessive vertical and horizontal displacement. The definition
for non-tolerable damage proposed by the Transportation Research Board’s
Committee A2K03 was adopted. The results were classified according to the type of
spans, to the length and stiffness of spans and to the type of construction material.
It was shown that many highway bridges can tolerate significant magnitudes of total
and differential vertical settlement without becoming seriously overstressed,
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sustaining serious structural damage, or suffering impaired riding quality. In
particular, it was found that a longitudinal angular distortion (differential settlement
to span length) of 0.004 would most likely be tolerable for continuous bridges of
both steel and concrete, while a value of angular distortion of 0.005 would be a more
suitable limit for simply supported bridges. In this project, it was also pointed out
that in the case of coexistence of vertical and horizontal movements, the tolerable
horizontal movement should be limited to 25mm, while in the case where the vertical
displacement is small, the tolerable horizontal movement can be increased by 50%.

Table 2.1: Engineering performance of bridges on spread footings
Mivakag 2.1: Kpimpia eMTEAECTIKOTNTAG YEQPUPWV UE ENIPAVEIAKEC BEPENIDOEIC
Type of deformation I\::?o':";uadt?o?'f Damage Level Reference
< 50 Tolerable Bozozuk (1978)
Harmful but tolerable .
63 (Ride quality) Walkinshaw (1978)
25.4 - 76.2 Harmful but tolerable DiMillio (1982)
50 -100 Harmful but tolerable Bozozuk (1978)
Settlement
pv (mm) > 63 Structural damage Walkinshaw (1978)
> 100 Intolerable Bozozuk (1978)
Intolerable
102 (Ride quality and Grover (1978)
structural damage)
Intolerable
>102 (for abutments) Wahls (1990)
< 25 Tolerable Bozozuk (1978)
25.4 - 50.8 Harmful but tolerable Moulton et al. (1985)
25 - 50 Harmful but tolerable Bozozuk (1978)
Horizontal
displacement pn 50 Structural damage Walkinshaw (1978)
(mm) Not tolerable
> 50 (Ride quality and Bozozuk (1978)
structural damage)
Intolerable
> 51 (for abutments) Wahls (1990)

According to their surveys, Wahls (1983) and (1990) and Stark et al. (1995) arrived
to the conclusion that angular distortions of 1/250 of the span length for continuous
spans and 1/200 for simply supported spans were considered acceptable. In addition
differential movements not greater than 2 inches (50 mm) laterally and less than 4
inches (100 mm) vertically, appear to be tolerable, assuming that approach slabs or
other provisions are made to minimize the effects of any differential movements
between abutments and approach embankments.

Engineering performance of bridges examined in the aforementioned studies, in
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terms of vertical and horizontal displacements of abutments and piers are illustrated

in Table 2.1, classified in increasing order of magnitude. In Table 2.2, proposed

serviceability criteria for bridges by the aforementioned researchers are summarized.

Table 2.2:

Proposed Serviceability Criteria for bridges by various researchers

Mivakag 2.2: Kpitpia ASIToUpyIKOTNTAC YEPUP®WY ONWG NPOTEIVOVTal ano dIApopeg
EMIOTNHOVIKEG OUAdEC

Magnitude
Type of deformation of Bridge type Reference
deformation
Continuous
(1)/22?) steel/concrete bridges Mou'i%';;t al.
(1/250) | with | > 15.24m (50ft) steel (1985)
Simply supported
Angular Distortion ((1)/28;3)) steel/concrete bridges Mou(li(;g;t al.
B with | > 15.24m (50ft)
1/250 Continuous bridges Wahls (1990)
(Bridge abutment) Stark et al. (1995)
1/200 Simply supported bridges Wahls (1990)
(Bridge abutment) Stark et al. (1995)
Bridge abutment for bridge
<76.2 lifetime MOU(IEC;%Se)t al.
(steel & concrete bridges)
Bridge pier for bridge
< 50.8 lifetime MOU(IEC;%Se)t al.
(steel & concrete bridges)
Differential Bridge abutment following Moulton et al
Settlement Ap < 50.8 bridge completion (1985) )
(mm) (steel & concrete bridges)
Bridge pier folloyvlng bridge Moulton et al.
< 31.75 completion (1985)
(steel bridges)
Bridge pier following bridge
< 38.1 completion Mou(l';c;rése;t al.
(concrete bridges)
Horizontal
displacements < 38 Acceptable Moulton et al.
(1985)
(mm)
Horizontal along
with vertical <25 Acceptable Moulton et al.
displacements P (1985)

(mm)




2.2.2. Provisions of Codes

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

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

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

According to AASHTO (2002) and AASHTO — LRFD (2007 and 2009 Interims), for
bridges on spread footings, movement of foundations in both vertical and lateral
directions shall be investigated in the frame of Serviceability Limit State, i.e.
settlements and / or horizontal displacements, as well as the angular distortion
caused by differential settlements of adjacent footings. Design shall be based on
rideability and cost criteria. Immediate settlement shall be determined using the
service load combinations while for time dependent settlements only the permanent
loads shall be taken into account. Concerning proposed limiting values for movement
of footings, appropriate criteria should be developed, consistent with the function
and type of structure, anticipated service life and consequences of unacceptable
movements on structure performance and should be established by empirical
procedures or structural analyses. Due to the complexity of the phenomenon, only in
the comments of the Code, limiting values are suggested for angular distortion (8/s)
between adjacent foundations, as a function of the structural system of the bridge,
namely 0.008 for simple span bridges and 0.004 for continuous span bridges. For
rigid frames special analyses are required (see Table 2.3). These limits lead to
relatively high values of acceptable differential settlements, for example for a span of
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30 m a differential settlement of 120 mm for a continuous span and 240mm of a
simple span are acceptable. It should be noted here that such high values of
differential settlements create concern for structural designers who often arbitrarily
limit the criteria to one-half to one-quarter of the suggested values, not so much for
reasons related to the structural integrity of the bridge but mainly for practical
reasons based on the tolerable limits of deformation of another structures associated
with a bridge e.g. approach slabs , wingwalls, pavement structures, drainage grades,
utilities of the bridge, deformations that adversely affect quality of ride, etc. (Naresh
et al., 2010). That is why, the suggested criteria should be considered in conjunction
with functional or performance criteria not only for the bridge structure itself but for
all the associated facilities as well.

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

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

Moreover, according to EC1997-1:2004, the assessment of the behavior of bridges
on shallow foundations involves both, displacement of the entire foundation and
differential displacements of parts of the foundation. Specifically, as suggested in
Appendix H of the Code, the following components of foundation movement should
be considered: settlement, relative (or differential) settlement, rotation, tilt, relative
deflection, relative rotation, horizontal displacement and vibration amplitude.
According to the code, any differential movements of foundations leading to
deformation in the supported structure should be limited to ensure that they do not
lead to a limit state in the supported structure and this is achieved when design
values remain lower of certain limiting values. As limiting value for a particular
deformation is defined the value of the deformation at which a serviceability limit
state, such as unacceptable cracking etc., is deemed to occur in the supported
structure (§ 2.4.8). As it is noted in the Code, selection of design values for limiting
movements and deformations is not an easy task and should take into account
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various factors, such as the type of structure, the type of construction material, the
type of foundation, the services entering the structure, etc. Thus, certain limiting
values are not given and it is suggested that they should be agreed during the
design of the supported structure. However, in the absence of specified limiting
values of structural deformations of the supported structure, it is proposed that for
normal, routine structures the values of structural deformation and foundation
movement given in Annex H may be used. More specifically, to prevent the
occurrence of a serviceability limit state in the structure, permissible values of
relative rotations of various types of structures could range from 1/2000 to about
1/300, while a maximum relative rotation of 1/500 is judged as acceptable for many
structures. The relative rotation likely to cause an ultimate limit state is proposed to
be 1/150. For normal structures with isolated foundations, total settlements up to 50
mm are often acceptable. Larger settlements may be acceptable provided the
relative rotations remain within acceptable limits and provided the total settlements
do not cause problems with the services entering the structure, or cause tilting etc.
(see Table 2.3). On the other hand, according to section 6.5.5, an ultimate limit state
due to differential vertical and horizontal foundation displacements could be avoided
by adopting appropriate prescriptive measures.

Table 2.3: Tolerable movement criteria for bridges proposed by various Codes
Mivakag 2.3: KpITrpia avekTOV PETATOMIOEWY YEPUPWV ONWG NPOTEIVOVTaAl ano dIapopous
Kavovigpoug
Tvpe of Magnitude
Code ype ot of Bridge type Limit State
deformation .
deformation
0.004 Continuous
AASHTO 2002, Angular (1/250)
2007 with Distortion Serviceability
2009 Interims B 0.008 .
(1/125) Simply supported
0.002 all normal, routine . .
Angular (1/500) structures Serviceability
Distortion
EN1997-1 B all normal, routine .
(Annex H) 1/150 structures Ultimate
normal structures
Total settlement 50 mm with isolated Serviceability
foundations

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

Further, as it is noted in EN1998-2, § 5.5, the aforementioned requirements are
satisfied for ULS (and consequently for SLS as well), by verifying the structure
against seismic combinations that do not include action effects due to imposed
deformations caused by settlements of supports or residual ground movements due
to seismic faulting. An exception to this rule is the case of bridges in which the
seismic action is resisted by elastomeric laminated bearings, where elastic behavior
of the system shall be assumed and the action effects due to imposed deformations
shall be accounted for. In the code, no limiting values for foundation movements
under seismic conditions are proposed.

2.2.3. Other approaches

On the other hand, other approaches may be adopted to specify limiting values for
foundation movements of bridges.

According to Japanese method JBDPA '90-91 which is a method for the post-
earthquake inspection and rapid damage assessment of buildings, a damage
classification is attempted according to the maximum inclination of the building after
a certain event (Rossetto et al., 2010). The classification according to the inclination
angle 0 is illustrated in Table 2.4. Although the method refers to the damage
assessment of buildings, the magnitude of the inclination angle of the piers may also
be considered as a criterion for the damage assessment of bridges. To this end, a
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limiting value of 0.02 rad may be accepted for the serviceability limit state.

Finally, according to FEMA-356, four discrete Structural Performance Levels related

to certain post-earthquake damage states, are defined for buildings:
- Immediate Occupancy (S-1), defined as the post-earthquake damage state
that remains safe to occupy, essentially retains the pre-earthquake design

strength and stiffness of the structure,

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

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

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

Appropriate acceptance criteria relate these Structural Performance Levels to limiting
damage states for vertical elements of lateral-force-resisting systems, in terms of
drift values. The drift values proposed by FEMA are presented in Table 2.5 and are
discerned into transient and permanent. They are typical values provided to illustrate
the overall structural response associated with various Structural Performance Levels.
In this sense, these values may also be adopted as limiting drift values for piers of

bridges.

Table 2.4: Damage classification according to JBDPA 90-91 (Rossetto et al., 2010)

Mivakag 2.4: Katnyopionoinon BAaBwv cUppwva pe Tnv Ianwvikr péBodo JIBDPA 90-91
(Rossetto et al., 2010)

Type of Magnitude of
deformation deformation Bamage level
< 0.01 Small
Inclination 0.01 - 0.03 Moderate
angle 0 (rad) 0.03 - 0.06 Severe
> 0.06 Collapse
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Table 2.5: Structural Performance Levels and damage for common vertical elements of

lateral-force-resisting systems of buildings according to FEMA-356, Table C1-3

Mivakag 2.5: Enineda emTeAeoTIKOTNTAG YIA TUNIKA KATAKOPU(pA OTOIXEIA KTIpiwV OUP@WvA
JE TIG 0dnyiec Tng FEMA-356, Mivakag C1-3

Type of
deformation

Magnitude of
deformation

Structural Performance Level

4% transient
or permanent

Collapse Prevention

negligible permanent

Drift
¢ (rad) 2% transient; | S-5
o .
Concrete 1% permanent | Life Safety
Frames 1% transient; | S-3
negligible permanent | Immediate Occupancy
2% transient | Collapse Prevention
or permanent
Drift
¢ (rad) 1% transient; | S-5
0.5% permanent | Life Safety
Concrete Walls
0.5% transient; | S-3

Immediate Occupancy
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3. Estimation of tolerable settlements and
rotations

3.1. Methodology

As a first step, a preliminary design against static and seismic actions should be
carried out, in order to initially define the geometrical characteristics and the
required reinforcement of the various structural members. In this analysis, the
results of the conventional design are used, for comparative reasons (see Deliverable
D6b). The maximum allowable settlement pai of the pier is calculated by performing
appropriate analyses as described in the following.

It is reminded that the bridge under investigation is a statically determinate, two-
span (2x42.00m) concrete bridge. The deck is 11.25m wide (with 1.25m pavement
at each side), composed of 2x7 precast, prestressed concrete beams of length
40.50m. A cast in-situ slab of 0.25m min thickness is constructed. The concrete
beams are resting upon the abutments and the mid-pier via elastomeric bearings.
The pier is a wall-type column, 8.0m high, 1.5 m thick and 8.35 m wide, founded on
a soil prone to liquefaction under the design seismic action. The geometrical
characteristics of the bridge and the reinforcement of the pier calculated from the
conventional design are presented in Figures 3.1 to 3.3.

Pier axis
Abutment axis } . . : Abutment axis
Bearing axis Bearing axis 1 ! Bearing axis Bearing axis

42.00 42.00
40.50 X3l 40.50

708

Prestressed concrete

C20/25 | beams C35/45

w| B8.00

-
“
. -
~ -

Figure 3.1: Londitudinal section of the bridge
ZxAHa 3.1: Kartda pnkog Toun yépupag
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Figure 3.2: Geometry of the pier : (a) in longitudinal direction , (b) in lateral direction of
the bridge

Zxnua 3.2: lewpeTpia peooBddpou: (a) orn diaunkn dielBuvon, (b) otnv eykdpoia
d1elBuvon TG yEpupag
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Figure 3.3: Pier reinforcement (base section)
IxAHa 3.3: OnMiopog pecoBabpou (dlatoun Baonc)
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3.2. Loads and load combinations

It is known that 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). Therefore, these displacements should be considered as
permanent actions, which may produce permanent additional stress and
deformations to the structural components of the superstructure (piers, deck,
bearings, etc.).

The load combination proposed by ECO for persistent design situations (equation
6.10b) should be examined:

EYeG "+7 yeP +7 yoQ (1)

where, the reduction factor & for unfavorable permanent actions is equal to 0.85 and
the partial factors for permanent, prestressing and variable (traffic loads) actions are
taken as ys=1.35, vyp=1.0 and yq=1.35 respectively. In the aforementioned
relationship, settlements and rotations are considered as permanent loads. It is:

G = Gpr+soL + A (2)

where Gpu+sp. are the dead and super dead loads of the structure and A the most
unfavorable of the next combinations:

A=p+ @y + 0.3« (3), or

A=p+ @« + 030 4

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

¢x = @y = 0.05p (5)
where: p is the induced settlement (in cm) and @y, @, the resultant rotations about
the strong and the weak axis of the pier, respectively (in degrees).

3.3. Movement criteria

For statically determinate bridges the most critical structural member is the pier,
which essentially dictates the tolerance of the entire system to liquefaction-induced
deformations. In such types of structural systems, where the piers are simple
cantilevers, the formation of plastic hinges at their base is not allowed, since the
structural system becomes a mechanism unable to carry even the vertical loads (see
Figure 3.4).
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Figure 3.4: A statically determinate bridge is converted to a mechanism after the formation
of a plastic hinge at the base of the pier

Zxnua 3.4: O1 1000TATIKEG YEQUPEC PETAMINTOUV OE PNXAVIGHOUC JETA TNV dnuioupyia
nNAQOTIKAG ApOpwong oTn BAon Tou pecoBadpou

As a consequence, the maximum allowable settlement pai of the pier, for the load
combinations mentioned in 2.1, is set equal to the settlement which produces
moment at the base of the pier equal to the yielding moment M,. In this way, after
liquefaction, damage of the pier will be avoided. The fact that no damage of the
piers is allowed is completely compatible with the conventional design of this type of
bridges against seismic actions, where a practically elastic behavior of the piers is
required (g £ 1.5). Nevertheless, it should be noted that the capacity of the pier to
carry static and future seismic loads will be reduced, as a result of the additional
stress developed, mainly due to the imposed rotations at its base.

Other, secondary structural members that can easily be repaired or replaced (e.g.
bearings, joints etc.) are allowed to suffer more serious damage, so they are not
taken into account in the calculation of pai.

3.4. Analysis procedure

Firstly, the yield bending moment Mgqy, of the bottom section of the pier is
calculated. To this end, the bending moment — curvature curve of this section is
drawn, using the software Opensees.

Two load combinations are examined, in order to account for the maximum and the
minimum axial load of the pier, namely:

for Nmax :

&Eve(G+A) "+ ypP “+” yo-Q => (0.85x1.35)-(G+A) “+” P “+” 1.35Q =>
1.15G + 1.15A “+"” P “+”1.35Q (6)

for Nmin :

G +&yeA "+ P => G+ 1.15A “+" P 7)
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Taking under consideration that the expected results are to be used for design
reasons, design values are used for the properties of the materials. The following
properties were considered for concrete type C20/25 and steel bars S500s according
to EC2:

fog= R =11.33MPa

£€0=0.002
£.,=0.0035
and

fi« 500
= —y = ——=
fya= Y. "L15 434.78MPa

Es=200GPa
€ud=0.9ek=0.9x0.075=0.0675

The moment — curvature curve at the base of the pier is illustrated in Figure 3.5 and
3.6 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-

The results are summarized in Table 3.1, where the yield moment at the base of the
pier Mggy, the corresponding curvature (1/r),, the failure moment Mgrq. and the
corresponding curvature (1/r), are given. Also k. is the initial elastic stiffness and K,
the stiffness of the plastic branch.

Table 3. 1: Bilinear approximations of moment-curvature curves at the base of the pier

Mivakag 3.1:AlypaupIKEG NPOCEYYICEIG TOU diaypAPPaToG PON®V-KAaUnUAOTATWY aTn BAon
Tou PeooBabpou

MRd,y (1/r)y MRrd,u (1/r)u a=Kp/ke
(KNm) (m™) (KNm) (m™)
Nmax 28275 2.05 x 103 29072 9.80 x 103 0.725%
Nmin 25850 2.21 x 1073 26320 14.59 x 103 0.325%
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Figure 3.5:

Zxnua 3.5:

Figure 3.6:

Zxnpa 3.6:
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Moment- curvature curve at the base of the pier and its bilinear approximation
(for Nmax=25131KN)

Aidypappa ponwv-kaunuAoTATwY oTn BAcn Tou pecoBadpou kai n dlypappikn
Tou npooegyyion (yia Nmax=25131KN)
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Aldypappa ponwv-kapnuAoTATWY oTn BAcn Tou PecoBddpou kal n dlypappIK
Tou npooegyyion (yia Nmin=18596KN)
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Then, a refined finite element model of the studied bridge is prepared (see Figure
3.7). The maximum allowable settlement pai of the pier is calculated, through the
software Opensees, as the settlement at which the yield moment at the base of the
pier is reached, under the persistent combinations of loads, presented in equations
(6) and (7). To this end, a nonlinear static (pushover) analysis is performed through
a step-wise procedure of gradually increasing settlements and rotations at the base
of the pier, according to equations (3) to (5). A distributed plasticity model is
adopted for the non-linear behaviour of the pier.

Z-axis

y-axis

Figure 3.7: Finite element model of the bridge by means of the software Opensees

Zxnua 3.7: Tpooopoiwpa NENEPACHEVWY OTOIXEIWV TNG YEPUPAG KE XPriON TOU AOYIOUIKOU
Opensees

It was found that the most critical combination of imposed displacements A, is that
of equation (3), namely A = p + @, + 0.3¢x , mainly due to the imposed rotation ¢y
about the weak axis of the section.

In Figures 3.8 and 3.10 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 Mgq, at the base of the pier.

The corresponding inclination angles (drifts) 6 of the pier, defined as 6=08/h, are
illustrated in Figures 3.9 and 3.11 for Nmax and Nmin respectively, where 0 the relative
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Figure 3.8:

Zxnupa 3.8:

Figure 3.9:

ZxnHa 3.9:
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analysis (for Nmax=25131KN)

Fwvia kAiong pecoBdbpou €vavTi niBaANOpeveV KaBI(NOEwV ONWS NPOEKUYE
ano Tn pn ypappikn avaiuon (yid Nmax=25131KN)

23



Figure 3.10:

Zxnua 3.10:

Figure 3.11:

ZxnHa 3.11:
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Fwvia kAiong peooBabpou évavTi enIBAAOPEVOV KaBIZNOEwV ONWC NPOEKUYE
ano Tn Wn ypappikn avaiuon (yia Nmin=18596KN)

displacement between the top and the bottom of the pier and h the height of the

pier.
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The allowable values of the critical parameters for the design of the innovative
bridge, according to the aforementioned results are summarized in Table 3.2. It
should be noted that the results are divided by the safety factor of 1.15 which has

been taken into account in Equations (6) and (7).

As a conclusion, for the most unfavorable loading case of Nmin, the allowable
settlement is found equal to 23.3 cm, corresponding to an inclination angle of the

pier equal to 1.10%.

Table 3.2:

Allowable values of critical parameters for the design of the innovative bridge
derived from the non-linear analysis

Mivakag 3.2: MEyIoTeC EMITPENTEC TIYEG KPIOIMWV MNAPAMETPWY YId TO OXEOIAOPO TNG

NPWTOTUNNG YEPUPAG, MOU NPOEKUWAV ano Tn Wn YPauuikr avaiuon

. Pall QPy,y Px,y Oy MRrd,y

Combination (cm) (rad) (rad) (rad) (kNm)
1.15(G+5)+P+1.35Q | 26.83/1.15= 0.01357/1.15=

(for Nm) 23.3 0.020 0.006 0.0118 28275
G+1.155+P 26.85/1.15= 0.01261/1.15=

(for Nuin) 23.3 0.020 0.006 0.0110 25850
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4. A simplified approach

A more simplified method could be adopted for design purposes. First, the moment —
curvature curve is obtained for the bottom section of the pier by means of the
relationships proposed in Annex 7A of the Greek Code for Interventions (KANEPE).
Then, given the initial elastic stiffness of the pier and its yield moment Mgq,, a linear
elastic analysis of the bridge is performed for a random value of settlement pacand
for the two load combinations expressed by equation (6) and (7). Only a single
elastic analysis is needed, through which the bending moment M. at the bottom of
the pier, which corresponds to the random value of settlement pac, is defined. The
max allowable value of settlement pa is then calculated as:

Pall = Pact X (Mrd,y / Mact)

4.1. Calculation of yield curvature of the base section (Annex 7A of
KANEPE)

1) Yield curvature due to tension reinforcement yielding
) -
My E-(1-§,)-d

where:

£, =(a*-A>+2-a-B)” —a-A

and
EC
A: !
p+p +pv+b-d-fy'
B= "3'+05.p,-(1+0
p+p + p,-(1+ )+b-d-fy and
59
d

1) Yield curvature due to concrete deformations
Iy EC . Ey .d
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where:

£, =(a*-A’+2.a-B)” —a-A

and
a=ts,
EC
N
A=p+p +p,————
PP P I8 ab.d-f’

B=p+p'-0+05-p,-(1+0) and

-9
d

Also:

d and d’ are the depths to the tension and compression reinforcement, respectively.

d=h-c-d, e and
2
. d
d=c+d, + ?b
p= bAs r is the tension reinforcement ratio and As is the tension reinforcement
area,

!

p':bASd is the compression reinforcement ratio and A" is the compression

reinforcement area,

p, = bAV r ratio of longitudinal reinforcement between compressed and tensioned

fiber and A, its area,

N is the axial force (positive in compression),
b is the width of compressed zone,

f, and f. are the steel yield stress and the concrete strength, respectively (in our
case, design values),

Es and Ec are the steel and the concrete modulus of elasticity (design values),
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db is the diameter of the tension and compression reinforcement,
dw is the diameter of the stirrups reinforcement,

h is the section height and

¢ the cover of reinforcement.

For the bottom section of the pier, the yield curvatures are computed as in Table
4.1. The critical value is finally due to the yielding of tension reinforcement.

Table 4.1: Yield curvature at the base of the pier according to Annex 7A of KANEPE

Mivakag 4.1: KaunuAdtnTa diappon¢ oTn Bdacn Tou peooBaBpou oUPQwva HE TO
MapapTnua 7A Tou KANEME

a/r)y &

(m?) (m)
Section yield due to tension Nmax 0.0027 0.444
reinforcement yielding Nmin 0.0026 0.412
Section yield due to concrete Nmax 0.0062 0.357
deformations Nmin 0.0066 0.333

4.2. Calculation of yield moment of the section (Annex 7A of KANEPE)

Given the yield curvature, the yield moment Mgq,, is computed as follows:

M & N & N o Pu : y.Es
bfgé=(%HEC%-(0.5-<1+6)—§]+{(1—Ey)-p+(zy—6)-p+%-(1—6)}-(1—6)-3}

Thus for Nmax:

(1/r)y = 0.0027 m the resulting yield moment is: Mgrg,y = 27944 kNm
The initial effective elastic stiffness of the pier is then calculated as:

(EDer = My/ (1/r)y, = 27944 / 0.0027 = 10349630 kNm?,

while its nominal stiffness is: (EI)nom = 30000 x 2.25 = 67500000 kNm?
Therefore: ac = (EI)er / (EI)nom = 0.153

The full curve of moment — curvature of the bottom section of the pier for Nmax,
according to KANEPE, is illustrated in Figure 4.1.
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Figure 4.1: Moment- curvature curve at the base of the pier according to KANEPE (for
Nmax)

Ixnua 4.1:  Aidypappa ponwv-kaunuAoTATwY oTtn Bdon Tou peEcoBABpou oUUPwva HE
Tov KANEME (y1a Nmax)

Similarly, for Nmin:

(1/r)y = 0.0026 m™ the resulting yield moment is: Mgg,y = 24728 kNm
The initial effective elastic stiffness of the pier is then calculated as:

(EDer = M,/ (1/r)y = 24728 /0.0026 = 9510769 kNm?,

while its nominal stiffness is: (EI)nom = 30000 x 2.25 = 67500000 kNm?
Therefore: ac = (EDeft / (EI)nom = 0.141

The full curve of moment — curvature of the bottom section of the pier for Nmin,
according to KANEPE, is illustrated in Figure 4.2.
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Figure 4.2: Moment- curvature curve at the base of the pier according to KANEPE (for
Nmin)

Ixnua 4.2:  Aidypappa ponwv-kaunuAoTATwV oTn Bdon Tou peEcoBABpou oUUPwva HE
Tov KANEME (yia Nmin)

4.3. Linear elastic analysis of the bridge

A finite element model of the bridge is prepared using the software SAP (see Figure
4.3).

Figure 4.3: Finite element model of the bridge by means of the software SAP

Zxnua 4.3: pooopoiwpa NENEPACHEVWY OTOIXEIWV TNG YEPUPAG KE XPriON TOU AOYIOUIKOU
SAP

A linear elastic analysis of the bridge is then performed, for a random value of
imposed displacements A = p + @y + 0.3¢Xx, namely for a settlement p. and the
corresponding rotations ¢y, and ¢« , as follows:
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Pact=20Ccm,
@y=0.05x20=1,0degree=0.0175rad, and
¢x=0.3¢py=0.005rad
Two load combinations are examined:
- 1.15G + 1.15A “+" P “+" 1.35Q
- G+ 1.15A “+" P
The bending moment M.« at the bottom of the pier is defined to be equal to
27132kNm for both loading cases, because, due to the symmetry of the structure,

the vertical loads do not produce any bending moments at this section (see Figure
4.3).

The deformed shape of the bridge due to load combination “G+1.15A+P” is
presented in Figure 4.4.

Figure 4.3: Bending moments of the pier of the bridge due to load combination
“G+1.15A+P”

IxAHa 4.3:  KaunTikég ponéc aTo BABpo TNG yEPupag AOyw Tou cuvduaouoU (pOopTIoEWY
“G+1.15A+P”
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Figure 4.4: Deformed shape of the bridge due to load combination “"G+1.15A+P"
Ixnua 4.4:  TNapapopPpwpévoc Popeac AOyw Tou ouvduaopou gpopTicewv “G+1.15A+P”

The max allowable value of settlement pa is then calculated as:

FOr Nmax: Pall = Pact X (Mrdyy / Mact) = 0.20 x (27943/27132) = 0.206m and

for Nmin:  Pail = Pact X (Mrd,y / Mact) = 0.20 x (24728/27132) = 0.182m

The inclination angle corresponding to the max allowable settlement pan (for Nmin) is
calculated as:

eall = eact X (MRd,y/ Mact) = 0.0119 x (24728/27132) = 0.0109rad

The results of the simplified approach are summarized in Table 4.2.

Table 4.2: Allowable values of critical parameters for the design of the innovative bridge
derived from the simplified approach (for Nmin)

Mivakag 4.2: MEyIoTeC €MITPENTEC TIEG KPIOIUWV NAPAUETPWVY yid TO OXEDIAOWO TNgG
NpwTOTUNNG YEPUPAC MOU NPOEKUYAv ano Tov anionoinuévo oxediaopd (yia

Nmin)
L Pall Pyy Pxy 8y Mr,y
Combinat
ombination (cm) (rad) (rad) (rad) (kNm)
G+(1N1_5§+P 18.2 0.016 0.005 0.0109 24728

It is seen that the results of this simplified method are more conservative than those
derived by the more refined method described in chapter 3.
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5. Performance criteria of the bridge according to
the Codes

According to chapter 2, where an extensive literature survey as well as the provisions
of various Codes are presented, limiting values of various types of displacements are
generally not directly associated with certain limit states of the structure. Thus, only
simplified approaches are possible. Most researchers (see Table 2.1) have the
opinion that vertical displacements less than 5cm are tolerable or acceptable. The
same value is also suggested by EN1997-1 in Annex H (see Table 2.2). Therefore,
this could be the Serviceability Limit State. Furthermore, in Table 2.1, vertical
displacements from 5cm up to 10cm are considered harmful but tolerable. This could
correspond to an Ultimate State condition.

Assuming that the settlement of the abutment is practically zero, the limiting values
of the differential settlements correspond to the allowable vertical displacement of
the pier. For concrete simply supported bridges, as in our case, Moulton et al. (1985)
set a limit in the allowable angular distortion equal to 0.005 (see Table 2.2),
corresponding to a differential settlement of 21cm considering the 42m span of the
bridge. Moreover, Moulton et al. (1985) specify a differential settlement of less than
3.81cm to be acceptable for a bridge pier of a concrete bridge following completion,
which is a rather conservative value and should not be taken into consideration. In
addition, AASHTO sets a limit of 0.008 in the allowable angular distortion of simply
supported bridges (see Table 2.2), which corresponds to 33.6cm of differential
settlement, a rather large value that should not be taken into consideration, either.
Finally, according to EN1997-1 (see Table 2.2), a limiting value of 0.002 is set for the
allowable angular distortion of normal structures for serviceability limit state
corresponding to 8.4cm of differential settlement. Further, for the ultimate limit
state, a limiting value of 1/150 is proposed, corresponding to 28.0cm of differential
settlement.

Conclusively, according to the Codes maximum allowable settlements for the
serviceability limit state should not exceed 5 to 8cm, while for the ultimate limit state
this limit would be in the order of 20cm.

Moreover, according to the Japanese method JBDPA 90-91 (Rossetto et al., 2010) an

inclination angle of the pier in the order of 0.01 is proposed to obtain a small
damage level (see Table 2.4).
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Concerning limiting horizontal displacements, most researchers agree that maximum
allowable values should not exceed 2.5cm for the serviceability limit state and 5cm
for the ultimate limit state (see Tables 2.1 and 2.2).
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6. Conclusion

In this report, the maximum allowable settlement pai of the pier of the bridge under
investigation, which is a statically determinate, two-span (2x42.00m) concrete
bridge, is calculated. The maximum allowable settlement pai of the pier is set equal
to the settlement which produces moment at the base of the pier equal to the
yielding moment M,. In this way, after liquefaction, damage of the pier will be
avoided. Other, secondary structural members that can easily be repaired or
replaced (e.g. bearings, joints etc.) are allowed to suffer more serious damage, so
they were not taken into account in the calculation of pa.

For the above-mentioned analyses, a preliminary design against static and seismic
actions should be carried out, in order to initially define the geometrical
characteristics and the required reinforcement of the various structural members. In
the analyses presented herein, the results of the conventional design were used (see
Deliverable Déb).

The fact that no damage of the piers is allowed is completely compatible with the
conventional design of this type of bridges against seismic actions, where a
practically elastic behavior of the piers is required (q < 1.5). Nevertheless, it should
be noted that the capacity of the pier to carry static and future seismic loads will be
reduced, as a result of the additional stress developed, mainly due to the imposed
rotations at its base.

For the statically determinate bridge under consideration, it was found that the most
critical combination of imposed displacements A and corresponding rotations at the
footing @« and @, is the one that imposes the maximum rotation ¢, about the weak
axis of the pier’s section.

The results show that liquefaction-produced settlements at the foundation of the pier
in the order of 23 cm can be tolerable, producing only minor damage to the pier,
which practically continues to behave elastically. This settlement seems to be
compatible with the limits proposed in the Codes for the ultimate limit state, which
are in the order of 20 cm.
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