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ABSTRACT: Posttensioned precast rocking systems hawveerged as the next
generatiorseismic resisting systemspwever, theyare not yewidely accepted andre
seldomconsidered in practi¢eparticularly for bridge systemsdue to a combination of

lack o understanding and the fallacy that such a system may not be cost effective when
compared to traditional monolithic or emulation of dasplace construction.

The results of a seismloss assessment confirm that a traditional hybrid bridge system
provides asignificant financial benefit when compared to a monolithic precast system.
Reasons for this relate to the reduced level of physical daataggrch structural limit

state and a greater displacement capabity posttensioned bridge piersWhen
combiring viscous and hysteretic dampers within a jpessioned bridge system
(defining an advanced flaghape system) a superior level of protection can be achieved
for either farfield or nearfield earthquake events. However, the initial cost of installing
fluid viscous dampers (based on current market costs) can undermine the potential
financial benefit of such a system.

1 INTRODUCTION

This papeexamineghe performance of three pesinsioned (PT) reinforced concrete (R@ke study

bridges and compares tham a conventional monolithic bridge. The four bridges are identical in
terms of geometry and design objectives; however, they differ in terms of lateral capacity and
mechanical damping. A seismic loss assessment is carried out for each bridge. The lesésmic
assessment provides a means of directly comparing the performance of each system in terms of
Expected Annual Loss (EAL) and the annual frequency of exceeding a specified level of less (loss
hazard).

This papefirst introduces the prototype bridggstems and then provides a brief overview of seismic
loss assessmermoncluding with the results of the analysis

2 PROTOTYPE BRIDGE

A symmetric, sixspan, reinforced concrete prototype bridge is illustratefignre 1. The bridgeis
symmetric about pier 3 with internal spans of 50m and end spans of 40m. A segmented, precast
concrete box girder deck system is seated on bearings located on top of the cap beam and abutments.
Each pier and abutment is founded on shallow $451170.5 [2004oil category C) with piled
foundations to the bedrockRimensionsof the box girder deck and pier assembly are illustrated in
Figure2.

One ductile monolithic bridge and three ptestsioned hybrid equivalents are investigated. To aid in a
direct comparison, each bridge is identical in geom@igr heights and crossection dimensioni
Figure2). Three variations ad posttensioned, rocking bridge system are considered

Bridge 1 A precast (or an emulation of castditu) bridge with monolithic ductile flexural hgimg at
the base of the piers, designed to satisfy the requiremeM&38101 [2006] This ductile system is
termedbenchmarknonolithic
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Bridge 2 A precast bridge with poséensioned rocking piers and internally grouted mild steel
reinforcement. This system represents a traditional hybrid;tpositoned solution. This system is

termedhybrid.

Bridge 3 A precast bridge with posénsioned rocking piers, internally groutedildnsteel
reinforcement and externally mounted Himear fluid viscous dampers (FVD). This hybrid bridge is
termed the Advanced Fleéghape 1 BridgeAFS)), afterKam et al. [2007]

Bridge 4 A precast bridge with posensioned rocking piers, externally mounted mild steel Tension
CompressiorYielding (TCY) danpers and externally mounted nlmear FluidViscous Dampers
(FVD). This hybrid bridge is termed the Advanced Fiitape 2 BridgeAFS2.

Each bridgesystemis designed according to a Direct Displacerigased Design (DDBD)
methodology(Priestley et al. [2007] The design of the two AFS bridge systems followssaous
extension toDDBD developed as part of élresearchcarried out at the University ofabterbury
Further detailof theviscousDDBD can be found in a publication bjarriott [2009]
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Figure 1 Longitudinal elevation of the prototype bridgei symmetric about pier 3.
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Figure 2 Geometry of the bridge piers andprecast box girder bridge deck.

3 LOSS ASSESSMENT WITHIN A PERFORMANCE -BASED SEISMIC ASSESSENT
FRAMEWORK

Seismic risk, quantified in the form of economic measures, is a conceptually simple way of expressing
liability (financial) to a client (or stakeholdebased on the expected performance of a particular
structurethroughout its operating lifeThe assessment is based the anticipated seismic hazard
(ground notion) and structural responsehd structural performance (maximum displacements and/or
acceleréions) is related to damage and converted to monetary loss.

While the detailed theory behind performa@sed seismitbss assessment is outside the scope of
this paper, e key tasks involved are illustrated Figure 3 and briefly discussed belowFurther
details can be found in the following publicatio@ornell andKrawinkler [2000] Vamvatsikosand
Cornell [2002] Deierlein et al. [2003]Aslani [2005] Zareian ad Krawinkler [2007]
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Figure 3 Schematic summarising the key steps within a performanebased assessment

The ground motion hazardepresents the ground shaking intensity at a site. A seismic hazdydisin
is carried ouffor the siteto express the intensity measure (IM) as a functibannual frequency of
exceednace (rate of exceedané® The intensity mesure (IM) could be, for exampfgeak ground &
celeration (PGA) or spectral @aerationS(T) andis based on earthquake magnitude, rupture mech
nism, soil amplification, sitéo-sourcedistance and propagation path.

The seismic responsef a structure, in terms of an engineering demand paraiedé?), is related to
the ground motion intensity NI). This is typically determined via incremental dynamic analysis
(Vamvatsikos and Cornell [2002]Common EDPs include intestorey drift, floor accelerations or
material strainsetc.

Component damagés typically related to the maximum structural response iarekpressed as a
damag measure (DM). Typical damage measures inchadéuckling concretespalling etc. Fragk
ity functions are generally employedradate the mean EDPyr) and dispersionfgpr) associated
with each DM.

Lossis the equivalent monetary loss resulting frmapair costs, casualties and downtime (the time to
reinstate the function of the structuegjdcan beexpressed as a percentage of the cost of catisinu
The economic loss resulting from each damage meastaerialated, either from reconnaissanck fo
lowing major earthquake events, or engineering judgerfetibwing the computed loss, a decision is
made to determine whether thedds accegable.

3.1 Scaling and Selection of th&arthquake Ground Motions

A suite of ground motions comprising of 22 earthquake records is used in this study. The ground
motions all have strong directivity effects consistent with Hfi@alt rupture mechanisms. The ground
mations are scaled to the velocity spectrum over a period of 0 to 4 se@&yndsaling each ground
motion over a large period range, the intensity meassirdefined by the PGA of the target
acceleration spectrunwWhile more advanced ground motion intensitgasures exists ¢thong and
Cornell [2008]}, in this assessment the design PGA was felt to be more appropriate as it allowed the
same earthquake scaling factors to be used on all four bridgens.The design acceleration,
pseudevelocity (design) and pseudlisplacement (design) spectra are compared to the relevant
ground motion spectra iRigure4. While some dispersion is evident, the mean displacement response
spectrum compares well with the design displacement spectrumHigiee4 (c). The seismic hazard

is summarised inrable 1 for the 1/3MCE, 2/3MCE and MCE design intensity (MCE refers to
maximum consideig event).Further details relating to the actual records and scaling method can be
found ina publication byMarriott [2009]
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Figure 4 Scaled earthquake response spectra (5% dampedipd the elastic design spetrum

Table 1 Probability of exceedance and PGA for bridge design according fbransitNZ [2003]

1/3 MCE 2/3MCE MCE
Return period (100year working life)* 410 yrs 2500 yrs 7296 yrs
Probability of exceedance in 100 year 21.7% 3.9% 1.4%
Equivalent N2S1170.5 eturn perlod 0.703 1.405 2108
factor for a 50 year working life, R,
DesignPGA® 0.3749 0.7479g 1.1219g

! Following TransitNZ [2003]

3.2 Damage States and StructuraLimit States of PostTensioned Bridge Piers

Six structural performance limit states specific to a{@ssioned hybrid bridge pier are illustrated in
Figure 5 from the elastic limit state to the collapse state. These perfoarianits correspond to
specific material limit states within the connectidiable 2 lists five Damage States (DSyhich lie
within the structural (performance) limit staté@histrated inFigure 5. Theindividual material strain
limit states and performance objectives are also listd&able?2.
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Figure 5 Structural performance limit states and performance objectives for a postensioned pier

Each DS n Table2 is alsoassociated with a mean loss ratio (loss expressed as a perceritegosf

to construct the monolithic benchmark bridge sy$temspresenting the cost cepair. The mean loss

ratio ateach damage state is sffie to each bridge system (monolithic ductile or pestsioned). A
posttensioned system is expected to have a reduction in damage when compared to a monolithic
ductile section under the same damage state: ghisfliected in the lossmtio ateach darage state.
Table 3 summarises the loss ratios for each of the four bridges. Because each damage state is



associated with a number of material limit states, the monolithic ductile pier is associated with the
largest repair cost. Daage to the cover concrete can be prevented by steel armouring at the rocking

toe of a postensioned bridge pier. Furthermore, if the mild ste@hin a posttensioned system
ruptures, a significant contribution of lateral resistance is provided by tettensioned tendons,

hence the cost to reinstate the lost strength reduces. Loss ratios are very subjective as they are case and
scenario specific and are dependant on many structural, economic and geographical factors.
Furthermore, these loss ratios dot consider loss associated with downtime as it is difficult to
qguantify. Downtime is the economic loss resulting from loss of function during the time of repair/re

construction. In factKrawinkler and Miranda [2004h ot e d

Nfnéeven i

f downt i

me C

with confidence, the associated losses will be highly uncertain and strongly case and scenario
speci fico.

Table 2 Damage states and losstios for a hybrid posttensionedbridge system

Damage . Material Structural Performance Mean loss
state Local pier damage Strain limit state objectives ratio (LR)
DS1: . e =0.002 o
None Preyield a=g Elastic limit - -

) Spalling negligible with limited yielding _ .
I\?iii.r of reinforcement. Crack conttet! due to| £ B 88%’ Nominal yield :)rg(r:r;e(gﬁée 0.01
posttensioning &=0. pancy
. Spalling minimal if cover concretis &= 8&qc 0.02 (protected
D.SS' protected and relatively localised if e =0.6g, Design limit Damage 0.03
Minor control
unprotected. e,=0.9a,, (unprotected)
Spalling mlnlmgl if cover concrete is 0.08 (governed
protectedextensive localised spalling if e=15 by steel strain)
Ds4: unprotected. Extensive elongation of e . . Collapse y
o e=0.9¢, Ultimate limit ; 0.20 (governed
Moderate longitudinal and/or transverse -0 prevention by concrete
reinforcement. Reduction tendon &= 0.9 y con
strain)
force.
. Rupture of transverse reinforcement,| & > 1.5 4 Not
DSS5: ; .

Collapse failure of core concrete, rupture of e>e, Collapse conS|de_red for 1.0

tendons &> e design

! fiProtected refers to protection of the rocking toe region such asinasteel anglegor polymer confinement wrapping),
fibre reinforced concretee@@.Unpr ot ect ed o

refers

t o

unconfin

ed

Table 3 Loss ratios at each damage state (DS1 to DS5) for each of the prototype bridges

cover

Monolithic Hybrid (traditi onal) Hybrid (AFS1) * Hybrid (AFS2) *
DS1 None - None - None - None -
DS2 Minor 0.03 Minor 0.01 Minor 0.01 Minor 0.01
DS3 Moderate 0.08 Minor | 0.02/0.03 Minor | 0.02/0.03 Minor | 0.02/0.03
DS4 Extensive 0.25 Moderate; 0.08/0.20| Moderatei 0.07/0.20| Moderatei 0.05/0.20
DS5 Collapse 1.0 Collapse 1.0 Collapse 1.0 Collapse 1.0

1 Two loss ratiosare indicated depending on the level of protectimthe cover concrete adoptecpasTable?2.

4 CONSTRUCTION DETAILS OF THE BRID GE SYSTEMS

A summary of each pier system is illustratedrigure8 showing the general layout of the pier and the
reinforcement details. It should be recognised that the precast reinforcement within ttemgiosed

piers, whid is identical to that of the ductile pier,esmot pass the rocking interfaclso listed in

the table ofFigure 8 is the additional cost of construction, over and abovebdrechmark bridge
system, for each pier. The additiboast to construct the pestnsioned piers includes pdsnsioning

conecr €

(including materials and stressing operations), fluid viscous dampers (FVDs) and an additional

allowance {imisa) for damper connections and special detailing of the rocking toe raffioite the



current market costs of tHevVDs"* add a considerable amount to the construction cost of the AFS
bridges, a reduction in the amount of pmstsioningis possiblewithin each pier elemenin Figure8§,

four structuralimit state displaaments are listed for each pigom the elastic to collapsémit state

The displacement capacity @&fach postensioned bridge piers significantly greater than the
corresponding ductilenonolithic bridge pier. For comparisopurposesthe design of each bridge
system targets commondesign displacemerdt the 2/3MCE design intensityhat is, the system
design displacement was defined by a lateral drift ratio for p8& équal to 3.65% for all four
bridges.

5 RESULTS OF THE SEISMIC LOSS ASSESSMENT

The mean of the pedkansversalisplacement response of each bridge system is graphically presented
in Figure6 (a) while the mean residual displacement response is shokigure6 (b). The response

of each bridge system under the M@Eensity is similar as each bridgedesigned to target the same
design displacement at the 2/3MCE design intensity. It is interesting, however, to note the large
residual pier displacements within the mbimic (benchmark) bridge system. In hsight the
residual pier displacements within each of the p@ssioned bridges are minimal and occur only as a
result of the residuaeformations within the elastjglastic abutments.
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Figure 6 Mean bridge response under the MCE (1.4% probabity of exceedance in 100 years)

5.1 Annual Rate of Exceedance and.ossHazard

The annual rate of exceeding a given level of pier drift demand is plotkigure? (a) for pies 1&5.

There is no significant difference between each bridge system other than the annual rate of global
collapse Global collapse of the bridge occurs when any one of the piers collapses: this is indicated by
a horizontal line irFigure? (a). The probability of collapse of each bridge systems is also summarised
in Table 4 showing that the probability of collapse is reduced for eachtpostoned bridge and
reduced by more than 50% for the advanced iRiges owing to their greater displacement capacity.

The losshazard relationship for each bridigeFigure7 (b) plots the annual rate of exceedance versus
the mean losgatio. The loss is expressed as a rafithe cost taongruct the benchmark bridge. The
largercostto construciof each of the pogensioned bridges iaccounted for byan initial lossat an
annual rate oéxceedance of0". Theloss ratiosin Figure 7 (b) are summarised imable5 for the
1/3MCE, 2/3MCE and MCE seismic intensity for each bridge sygtemsidering a 100 year working

! Xavier Delattre, Granor Rubber & Engineering P/L for Taylor Devices, Australia and New Zealand

2 Exchangeate base on 2008'fjuarter averagéyZD/AUD=0.867 (source: Reserve Bank of New Zealand)



life). The followingconclusions are made:

1 The hybrid bridge returns a lower expected lttethe benchmark bridge for anduates
less than 4.89x1%) i.e. 38.7% in 100 yearbgingsimilar to the 1/3MCE hazard level (21.7%
in 100 years).

1 There is some benefit to be had from the Affi@gesystens (with respect to the benchmark
bridge) considering annual rates less than ab@8x10°, i.e. 12.6% in 100 years.

9 Both Figure7 andTable5 confirmthat the AFS bridges provide no apparémtncial benefit
over a traditional hybrid bridge for all seismic hazards up to the MCErdhaa marginal
benefit is observed for annual rates less than 1.84x¥0 1.8% in 100 years.

9 Significant financial benefiwill exist for each of the AFS bridge systems as the cost of the
fluid-viscous damper&~VD) reducesin particular if the costof the FVDs reduceby 33%,
the loss ratie of the AFS1 bridge systerand thetraditional hybrid bridge systerare
equivalentunder the MCE hazard

1 Given a more detailed life cycle analysis including an itemised cost of construction,
maintenance costs arsddetailed cost of structural repair, the economic benefit of the post
tensioned systems are likely to be more apparent.
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Figure 7 Annual rate of exceedance and lodsazard relationship for each bridge

Table 4 Annual rate and probability of global collapse

Benchmark Hybrid AFS1 AFS2
Annual rate of global collaps¢ 1.50x10" 1.11x10 0.64x10" 0.65x10"
Probability of global collpage 1.49% 1.10% 0.64% 0.64%

! within a 100year operating life

Table 5 Loss-hazard tabulated data for each bridg system presented as loss ratio (loss divided by cost to
construct monolithic benchmark). Themonetary value in bracketsis based ona $12.74M benchmark cao-
struction cost.

Hazard (rate) Benchmak Hybrid AFS1 AFS2

1/3MCE (2.4x10)
2/3MCE (4.0x10)
MCE (1.4x10°)

0.013 ($0.16M)
0.070 ($0.90M)
0.178 ($2.27M)

0.013 ($0.16M)
0.023 ($0.29M)
0.063 ($0.81M)

0.039 ($0.50M)
0.047 ($0.60M)
0.074 ($0.94M)

0.041 ($0.52M)
0.050 ($0.63M)
0.077 ($0.98M)
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